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Preface 

In the short t ime s ince V o l u m e IV appeared , the major focus on p lasma 
proteins has turned from protein structure to gene structure and genomic organi-
zat ion. T h e approach of molecu la r b io logy and gene c lon ing , which was virtually 
unknown a decade a g o , has c o m e to domina te the th inking and exper imenta t ion 
of workers in the p l a sma protein field. T h e var ie ty , versati l i ty, and potential 
therapeutic value of p l a sma prote ins have lured to this area many molecular 
biologists w h o hi ther to had ignored it. T h e early results of their research are 
reflected in this v o l u m e . T h e advances already m a d e por tend an auspic ious 
future. 

In this vo lume the first chapter , by B o w m a n and Yang on the D N A sequences 
and ch romosomal location of p l a sma protein genes , g ives the current perspect ive 
and sets the background for the o ther chap te rs . T h e gene sequence of about 5 0 
p lasma proteins is a l ready k n o w n as is a lso the ch romosomal location of nearly 
as many . C h r o m o s o m a l mapp ing and D N A sequencing are reveal ing surpris ing 
evolut ionary relat ionships and are g iv ing hints of unsuspected mechan i sms of 
genetic control . D N A p o l y m o r p h i s m s , both benign and mal ignant , are being 
detected by hybridizat ion with p la sma protein D N A probes . These are already 
proving useful in the detect ion of defect ive genes caus ing inherited diseases such 
as hemophi l ia . This t heme is rei terated in subsequent chapters . 

Certain families of p lasma prote ins have been at the forefront of research for 
more than a decade , in par t icular , the immunog lobu l ins and the l ipoproteins . As 
reviewed in Chapte r 2 , the c loning and sequencing of immunoglobu l in genes 
have elucidated the intricate re la t ionship of immunoglobu l in structure and anti-
body specificity to genomic organiza t ion . Yet , a l though the ant ibody d i l e m m a 
has largely been so lved , m u c h remains to be clarified regarding the mechan i sm 
of biological effector funct ions. S imi lar progress has been m a d e in the complex 
field of l ipoprote ins , and for the first t ime the structure of their t issue receptors is 
being e lucidated. In Chap te r 3 Scanu d iscusses these recent advances in relation 
to newly d iscovered genet ic var iants present e i ther as normal phenotypes or in 
dys l ipoprote inemic states associa ted with card iovascular d isease . T h e recent ap-
plication of the techniques of molecu la r b io logy has already enabled elucidat ion 
of the gene structure and of the t ranslat ional and matura t ion steps of every major 
p lasma apol ipoprote in . 
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χ Preface 

In concert with the advances achieved through the new techniques of m o -
lecular b io logy, the classical approaches of protein chemis t ry cont inue to be 
product ive even as they are be ing applied to larger and much more complex 
p lasma proteins such as a 2- m a c r o g l o b u l i n and the related thiol ester prote ins of 
the complemen t family. In the first comprehens ive review integrating this set of 
p lasma prote ins , Sot t rup-Jensen descr ibes the rapid advances since the d iscovery 
of the internal thiol ester bond . H e emphas izes the unique features of protein 
structure and the conformat ional changes that character ize the assembly of m a c -
romolecular complexes in p la sma and on cell surfaces. Such advances in the 
unders tanding of the structure and molecula r genet ics of p lasma proteins should 
i l luminate rather than ove r shadow their vital impor tance in physiological and 
pathological p rocesses . In Chapte r 5 Schre iber integrates the molecular b io logy , 
phys io logy, and pa thology of p l a sma proteins and their response in inf lamma-
tion. This is the first comprehens ive review of its k ind , and has special import for 
cl inicians. As the o ther au thors , Schre iber stresses the rapidity with which p ro -
tein and D N A sequence information is accumula t ing . T h e Append ix updates the 
listing of p lasma protein sequences and includes valuable data on the proteins 
listed. 

As edi tor , I o w e thanks to m a n y for advice , encouragemen t , and help: to the 
contr ibutors , w h o coopera ted fully in every way ; to m y col league Nobuh i ro 
Takahash i , w h o read and advised on the manuscr ip t s ; to m y efficient and under-
standing secretary, A n n Scales , w h o organized the li terature database and acted 
as my editorial assistant; and , most of al l , to m y wife , Doro thy , for many years 
of encouragement and pa t ience . 

Frank W. Putnam 
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I. Introduction 

Recombinan t D N A technology has dramat ica l ly facilitated the character iza-
tion and ch romosomal mapp ing of g e n o m e s control l ing h u m a n p lasma proteins 
and has contr ibuted to a deeper unders tanding of their evolut ionary and func-
tional re la t ionships . At this t ime , p l a sma protein genes* have been mapped on 17 
of the 22 h u m a n au tosomes , as well as on the X c h r o m o s o m e . The distr ibution of 
the p lasma protein genes in the h u m a n g e n o m e is shown in F ig . 1. The genes for 

*In this chapter genes, alleles, and loci have been set in italic type to avoid confusion with abbrevi-
ated protein forms. 
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Fig. 1 . Chromosomal assignments of human plasma protein genes. Symbols designating genes 
are located near the chromosomal region to which they have been mapped. Symbols of genes that 
have been localized to a chromosomal arm appear to the extreme right of the ρ or q arm, and symbols 
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GC 
ALB 
AFP 

FOA 
FOB 
FOG 

FI3A 

10 

PLAU 

CTRB PALB 

22 

IB"8 33 
of genes that have not been mapped to a specific region appear below the chromosome. Gene 
mapping information and explanation of symbols are given in Table I. 
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4 Barbara Η. Bowman and Funmei Yang 

two transport pro te ins , the low-densi ty l ipoprotein ( A P O E ) and transferrin (Tf) , 
and their respect ive receptors ( L D L R and TfR) are l inked on c h r o m o s o m e s 19 
(Francke et al., 1984) and 3 (Yang et al, 1984) , respect ively , raising the 
possibili ty of correlat ions be tween gene proximity and coordinated express ion . 
Chromosomal mapp ing studies and D N A sequencing have been predict ive of 
evolut ionary relat ionships heretofore unsuspec ted . T h e gene encoding the vi-
tamin D binding prote in , also k n o w n as the group-specif ic componen t (Gc ) , has 
been character ized and found to have significant homolog ies to the major h u m a n 
plasma protein , a lbumin (Yang et al., 1985a). T h e c loning , sequenc ing , and 
expression of the gene responsible for hemophi l ia A , caused by a deficiency of 
clotting factor VIII , has revealed a D N A sequence 187 ki lobase pairs (kbp) long . 
The deduced amino acid sequence of factor VIII demons t ra ted an unexpec ted 
homology to ceru loplasmin , suggest ing the presence of meta l -b inding sites in its 
structure (Vehar et al., 1984). Sequence analysis of c D N A s encoding p lasma 
proteins has furnished information on the post translat ional process ing of hap-
toglobin (Yang et al., 1983) and coagula t ion factor VIII . Sequences of here-
tofore unobserved signal pept ides of p l a sma proteins are being deduced from the 
nucleotide sequences . Clones with D N A inserts encoding p lasma proteins are 
also valuable probes that are being used to detect D N A po lymorph i sms within 
the human g e n o m e , thus providing genet ic markers necessary for mapp ing genes 
that lead to inherited d iseases . D N A po lymorph i sms that are closely l inked to , 
and therefore cosegregate wi th , defect ive genes caus ing inherited diseases can be 
used for prenatal d iagnosis of these d iseases . This chapter is writ ten about genes 
encoding three representat ive p lasma pro te ins , haptoglobin , transferrin, and the 
group-specific componen t ; it descr ibes the genet ic information ga ined by analy-
sis of their D N A sequences and ch romosomal locat ions . 

II. Plasma Proteins Mapped 
on Human Chromosomes 

A. Somatic Cell Hybrid Analysis 

Before molecular techniques uti l izing D N A hybridizat ion were avai lable , 
p lasma protein genes were mapped on h u m a n c h r o m o s o m e s by detect ing fami-
lies in which karyotyping defined a ch romosomal delet ion that was accompanied 
by incompatibi l i ty of the inheri tance of alleles of that locus . G e n e mapp ing by 
somatic cell hybrid analysis has been part icularly successful in uti l izing radio-
labeled c D N A probes encoding the protein to be m a p p e d (Naylor and Sakagu-
chi , 1985). Hybridizat ion of a p l a sma protein c D N A probe with panels of D N A 
from h u m a n - r o d e n t somat ic cell hybr ids in which the h u m a n ch romosomal 
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1 2 3 4 5 6 7 
Fig. 2 . Chromosomal mapping of the group-specific component (Gc) gene by somatic cell hybrid 

analysis (from Nay lor and Sakaguchi, 1985). Hybridization of radiolabeled Gc cDNA and panels of 
endonuclease digests of human DNA (lane 1), mouse DNA (lane 2), and DNA of human-mouse 
hybrids (lanes 3 - 7 ) . Human DNA contains five Pvull fragments that hybridize with Gc cDNA. 
Lanes 3, 4, and 7 are hybrids that contain human chromosome 4. Mouse DNA contains one 
fragment, 6.4 kbp, that hybridizes with human Gc cDNA. 

complements had previously been defined has facilitated mapp ing the gene en-
coding h u m a n group-specif ic componen t to c h r o m o s o m e 4 . F igure 2 is an auto-
radiograph illustrating the hybr idizat ion of radiolabeled Gc c D N A with D N A 
from h u m a n - m o u s e somat ic cell hybr ids , three of which are k n o w n to carry 
human c h r o m o s o m e 4 (Naylor and Sakaguch i , 1985). T h e method has been 
particularly informative w h e n using a h u m a n parental cell line hav ing a chro-
mosomal rear rangement affecting the area of interest . For e x a m p l e , a h u m a n cell 
line having a c h r o m o s o m e 3 /17 rea r rangement affecting only the long a rm of 
ch romosome 3 was used in mapp ing the transferrin gene (Yang et al., 1984). 
Hybridizat ion of 7 / c D N A with genomic D N A from a h u m a n - r o d e n t hybr id line 
containing the long arm (3q21-qter region) of h u m a n c h r o m o s o m e 3 , but not its 
short a rm, p , mapped the Tf locus to 3q . 

B. In Situ Hybridization 

The precise ch romosoma l region in which a gene is located can be de te rmined 
by the in situ hybr idizat ion technique deve loped for s ingle copy genes by Harper 
and Saunders (1981) . This t echn ique , when used with c h r o m o s o m e banding 



6 Barbara Η. Bowman and Funmei Yang 

21 m** 
2 2 Π * * 23IH*** 
2 4 Π * * 

********* 

16 

Fig. 3. Chromosomal mapping of human haptoglobin gene by in situ hybridization (from McGill 
et al., 1984b). The arrow designates a silver grain, signaling hybridization of Hp cDNA and a 
chromosomal region on the long arm of chromosome 16. When 60 or more chromosomal spreads 
were analyzed, over 50% of the silver grains were found over 16q22. 

techniques , has proved a most valuable tool for identifying the ch romosomal 
band in which a gene is located. In situ hybr idizat ion of radiolabeled Hp c D N A 
with human ch romosoma l spreads is i l lustrated in F ig . 3 . After hybridizat ion and 
autoradiography, the Hp locus was visual ized by the presence of silver gra ins 
over the ch romosomal band conta in ing the locus . In the past five years , in situ 

hybridizat ion and somat ic cell hybrid analysis util ized together have significantly 
increased the n u m b e r of p lasma protein genes mapped to h u m a n c h r o m o s o m e s ; 
at the end of 1985 a total of 65 p la sma proteins had been mapped to 19 h u m a n 
ch romosomes . 

Chromosomal mapp ing has revealed families of dupl icated genes that have 
remained on the s ame c h r o m o s o m e fol lowing the evolut ionary events leading to 
their dupl icat ion. T h e gene families detected thus far include the transferrin 
family consis t ing of transferrin and m e l a n o m a ant igen p 9 7 , mapp ing on the long 
arm of c h r o m o s o m e 3 . T h e genes encoding the a lbumin family , including a -
fetoprotein ( A F P ) , a lbumin ( A L B ) , and group-specif ic componen t (Gc ) , are 
closely l inked on c h r o m o s o m e 4 . C h r o m o s o m e 4 also conta ins the loci for the 
fibrinogen genes , F G A , F G B , and F G G , T h e complemen t c o m p o n e n t s , C 2 , 
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C4a , and C 4 b , m a p on the short a rm of c h r o m o s o m e 6. T h e clott ing factors, F 1 2 
and F 1 3 A , also m a p to c h r o m o s o m e 6. Of the apol ipoprote in family, A P O A 1 , 
A P O A 4 , and A P O C 3 m a p on c h r o m o s o m e 11 ; A P O C 1 and A P O C 2 m a p on 
c h r o m o s o m e 19. T h e genes encod ing the immunoglobu l in heavy chain family, 
I G H G , I G H A , I G H M , I G H E , and I G H D , m a p on c h r o m o s o m e 14. 

S o m e gene family m e m b e r s have been separated by t ranslocat ion to other 
c h r o m o s o m e s , s o m e alone and s o m e with another family m e m b e r . T h e i m m u -
noglobulin kappa chain gene is found on c h r o m o s o m e 2 whi le the l ambda chain 
gene is on c h r o m o s o m e 2 2 . O n e gene of the complemen t componen t family , C 8 , 
is t ranslocated to the long a rm of c h r o m o s o m e 1, whi le C 3 is on c h r o m o s o m e 19. 
A family of h o m o l o g o u s pro te ins , c t 2-macroglobul in and complemen t c o m p o -
nents C 3 and C 4 , all conta in a un ique act ivatable β -cys te iny l -a -g lu tamyl thiol 
ester. These genes are scat tered on c h r o m o s o m e s 12, 19, and 6 , respect ively 
(Sot t rup-Jensen et al.f 1985). In the family of b lood clot t ing factors , factor 
XII IA is on c h r o m o s o m e 6 , factors VII and X are on c h r o m o s o m e 13, and factors 
VIII and IX are on the X c h r o m o s o m e . T h e genes encod ing haptoglobin and 
haptoglobin-re la ted, m e m b e r s of the serine protease family, are on c h r o m o s o m e 
16, as is the homologous gene chymot ryps inogen B , but they are separated from 
genes encoding other h o m o l o g s , t rypsin on c h r o m o s o m e 7q and elastase 1 on 
c h r o m o s o m e 12. A s u m m a r y of the p l a sma proteins that have been m a p p e d to 
human c h r o m o s o m e s is g iven in Tab le I. T h e posi t ion on the long or short a rm, 
designated q and p , respect ive ly , is g iven w h e n k n o w n . T h e references provided 
are l imited by space ; therefore , an a t tempt has been made to provide the first 
publ ished work or the report present ing the mos t precise ch romosomal location 
for each gene . T h e symbols used for the genet ic markers appear ing in the cata-
logs of mapped genes follow the guidel ines approved by the g roup responsible 
for this valuable compi la t ion (Shows and M c A l p i n e , 1982). Each gene symbol 
consists of capital ized letters and , occas iona l ly , numbers and is presented in this 
manner in F ig . 1. T h e marke r n a m e for each p lasma protein symbol is g iven in 
Table I. In the text of this chapter , howeve r , the c o m m o n abbrevia t ions of the 
p lasma prote ins are used . 

C. DNA Polymorphisms 

Interregional mapp ing of genes can be carr ied out uti l izing nucleot ide poly-
morph i sms . D N A po lymorph i sms have been valuable in genet ic l inkage analysis 
because they segregate in families in a Mende l i an manner . It is es t imated that in 
the sequence of genomic D N A , po lymorph i sm occurs as often as 1 in 50 to 1 in 
200 nucleot ide base pai rs . M a n y of the D N A po lymorph i sms mask or create 
recognit ion sites for restr ict ion endonuc leases and are therefore responsible for 
variation in the n u m b e r and size of f ragments p roduced by digest ion of D N A 
with endonuc leases . T h e uti l ization of ben ign nucleot ide po lymorph i sms for 
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III. Gene Organization Revealed by DNA Sequences 
Encoding Human Plasma Proteins 

T h e p lasma protein genes encod ing a lbumin , α-fe toprote in , the group-specif ic 
componen t , hap toglobin , and transferrin have evolved from s imple , smal ler 

prenatal d iagnosis has had dramat ic impact on h u m a n genet ic disorders in the 
past four years (Caskey and W h i t e , 1983) . D N A po lymorph i sms have been 
identified that are closely or loosely l inked to the genes responsible for sickle-cell 
anemia , the mul t ip le mutants of β- tha lassemia , c i t rul l inemia, L e s c h - N y h a n syn-
d r o m e , g rowth h o r m o n e def ic iency, Duchenne- type muscu la r dys t rophy , phe-
nylketonuria , and Hun t ing ton ' s d i sease . Al though there is a wide diversi ty of 
restriction endonuc leases and each has a highly specific recogni t ion site on the 
nucleot ide sequence of D N A , it is somet imes imposs ib le to find one capable of 
detect ing a D N A po lymorph i sm involving the lesion of the mutant gene . This 
can be o v e r c o m e by synthesiz ing an o l igonucleot ide that includes the altered 
nucleot ide , or the normal nucleot ide sequence . W o o et al. (1983) d iscovered that 
in the mutant Ζ allele of the a , - an t i t ryps in locus the gene lesion involved a G to 
A transit ion. Th i s point muta t ion does not create or des t roy a restriction e n z y m e 
recognit ion site; therefore , an o l igonucleot ide specific for the normal geno type 
was synthesized and used under defined condi t ions as a hybridizat ion p robe . 
Fetuses lacking the normal gene can be identified in prenatal d iagnos is pro-
cedures using this me thodo logy . T h e Japanese form of heredi tary amyloidos is 
can be detected by a change in restrict ion site due to a muta t ion affecting the 
gene-encoding prea lbumin (Nakaza to et al., 1984) . D N A po lymorph i sms are 
also useful when they are located near a defect ive gene caus ing an inheri ted 
disease . A D N A po lymorph i sm of a restriction site in the l ipoprotein ApoC- I I 
c D N A can be used to follow ApoC- I I deficiency in families (Humphr ies et al., 

1984b). T h e p o w e r of us ing l inkage of D N A po lymorph i sms to approach a 
genetic d isease for which o ther avenues of invest igat ion have proved unsuc-
cessful is i l lustrated by the recent success of mapp ing Hun t ing ton ' s d isease to 
c h r o m o s o m e 4 (Gusel la et al., 1983). 

The radiolabeled c D N A s encod ing p l a sma proteins are ex t remely valuable for 
detect ing D N A po lymorph i sms on panels of restrict ion digests of h u m a n lym-
phocyte D N A . D N A p o l y m o r p h i s m s , often called R F L P s (restriction fragment 
length po lymorph i sms) (Botstein et al., 1980) , are detected by hybridizat ion 
with radiolabeled c D N A on filter blots conta in ing endonuc lease digests of D N A 
obtained from h u m a n lymphocy te s . S ince the genes encoding the p lasma pro-
teins are scattered th roughout the h u m a n g e n o m e , they furnish an excel lent 
resource in gene mapp ing s tudies . L inkage and the d is tance be tween a gene and a 
D N A po lymorph i sm are es tabl ished by statistical analysis of the rate of c rossover 
that occurs be tween the t w o loci . 
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genes in ancient , ancestral species to larger genes in ver tebrates . The evolut ion-
ary events leading to the structure of vertebrate p lasma proteins include gene 
duplicat ion, gene convers ion , point muta t ion , t ranslocat ion, and perhaps reverse 
transcript ion. 

In the evolut ion of pr imit ive to complex o rgan i sms , gene dupl icat ions contr ib-
ute heavily to the generat ion of new biochemical mechan i sms (Dooli t t le , 1985). 
In addition to generat ing mult iple genes with the same function, dupl icat ion of 
genetic material can also produce intragenic amplif icat ions which increase the 
function of one protein product by increasing the n u m b e r of active s i tes . Al -
bumin , α-fetoprotein, the group-specif ic componen t (Gc) , ceru loplasmin , hap-
toglobin, hemopex in , and transferrin are a m o n g a large number of prote ins in 
modern vertebrates that contain homologous internal doma ins . Intragenic du-
plications have contr ibuted to the evolut ionary ref inement of these prote ins . For 
example , in the d ivergence of vertebrates from prochorda tes , the transferrin gene 
duplicated into two homologous d o m a i n s , doubl ing its iron binding capaci ty . 
Haptoglobin , transferrin, and G c are valuable protein mode ls to s tudy because 
their intragenic dupl icat ions and tr iplications al low us to observe the results of 
d ivergence after a defined period in evolut ion . This is part icularly useful in 
repeated stretches of genes that are still located in t andem on the same c h r o m o -
some and presumably under the same control mechan i sms . 

Francois Jacob (1983) has rev iewed protein sys tems in which evolut ion has 
borrowed from what already exis ts , ei ther t ransforming a sys tem to give it a new 
function or combin ing diverse sys tems to construct a more complex one . Jacob 
referred to this process as molecular 4' t i n k e r i n g . " O n e of the best examples of 
molecular t inkering a m o n g the h u m a n p lasma proteins is haptoglobin ( B o w m a n 
and Kurosky , 1982). 

A Haptoglobin 

Haptoglobin is an a 2- g l y c o p r o t e i n that b inds free hemoglob in in p la sma of 
humans and other ver tebrates . The mature haptoglobin molecule has a tetrachain 
structure ( α β ) 2 with disulfide bonds l inking the polypept ide cha ins . It can usu-
ally be visualized after e lectrophoresis and chromatography because of the pink 
color associated with its capaci ty to complex with hemoglob in . Its concentra t ion 
in serum, normal ly 3 0 - 1 9 0 m g / 1 0 0 ml , is increased dur ing inf lammation and 
decreased after hemolys i s . O n e functional role for haptoglobin is known: protect-
ing the kidneys from tissue destruct ion by b inding free hemoglob in in the event 
of hemolys is . Recent molecular studies have reaffirmed that haptoglobin is an 
excellent model for s tudying the evolut ionary impact of genet ic events . Effects 
of point muta t ions , site rep lacements , dupl ica t ion , gene convers ion , cross ing-
over , reverse t ranscript ion, and retroviral insertion are displayed in the h u m a n 
haptoglobin locus . 
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1. Point Mutations 

Smithies and W a l k e r (1955) found three haptoglobin types in human popula-
tions cor responding to pheno types H p l , H p 2 , and H p 2 - 1 . Inheri ted variat ions in 
the smal ler α subuni t pair of the circulat ing H p tetrachain structure are responsi -
ble for the c o m m o n haptoglobin pheno types . T w o electrophoret ical ly dist inct 
haptoglobin po lypep t ides , h p l F a and h p l S a , are products of the genes HpJF and 
Hpls, respect ively. T h e molecu la r weight of the h p l F a and H p l S a chains is 
8900 ( M r) . Protein analysis indicated the t w o chains differed by an amino acid 
subst i tut ion, which was lysine at res idue 53 in h p l F a and g lu tamic acid at the 
same posi t ion in h p l S a , account ing for the differences in electrophoret ic migra-
tion at acid p H (Smithies et al., 1962a) . Ana lyses of c D N A s encoding the Hp 

genes recent ly revealed that another amino acid variat ion occurred at res idue 52 
of the h p a polypept ides where A s p and Asn were deduced in the HPIF and Hpls 

genes , respect ively (van der Straten et al, 1984; M a e d a et al., 1984; Brune et 

al., 1984). 

2 . Site Replacements 

T w o addit ional nucleot ide site rep lacements dist inguish the Hp1F and Hpls 

c D N A s . Res idue 4 7 , Va l , is found in both h p a cha ins ; however , it is encoded by 
G T A in HpIF and G T G in Hpls. T h e second site rep lacement occurs in the 
codons specifying Asn in res idue 5 1 , A A T in HpJF, and A A C in Hpls (Brune et 

al, 1984; van der Straten et al., 1984) . T h e differences found be tween the Hp1F 

and HpIS c D N A s are summar ized in F ig . 4 . T h e four differences characteris t ic of 
the Hp1F and Hpls c D N A s detected thus far have permit ted us to dis t inguish 
their contr ibut ions in the c rossover event that gave rise to the Hp2 g ene , the third 
allele of the haptoglobin sys tem (Yang et al., 1983). 

3. Intragenic Duplication 

Intragenic dupl icat ion appears to be a c o m m o n mechan i sm in the evolut ion of 
p lasma prote ins . Haptoglobin has been consp icuous a m o n g the p la sma prote ins 
for sustaining intragenic dupl ica t ions . T h e partial gene dupl icat ion which pro-
duced the Hp2 allele was the product of an unequal crossover . The c rossover 
apparent ly occurred in a pair of h u m a n c h r o m o s o m e 16 's in the germ cells of a 
he terozygote , with the geno type Hp1FIHpls (Smithies et al., 1962b; Yang et al., 

1983; M a e d a et al., 1984). This event occurred in evolut ion after the d ivergence 
of m a n , approximate ly four to five mil l ion years ago . Haptog lob in , therefore , 
contains one of the newes t intragenic dupl icat ions k n o w n a m o n g the p la sma 
prote ins . T h e h p 2 a polypept ide encoded by the Hp2 gene was shown to have a 
molecular weight of 16 ,000 ( M r) , nearly doub le that of the h p l F a or h p l S a 
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47 51 52 53 
VAL ASN ASN GLU 
GTG AAC AAT GAG 

Hp 

H P i f ΙΖΞ 
GTA AAT GAT AAG 
VAL ASN ASP LYS 
4 7 51 52 53 

Fig. 4. Differences in the Ηρα domains encoded by Hp,s and Hp11'". Two amino acid differences 
at residues 52 and 53 result from G to A transitions. The site replacements at residues 47 and 51 are 
also caused by transitions that change the codons without affecting the amino acids. 

chains . This and the presence of sequences unique to h p l F a or h p l S a in the 
h p 2 a chain led Smithies et al. (1962b) to propose that Hp2 was a partially 
duplicated gene formed by a rare nonhomologous c rossover event which fused 
the Hp1F and Hpls genes . This was recently substant iated by sequence analysis 
of Hp2 c D N A (Yang et al., 1983) and analysis of all three haptoglobin genes 
(Maeda et al., 1984) (see Append ix ) . 

Until the sequence of Hp2 c D N A was de te rmined , it had been impossible to 
align the contr ibut ions of the HpIS and Hp1F genes . Three Hp2 c D N A sequences 
and one gene sequence character ized thus far (van der Straten et al., 1983; Yang 
et al., 1983; Raugei et al., 1983; M a e d a et al., 1984) have establ ished the s ame 
al ignment , Hp2FS. T h e amino acid subst i tut ions and nucleot ide site rep lacements 
noted above in the Hp1F and Hpls alleles were observed in t andem in Hp2, 

providing evidence that the muta t ions responsible for the four nucleot ide changes 
(Fig. 4) occurred before the evolut ionary event that p roduced the Hp2 gene . In 
fact, there has been no ev idence of a muta t ion occurr ing in the coding region of 
the Hp2FS gene since its or igin. 

A m o n g other p la sma proteins that are products of intragenic dupl ica t ions , the 
homologous domains of the Hp2 c D N A display the least evolut ionary diver-
gence , having nucleot ide sequences 9 8 % identical (Yang et al., 1983), and 
provide a dramat ic contrast to the t w o homologous domains of transferrin, which 
are 5 0 % identical (Yang et al., 1984); the three homologous domains of al-
bumin , which are 4 0 - 5 0 % identical (Sargent etal., 1981); and the three h o m o l o -
gous domains of G c , which are 3 6 % identical (Yang et al., 1985a) . 

There have been complex differences observed a m o n g the introns of the HpJF 

and Hpls genes that may have s t emmed from an ancient gene convers ion be-
tween the pr imordial Hp1 gene and Hpr (Nobuyo M a e d a , personal c o m m u n i c a -
t ion). Hpr is another gene in the Hp complex that is d iscussed be low. W h e n the 
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Fig. 5. Chromosomal sites of unequal crossover event that produced Hp2. The crossover proba-
bly took place in the germ cells of a heterozygote with the genotype of Hp,s/Hp,F. The recombina-
tion was between the fourth intron of HpIF and the second intron of HpIs. The introns and exons are 
not drawn to scale. 

genomic D N A of the Hp2 gene was sequenced , the h p a l F and h p a l S domains 
were shown to differ at 37 pos i t ions , including 27 t ransi t ions , 8 trans vers ions , 
and 2 differences in length. Four of the differences were in the coding regions 
noted above and the others were in introns (Maeda et al, 1984). 

The site of the crossover event leading to the partial dupl icat ion produced in 
the Hp2 gene was character ized by M a e d a et al. (1984) and is demons t ra ted in 
Fig. 5 . T h e nucleot ide sequences of the Hp genes demons t ra ted that the site of 
the unequal c rossover was be tween the fourth intron of Hp1F and the second 
intron of Hpls. Probably the mos t remarkab le feature of the D N A sequences in 
which the crossover took place is the lack of similari ty be tween the re levant 
regions of the Hp1F and Hpls der ived sequences , l imited to a region of identity in 
only a few base pairs (Fig . 6 ) . 

Addi t ional Hp dupl ica t ions have been noted in popula t ion s tudies , but do not 
occur as often as Hp2FS. N a n c e and Smith ies (1963) found t w o haptoglobin 
var iants , Hp2FF and / / / ? 2 5 5, in a Brazi l ian popula t ion . Cons tans and Viau 
(1977a) descr ibed Hp2^ and Hp2^ in Basques and Baronn ies . Cont iguous gene 
duplicat ion genera tes subsequent unequal c ross ing-over be tween homologous 
c h r o m o s o m e s . Therefore , in regions where genet ic dupl icat ions are found there 
is an increased probabi l i ty that subsequent dupl ica t ions will occur because of the 
increased ch romosomal h o m o l o g y . Giblet t (1964) descr ibed a haptoglobin type , 

E P S CATAAA6AACATTG666TTCCT6CCAGAAATGA6G66A6CTT6CCTT 

/ 2 II I I I I I I I I 

HP AATT6T66AAATTCCTTTATT6GGATAATT6TTTAAATATAATACAG 

_ IF 111111Μ111111111Μ i 11111111111 i111i111111i1111 

HP AATTGTGGAAATTCCTTTATTGGGATAATTGTTTAAATATAATACAG 

TCCATT6GC 
I I II 
TTC6C6A6C 

I I I I I I I 
TTCACCAGC 

TTCTATTCGGGGTGGAAGGAGATTGATGTGCAGAGCAGCTCCCG 

l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 
TTCTATTCGGGGTGGAAGGAGATTGATGTGCAGAGCAGCTCCCG 

II I II 
CAGG6CTCAAAAATCTCAGTATTTCCCACTTCCTTT6TTAGAAA 

Fig. 6. Details of the crossing-over that formed the Hp2 allele (from Maeda et al., 1984). Bases 
identical to Hp2 are tied by vertical lines. The box shows the region within which the crossing-over 
occurred. [Reprinted by permission from Nature (London). Copyright © 1984 Macmillan Journals 
Limited.] 
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called haptoglobin Johnson , that appeared to be a tr iplicated h p a cha in , Hp3, 

probably the product of unequal c ross ing-over be tween c h r o m o s o m e s in Hp2 

homozygotes (Dixon , 1966). 
Oliviero et al. (1985b) have reported molecula r ev idence of triplication within 

the haptoglobin Johnson gene . Direct gene analysis by hybridizat ion of genomic 
D N A endonuclease digests and radiolabeled Hp2 c D N A indicated a threefold 
tandem repeat of a 1.7-kbp D N A segment . A nine-exon model of the tr iplicated 
gene was proposed in which exons 3 and 4 were repeated three t imes . 

4. Gene Duplication: Hpr, 

the Haptoglobin-Related Gene 

Raugei et al. (1983) noted a second haptoglobinl ike sequence in the haploid 
genome of man . Hybridizat ion of radiolabeled Hp c D N A with EcoRl digests of 
human D N A revealed po lymorph ic fragments independent of those contr ibuted 
by the c o m m o n al le les , Hp1F, Hpls, and Hp2. M a e d a et al. (1984) c loned the 
haptoglobin-related gene and named it Hpr. M a e d a (1985) demons t ra ted that 
Hpr was tightly l inked to , and in the same orientat ion of, the Hp gene , only 2 .2 
kbp away from the 3 ' noncoding region of h u m a n H p . These results were in 
agreement with those of Bensi et al. (1985) . M a e d a (1985) confi rmed that Hpr 

was formed by 6 .5 k b p of D N A dupl icated from Hp1. T h e length of the coding 
region of Hpr is only one codon (in the leader sequence) longer than that of Hp1. 

The schemat ic representat ion of Hp and Hpr on c h r o m o s o m e 16 is g iven in 
Fig. 7 . 

Sequence analysis of D N A demons t ra ted that the difference be tween Hp1 and 
Hpr consti tutes 6 . 4 % . There are 27 amino acid changes be tween the a m i n o acid 
sequence deduced from Hpr and the precursor to HpIF (Bensi et al., 1985; 
Maeda , 1985). O n e of the amino acid differences is a substi tut ion of Cys -15 by 
Phe in Hpr. This Cys res idue would be expected to be impor tant in stabil izing the 
Hp te t ramer by cross- l inking its α β m o n o m e r s . There is , however , an addit ional 
Cys residue at posi t ion 157 of the β domain in Hpr, not present in Hp1, which 
might serve the same purpose and cross- l ink the H p m o n o m e r s . Even if this does 
not occur , results from character iz ing dog haptoglobin indicated that haptoglobin 
monomers can form a te t ramer wi thout C y s - 1 5 . T h e substi tution of Phe for 
Cys-15 in dog haptoglobin does not contr ibute to a reduct ion of molecular weight 
nor electrophoret ic charge . Only when dog haptoglobin is denatured with urea 
does it dissociate and decrease in molecular weight to that of an α β subunit 
(Kurosky et al., 1979). 

Other differences found be tween Hpr and Hp1 were t w o amino acid al terat ions 
in the signal pep t ides , one extra amino acid codon in Hpr, 9 amino acid dif-
ferences in the α doma in , and 16 differences in the β domain (Maeda , 1985) . 
Based on differences in the first introns of the two genes , Hpr was es t imated to 
be 30 mill ion years old (Maeda , 1985). 
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Fig. 7. Tandem arrangement of the haptoglobin {Hp1) and haptoglobin-related (Hpr) genes on 
human chromosome 16 (drawn from information in Bensi et al., 1985, and Maeda, 1985). The two 
genes are separated by 2.2 kbp and have similar number and positions of exons and introns. Unlike 
Hp1, the first intron of the Hpr gene is increased to over 9 kbp in length because of the presence of a 
retroviruslike element. The introns and exons are not drawn to scale. 

The first intron of Hpr holds one of the surprises typical of haptoglobin 
history; the presence of a re t rovirusl ike e lement has increased the first intron to 
over 10 kbp in length (Fig . 7 ) . It is the first example of a retrovirusl ike e lement 
being found within a defined gene in the h u m a n g e n o m e . T h e retroviral sequence 
contained in Hpr intron 1 is different from any retrovirus sequence found before 
in h u m a n D N A and has a potent ial p r imer-b inding site homologous to a mouse 
isoleucine t R N A ( M a e d a , 1985). 

It is not yet unders tood if the Hpr gene is expressed . There are no apparent 
reasons to suspect it of be ing a p seudogene s ince sequence compar i sons of the 
first exon and the 5 ' - f lanking region indicate puta t ive T A T A and C A A T boxes . 
The number of introns and the posi t ion of the i n t r o n - e x o n junc t ions are identical 
to those in the Hp1 genes ( M a e d a , 1985; Bensi et al., 1985). H o w e v e r , no Hpr 

m R N A has been detec ted in fetal or adult l iver. If expressed , Hpr is es t imated to 
be at the lower limit of detect ion (Bensi et al., 1985). M a e d a (1985) has sug-
gested that the retrovirusl ike e lement may influence the express ion of Hpr, Hp, 

and other acute-phase reac tants . Therefore , character izat ion of its function may 
yield new information related to gene express ion . Her predict ion is consis tent 
with the number of impor tant d iscover ies m a d e first whi le s tudying haptoglo-
bins . 

5 . Homology of Haptoglobin and the Serine Proteases 

Determinat ion of the amino acid sequence of haptoglobin revealed a signifi-
cant homology of the β doma in with m e m b e r s of the serine protease family , a 
group of proteolyt ic e n z y m e s that includes t rypsin , chymot ryps in , th rombin , 
e lastase, and some m e m b e r s of the se rum complemen t componen t s (Barnet t et 
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al., 1970; Kurosky et al., 1980; B o w m a n and Kurosky , 1982) . T h e genes 
encoding these prote ins are scat tered widely throughout the h u m a n g e n o m e ; 
however , the genes encoding hap tog lob in , haptoglobin-re la ted , and chymot ryp -
sin Β have remained l inked on c h r o m o s o m e 16. 

Analysis of the amino acid sequence of haptoglobin and the serine proteases 
revealed that the Ιιρβ doma in was 2 9 - 3 3 % identical to bov ine t rypsin , c h y m o -
trypsin, porc ine e las tase , h u m a n th rombin , and p lasmin (Kurosky et al., 1980). 
As Doolit t le (1981) pointed out , haptoglobin a s sumed a specificity more strin-
gent than its proteolyt ic ances tors ; it no longer has enzymat ic activity but b inds 
free hemoglob in irreversibly. Haptoglobin has lost proteolyt ic activity because 
the active sites of the serine pro teases , His -57 and Se r -195 , have been replaced 
by Lys and Ala , respect ively (Kurosky et al, 1980). Kurosky et al. (1980) had 
demonst ra ted a significant homology in the α domain of haptoglobin with both 
the activation pept ides of the serine proteases and the kr ingle domain (Magnu-
sson et al., 1975) found in th rombin , t issue p lasminogen act ivator , and p lasmin , 
the greatest similari ty be ing demons t ra ted with the fifth kr ingle structure of 
p lasminogen . After the Hp c D N A was character ized , h o m o l o g o u s sequences in 
amino acids and nucleot ide bases were detected near the α - β junc t ion of h u m a n 
haptoglobin and the t issue- type p lasminogen act ivator (Yang et al., 1983). T h e 
homology of haptoglobin and the serine proteases has recently been emphas ized 
by character izat ion of the post t ranslat ional events contr ibut ing to the te t rameric 
structure of mature haptoglobin . 

6. Posttranslational Processing of Haptoglobin 

After Hp c D N A had been identified and sequenced , an interest ing post t ransla-
tional event by which the haptoglobin te t ramer is formed was character ized 
(Yang et al., 1983). T h e series of steps involving l imited proteolysis that led to 
the configurat ion of circulat ing haptoglobin is shown in F ig . 8. This type of 
posttranslat ional process ing has also been observed in ceru lop lasmin , factor 
VIII , and several c o m p l e m e n t c o m p o n e n t s . T h e amino acid sequence deduced 
from Hp c D N A sequence predicted an unexpec ted COOH- te rmina l arginine in 
the 143rd posi t ion of the α chain that had never been found in the h u m a n 
haptoglobin sequence (Kurosky et al., 1980) . Th i s information demons t ra ted 
that the α and β chains of haptoglobin were products of post t ranslat ional p ro-
teolysis and that the D N A s specifying H p α and β polypept ides are not only 
linked but are cont inuous in the c D N A sequence . It s eemed likely that l imited 
proteolysis of the haptoglobin precursor results in c leavage behind the 143rd 
residue arginine in the α cha in . Hanley and Heath (1985) have character ized an 
enzyme in rat p l a sma that c leaves prohaptoglobin in this precise manne r . T w o 
polypept ides , the α and β , are thus formed and are held together by disulfide 
bonds . T h e carboxyl- terminal arginine is r e m o v e d from the α chains by circulat-
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Fig. 8. Model for maturation of human haptoglobin (from Yang et a\.% 1983). Contiguous 
cDNAs encode the Hpa2 and Ηρβ chains, separated by one codon corresponding to an arginine 
residue in the COOH-terminal portion of the Hpa2 chain. This is the postulated site of limited 
proteolysis (A). The COOH-terminal arginine is removed by circulating carboxypeptidase (B). The 
mature haptoglobin tetramer ( α β 2) is held by disulfide bonds, the positions of which have not been 
specified (C). 

ing carboxypept idase in an early post t ranslat ional s tep . This mode l has been 
supported by observat ions of in vitro synthesis of s ingle polypept ide chains of 
haptoglobin by cells from rabbit ( C h o w et al., 1983) and rat (Haugen et al., 

1981). Transcr ipt ion of a single Hp m R N A also clarified earlier results obta ined 
from character iz ing the H p po lymers in p lasma (Fuller et al., 1973). H p 2 and 
Hp2-1 form po lymers of increas ing molecu la r weight by addit ion of H p po lypep-
tides through formation of disulfide b o n d s . T h e amino acid compos i t ion of the 
major po lymers of H p indicated that each differed from the next smal ler po lymer 
by the addi t ion of an α β unit . It n o w seems c lear that the H p po lymer series are 
formed by increments of single H p ( α β ) po lypept ide cha ins . 

A compar i son of the post t ranslat ional c leavage sites of haptoglobin (Yang et 

al., 1983) and t issue- type p la sminogen act ivator (Pennica et al., 1983) d e m o n -
strates a high degree of identity in the amino acids and nucleot ides (Fig . 9 ) . 
W h e n the h o m o l o g o u s regions in the t w o prote ins are compared , 12 out of 31 
amino acids are identical and 4 addi t ional res idues are chemical ly s imilar . In this 
region 44 out of 9 3 nucleot ides are identical and all the nucleot ides encoding the 
Pro-Trp-Gln-Ala sequence are identical in the t w o genes . 
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Fig. 9. Homologous regions of human haptoglobin and tissue-type plasminogen activator (from 
Yang et al., 1983). Arrows indicate potential cleavage sites between arginine and isoleucine that 
occur at the α - β junction of haptoglobin and at the heavy-light chain junction of plasminogen 
activator. The amino acid residues are numbered above and below the sequences of haptoglobin and 
plasminogen activator, respectively. One gap was introduced in the plasminogen activator sequence 
to maximize homology. Identical residues are enclosed by solid lines and chemically similar residues 
by broken lines. 

7. Reverse Transcription 

Compar i son of the haptoglobin gene to the genomic organizat ion of its c lose 
relat ive, chymot ryps in , revealed unexpec ted resul ts . Craik et al. (1984) pointed 
out that serine protease g e n e s , including rat t rypsin I and II , mouse kal l ikrein, 
rat chymotryps in B , rat e lastase I and II , and the serine protease domain of 
human complemen t factor Β , demons t ra ted similari ty in their intron numbers and 
junct ions as well as their sequence and structural homolog ies . C h y m o t r y p s i n ' s 
gene contained eight introns that interspersed seven exons (Bell et al., 1984). 
Al though the β domain of haptoglobin is 3 7 % identical to chymot ryps in in amino 
acid sequence and has significant homology to other m e m b e r s of the serine 
protease family, there were no introns found upon sequencing the β doma in of 
the Hp gene and compar ing it to the sequence of the Hp c D N A (Maeda et al., 

1984; Yang et al., 1983). This suggests that the β domain of the Hp gene arose 
from the insertion of a processed gene , i . e . , a reverse t ranscript , obta ined from 
m R N A of a chymot ryps in ancestral gene . A proposed scheme is shown in F ig . 
10. An al ternat ive, but much less l ikely, mechan i sm would be the removal of the 
eight introns and consol idat ion of the seven exons characterist ic of the 
chymotryps inogen gene by repeated unequal c ross ing-over accompanied by re-
moval of intervening sequences . If t rue , haptoglobin would be the first example 
in which a reverse transcript is present in the coding sequence of a functional 
gene ( B o w m a n et al., 1985). Reverse transcripts are processed genes that have 
been enzymat ical ly formed from vertebrate m R N A s by the e n z y m e reverse tran-
scriptase. Retroviruses synthesize reverse t ranscriptase and can reinsert p ro-
cessed genes into the host D N A (Bi shop , 1983). T h e reverse transcript ga ined by 
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Fig. 10. Contribution of a reverse transcript to Hp gene formation (from Bowman et al., 1985). 
The scheme proposes the origin of the β domain from mRNA of a chymotrypsin gene ancestor. 
Although there is strong homology of the Hp β chain and chymotrypsin, genomic DNA encoding the 
β chain contains no introns compared to the eight introns of the chymotrypsin gene. The α domain is 
derived from a kringle ancestor (Kurosky et al., 1980). The ancestor of the kringle gene is shown 
with four introns to correspond with the Ηρα domain, although the intron number of kringle domains 
characterized thus far varies from 0 to 1. The introns and exons are not drawn to scale. 

the host usually conta ins a 3 ' poly (A) tai l , a sequence miss ing in the D N A 
encoding the β domain of haptoglobin . Sequenc ing Hp c D N A did reveal an A - G -
T-G-G-A repeat that occurred three t imes in the 3 ' noncoding region; its rela-
t ionship, if any , to reverse t ranscript ion remains unknown (Yang et al., 1983). 
The fusing of the reverse transcript that encoded the β domain with a genomic 
sequence of the kr ingle reg ion , the evolut ionary ancestor of the α d o m a i n , is 
likely to have produced the ancestral gene of Hp, Hpr, and perhaps other genes 
belonging to the serine protease and c o m p l e m e n t famil ies . Reverse t ranscript ion 
jo ins other interest ing genet ic events such as gene convers ion , gene dupl ica t ion, 
viral insert ion, and point muta t ion in contr ibut ing to the evolut ion of haptoglo-
bin. 

8. Gene Mapping and DNA Polymorphisms Detected 

by Hp cDNA 

T h e genes encoding the family of serine proteases are separated throughout the 
human g e n o m e , a l though the genes encoding haptoglobin , haptoglobin-re la ted , 
and chymotryps in have remained l inked on h u m a n c h r o m o s o m e 16. The identifi-
cation of the Hp c D N A al lowed us to confirm the ch romosomal mapp ing , which 
had been establ ished earl ier for the Η ρ α chain by Magen i s et al. (1970) after 
s tudying a large k indred demons t ra t ing the segregat ion of Ηρα alleles with a 
recurrent c h r o m o s o m e 16 break . T h e ch romosoma l break point was identified as 
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Human Haptoglobin DNA Polymorphisms" 

Hp Genotype 

Restriction fragment (kbp) 

Hp Genotype BCl\b EcoKY Pst\d 

2 11.5 11.8 (10.1) 5.9 
1 9.6 (4.0) 10.1 4.2 
r 6.5 8.3 4.4 (2.9 + 1.5) 

"Polymorphic fragments are shown within parentheses. 
*Hill eta!. (1985). 
^Maeda et al. (1984). 
^Oliviero et al. (1985a). 

16qh (heterochromatin) by Hecht et al. (1971) , and independent ly by Ferguson-
Smith and Ai tken (1978) as the distal region of 16cen-q22. In our s tudies , 
radiolabeled Hp c D N A hybr idized to a site on c h r o m o s o m e 16, precisely on the 
22nd band of the long arm (McGil l et al., 1984b) . T h e in situ hybridizat ion of Hp 

c D N A and band 16q22 on h u m a n ch romosomal spreads is shown in F ig . 3 . 
Probing h u m a n lymphocy te D N A with radiolabeled Hp c D N A has also fur-

nished information about the subregional mapp ing of the haptoglobin locus . 
Intron differences a m o n g the Hp2, Hp1F, and HpIS al leles and the Hpr gene have 
facilitated the detect ion of these genes by filter hybridizat ion according to the 
method of Southern . The D N A po lymorph i sms reported to date within the Hp 

locus are summar ized in Tab le II. 
Hp1F and Hpls can be dis t inguished after digest ing human D N A with the 

endonuclease Xbal (Maeda et al., 1984; Ol iv iero et al., 1985a; Hill et al., 1985). 
The D N A po lymorph i sm first detected in the Hp locus was with the endo-
nuclease EcoRl (Raugei et al., 1983) and was mapped by M a e d a et al. (1984) to 
approximately 4 kbp 3 ' to the Hp2 gene . Hill et al. (1985) discovered a D N A 
polymorphism with Bell that mapped ups t ream of the Hp' gene . 

The presence of an Hp-l ike sequence was detected in h u m a n D N A digests by 
utilizing the endonuclease EcoRl (Raugei et al., 1983). T h e Hpr gene can also be 
observed in all human genomes after digest ion with Hindlll, BamHl, Β gill, 

5571 , and Xbal. A D N A po lymorph i sm in the Hpr gene was found by Ol iviero et 

al. (1985a) after digest ion of human lymphocy te D N A with Pstl. T h e segrega-
tion of the variant was fol lowed in a family where the he terozygous father 
transmitted the gene to t w o of his three chi ldren. 

The triplicated gene , Hp3 ( Johnson) , was detected with Bglll, BamYW, and 
Hindlll (Hill et al., 1985) and with Hindlll, EcoRl, and Pstl (Oliviero et al., 

1985b). 

TABLE II 
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Fig. 1 1 . Transcription of human haptoglobin mRNA in liver and in hepatocytes (from Lum et 

al., 1985a). In situ hybridization with radiolabeled human Hp cDNA with tissue sections of liver (A) 
and a hepatoma cell line (B) demonstrates Hp mRNA by the appearance of silver grains. No 
transcription is seen in fibroblasts (C). 

9. Expression of the Hp Gene 

Haptoglobin is synthesized in the liver. Transcr ipt ion of Hp m R N A has not 
been detected in any o ther t issue by in situ h is tohybridizat ion util izing radi-
olabeled h u m a n Hp c D N A as a p robe (Lum et al., 1985). Transcr ipt ion of Hp 

m R N A can be seen in F ig . 11 . van der Straten et al. (1985) reported in vitro 

expression of human Hp2 after insert ing Hp2 and a , - an t i t ryps in (PI) c D N A in 
expression vectors for yeast and Escherichia coli. In yeas t , PI was expressed in 
concentrat ions 1 0 0 - 1 0 0 0 t imes h igher than Hp a l though the relative concentra-
tions of the t w o proteins in the b lood are approximate ly the s a m e , and the levels 
of m R N A encoding the t w o proteins were the same in yeast . A n interest ing 
quest ion is whe ther or not the extens ive post t ranslat ional process ing necessary 
for the formation of mature haptoglobin can be carr ied out in yeast . 

B. Transferrin 

Transferrin is a p l a sma protein of biological interest not only because of its 
role as a g rowth factor for normal and mal ignant proliferating cells but also 
because of its interest ing evolut ionary his tory. T h e structure and function of 
transferrin have recently been rev iewed by Pu tnam (1984) . Transferrin t ransports 
iron from the intest ine, re t iculoendothel ia l sys tem, and lower parenchymal cells 
to all proliferating cells in the b o d y . Each transferrin molecule can bind two 
atoms of ferric iron (Aisen and L i s towsky , 1980). Iron b inding imparts a pinkish 
color to the glycoprote in and is carr ied out by the side chains of specific tyros ine , 
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hist idine, and arginine residues that have been conserved in evolut ion (Wi l l i ams , 
1982; MacGil l ivray et al., 1983). 

The concentrat ion of transferrin in p la sma , approximate ly 250 m g / 1 0 0 m l , can 
increase in p regnancy and chronic iron def ic iency, a l though transferrin is not 
considered an acute-phase reactant . Decreased concentra t ions can accompany 
chronic infection, c i r rhosis , and starvat ion. Transferrin is a polypept ide c o m -
posed of 679 amino acids in addit ion to carbyohydra te cha ins . The sequence 
deduced from Tf c D N A added one amino acid to the 678 res idues previous ly 
reported (MacGil l ivray et al., 1983) , an addit ional Leu-562 fol lowing Leu-561 
(Yang et al., 1984). 

The entry of transferrin into cells involves receptor-media ted endocytos is 
( N e w m a n et al., 1982; Daut ry-Varsa t et al., 1983; Iacopet ta et al., 1983). A cell 
can have as many as 4 0 0 , 0 0 0 transferrin receptors . T h e receptor and transferrin 
are internalized and the complex passes through an acidic compar tment ; the iron 
is del ivered and the receptor plus apotransferrin return to the m e m b r a n e , where 
apotransferrin is released into the extracel lular env i ronment . 

In 1984 the 7 J c D N A was c loned , character ized, and ch romosomal ly mapped 
(Yang et al., 1984). T h e nucleot ide sequence revealed that there was a 19-
residue leader sequence , homologous to the chicken ovotransferr in leader se-
quence (Thibodeau et al., 1978; Jeltsch and C h a m b o n , 1982), fol lowed by 
nucleotides encoding the 679 amino ac ids , a s top s ignal , and an addit ional 171 
nucleotides in the 3 ' noncod ing region. A compar i son of the nucleot ide se-
quences in the two h o m o l o g o u s domains of the Tf c D N A provided information 
related to the intragenic dupl icat ion of the Tf gene . 

1. Transferrin Evolution 

A . I N T R A G E N I C D U P L I C A T I O N . T h e ver tebrate Tf gene appears to be the de-
scendant of a pr imordial gene that existed in prochordates approximate ly 500 
million years ago (Wi l l i ams , 1982). T h e ancient gene was approximate ly one-
half the size of the vertebrate gene . F igure 12 illustrates the evolut ion of the 
transferrin family of genes . In F ig . 12 the gene dupl icat ions responsible for 
human transferrin, lactotransferrin, and p97 are depic ted as occurr ing after the 
divergence of birds and m a m m a l s ; however , very recent character izat ion of the 
D N A sequence (Rose et al., 1986) provides ev idence that p97 probably d iverged 
from the other member s of the transferrin family before h u m a n s and ch ickens 
diverged from one another . 

Mart in et al. (1984) descr ibed an iron b inding protein one-half the size of 
vertebrate transferrin, approximate ly 4 1 , 0 0 0 D a , in Pyura stolonifera. Pyura is a 
prochordate having a notochord in its larval s tage. Hybridizat ion studies of 
endonuclease digests of the D N A from a related p rochorda te , Pyura haustor, 

demonstra ted strong hybridizat ion pat terns with human 7 J c D N A . The precise 
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Prochordate Ancestor: Urochordate 

500 million years ago 
Intragenic Duplication 

Common Ancestor^ Birds - Mammals 180 million years ago] 
Gene Duplication 

5 million years ago 
Gene Duplication 

Hen Transferrin Human Transferrin Human Lactotransferrin ρ 97 

Fig. 12. Evolution of genes encoding the transferrin family (based on Yang et al., 1985b). The 
vertebrate Tf gene appears to be the descendant of a primordial gene that existed in prochordates 
approximately 500 million years ago (Williams, 1982). Proteins in the transferrin family in verte-
brates are controlled by genes that have evolved by duplication of DNA sequences 18 kbp long or 
longer. These include hen transferrin, human transferrin, human lactotransferrin, and p97. 

size of the Pyura gene has not been de te rmined , but pre l iminary studies indicate 
that it is significantly smal ler than the ver tebrate gene (Yang et al., 1985b) . 

The intragenic dupl icat ion of the Tf ancestral gene carr ied a distinct evolut ion-
ary advantage : transferrin could b ind twice as many iron ions . Studies with 
erythroid precursors have shown that iron is more rapidly taken up from diferric 
than from monoferr ic transferrin (Huebers et al., 1981) . 

The amino acid sequence of h u m a n transferrin (MacGil l ivray et al., 1983) and 
chicken ovotransferr in (Wi l l iams et al., 1982) reflected the Tf intragenic dupl ica-
tion. The two homologous doma ins in h u m a n transferrin have approximate ly 
3 7 % identity when the amino- te rmina l domain (residues 1 -336) is a l igned with 
the carboxyl sequence (residues 3 3 7 - 6 7 8 ) . 

T h e determinat ion of the nucleot ide sequence of Tf c D N A indicated that , 
dur ing evolut ion , select ion acted m o r e s trongly on some regions of the Tf exons 
than on o thers . Of the amino acids identical in the amino and carboxyl domains 
of transferrin, only 5 0 % have identical nucleot ide codons . Ye t , when the nu-
cleotide base sequences were compared after a l igning the two domains of the Tf 

c D N A , there were three reg ions , des ignated homology blocks A , B , and C , that 
revealed 7 3 % , 6 4 % , and 6 2 % identi ty of nucleot ide sequence , respect ively (Fig. 
13). Al though the basis for evolut ionary constraints on the three homology 
blocks is u n k n o w n , b locks A , B , and C do contain codons for tyrosine and 
hist idine res idues predic ted to be functional sites important in iron b inding . For 
example , of the eight pairs of tyros ine res idues conserved in the amino and 
carboxyl domains of both h u m a n (MacGi l l iv ray et al., 1983) and hen transferrin 
(Wil l iams et al., 1982) , six pairs are encoded by nucleot ides in the homology 



26 Barbara Η. Bowman and Funmei Yang 

Homology Blocks A Β C 

C- Domain 

Ν - Domain 

679 

343 

• Tyrosine 

D Histidine 

Fig. 13 . Homology blocks obtained by aligning the nucleotide sequences of the amino and 
carboxyl domains of the 7JcDNA sequence (based on Yang et al., 1984). The percentages within the 
three homology blocks signify the nucleotide identity. The tyrosine and histidine residues, identical 
in the two domains, have been predicted to be functional sites important in iron binding. 

b locks. Dur ing evolut ion , the intragenic gene duplicat ion producing a longer 
transferrin polypept ide with two active sites was fol lowed by repeated gene 
duplicat ions producing addit ional new iron binding proteins discussed be low. 

B . GENE D U P L I C A T I O N . Proteins in the transferrin family are control led by 
genes that have evolved by duplicat ion of D N A sequences 18 kbp long or longer . 
Mammal ian descendants include serum transferrin; p 9 7 , a me lanoma cell ant igen 
present in very low amounts in normal cel ls ; and lactoferrin, a secreted protein 
present in milk and other body fluids. In the past two years , extensive informa-
tion has become available in the field of iron b inding prote ins , with recent 
determinat ions of the organizat ion and sequences of Tf c D N A (Yang et al., 

1984), most of the Tf gene (Park et al., 1985) , the transferrin receptor (TfR) gene 
(McClel land et al., 1984; Schneider et al., 1984), the p97 gene (Brown et al., 

1985), and the lactoferrin amino acid sequence (Metz-Bout igue et al., 1984). 
The genes encoding Tf, the TfR, and p97 have been mapped to the long a rm of 
ch romosome 3 by hybridizat ion of their c D N A s with human ch romosoma l 
spreads (Yang et al., 1984; Rabin et al., 1985; Le Beau et al., 1985). The 
chromosomal location of the gene encoding lactoferrin is unknown . 

Park et al. (1985) character ized the major part of the 7 J g e n e , 24 k b p , that 
coded for 7 0 % of the prote in . T h e 17 exons of h u m a n Tf agree closely in size 
with the exons found in the hen ovotransferr in gene (Jeltsch and C h a m b o n , 
1982). The h u m a n transferrin gene , however , is twice as long as the hen ovo-
transferrin gene because of the increased length of its introns. Fur the rmore , 
compar isons of the length and posi t ions of the introns within the amino and 
carboxyl domains of the Tf gene were s imilar , indicat ing that the splicing pat-
terns existed in the pr imordial gene before intragenic duplicat ion occurred . The 
homology of the splicing pattern in the cor responding exon pairs , 3 / 1 0 , 4 / 1 2 , 
5 / 1 3 , and 6 / 1 4 , led Park et al. (1985) to propose an unequal c rossover event , 
shown in Fig . 14, to explain the intragenic duplicat ion in the ancestral gene of 
human transferrin. 
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Fig. 14. Proposed scheme of the evolution of ovotransferrin and human transferrin genes (from 
Park et al., 1985). The common ancestor of transferrin duplicated by intragenic crossing-over (A) 
leading to a duplicated ancestor that had lost one of its leader peptide coding exons and one of the 
terminal 3 ' exons (B). During evolution, exon 4 (short arrow) was deleted on the 5 ' side of the gene. 
In the duplicated ancestor, independent evolution led to different intron sizes for the ovotransferrin 
(B) and the human transferrin gene (C). 

T h e homology of the N- te rmina l regions of p 9 7 , lactoferrin, and transferrin is 
shown in F ig . 15. T h e genomic sequences of h u m a n 7 J a n d p 9 7 have emphas ized 
the extensive h o m o l o g y in the t w o genes . S imi lar in t ron /exon pat terns in the 
genomic D N A s of Tf and p97 reflected str iking evolut ionary homology , which 
was confi rmed when the 16 exons of p97 we re compared to the exons charac-
terized in Tf. T h e p97 g ene , h o w e v e r , was miss ing exon 10 found in T J b u t 
contained a new exon encod ing a C-terminal region of 24 hydrophobic and 
uncharged amino acids that could serve to anchor p97 to the p lasma m e m b r a n e . 
The amino acid sequences deduced from the p97 and 7 / c D N A s reflect sl ightly 
less than 4 0 to 4 5 % identi ty. B r o w n et al. (1985) observed strong internal 
homology in the genomic D N A encod ing the amino and carboxyl doma ins of 

P97. 

2. Gene Mapping 

A . S O M A T I C C E L L H Y B R I D A N A L Y S I S . T h e transferrin gene was m a p p e d to 

human c h r o m o s o m e 3 by hybr idizat ion analysis of radiolabeled Tf c D N A and 

p97 Gly Met Glu Val Arg Trp Cys Ala Thr f ie r Asp ? Glu 

Transferrin Val Pro Asp Lys Thr Val Arg Trp Cys Ala Val Ser Glu His Glu 

Lactotransferrin Gly Arg Arg Arg Arg Ser Val Gin Trp Cys Ala Val Ser Gly Pro Glu 

Fig. 15 . Homology of the amino-terminal sequences of p97, transferrin, and lactotransferrin 
(reprinted by permission from Brown et al., 1982. Copyright © 1982, Macmillan Journals Limited.) 
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HSA ρ ρ γ 

Fig. 16. Rearrangement of chromosome 3 in primates and mice (from Naylor and Sakaguchi, 
1985). A rearrangement of chromosome 3 involving a pericentric inversion separated the Tf gene 
from other markers of 3q during evolution. HSA (Homo sapiens, PPY (Pongo pygmaeus, orangu-
tan), MMU (Mus musculus, mouse). The last structure shows the linkage of genes on the mouse 
homolog of human chromosome 3. β-Galactosidase is GLB in primates, Bgs in mice. Ami-
noacylase-1 is ACY1 in primates, Acy-1 in mice. Transferrin is TF in primates, Trf in mice. 

D N A of m o u s e - h u m a n hybrid cells conta in ing defined complemen t s of h u m a n 
ch romosomes (Yang et al., 1984). Uti l ization of h u m a n parental l ines having 
specific rear rangements of c h r o m o s o m e 3 demons t ra ted that the Tf gene was on 
the long arm of 3 , i . e . , 3q. This was unexpec ted since mapp ing studies in mice 
had establ ished l inkage of m o u s e transferr in, aminoacylase ( A C Y 1 ) , and β-
galactosidase (GLB) to c h r o m o s o m e 9 , a homolog of h u m a n c h r o m o s o m e 3p 
(Naylor et al., 1982); compara t ive s tudies have establ ished that many l inkage 
groups are conserved in widely divergent species . H o w e v e r , after evaluat ion of 
ch romosome pat terns of pr imates (deGrouchy et al., 1978; Yunis and Prakash , 
1982) it became clear that a rear rangement of c h r o m o s o m e 3 involving a per i -
centric inversion had separated the transferrin gene dur ing pr imate evolut ion 
from the other markers of 3p . H u m a n s , gor i l las , and ch impanzees have the 
rearranged c h r o m o s o m e 3 , whi le orangutans do not . T h e l inkage group {Tf, 

ACY1, and GLB) affected by c h r o m o s o m e 3 inversion is shown in F ig . 16. 

B . IN SITU H Y B R I D I Z A T I O N . Hybr idiza t ion of radiolabeled Tf c D N A with 
metaphase spreads of h u m a n c h r o m o s o m e s revealed that the 7 J g e n e was located 
in the region of 3q21-25 (Yang et al., 1984). Genes coding for the transferrin 
receptor , TfR, and the m e l a n o m a ant igen, p97, are also located on the long a rm 
of c h r o m o s o m e 3 . T h e transferrin receptor had previously been mapped at 3q22-
qter and 3 q 2 6 . 2 , respect ively (Mil ler et al., 1983; Rabin et al., 1985) , whi le p97 

had been located on c h r o m o s o m e 3 by somat ic cell hybrid analysis (P lowman et 

al., 1983). Compar i son of in situ hybr idizat ion pat terns of c h r o m o s o m e s from a 
normal and a mal ignant cell line conta in ing a rearranged c h r o m o s o m e 3 identi-



11 DNA Sequencing and Chromosomal Locations 29 

fied the ch romosomal locat ions of these related proteins to be Tf on 3 q 2 1 , TfR on 
3q26 , and p97 within 3q28-q29 (Le Beau et al., 1985). Compar i son of in situ 

hybridizat ion pat terns of c h r o m o s o m e s from a normal and a mal ignant line 
associated with th rombocy themia and abnormal megakaryocytopoies i s indicates 
a break at 3q21 that splits the Tf g e n e , impl icat ing a role of Tf in the pa thogenes is 
of some human tumors . 

c . O T H E R M E M B E R S O F T H E TF L I N K A G E G R O U P . T h e mapp ing of h u m a n Tf 

placed two other p lasma proteins of the Tf l inkage g r o u p , ceru loplasmin (Cp) and 
a 2- H S - g l y c o p r o t e i n , on c h r o m o s o m e 3 (Yang et al., 1984). L inkage of 7 J a n d 
Cp was found earl ier by family studies that indicated there was a dis tance of 10 
cent imorgans be tween the 7 J a n d Cp genes ( W e i t k a m p , 1983). W e have recently 
c loned h u m a n c D N A encoding Cp and conf i rmed its location on c h r o m o s o m e 3 
( B o w m a n et al., 1985; Nay lo r et al., 1985). T h e c D N A encoding ceru loplasmin 
(Cp) was identified by screening a h u m a n liver l ibrary with t w o ol igonucleot ide 
probes based on amino acid sequences ( 5 3 8 - 5 4 3 and 6 6 6 - 6 7 2 ) repor ted by 
Takahashi et al. (1984) . T h e Cp c D N A sequence is a lmost comple te (Yang et al., 

1986) and conf i rms the similari ty to factor VIII demons t ra ted by Vehar and co -
workers (1984) . A compar i son of the genomic structures of these two genes will 
be valuable in analyzing their evolu t ionary re la t ionship . 

Therefore , the loci of several genes related in function, Tf, TfR, p97, and Cp, 

are l inked on c h r o m o s o m e 3 . Ceru lop lasmin is said to serve as an oxidase that 
conver ts ferrous to ferric i ron. Only the ferric form of iron can specifically be 
bound by transferrin. Funct ional and ch romosoma l relat ionships again raise a 
quest ion of gene proximi ty and coordina ted express ion . 

D . D N A P O L Y M O R P H I S M S D E T E C T E D W I T H TF C D N A . T W O inheri ted D N A 

po lymorph i sms have been detected by hybridizat ion of Tf c D N A with endo -
nuclease digests of h u m a n D N A (Yang et al., 1985b) . O n e , a 6 .1-kbp f ragment , 
was detected with EcoRl. This po lymorph i sm is shown in F ig . 17. In a panel of 
D N A s digested with PvwII, a second p o l y m o r p h i s m , a 1.9-kbp f ragment , was 
detected in 6 5 % of the Caucas ians and in 2 5 % of the Hispanics examined . 
Schaeffer et al. (1985) examined the D N A from individuals having genet ic varia-
tions of transferrin. L y m p h o c y t e D N A from individuals having the T f D l phe-
notype displayed D N A po lymorph i sms detected with EcoRl. T h e hybr idiz ing 
probe was an insert of Tf c D N A that encoded amino acids 98 to the C-terminal 
end. 

3. Tf Expression 

A . IN SITU H Y B R I D I Z A T I O N S T U D I E S D E T E C T IN VIVO E X P R E S S I O N . T h e avail-

ability of 7 J c D N A has facilitated microscopic identification of sites of t ranscr ip-
tion of 7 / m R N A in h u m a n t issue by in situ hybr idizat ion ( L u m , 1986; L u m et 
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Fig. 17. Transferrin DNA polymorphisms detected in human lymphocyte DNAs digested with 
PvuW (A) and EcoRl (B) (from Yang et al., 1985b). Arrows indicate the polymorphic fragments. 

al., 1985). Al though the liver is the major site of transferrin synthes is , there had 
been reports (Soltys and Brody , 1970; Nishiya et al., 1980; Broxmeyer et al., 

1983) suggest ing that human peripheral b lood mononuc lea r cells can also synthe-
size transferrin. L u m et al. ( 1 9 8 5 , 1986) local ized 7 / m R N A transcription in hu-
man lymphocytes , specifically in the T 4 + he lper / inducer subset (Lum et al., 

1986). Appl icat ion of the in situ hybridizat ion technique in peripheral b lood 
mononuclear cells is shown in F ig . 18. In peripheral b lood mononuc lea r ce l l s , 
approximately 2 - 5 % were seen hav ing silver grains denot ing 7 / m R N A hybrid-
ization (Fig. 18A). After Τ cells were isolated by rosette formation with sheep 
red blood cel ls , 1 0 - 2 0 % of the Τ cells t ranscr ibed 7 / m R N A (Fig. 18B). N o Tf 

m R N A has been detected in Β cells (Fig. 18C). T h e capaci ty to synthesize 
transferrin in a local ized area such as a lymph node would impar t a significant 
advantage to the vertebrate host dur ing inf lammation when Tf-bound iron is 
decreased in the circulat ion. 

B . E X P R E S S I O N O F TF B Y T R A N S G E N I C M I C E . Transgenic mice were uti l ized 

by McKnigh t et al. (1983) to follow the transferrin gene dur ing deve lopment and 
differentiation. After the intact ch icken transferrin (Ch Tf) gene was transplanted 
into fertilized m o u s e eggs , approximate ly 1 5 - 3 0 % of the offspring were found to 
carry the Ch Tf D N A integrated into the mouse g e n o m e ei ther as a single o r as 
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Fig. 18. Transcription of Tf mRNA in peripheral blood mononuclear cells (A) and Τ lympho-
cytes (Β). Β lymphocytes have not been observed to transcribe Tf mRNA (C) (from Lum et at., 

1985b). 

mult iple copies . Six of seven t ransgenic mice expressed the Ch 7 J g e n e in several 
t issues; however , in five out of six there was a 5- to 10-fold preferential ex-
pression of Ch Tf m R N A in l iver compared to other t i ssues . M o r e than 8 0 % of 
Ch Tf m R N A transcribed in m o u s e liver was found to be actively engaged in 
protein synthesis ; C h 7]fwas also detec ted circulat ing in m o u s e se rum. T h e most 
excit ing implicat ion of this s tudy is that the t issue specificity m a y be encoded in 
the 7 J g e n e sequence itself. 

C. Human Group-Specific Component 

T h e group-specif ic componen t (Gc) , an a 2- g l o b u l i n of 5 1 , 0 0 0 molecu la r 
weight (Cleve and B e a m , 1962) , is the major v i tamin D-binding protein in se rum 
(Daiger et al., 1975). G c appears in h u m a n popula t ions as three c o m m o n genet ic 
phenotypes : G e l , G c 2 , and G c 2 - 1 . Wi th the appl icat ion of isoelectric focusing 
(Constans and Viau , 1977b) m a n y addit ional genet ic subtypes have been re-
ported (Cleve and Patu tschnick , 1977). 

1. Genetic and Posttranslational Variations 

Gc 1 migrates e lectrophoret ical ly as t w o bands because of a post t ranslat ional 
event involving sialic acid (Svasti and B o w m a n , 1978; Svasti et al., 1979). 
Binding of v i tamin D 3 by G c is accompan ied by a decrease in isoelectric point 
and an increase in e lect rophoret ic mobi l i ty at a lkal ine p H , indicat ing a conforma-
tional change (Svasti and B o w m a n , 1978). G c has also been reported to bind G-
actin (Van Baelen et al., 1980) and to be spatially associated with IgG on 
lymphocyte m e m b r a n e s (Petrini et al., 1985). 

A m i n o acid differences in the sequences of G c 1 and G c 2 include a Thr res idue 
in G e l that is g lycosyla ted and carr ies a sialic acid group; the threonine- l inked 
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carbohydrate g roup is absent in the homologous region of G c 2 (Svasti et al., 

1979). G e l also conta ins an ^ - ace ty lga l ac to samine res idue associated with this 
same carbohydrate moie ty that is also miss ing in G c 2 (Coppenhaver et al., 

1983). In the inherited disease cystic f ibrosis , pat ients characterist ical ly have 
mucins of abnormal consis tency (Allen et al., 1980). M u c i n , an ex t remely 
heterogeneous mixture of g lycopro te ins , has numerous threonine- l inked ca rbo-
hydrate moiet ies . T h e G c sys tem offers the oppor tuni ty to compare the con-
centration and metabo l i sm of a single character ized O-glycosyla ted protein in a 
group of cystic fibrosis subjects and normals . Resul ts from a study of 90 cyst ic 
fibrosis pat ients , 57 he te rozygotes , and 4 6 normal controls indicated very signifi-
cant lower mean concentra t ions of G c 1 and Gc2-1 in the sera of cystic fibrosis 
patients compared with both he terozygotes and controls (Coppenhaver et al., 

1981). In contrast , o ther p lasma proteins appeared to be unchanged or e levated in 
concentrat ion. The d iminished concentra t ions of G e l and Gc2-1 in cystic fibrosis 
patients may be due to an impaired step in post translat ional process ing of O -
glycosylated prote ins . 

When the c o m m o n Gc genet ic types G e l and G c 2 were examined by fin-
gerprint ing, tryptic pept ide maps of the G e l and G c 2 differed by two pept ides 
related to structural differences involving at least three amino acid res idues 
(Svasti et al., 1979). Analys is of c D N A s have accurately provided the number of 
genetic differences in the t w o c o m m o n Gc genes (Yang et al., 1985b; C o o k e 
and David , 1985). 

The identity of Gc2 c D N A in a h u m a n liver l ibrary fol lowed by character iza-
tion of its sequence has recently been comple ted (Yang et al., 1985b) . O n e 
c lone , G c 2 p , conta ined an 1805-bp nucleot ide insert including the entire G c 2 
coding sequence . It consis ted of a 5 ' untranslated region of 153 b p , a 48 -bp 
sequence encoding a putat ive 16-amino acid leader sequence , a 1374-bp se-
quence encoding the 458 amino acids of the mature G c prote in , and 230 bp in a 
3 ' untranslated region. Insert G c 2 p encodes 458 amino acids in the mature 
protein providing a m i n i m u m molecula r weight of 5 1 , 2 4 0 . C o o k e and David 
(1985) have character ized h u m a n Gel c D N A ; a compar i son of this sequence 
with Gc2 c D N A (Yang et al., 1985a) reveals four amino acid differences in 
amino acid residues 152 (Glu in G e l , Gly in G c 2 ) , 311 (Arg in G e l , Glu in 
G c 2 ) , 4 1 6 (Glu in G e l , A s p in G c 2 ) , and 4 2 0 (Thr in G e l , Lys in G c 2 ) . T h e last 
two substi tutions conf i rmed previous results of Svasti et al. (1979) , w h o se-
quenced tryptic pept ides characteris t ic of G e l and G c 2 . T h e deduced amino acid 
analysis demonst ra ted homology with a lbumin and α-fetoprotein and an intra-
genic triplication within the Gc gene . 

2 . Intragenic Triplication 

In 1976 Brown analyzed the comple te a lbumin amino acid sequence and 
demonstra ted that this protein evolved by intragenic tr iplication of a small pri-
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Fig. 19. Triple-domain structure of mature human Gc arranged according to the albumin model 
proposed by Brown (1976) (from Yang et al., 1985a). Amino acids homologous to those of mature 
human α-fetoprotein and albumin are indicated by shading at the top and bottom, respectively, of the 
ovals representing the residues. 

mordial gene . T h e a lbumin sequence analys is demons t ra ted that the double disul-
fide bonds genera ted a pat tern of loops that was repeated threefold and defined 
three structural doma ins . T h e original gene coded for a protein cor responding to 
one domain of the ver tebrate a lbumin g e n e . T h e Gc sequence is arranged in F ig . 
19 in the same configurat ion as the a lbumin model p roposed by Brown (1976) . 

The pattern of half-cyst ine br idges that contr ibute to the double loops forming 
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Fig. 20. Conserved locations of the disulfide and double disulfide bonds in sequences of Gc, a-
fetoprotein, and albumin (from Yang et al., 1985a). Thin vertical bars represent Cys residues and 
thick vertical bars represent Cys-Cys sequences. 

the three domains of G c , a lbumin , and α-fetoprotein is highly conserved (Fig . 
20) . Three homologous domains in each of the three proteins are defined by the 
double disulfide b o n d s . W h e n the structure deduced for Gc was compared to the 
triple domain structures of a lbumin and α-fetoprotein , it was observed that G c 
had lost two-thirds of the coding sequence of domain 3 . Therefore , in G c ' s third 
domain , only one of the three large double loops that usual ly compr ise a typical 
domain was retained (Fig. 21) . T h e last, incomplete domain is also the site for at 
least part of the structural changes that account for the c o m m o n G c al leles , G e l 
and G c 2 (Yang et al., 1985a). 

A compar ison of the amino acid sequences of the three domains of G c con-
firms that G c , like a lbumin and α-fetoprotein , is the evolut ionary product of 
intragenic tr iplication, with 2 3 % identity be tween domains 1 and 2 and 19% 
identity be tween 2 and 3 . Intragenic homology of Gc was also analyzed using the 
A L I G N program. D o m a i n 1 (residues 1-192) al igned with domain 2 (residues 
1 9 3 - 3 7 8 ) produced a score of 11.61 S D uni ts . An a l ignment score of > 3 S D 
units is considered statistically significant (Barker and Dayhoff, 1982). Por t ions 
of domains 1 (residues 1-79) and 2 (residues 1 9 3 - 2 6 9 ) were compared to G c ' s 
partial domain 3 (residues 3 7 9 - 4 5 8 ) to g ive scores of 5 .25 S D and 6 .18 S D 
units , respect ively. Al ignment scores for the domains indicated a high proba-
bility of a c o m m o n ancestor (Yang et al., 1985c) . 

Interesting ev idence for the order of evolut ionary events leading to the three-
domain structure of mouse α-fetoprotein has been reported by Eiferman et al. 

(1981) . These invest igators found a direct cor respondence be tween the threefold 
repeat of four exons and the three protein domains when the 14 exon junc t ions in 
the α-fetoprotein gene were de te rmined using c loned genomic D N A . T h e nu-
cleotide sequence was compared a m o n g the four exons of each domain to deduce 
the likely structure of the pr imordial domain and the order and mechan i sms of its 
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Human Albumin and a-Fetoprotein 
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Β 

t 1 • missing 

Human Gc Domain 3 

Fig. 21 . The third domain of albumin and α-fetoprotein (A) compared to that of Gc (B). Gc has 
lost two-thirds of the coding sequence of domain 3 and only one of the three large double disulfide 
loops was retained. 

triplication to form the ancestral gene from which the proteins in the a lbumin 
family arose . T h e predic ted order of events are doma in 3 dupl icated by an 
unequal c rossover to a two-domain g e n e , fol lowed by a subsequent h o m o l o g o u s 
recombinat ion that gave rise to doma ins 1 and 2 . This hypothes is is suppor ted by 
close similarity of domains 1 and 2 in all three prote ins of the a lbumin family. 

W h e n the c D N A sequences of the three h u m a n G c doma ins were compared by 
statistical analysis to identify regions of extens ive internal nucleot ide sequence 
identity, three paired sequences , des ignated as homology blocks A , B , and C , 
reflected 4 0 - 4 4 % identity in nucleot ide sequence and 2 2 - 2 7 % identity in amino 
acid sequence (Yang et al., 1985c) . T h e basis of the evolut ionary constra ints on 
the codons conta ined in the three h o m o l o g y b locks is u n k n o w n . Future s tudies 
that character ize the v i tamin D binding site may clarify the basis for the con-
served reg ions . 

3. Homology of Gc, Albumin, and α-Fetoprotein 

The quest ion of evolut ionary h o m o l o g y in G c and a lbumin was raised earl ier 
because of their genet ic l inkage ( W e i t k a m p et al., 1966) , the low content of 
carbohydra te , and the unusual ly large n u m b e r of half-cystinyl res idues in each 
( B o w m a n , 1969). The amino acid sequence deduced from the sequence of the Gc 

c D N A conf i rmed the h o m o l o g y of the three proteins (Yang et al., 1985a ,c ) . The 
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Fig. 22. Homology in the nucleotide and amino acids of the leader sequences of α-fetoprotein, 
albumin, and Gc (from Yang et al, 1985c). Identical amino acid residues are boxed. There is 40% 
identity in amino acid sequences of Gc and albumin and 4 8 % identity in respect to the nucleotide 
sequence in this region. 

most conspicuous similari t ies in G c , a lbumin , and α-fetoprotein were the con-
served pat terns of disulfide br idges forming the nine double loops that define the 
three structural domains (Fig. 20) . 

The leader and N- terminal sequences of G c , a lbumin , and α-fetoprotein were 
found to be highly s imilar i r respect ive of where the N- terminal sites occurred in 
the three homologous prote ins . F igure 22 compares the leader and N- te rmina l 
regions of the three pro te ins . There is 4 0 % identity in amino acid sequences of 
Gc and a lbumin regions and 4 8 % identi ty in respect to the nucleot ide sequence . 
In an inherited a lbumin variant cal led p roa lbumin Chr is tchurch , the altered pro-
sequence Arg-Gly-Va l -Phe-Arg-Gln is not r emoved before the nascent protein is 
released into the circulat ion (Brennan and Carre l l , 1978). T h e amino terminus of 
the Gc sequence begins t w o res idues earl ier than p roa lbumin Chr is tchurch but 
shares its Arg-Gly in the third and fourth res idues . 

It is of interest that one Cys -Cys sequence in posi t ion 5 8 - 5 9 in the first 
domain of G c was not present in a lbumin or α-fetoprotein and would be avai lable 
to form a disulfide bond with res idue 13 and a disulfide bond with res idue 6 7 . 
This would cor respond to the hypothet ical disulfide br idge in the first subdomain 
of the a lbumin ances tor mode l p roposed by B r o w n (1976) . In this region a lbumin 
contains one disulfide bond , res idues 53 and 6 2 , and is miss ing the other an-
cestral disulfide b r idge , whereas α-fetoprotein conta ins no disulfide bonds in its 
first subdomain . A compar i son of the disulfide pat terns of proteins in the al-
bumin family is shown in F ig . 2 3 . 

The homology exist ing in the amino acid sequences of G c , a lbumin , and a -
fetoprotein is presented in F ig . 2 4 . After the amino acid sequences are a l igned 
according to the double disulfide b o n d s , 11 gaps in G c ' s sequence and 6 gaps in 
the α-fetoprotein and a lbumin amino acid sequences were in t roduced to m a x -
imize homology . G c and a lbumin were 2 3 % identical; G c and α-fetoprotein were 
19% identical . In this a l ignment , a lbumin and α-fetoprotein were 3 5 % ident ical . 
Using the p rogram A L I G N , the amino acid sequence of G c , including the leader 
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Β D 

Human Gc Domain I Human a - Fetoprotein Domain I 

Fig. 23. Comparison of the double disulfide loops in the first domain of the albumin ancestor 
model proposed by Brown (1976) (A), of Gc (B), of albumin (C), and of α-fetoprotein (D). The one 
Cys-Cys sequence in position 5 8 - 5 9 in the first domain of Gc is available to form a disulfide bridge 
with residue 13 and a disulfide bridge with residue 67. This Cys-Cys sequence is not present in 
albumin or α-fetoprotein. 

sequence , was al igned to por t ions of α-fetoprotein and a lbumin of comparab le 
length. Res idues —16 to 4 5 8 of G c were al igned with res idues - 1 9 to 4 6 6 of a -
fetoprotein to g ive an a l ignment score of 19.59 S D units and al igned with 
residues - 1 8 to 461 of a lbumin for a score of 2 4 . 8 7 S D units (Yang et al., 

1985c). In genera l , an a l ignment score of > 3 units may be cons idered statis-
tically significant (Barker and Dayhoff, 1982). Thus the G c , α-fe toprote in , and 
a lbumin a l ignments not only exceed the requi rement for significance but also 
meet the definit ion p roposed by Dooli t t le (1981) for g rouping of protein famil ies . 
G c 2 and α-fetoprotein each have one potential N-glycosyla t ion site in their 
second domains whi le a lbumin has none (Duga iczyk et al., 1982). T h e potential 
glycosylat ion site in G c 2 occurs at res idues 212-21A (Asn-Leu-Ser ) (Yang et al., 

1985a). Previous s tudies (Svast i et al., 1979) demons t ra ted that G e l , but not 
G c 2 , had an O-glycosyla t ion site wi thin the sequence of res idues 4 1 2 - 4 2 4 , 
probably at the T h r res idue at posi t ion 4 2 0 . Res idue 4 2 0 is occupied by Lys in 
G c 2 (Yang et al., 1985a) . Viau et al. (1983) also repor ted glycosylat ion in G e l , 
but not in G c 2 . 

T h e relat ive age of the Gc gene is difficult to es t imate . H o m o l o g y data indi-
cated that a lbumin and α-fetoprotein evo lved from an ancestral gene that was 
produced by an intragenic tr iplication 3 0 0 - 5 0 0 mil l ion years ago (Eiferman et 

al., 1981). T w o lines of ev idence suggest that the Gc gene is o lder than the other 
two member s of the a lbumin family. A lbumin (Alb) and α-fetoprotein are more 
similar to each o ther than e i ther is to G c , indicat ing that the gene dupl icat ions 
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Fig. 24. Homology of amino acids in sequences of human α-fetoprotein, Gc, and albumin (from 
Yang et al., 1985c). Numbers to the right of the figure indicate amino acid residue positions. 
Identical residues are boxed. 
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producing them m a y have occurred m o r e recent ly . Fu r the rmore , G c , a lone , 
contains four half-cyst ine res idues at posi t ions 13 , 5 8 , 5 9 , and 67 that are 
capable of forming the doub le disulfide bond predic ted by B r o w n (1976) to have 
occurred in the first doma in of the tr ipl icated ancestral gene . Whe the r o r not the 
partial loss of G c ' s third d o m a i n is a recent evolut ionary event mus t awai t further 
studies of the Gc gene in o ther spec ies . 

4. Gene Mapping and Linkage 

After analyzing segregat ion pat terns in informative famil ies , W e i t k a m p et al. 

(1966) d iscovered that the h u m a n Gc and Alb genes be longed to the s a m e l inkage 
group with a recombina t ion fraction of 0 . 0 1 5 . Therefore , the loci for Gc and Alb 

are approximate ly 1.5 cen t imorgans apar t . Studies of m e m b e r s of a family hav-
ing a delet ion in c h r o m o s o m e 4 and incompat ibi l i ty within the Gc allelic sys tem 
demonst ra ted that the Gc gene w a s on the long a rm of c h r o m o s o m e 4 at p i l - p l 3 
(Mikkelsen et al., 1977). Uti l izat ion of Gc c D N A has conf i rmed its locus to 
ch romosome 4 by somat ic hybr id cell analysis (Yang et al., 1985a; Nay lo r and 
Sakaguchi , 1985) (Fig . 2 ) . In situ hybr idizat ion with radiolabeled Gc c D N A on 
human ch romosoma l spreads m a p p e d Gc c lose to the cen t romere , at 4 q l 3 ( M c -
C o m b s etal, 1985). 

The subregional mapp ing of a lbumin and α-fetoprotein was resolved by 
hybridizat ion studies with D N A probes . T h e D N A s encoding h u m a n a lbumin 
and α-fetoprotein were used s imul taneous ly by Harper and Duga iczyk (1983) for 
hybridizat ion with h u m a n metaphase c h r o m o s o m a l spreads ; their results con-
firmed that these two genes were c losely l inked and bo th were located be tween 
4q 11 -q 13. Urano et al. (1984) demons t ra ted that the h u m a n genes encod ing 
a lbumin and α-fetoprotein are present in t andem, in the same transcript ional 
or ientat ion, with the a lbumin gene 14.5 kbp ups t ream from the α-fetoprotein 
gene . In the m o u s e the α-fetoprotein and a lbumin genes are also l inked ( D ' E u -
stachio et al., 1981); genes be long ing to the same l inkage group are often found 
segregat ing together in widely separated species . 

Util ization of the Gc c D N A probe has a lso detected t w o D N A po lymorph i sms 
in panels of h u m a n lymphocy te D N A . T h e first po lymorph i sm was detected with 
human lymphocy te D N A diges ted with BamHl endonuc lease . T w o f ragments , a 
16-kbp and a 14-kbp f ragment , were observed in 2 0 % of the individuals e x a m -
ined (lanes 3 , 4 , and 6 of F ig . 2 5 A ) , whi le the remain ing 8 0 % had a darkly 
stained 30-kbp fragment ( lanes 1, 2 , and 5 of F ig . 2 5 A ) . T h e o ther poly-
morph i sm, a 12-kbp fragment detected wi th PvwII, is shown in lane 6 of F ig . 
25B (Yang et al., 1985c) . T h e detect ion of D N A po lymorph i sms with Gc c D N A 
may prove useful in identifying the defect ive gene caus ing dent inogenes is imper-
fecta, an au tosomal dominan t d isease m a p p e d on c h r o m o s o m e 4 , approximate ly 
7 cen t imorgans from the Gc gene (Ball et al., 1982) . 
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Fig. 25. Filter hybridization of human Gc2 cDNA with human lymphocyte DNA (from Yang et 

al., 1985c). Two DNA polymorphisms were detected in panels of human DNA digested with (A) 
BamYil, where 20% of individuals tested had both 16-kbp and 14-kbp fragments (lanes 3 , 4, and 6) 
and the remainder had a darkly stained 30-kbp fragment (lanes 1, 2, and 5), and (B) PvuW, where one 
individual in 16 was found to have a 12-kbp fragment (lane 6). 

Murray et al. (1984) have identified eight po lymorphic sites in the h u m a n 
albumin locus . T w o haplotypes were found in three races , Caucaso ids , B lacks , 
and As ians , indicat ing that the D N A po lymorph i sms contr ibut ing to the hap lo-
type predated human racial d ivergence . T h e origin of one haplo type predated 
h u m a n - A f r i c a n ape d ivergence . T h e smal ler than expected haplotypic ar range-
ments of the a lbumin D N A po lymorph i sms led Mur ray to suggest that the l imited 
number of haplo types at the ch romosoma l site of the a lbumin gene may be the 
result of decreased recombina t ion due to the proximi ty of the cen t romere of 
ch romosome 4 since cen t romeres are regions k n o w n to have low recombina t ion 
frequency. 

5 . Expression of Genes in the Albumin Family 

There have been no cases found in man where G c is absent from the circulat-
ing p lasma prote ins . Inheri ted deficiencies of a wide range of p lasma proteins 
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have been d iscovered; h o w e v e r , a severe deficiency of G c appears to be incom-
patible with life. 

Both h u m a n s and rats have been descr ibed that lack detectable concentra t ions 
of serum a lbumin because of a muta t ion affecting a lbumin synthesis or matura-
t ion. In ana lbuminemic rats the a lbumin gene is miss ing an intronic 7-bp se-
quence which mus t be required for the maturat ion of a lbumin m R N A (Esumi et 

al., 1983). As a result of this muta t ion , a lbumin m R N A precursors were present 
in the nuclei of rat l iver but a lbumin m R N A was absent in the cy top lasm of the 
same cel ls . Avery et al. (1983) ana lyzed the se rum a lbumin gene from a h u m a n 
with ana lbuminemia . N o gross structural rea r rangement or delet ion was found; 
however , the authors poin ted out the muta t ion may result from an abnormal i ty of 
the g e n e ' s fine s t ructure , as was found in ana lbuminemic rats . 

Exper iments uti l izing in situ hybr idizat ion with a radiolabeled Gc c D N A probe 
have conf i rmed that Gc m R N A transcript ion occurs in the liver; exper iments are 
in progress to detect addit ional sites of t ranscript ion ( L u m et al., 1986). G c has 
not yet been expressed in vitro. Express ion studies with the a lbumin and a -
fetoprotein g e n e s , howeve r , have provided interest ing information about devel -
opment and regula t ion. 

Scott and T i lghman (1983) s tudied the express ion of a m o u s e α-fetoprotein 
minigene in H e L a cells and observed the effects of delet ions in the 5 ' p romoto r 
region. In their studies t ranscript ion was unaffected by delet ion of D N A up-
stream of the T A T A box but was great ly affected by the dis tance be tween the 
viral control region and the 5 ' end of the gene . L a w n et al. (1981) reported 
synthesis of h u m a n serum a lbumin by bacter ia conta ining the mature protein 
coding sequence of the h u m a n a lbumin gene . 

Krumlauf et al. (1985) in t roduced modif ied α-fetoprotein genes into fertilized 
mouse eggs and observed the t ime and t issue sites of α-fetoprotein express ion in 
the t ransgenic m i c e . The i r s tudies sugges ted that the microinjected genes conta in 
the D N A sequence necessary to direct both t issue-specific express ion and devel-
opmenta l regula t ion. This furnished addi t ional information indicat ing that e le-
ments within the D N A sequence governed both t issue-specific act ivat ion and 
postnatal deve lopmenta l regula t ion of the gene . 

IV. Conclusions 

Character izat ion of h u m a n p l a sma prote ins has provided valuable information 
about the exis tence of families of related genes and their respect ive receptors , 
some of which have exis ted together on the same c h r o m o s o m e for mil l ions of 
years and others which have been separated by ch romosoma l t ranslocat ions and 
invers ions. T h e extens ive D N A po lymorph i sms detected by c D N A encoding 
p lasma proteins will add to the molecu la r arsenal be ing emp loyed to m a p the 3 .3 
x 1 0 6 kbp of D N A in the h u m a n g e n o m e . Po lymorph i sms detected by the 
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plasma protein probes will cont inue to be useful for prenatal d iagnosis and 
chromosomal mapping of defective genes causing inherited d iseases . 

The haptoglobin , transferrin, and a lbumin families of genes are products of 
duplicat ion and triplication events that occurred in evolut ion mil l ions of years 
ago . The intragenic amplif icat ions have refined and added to the functional sites 
of the protein produc ts . For e x a m p l e , transferrin in ver tebrates can bind t w o iron 
ions because of an intragenic dupl ica t ion. T h e prochorda te Pyura, on the other 
hand, has a pr imordia l Tf gene that p roduces a mono-s i ted i ron-binding po lypep-
tide (Mart in et al., 1984). A few n e w , evolut ionary exper iments can be observed 
in contemporary o rgan i sms ; crabs carry a tr iplicated transferrin gene that p ro-
duces a protein able to bind only t w o , not three , ions of i ron, despi te its greater 
size (Huebers et al., 1982). A few h u m a n s have the Hp3 gene that p roduces a 
haptoglobin type with a tr iplicated α chain . A lbumin , α-fe toprotein , and G c are 
all triplicated s tructures . Yet no species has been identified that still carries 
s ingle-domain proteins related to the a lbumin family. 

P lasma proteins illustrate the results of " m o l e c u l a r t i n k e r i n g " ( Jacob , 1983) 
in which bits and pieces of several genes are melded together to p roduce genes 
encoding proteins with novel structures and diverse funct ions. T h e recent d iscov-
ery of a virus e lement in the first intron of the haptoglobin-re la ted (Hpr) gene 
may have important implicat ions in regulat ion of p lasma protein express ion and 
may encourage extens ive sequence analysis of in tervening sequences within the 
genomes of o ther acute-phase reactants (Maeda , 1985). The likely origin of the β 
domain of the haptoglobin gene from a reverse transcript of chymot ryps inogen 
m R N A points out another evolut ionary m e c h a n i s m , reverse t ranscr ipt ion, that 
has been utilized in molecula r t inkering ( B o w m a n et al., 1985). 

The human p lasma protein genes offer excel lent mode ls for s tudying gene 
expression dur ing on togeny , acute-phase react ion, and mal ignancy . T h e exci t ing 
discoveries m a d e after ana lyz ing the t issue-specific express ion and deve lopmen-
tal regulation of injected a lbumin and transferrin genes in t ransgenic mice 
(Krumlauf et al., 1985; McKnigh t et al., 1983) p romise direct means by which 
regulat ion, deve lopment , and express ion can be observed . N e w unders tanding of 
the regulatory signals that specify t issue-specific express ion and deve lopmenta l 
variations is likely to be found by identifying and character iz ing the genes of 
p lasma proteins in different cell types throughout deve lopment . 
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I. Introduction 

Because of intensive study of immunog lobu l ins , initially using m y e l o m a pro-
teins and recently through the revolut ionary deve lopment s in the molecu la r biol-
ogy of immunoglobul in genes , more has been learned about this family of 
proteins , and thus about an t ibodies , than about any other set of prote ins . It wou ld 
require a vo lume rather than jus t a chapter to give a comple te s u m m a r y and 
interpretation of the progress in a decade since the last review of i m m u -
noglobul ins in this series (Pu tnam, 1977a ,b , c ) . In this per iod the re la t ionship of 
immunoglobul in structure to ant ibody specificity has been elucidated in fine 
detail . The biological effector functions of an t ibodies , such as complemen t ac-
tivation and cytotropic proper t ies , are beginning to be clarified. The c loning and 
sequencing of immunoglobu l in genes has revolut ionized our unders tanding of 
the relat ionship of immunoglobu l in structure to genomic organizat ion and has 
largely solved the ant ibody d i l emma , that is , the genet ic mechan i sm for genera-
tion of ant ibody diversi ty and specificity. H o w e v e r , for reasons descr ibed b e l o w , 
the focus of this chapter is on immunog lobu l ins as a family of p lasma pro te ins , 
rather than on ant ibody specificity or immunoglobul in genes . 

Al though specific combina t ion of ant ibody with ant igen is the obl igate first 
step in effecting the humora l i m m u n e response , the full repertoire of ant ibody 
activity is ul t imately elicited only through the biological effector functions that 
are vested in the constant regions of the five classes of immunog lobu l ins . Nu-
merous invest igat ions summar ized by frequent rev iews have elucidated the 
nature of the ant ibody combin ing site and h o w it is formed by the variable (V) 
regions of light and heavy chains (Capra and K e h o e , 1975; Capra and Ed-
mundson , 1977; Pad lan , 1977a ,b ; Pu tnam, 1977b; Pot ter , 1977; Kaba t , 1982; 
Kindt and Capra , 1984). T h e genet ic mechan i sms govern ing the or igin, diver-
sity, assembly , and express ion of the V region genes have been elegant ly de-
ciphered by the methods of molecular b io logy (Rabbit ts et al., 1981; Leder et 

al., 1981; Leder , 1982; Cush ley and Wi l l i amson , 1982; Honjo , 1983; Hood et 

al., 1983; Wa l l , 1983; Fudenberg et al., 1984; T o n e g a w a , 1985; Honjo and 
Habu , 1985). H o w e v e r , the s t ruc ture - func t ion relat ionships of the C (constant) 
regions of ant ibodies are not yet well clarified. T h u s , this chapter will focus on 
the relat ionship of structure to the biological activity of the C regions of the five 
classes of immunoglobu l ins . T h e emphas i s will be on h u m a n immunog lobu l ins , 
but of necessi ty work on other spec ies , notably the m o u s e , will be in t roduced 
when relevant . O n e advantage of this restricted focus is that the structures of only 
seven classes of polypept ide cha ins need be presented , compared to the unend ing 
series of V region sequences that cont inue to flood the data base . 

In the au thor ' s main area of r e s e a r c h — t h e pr imary structure of i m m u -
nog lobu l ins—the pace of progress has been phenomena l . Indeed , as shown in 
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ΛΛ ι I ι I ι I ι I ι I ι I ι I I 1 I I I 1 
1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 

Y e a r 

Fig. 1. Increase in amino acid sequence data for immunoglobulins of all species since the first 
reports for the human κ light chain in 1965. The Greek letters indicate the dates of the completion of 
the sequence of the human light (κ, λ) and heavy ( 7 , μ, e, α , δ) chains beginning with the first report 
of the complete sequence of the κ chain (Putnam et at., 1966) to the final report on the δ chain 
(Takahashi et al., 1982). For additional references see the text. For a historical review see Putnam 
(1983), from which this figure has been taken and updated. The sources of data include the sequence 
compilations of Kabat et al. (1979, 1983), Dayhoff (1978), arW the on-line computerized data base of 
the "Atlas of Protein Sequence and Structure" now designated, the NBFR-PIR data base (Barker et 

al., 1983, 1985). Note the logarithmic scale for the ordinate (updated from Putnam, 1984). 

Fig . 1, the increase in sequence data has fol lowed an exponent ia l rate since 1969, 

and it shows no signs of decreas ing s ince the advent of D N A sequencing in 1979. 

By 1983 more than 100 ,000 res idues of amino acid sequence had been repor ted , 

Even today despi te the numerous gene sequences be ing reported for viruses and 

bacterial pro te ins , immunoglobu l in sequencesβύ\ \ account for about one-third of 
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the total data in the protein sequence data base . Indeed , the retrieval and use of 
the data would be imposs ible without access to the new data bases and the 
powerful compute r p rograms that var ious groups prov ide . For this review I have 
used the N B R F - P I R data base (formerly " A t l a s of Protein Structure and Se-
q u e n c e " ) (Barker et al., 1985) and also the earl ier compi la t ion of Kaba t et al. 

(1983) , which is restricted to immunoglobu l in and related s t ructures . 
The unique features of immunoglobu l in s t ructure , genomic organiza t ion , and 

D N A and R N A rear rangement startled and fascinated the scientific wor ld as they 
were discovered success ively . N o w the mechan i sm that governs the genera t ion 
of ant ibody specificity is be ing found to be shared by other molecules that have 
the function of recogni t ion , such as his tocompat ibi l i ty an t igens , the T-cell r ecep-
tor, and other cell surface receptors (Stott and Wi l l i amson , 1982; Hood et al., 

1983 , 1985; Honjo and H a b u , 1985). Such recogni t ion molecules are being 
called member s of the immunoglobu l in superfamily . This chapter will largely be 
focused on secreted immunog lobu l in s , i . e . , p l a sma prote ins ; however , the 
wealth of knowledge amassed on these proteins forms the principal basis for 
unders tanding the s t ructure , a s sembly , and specificity of related recogni t ion 
molecules in this newly identified superfamily of pro te ins . 

This chapter is writ ten from the point of v iew of a protein chemis t and is 
directed pr imari ly to b iochemis t s , immunolog i s t s , and o ther medical scientists 
concerned with the s t ructure , function, physiological ro le , and pathological sig-
nificance of immunog lobu l ins . Certa in subjects are already well rev iewed else-
where and will not be covered here in detai l . Several books are avai lable on the 
nature of the ant ibody molecu le (Nisonoff et al., 1975; Nezl in , 1977) , the 
biology of idiotypes (Greene and Nisonoff, 1984) , immunogene t i c s (Fudenberg 
et al., 1984), and the en igma of ant ibody diversification (Kindt and Cap ra , 
1984). Since there are many excel lent rev iews on the molecula r b io logy of 
ant ibody genes (Rabbit ts et al., 1981 ; Honjo , 1983; Wa l l , 1983; Fudenbe rg et 

al., 1984), this important and exci t ing subject will be in t roduced only as needed 
for unders tanding the genet ic control of immunoglobu l in structure and ant ibody 
specificity. L ikewise , there are frequent sympos ia on the molecular aspects of 
ant ibodies , the preparat ion and use of monoc lona l ant ibodies (Mils te in , 1980; 
Yelton and Scharff, 1981 ; McMichae l and Fabre , 1982; Haynes and Eisenbar th , 
1983), and the protec t ive , des t ruct ive , and regulatory role of ant ibodies in dis-
ease (Mi lgrom et al., 1985). A l s o , there are numerous rev iews on special ized 
subjects ranging from crysta l lographic structure (Amze l and Poljak, 1979; 
Davies and Metzge r , 1983; Huber , 1984) to idiotypic specificities (Rudikoff, 
1983; Huppi et al, 1984). Aga in , these areas will be treated only in the context 
of our focus ra ther than to the degree that they might meri t in themse lves . The 
history of immunoglobu l in research has been covered by Pu tnam (1977a , 1983) , 
Swazey and Reeds (1978) , and Kindt and Capra (1984) . 
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II. Principles of Immunoglobulin Structure 

A. Relationship of Physical Properties, Biological 

Activities, and the Prototype Structure 

1. The Five Classes 

" I m m u n o g l o b u l i n s are prote ins of animal origin e n d o w e d with k n o w n anti-
body activity and (also include) certain prote ins related to them in chemica l 
structure and hence ant igenic specifici ty. Rela ted proteins for which ant ibody 
activity has not been demons t ra ted are i nc luded—for e x a m p l e , m y e l o m a pro-
teins, B e n c e - J o n e s pro te ins , and natural ly occurr ing subunits of immunog lo -
bul ins . Immunoglobu l ins are not restr icted to the p lasma but may be found in 
other body fluids or t issues such as ur ine , spinal fluid, lymph nodes , sp leen , 
e t c . " (Subcommi t tee on Immunog lobu l in N o m e n c l a t u r e , 1966). T h u s , i m m u -
noglobul ins are present in the sera of all ver tebra tes , where they represent the 
ant ibodies formed in response to the cumula t ive immunolog ica l m e m o r y of the 
individual . Norma l immunog lobu l ins are he te rogeneous in physical proper t ies 
and in chemica l s t ructure . Rare ly , h o m o g e n e o u s or monoc lona l i m m u -
noglobul ins of a par t icular c lass m a y be p roduced in large amoun t s to the virtual 
exclusion of all o ther c lasses , especia l ly in lymphoprol i fera t ive diseases such as 
mult iple m y e l o m a or macrog lobu l inemia , which have been called monoc lona l 
gammopa th ies (Kyle and Bayrd , 1976). In fact, until the recent widespread 
product ion of monoc lona l an t ibodies , the m y e l o m a prote ins of man and the 
mouse were the principal mode l s for s tudy of ant ibody structure. Mos t of the 
structural data in the l i terature are still based on study of m y e l o m a prote ins ; thus , 
except for d iscuss ion of defined specificities of monoc lona l ant ibodies , no dis-
t inction need be m a d e be tween the t w o mode l sys tems . 

T h e p redominan t immunog lobu l in class was historical ly des ignated 7 -globul in 
because of its low elect rophoret ic mobi l i ty but is now called IgG. IgG is also 
tradit ionally character ized by its molecu la r weight ( M r of about 160,000) and its 
sedimentat ion coefficient (7 S) (Pu tnam, 1977a) . By serological and sequence 
analysis five classes of immunog lobu l ins ( IgG, IgA , I g M , I g D , IgE) have been 
identified in the sera of h igher ver tebra tes . They are usual ly d ivided into the 
major ( IgG, IgA , IgM) and minor c lasses ( I g D , IgE) based on normal levels in 
human se rum. IgG is normal ly the second most abundant protein in p lasma and is 
thus readily identified in an imal sera , whereas IgD and IgE are difficult to 
identify because of their ex t remely low concent ra t ion . In m a n y species IgG 
exists as four subclasses and IgA as t w o . M u c h is now k n o w n about the structure 
and genet ic control of all five c lasses of h u m a n immunoglobu l ins and for those of 
laboratory rodents such as rabbi t s , m i c e , and ra ts , but little is k n o w n about the 
immunoglobu l ins of o ther spec ies . T h u s , their compara t ive b iochemis t ry will not 
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be considered he re . H o w e v e r , much ev idence indicates that the genera l pr inci-
ples of structure of immunoglobu l ins are the same in all species . 

T h e phys ica l , chemica l , and biological proper t ies of h u m a n immunoglobu l ins 
are summar ized in Table I. Data on the b iosynthes is , turnover ra te , and circulat-
ing pool were establ ished early (Rothschi ld and W a l d m a n n , 1970; More l l and 
Riesen, 1982). Such data have much clinical re levance and are fully d iscussed 
e lsewhere as are the methods of analysis for the proteins (Laurel l , 1977). Deter-
minat ion of the serum levels of I g G , I g A , and I g M and of their variat ion in 
disease is one of the most c o m m o n procedures of the clinical laboratory (Nate l -
son et al., 1978). Al though it was this interest that original ly spurred the research 
on immunoglobu l ins , it is not appropr ia te to the focus of this chapter . Yet it is 
interesting that measu remen t s of se rum I g G , IgA , and I g M are n o w also being 
done for pets and large domes t ic an imals in some veter inary cl inics . 

2. The Prototype Four-Chain Structure 

The cardinal character is t ics of immunoglobu l in structure are i l lustrated sche-
matically in F ig . 2 , which also shows the sites of ant ibody funct ions. This 
general ized mode l il lustrates the now wel l -known four-chain polypept ide s truc-
ture c o m m o n to immunoglobu l ins of all c lasses , subc lasses , and species . T h e 
prototype m o n o m e r consis ts of a pair of heavy (H) chains (7 , α , μ , δ , or e) that 
determine the immunoglobu l in class ( IgG, I g A , I g M , I g D , and I g E , respec-
tively) and a pair of light (L) chains (κ or λ ) that can be l inked to the Η chains of 
any class . T h e chains can be dissociated by reduct ion of disulfide bonds and can 
be separated in the presence of denatur ing agents by a variety of p rocedures . 

T h e chief features of the pro to type immunoglobu l in structure are: (1) a m o n o -
mer consist ing of a pair of identical l ight chains ( M r — 23 ,000) disulf ide-bonded 
to a pair of heavy chains ( M r — 5 0 , 0 0 0 ) , which in turn are l inked to each other by 
one or more disulfide b o n d s , (2) the divis ion of each polypept ide chain into 
variable (V) and constant (C) reg ions , and (3) the doma in structure typical of 
each chain, which includes the further divis ion of the C region of the Η chains 
into structural and functional domains ( C H1 , e t c . ) . Wherea s the C region deter-
mines the class of the cha in , the hypervariabi l i ty of the amino acid sequences of 
the V regions of the Η and L chains ( V H and V L) governs the ant ibody specificity 
and the shape of the ant igen combin ing si te. Ant ibody specificity is a unique 
property of immunoglobu l ins and is vested in the Fab (antigen binding) fragment 
in two identical combin ing sites formed by the hypervar iable (HV) or comple -
mentar i ty-determining ( C D R ) reg ions , three of which are present in each Η and 
L chain . O n the other hand , the biological effector functions such as complemen t 
fixation and cytotropic proper t ies of ant ibodies are located in the C regions of the 
Η chains and to some extent are compar tmenta l ized in specific doma ins (Dor-
rington, 1979; H a h n , 1983; Unkeless and Wr igh t , 1984; Bur ton , 1985). A s first 
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Fc 

Ag binding 

C4D binding 

Plasmin, trypsin cleavage ; 
control of metabolism 

Ciq binding 

Bioactive peptides · * - Plasmin 
Trypsin 

Cytotropic reactions 

/ 1. Macrophages 3. Β cells 

2.Κ cells 4. Mast cells 

Fig. 2. Generalized schematic diagram of immunoglobulin structure and sites of antibody func-
tions. Although based on human IgGl , the model is the monomelic prototype for all classes of human 
and animal antibodies. However, the latter will differ in primary structure and may differ in the 
number and location of disulfide bonds, size, degree of polymerization, presence of hinge region, 
number of C H domains and oligosaccharides, and biological functions. The left side of the figure 
gives the approved notation of the domains of the light chain ( V L for variable, C L for constant) and of 
the heavy chain ( V H for variable, C H1 , etc. , for the C region domains). The right side identifies the 
sites of biological functions. TPs refers to a small extra segment (tailpiece) that is present at the C-
terminus of the secreted immunoglobulin (sIG) and TPm to a different segment that replaces TPs in 
the membrane-bound form (mlg). These are the only structural differences of slg and mlg. The 
domains are distinguished by individual shading. Each domain consists of about 110 amino acid 
residues and has an invariant interchain disulfide bond joining about 60 residues. In contrast, the 
number and location of intrachain disulfide bonds may differ characteristically for immunoglobulins 
of various classes and species (see Fig. 3) (modified from Putnam et al., 1985). For rules on 
nomenclature see Subcommittee on Immunoglobulin Nomenclature (1966, 1969, 1972). 

reported by Por ter (1959) for rabbi t I g G , s o m e classes ( IgG, IgD) are qui te 
susceptible to ra ther specific proteolyt ic c leavage in an in terdomain segment 
called the h inge region thus y ie ld ing F a b and Fc f ragments ; others are h ighly 
resistant, notably IgA. Fu r the rmore , a l though the monomer i c form is i l lustrated 
in F ig . 2 , IgA and I g M general ly are present in se rum as po lymers ( IgA as the 
monomer , d imer , or te t ramer; I gM as the pen tamer or h igher po lymers ; these are 
called po ly- Igs , see Tab le I ) . 

The general molecula r character is t ics i l lustrated in F ig . 2 are shared by i m m u -
noglobul ins of all c lasses and spec ies . H o w e v e r , a series of structural features 
differentiates the five c lasses , and each c lass also exhibi ts species differences. 
These differentiating character is t ics largely are located in the Η chains and 
include the length and n u m b e r of doma ins in the Η cha ins , the presence and 
unique structural aspects of the h inge reg ion , the n u m b e r and distr ibution of 
disulfide b o n d s , and the number , k inds , and sites of a t tachment of o l igosac-
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TABLE II 

Number of Amino Acid Residues, Domains, and Oligosaccharides in the C Regions of 
Human Heavy Chains" 

Polypeptide Residues Oligosaccharides 

Class Chain 
Molecular 

weight C H domains Hinge C region 
GalN 

(hinge) 
GlcN 

(domains) 

IgGl 71 36,106 3 15 330 0 1 
IgG2 72 35,884 3 12 326 0 1 
IgG3 73 (41,000) 3 62 (375) 0 2 
IgG4 74 35,940 3 12 326 0 1 
IgAl a l 37,648 3 26 353 5 2 
IgA2 a 2 36,573 3 13 340 0 4, 5 
IgM μ 49,270 4 451 5 
IgD δ 42,243 3 64 384 4 or 5 3 
IgE e 47,019 4 428 6 

"The polypeptide molecular weight calculated from the amino acid sequence is given. This 
excludes the carbohydrate but includes the C-terminal lysine that is cleaved postsynthetically from 
the 7 and δ chains. Values for the 73 chain (in parentheses) are approximate, as are the estimates of 
the length of the hinge region. The μ and e chains lack a hinge region but have an extra (fourth) C H 
domain. The A2m(l) allotype of the a 2 chain has four GlcN oligosaccharides, and the A2m(2) 
allotype has five. (Table revised from Putnam et al., 1982.) 

charides of the g lucosamine (GlcN) and ga lac tosamine (GalN) types . These 
differentiating features are summar ized in Table II for the five classes of h u m a n 
immunoglobul ins , for which they were first and best def ined, and for the sub-
classes of IgG and IgA. Cor responding classes of o ther species have s imilar 
features (Fig. 3 ) , but it is somet imes difficult to equate subclasses of IgG or IgA 
of different species , which suggests that they probably arose rather late in 
evolut ion. 

3. Variable (V) and Constant (C) Regions 

The one unique characteris t ic of immunoglobu l ins is the precise division of all 
heavy and light chains into variable (V) and constant (C) reg ions . T h e V region 
has a length of about 110 amino acid res idues in light chains and about 120 in 
heavy cha ins , and the C region is characteris t ic of the kind of cha in . This 
unprecedented principle was first d iscovered by sequence analysis of light 
cha ins , i . e . , B e n c e - J o n e s prote ins excreted by pat ients with mult iple m y e l o m a 
(Titani and Pu tnam, 1965; Ti tani et al., 1965; Hi l schmann and Cra ig , 1965; 
Putnam et al., 1966, 1967a ,b) . This led Dreyer and Bennet t (1965) to p ropose the 
then heretical doctr ine of " t w o g e n e s - o n e polypept ide c h a i n . " A similar divi-
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Human IgG 1 

Z Z 

Human lgG2 

Z Z 

Z Y 
Human lgG3 

Z Z 
Z Z 
Human lgG4 

Mouse IgG 1 

Z Z ^ 
Mouse lgG2a 

Mouse IgG2b 

Z Z 
Rabbit IgG 

Z Z 
que 

Human lgA1 

ZZ 

NZB Mouse IgA 

Human lgA2 (Am+) BALB/c Mouse IgA 

Z Z 
Human lgA2 ( A m ! Human IgD 

Z Z 
Z Z 

ZZ 
ZZ 

Human IgM Subunit Human IgE 

Fig. 3. Comparison of the four-chain model structures and the distribution of interchain disulfide 
bridges (thin lines) linking L and Η chains (short and long thick lines) in different immunoglobulin 
classes and subclasses of several species. In some cases the disulfide bridges in the hinge region are 
bracketed where the exact number is not yet known. However, IgG3 probably has 11 interchain 
disulfide bridges because of its quadruplicated hinge (see Fig. 9) (from Fudenberg et al., 1984). 

sion of heavy chains into V and C regions was soon d iscovered , and the V 
regions of both heavy and light chains were shown to be associated with the 
combin ing site of an t ibodies . 

T h e paradox was that the V region (the first domain ) of a light o r heavy chain 
could have many different a m i n o acid sequences , whereas the remainder of the 
chain (the C region) had a constant sequence characteris t ic of the c lass , subc lass , 
and a l lo type. This pa radox was seized on by protein chemis t s , immunolog i s t s , 
and geneticists because it was recognized to be the key to solving the nature of 
ant ibody specificity and the origin of ant ibody divers i ty , wha t Kindt and Capra 
(1984) have cal led " t h e ant ibody e n i g m a . " After sequence analysis of m a n y 
mye loma proteins and ant ibodies (see F ig . 1), coupled with serological and 
crystal lographic ana lys i s , the solut ion c a m e through the bril l iant n e w approaches 
of molecular b io logy . Molecu la r c loning and nucleot ide sequencing of i m m u -
noglobul in genes revealed the g e n o m i c organizat ion and m o d e of assembly of 
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C H A I N H E A V Y ( C h ) 

A J Μ 

L I G H T ( C l ) 

C L A S S 

G1 G2 

S U B C L A S S Γ\ 

(ISOTYPE) 
/ 2 

G3 G4 A1 

r 3 

A L L O T Y P E 

I 

/,'j\\Gm Gm 
I 

A2 

a 2 

23 / / » i w \ 

I \ \ \ 
ι ι ι \ 

I 2 3 4 17 5 10 13 21 
6 II 14 

Oz+ Oz Ke 

Km( i) / | \Km(3) 

/ J \ 
Km(2) 

Fig. 4. Classes, subclasses, and allotypes of the heavy chain ( C H) and light chain ( C L) constant 
regions. Subclass and allotype designations are defined in the text. The abbreviations K e + and K e ~ 
signify the Kern+ and K e r n - isotypes, and likewise for Oz+ and O z ~ . The Inv allotype is now 
designated Km (modified from Putnam, 1977a). 

mult iple gene segments for both L and Η cha ins . A similar mechan i sm is be ing 
elucidated for o ther m e m b e r s of the immunoglobu l in superfamily such as his to-
compatibi l i ty ant igens and the T-cell receptor (Hood et al., 1985; T o n e g a w a , 
1985). This field is chang ing rapidly , and the vo lume of l i terature is increasing 
exponent ia l ly . T h e mechan i sm of V - C gene recombina t ion will be treated only 
briefly later, but it has been extensively rev iewed e l sewhere (Honjo , 1983; W a l l , 
1983). 

4. Isotypes, Allotypes, and Idiotypes 

Although there are only two kinds of light chains (κ and λ ) , there are five 
classes of heavy chains (7 , α , μ , δ , and e ) . A n y Η chain can pair with ei ther κ or 
λ in the tetrachain formula H 2 L 2 to yield the ten possible molecular formulas 
listed in Table I. Because the C region de te rmines the class of immunoglobu l in , 
there are five c lasses , I g G , I g A , I g M , I g D , and I g E , defined by 7 , α , μ , δ , and € 
chains , respect ively (Fig. 4 ) . In h u m a n s there are four subclasses or isotypes of 
IgG ( I g G l , I g G 2 , I g G 3 , IgG4) and t w o of IgA ( I g A l , IgA2) ; all these are m a d e 
by normal individuals , but a single isotype (and al lotype) may be synthesized in 
great excess by pat ients with monoc lona l d iseases such as mult iple m y e l o m a . 
This phenomenon is cal led allelic exclus ion. Subclasses of IgG differ in amino 
acid sequence by only about 5 % , yet m a y differ in proper t ies such as the ability 
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TABLE III 

Amino Acid Interchanges Associated with Allotypic Differences in 
Human Immunoglobulins'7 

Amino 
Residue acid Associated 

Chain Domain number residues allotype 

"yi C H3 356, 358 Asp, Leu G l m ( l ) 
Glu, Met G l m ( l - ) 

C H3 431 Gly Glm(2) 
Ala G l m ( 2 - ) 

y\ c Hi 214 Arg Glm(3) 
Lys G l m ( 3 - ) 

-y3 C H2 296, 436 Phe, Phe G3m(5) 
Tyr, Tyr G3m(21) 

a 2 Hinge 212, 221 Ser, Arg A2m(2) 
Pro, Pro A2m(l ) 

κ c L 153, 191 Val, Leu Km(l ) 
153, 191 Ala, Leu Km(l ,2) 
153, 191 Ala, Val Km(3) 

"Modified from Table 3.3 Fudenberg et al. (1984), which also lists 
some allotypes of animal immunoglobulins. Note that Asp-356 and 
Leu-358 present in the Gm( l ) allotype of the 7I chain are changed to 
Glu-356 and Met-358 in the G m ( l - ) allotype, and so forth. 

to fix complemen t . For e x a m p l e , h u m a n I g G l , I g G 2 , and I g G 3 fix complemen t 
and initiate the classical pa thway , but I gG4 does so poor ly or not at all . 

Al lotypes are genet ical ly de te rmined ant igenic differences in proteins that vary 
in different m e m b e r s of the same species (Fudenberg et al., 1984). As shown in 
Table III , a l lotypes such as the G m genet ic markers in h u m a n IgG usual ly are 
associated with only one or a few a m i n o acid substi tut ions that require only a 
single base change in the triplet of a codon . H o w e v e r , conformat ional features of 
the h inge region or e l sewhere m a y contr ibute to the serological specificity of the 
al lotype. Al lo types such as the G m and A m markers are defined serological ly . In 
many cases the differences in amino acid sequence of the G m al lotypes are still 
unknown , but the structural differences of the A 2 m al lotypes have been deter-
mined (Torano and P u t n a m , 1978; Tsuzuk ida et al., 1979). Unl ike isotypes and 
al lotypes , which are genet ical ly de te rmined character is t ics of C reg ions , idi-
otypes are un ique ant igenic de te rminants of the V regions of monoc lona l ant i-
bodies and m y e l o m a pro te ins . S ince idiotypes represent the antigenici ty of the 
antigen b inding si te, m a n y idiotypes are p roduced dur ing the normal polyclonal 
response in contrast to the un ique idiotypes character is t ic of monoc lona l i m m u -
noglobul ins . Al lo types of immunog lobu l ins have been rev iewed by Fudenberg et 
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al. (1984) and idiotypes by Greene and Nisonoff (1984) and Nisonoff and Gur i sh 
(1984) . Tab le III i l lustrates the W H O nomenc la tu re and lists amino acid in-
terchanges that have been associated with some h u m a n G m and A m al lo types . 
Figure 5 shows the character is t ic structural differences of the h u m a n I g A l and 
IgA2 subclasses and of the A 2 ( m ) al lotypes of I g A 2 . Al though the A 2 al lotypes 
were first de te rmined serological ly (Van L o g h e m et al., 1976) and later es tab-
lished by sequence analysis (Tsuzukida et al., 1979) , they have recent ly been 
differentiated by restrict ion f ragment length po lymorph i sm (Lefranc and R a b -
bitts, 1984). 

B. Characteristic Structural Features 

1. The Domain Structure 

A unique structural character is t ic of all immunog lobu l in polypept ide chains is 
their divis ion into a series of structural and functional doma ins . These doma ins 
or homology regions contain about 110 amino acid res idues of which about half 
are brought together by an intrachain disulfide loop . All domains of all c lasses of 
immunoglobul in chains of all species s tudied have at least 2 0 % identi ty in 
pr imary s t ructure. Al though all d o m a i n s are h o m o l o g o u s in a m i n o acid sequence 
and are s imilar in three-d imensional s tructure (the immunoglobu l in fold) , the 
only absolutely invariant res idues are the t w o cyste ines that form the intrachain 
disulfide br idge and a t ryptophan that is nearby in the three-dimensional s t ruc-
ture. As il lustrated in F ig . 2 , there are t w o such domains in κ and λ light cha ins 
( V L and C L) ; howeve r , as shown in Tab le I I , the n u m b e r of domains varies with 
the class of the heavy chain and de te rmines its length. T h e domains in the Η 
chains are numbered wi th reference to the cha in , e . g . , O y l , C72 , C73 for the 7 

chain and Ο μ ί to Ο μ 4 for the μ cha in . T h e prec ise division into domains and the 
homology a m o n g the doma ins are i l lustrated in F ig . 6 for the C regions of a 
human IgD prote in . A mode l of the three-d imensional structure of an IgG anti-
body molecu le is shown in F ig . 7 . 

Protein chemis ts first recognized the domains by three features: (1) their 
characterist ic length , which varies from 110 to 120 amino acid res idues; (2) the 
presence of the intrachain disulfide loop; and (3) their h o m o l o g y in amino acid 
sequence . Later , crys ta l lographers showed that the domains were compac t s truc-
tural subuni ts each of which has a basic three-dimensional structure i l lustrated in 
Fig . 8 and k n o w n as the " i m m u n o g l o b u l i n f o l d " (Poljak et al., 1973) . Recen t ly , 
molecular biologists found that a separate gene segment encodes each d o m a i n . 
Given these facts, it is not surpris ing that immunolog is t s have tried to identify 
specific biological effector functions with each C region d o m a i n , jus t as the 
ant ibody combin ing site was local ized to the V L and V H d o m a i n s . T h e extent to 
which this has been poss ib le is one of the main themes of this chapter . 
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Fig. 7. Space-filling model of an IgG molecule. One complete heavy chain is white and the other 
heavy chain is dark gray and is speckled. The two light chains are lightly shaded. The large black 
spheres represent the individual hexose units of the complex GlcN carbohydrate. In this view, the 
twofold axis of symmetry is vertical. A crevasse is seen between the C H2 of the white heavy chain 
and the C L domain of the Fab on the left. This myeloma IgG molecule (Dob) lacks a hinge (from 
Silverton etal., 1977). 

2. Disulfide Bridge Pattern 

Although the repeat ing pat tern of interchain disulfide br idges is an invariant 
feature, the location of the interchain disulfide br idges frequently is the d is -
t inguishing characteris t ic of immunog lobu l ins of different classes and species 
(Fig. 3) . Except for a few IgA pro te ins , most immunoglobu l ins have an L - H 
interchain b r idge , but the br idge from the C- terminus of the L chain m a y link to 
the C H1 domain or to the h inge reg ion . This is not surpris ing since the two sites 
on the Η chain are only a few angs t roms apart in the three-dimensional structure 
(Davies et al., 1975; A m z e l and Pol jak, 1979; Dav ies and Metzge r , 1983). A s 
shown previous ly in F ig . 3 , the locat ion of the L - H br idge differs within the 
human and also within the m o u s e IgG subclasses . Al though the principal in-
terchain H - H disulfide br idges are located in the h inge reg ion , the n u m b e r of 
such br idges a lso differs within both the h u m a n and the m o u s e IgG subclasses . 
This is not a trivial structural deta i l , because the stability of an ant ibody molecule 
and probably its sensit ivity threshold for t ransmit t ing an induced response from 
the ant igen combin ing site both depend on the conformat ional flexibility of the 
hinge region (Metzger , 1978; Pech t , 1982) . Unfor tunate ly , only one crystal-
lographic structure exists for a comple te h inge-conta in ing immunoglobu l in mole -
cule , the I g G l m y e l o m a protein Kol (Deisenhofer , 1981) . In addit ion to inter-H 
disulfide br idges l ike those in m o n o m e r i c I g G , IgE , and I g D , the poly-Igs ( IgA 
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Fig. 8. Diagram of the basic "immunoglobulin fold." The solid trace shows the folding of the 
polypeptide chain in the constant subunit ( C L, C H1 , etc.) . Numbers designate human λ light chain C 
region (C\) residues, beginning at N H 3 + , which corresponds to residue 110 for the λ chain. Broken 
lines indicate the additional loop of polypeptide chain characteristic of the V L and V H subunits (from 
Poljak etal, 1973). 

and IgM) contain disulfide bonds l inking the m o n o m e r units and the J chain and 
possibly also have labile S - S b o n d s , but these are not well es tabl ished. 

3. The Hinge Region and the Fab and Fc Fragments 

T h e hinge region is an unusual structure in the segment of the heavy chain that 
jo ins the Fd and Fc regions of immunoglobu l in classes hav ing only three C H 
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domains ( IgG, I g A , and IgD) but is absent in IgM and IgE , which have four C H 

domains (Table I I ) . T h e a m i n o acid sequence of the h inge region is un ique for 
each c lass , differs marked ly even for subc lasses , and appears to be unrela ted to 
the rest of the Η chain (Pu tnam, 1977a; Pu tnam et al., 1985). This is il lustrated 
in F ig . 9 for the h inge regions of h u m a n I g G , I g A , and I g D . In 7 and α chains the 
hinge region is rich in prol ine and cys te ine ; thus , it probably has a r andom 
flexible structure that pivots on mul t ip le interchain disulfide br idges convey ing a 
segmental flexibility that is thought to t ransduce a signal from the ant ibody 
combin ing site to the biological effector doma ins of Fc (Metzger , 1978; Pecht , 
1982). T h e d iscovery that the h inge region of IgG is encoded precisely by a 
separate exon (Sakano et al., 1979) helped explain the frequency of delet ions and 
duplicat ions in the h inge regions of IgG and IgA subclasses . Howeve r , the 7 and 
α hinge exons d o not seem to fit into the evolut ionary s ch eme l inking all V and C 
region domains to a c o m m o n ancestral gene that coded for a s ingle domain 
(Putnam et al., 1982). A previous figure (Fig . 3) i l lustrated the variat ion in the 
interchain disulfide br idging pat tern of the h inge regions of a number of i m m u -
noglobul ins of several spec ies . 

As an exposed flexible s tructure the h inge region itself ( IgD) or its ne ighbor ing 
sequences ( IgG) are readily subject to l imited proteolyt ic c leavage to p roduce 
Fab and Fc f ragments . Th i s is not the case for IgA, which is very resistant to 
proteases because of its unusual prol ine-r ich structure that is protected by G a l N 
sugars in h u m a n I g A l (Kratzin et al., 1975; Liu et al., 1976) and by a pen-
taproline sequence in IgA2 (Torano et al., 1977; T o r a n o and P u t n a m , 1978; 
Tsuzukida et al., 1979). I g M and IgE lack a h inge , but have an extra domain . 
However , I g A l is c leaved at a prolyl- threonyl bond in the hinge region by 
microbial IgA pro teases , but I g A 2 , which lacks this b o n d , is not suscept ible 
(Plaut et al., 1975; Plaut , 1978) . In I g M the extra domain is dis integrated by 
trypsin, which produces F a b fragments and a cyclic Fc fragment (Lin and Put-
n a m , 1978). T h e Fab and Fc fragments of IgG have been invaluable for 
crystal lographic analysis and for s tudy of the ant ibody combin ing sites of Fab 
and the biological effector functions of Fc (Dorr ington , 1979). S o m e of the 
fragments are very labile, notably the F a b of IgD (Figs . 10 and 11) (Lin and 
Pu tnam, 1979; Ishioka et al., 1987) . T h e m a x i m u m yields of F a b , F c , and of t w o 
rather stable h inge pept ides (Fig. 10) are obtained rapidly after incubat ion. 
Figure 11 shows the kinet ics of tryptic c leavage at 37°C of a human m y e l o m a 
IgD protein ( W A H ) . Al though the Fc of I gD is qui te s table , the Fab is rapidly 
degraded proteolyt ical ly into a series of f ragments . T h e s e results cast doubt on 
measurements of serum IgD m a d e with ant ibodies only to the Fc f ragment , such 
as most commerc ia l ant isera for I g D . 

Under mild condi t ions of digest ion proteolyt ic e n z y m e s may also cut other 
interdomain sequences to yield a great variety of f ragments . T h e most c o m m o n 
of these are listed in Tab le IV . T h e f ragments cor respond to domains or to a 
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Fig. 1 1 . Kinetics of tryptic cleavage at 3 7 ° C of a human IgD myeloma protein (WAH). Within 6 
min after incubation of the undenatured IgD the maximum yields of Fab, Fc, and a high-charge 
peptide are obtained. The GalN-rich peptide approaches a maximum yield at 30 min, at which time 
Fab is largely degraded to a series of peptides derived from both the δ chain and the light chain. In 
contrast, the two hinge peptides decline little or not at all after proteolysis for 24 hr, and Fc is still 
present at about 75% yield (from Ishioka et al., 1987). 

TABLE IV 

Typical Fragments of Immunoglobulins Obtained by Mild Proteolytic Digestion" 

Class Domains Fragment Enzyme 

IgG ( V L- C L) ( V H - C H D Fab Papain 37° 
[ ( V L- C L) ( V H- C H1 ) ] 2 (Fab ' ) 2 Pepsin 37° 

( C H2 - C H3 ) 2 Fc Papain 37° 
( V - C H1 - C H2 ) 2 Fabc Plasmin 37° 

( C H3 ) 2 Fc' Pepsin 37° 
IgAl ( V L- C L) ( V H- C a l ) Faba IgAl protease 37° 

( C a 2 - C a 3 ) 2 Fca IgAl protease 37° 
( V L, V H) Fv Pepsin 37° 

IgM ( V L, V H) Fv Pepsin 4° 
( V L- C L) ( ν Η- Ο μ 1 ) Fab μ Trypsin 60° 

^ 3 - C M 4 ) 1 0 ( Ρ ο ) 5μ Trypsin 60° 
( Ο μ 2 ) 4 F ^ 2 ) 4 Pepsin 4° 

"For information about the preparation and properties of the fragments see Nisonoff et al. (1975) 
for IgG, Putnam et al. (1979) for IgAl , Lin and Putnam (1978) for IgM, and Lin and Putnam (1979) 
for IgD. To achieve specific limited cleavage the undenatured protein is incubated with enzyme under 
well-defined mild conditions for periods ranging from a few minutes (IgD) to up to 24 hours (IgG, 
IgA). 
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series of connec ted d o m a i n s . Genera l ly these are l inked by disulfide b o n d s , but 
some are held together by noncova len t forces. The n u m b e r and the k inds of 
fragments depend on many factors , such as the c lass , subc lass , and species of the 
immunoglobu l in , the p ro tease , and the condi t ions of digest ion such as p H and 
tempera ture . Fo r e x a m p l e , a l though t rypsin is used at 60°C ( " h o t t r y p s i n " ) to 
prepare the F a b μ fragment and the pen tamer ic Fc fragment ( F c ) ^ of I g M , 
pepsin is used at 4°C ( " c o l d p e p s i n " ) to prepare the Fv fragment of h u m a n I g M , 
and also a series of o ther f ragments (Fig. 12) (Lin and P u t n a m , 1978). Such 
fragments have been valuable in local izing the sites of biological act ivi t ies . 

4. J Chain and Other Structural Features 

Other structural features are typical of certain immunoglobu l in c lasses ; these 
are ca rbohydra te , the J ( joining) cha in , and the secretory componen t ( S C ) . Car-
bohydra te , which is descr ibed in a later sec t ion , is present to the extent of one or 
more polysacchar ide units on all Η cha ins . Covalen t po lymer formation is typical 
of IgA and I g M . A s descr ibed b e l o w , the po lymers are jo ined via the J chain and 
disulfide bonds (Kosh land , 1985). T h e po lymers may also be complexed with a 
very large polypept ide chain earl ier cal led secretory piece or secretory c o m p o -
nent and now k n o w n to be part of the transepithelial m e m b r a n e receptor for poly-
Igs (poly-IgR) (Mos tov et al., 1984). A s d iscussed in a later sect ion, po ly- IgR 
has a series of repeat ing d o m a i n s that have some structural homology to immu-
noglobul ins ; howeve r , nei ther po ly- IgR nor the J chain have the divis ion into V 
and C regions that is the s ignature of immunoglobu l in cha ins . None the less , J 
chain appears to have a β-plea ted sheet s tructure s imilar to the immunoglobu l in 
fold (Zikan et al., 1985). 

T h e J chain has been thoroughly rev iewed by Kosh land (1985) , w h o e m p h a -
sizes that it is a third immunog lobu l in polypept ide that is often over looked . 
Al though J chain does not contr ibute to ant ibody specificity, it mus t part icipate 
in biological effector functions specific for po lymer ic IgA and I g M because it is 
covalent ly l inked to Fc . T h e amino acid sequences of h u m a n and m o u s e J chains 
have been repor ted by M o l e et al. (1977) and Cann et al. (1982) , respect ively , 
but the three-dimensional s t ructures are u n k n o w n . Of the 137 residues in each J 
chain , 7 7 % are ident ical , including the e ight cys te ines . 

A two-domain model has been proposed for J chain by Cann et al. (1982) . In 
this model t w o α chains of IgA (or t w o μ chains of IgM) are l inked via an 
interchain disulfide br idge to the amino- te rminal half of one J chain . T h e l inkage 
is to the cyste ine that is the penul t imate res idue in the carboxy- terminal tail of 
each heavy cha in . T h e J chain fits well wi th ei ther IgA or IgM because of the 
high degree of sequence h o m o l o g y of their carboxy- terminal d o m a i n s . T h e 
s toichiometry is one J chain per po lymer , and the hypothes is is that formation of 
a J chain-conta in ing d imer facilitates p o l y m e r format ion. 
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III. The Variable Region 

A Light Chains 

1. Variability in Amino Acid Sequence 

M o r e sequence analysis has been done on the light chains of immunoglobu l ins 
than on any other g roup of pro te ins . Only compute r ized data bases such as those 
maintained by Barker et al. (1985) and Kaba t et al. (1983) can keep track of the 
vast accumula t ion of data and the cont inuing flow of new sequences . Partial 
sequences of a series of pept ides of h u m a n κ light chains ( B e n c e - J o n e s proteins) 
were first reported by Titani and Pu tnam (1965) with more extens ive data soon 
after from Titani et al. (1965) and Hi l schmann and Cra ig (1965) . Wi th in a year 
the first comple te sequence of any light chain (the h u m a n κ B e n c e - J o n e s protein 
Ag) was publ ished (Pu tnam et al., 1966). In the next year the comple te se-
quences of three h u m a n λ prote ins were de te rmined (Pu tnam et al., 1967a ,b) . 
Remarkab ly , the three prote ins differed from one another at 4 0 to 5 0 posi t ions in 
the amino- terminal half of the light chain (now called the var iable region) , but 
their sequences were identical in the carboxyl half of the chain (now called the 
constant region) (Fig. 13). There was no precedent for such variat ion in the 
sequence of homologous proteins from individuals of the same spec ies , nor any 
parallel for the flood of structures that resul ted from this work . Kaba t et al. 

(1983) list 184 h u m a n κ light chains for which sequences have been publ ished; of 
these 37 are comple te or near ly so . T h e s ame compi la t ion also lists 97 h u m a n λ 
sequences of which 36 are essential ly comple te . As a previous figure shows (Fig. 
1), immunoglobu l in sequence data have cont inued to increase at an exponent ia l 
rate , doubl ing every few years . T h e advent of gene c loning and D N A sequencing 
has kept up the logar i thmic pace . All this activity attests to the great interest in 

Fig. 12. Enzymatic fragmentation of human IgM proteins and the structural characteristics of the 
proteolytic fragments. Cold pepsin digestion (CPD) degrades the Fc region and produces the Fv, the 
F(ab ' )2 M. , the Fabμ · (Cμ2)2 , the F a t ^ (not shown), and the Ρ (Ομ2) 4 fragments. Hot trypsin digestion 
(HTD) degrades the Ομ2 domain to form the F a t ^ and the ( F c ) ^ fragments (Florent et at., 1974; 
Plaut and Tomasi, 1970). The Fv fragment can also be produced from the tryptic F a t ^ fragment by 
cold pepsin digestion. In the diagram, a schematic monomeric subunit is used to represent the actual 
pentameric structure of human IgM molecules. The solid arrows indicate the major peptic cleavage 
sites and the dashed arrow indicates the major tryptic cleavage sites. The diagrams for IgM, F(ab ' )2 M. , 
and F a b ^ f ^ Z ^ are drawn to the same scale, those for Fv and Ρ (Ομ2) 4 are magnified, and the 
diagram for (Fc)5 ( JL is reduced in scale. The individual domains of the Η and L chains are identified by 
different shading (from Lin and Putnam, 1978). 
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φ All 3 different 

Fig. 13 . Amino acid sequence of the human λ Bence-Jones protein Sh. Positions given in white 
circles are identical in the human λ light chains Ha and Bo. Where the circle is black at the top, two 
of the three λ chains have the same amino acid but differ from the third. All three proteins differ in 
positions where the circles are black at the top and bottom. The numbering system is for the Sh λ 
chain (the first to be sequenced) and differs by one residue from most other λ chains. In the C region 
the positions of amino acid replacement in the isotypes Oz, Kern, and Meg, and also positions where 
replacements have been reported in two other proteins, Mz and Ch, are indicated by arrows. 
Parentheses around Mz indicate that only the amino acid composition was determined for peptides 
containing the substituted residues, rather than the complete amino acid sequence of the light chain as 
was done for the other isotypes. Brackets at the top of the figure identify the three gene segments 
( V \ , J \ , and CX) that were rearranged and combined to form the complete gene for the λ chain. 
Arrows point to the three hypervariable sections in the λ chain sequence that are now designated 
complementarity-determining regions CDR1, CDR2, and CDR3 (modified from Putnam, 1977a). 
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solving the en igma of ant ibody divers i ty , the key to which lay in the variabil i ty in 
protein sequence and the genet ic mechan i sm by which this was genera ted . 

T h e essential points of light chain structure were early es tabl ished by study of 
B e n c e - J o n e s proteins from individual pat ients with mul t ip le m y e l o m a or mice 
with different c lones of m y e l o m a cel ls . T h e dramat ic findings revolut ionized 
thinking about the ant ibody p rob lem and attracted many new entrants into the 
field. T h e salient d iscovery was that no h u m a n κ or λ chain from one individual 
had the same amino acid sequence as the light chain from any other individual ; 
fur thermore, the variabil i ty was precisely restr icted to the N - t e r m i n a l half of the 
light chain ( V K or V X ) . A s sequence data accumula ted , it was recognized that 
both V K and V X sequences could be classified into a series of subgroups based on 
homology ( e . g . , V K I, V K II , V K III or κ subgroups I, I I , III; a lso V X I, V X II , 
e tc . ) . M o r e impor tant , it is easy to see by visual inspect ion of F ig . 13 that there 
are three hypervar iable regions in V X . This is also true in V K . C o m p u t e r analysis 
of many sequences local ized the hypervar iabi l i ty to three fairly well defined 
segments , i . e . , posi t ions 2 4 - 3 4 , 5 0 - 5 6 , and 8 9 - 9 7 (Wu and Kaba t , 1970). T h e 
position numbers vary a bit because of somewha t different lengths of the V 
regions of light cha ins . T h e s e hypervar iab le reg ions are now cal led c o m p l e m e n -
tar i ty-determining segments and are des ignated C D R 1 , C D R 2 , and C D R 3 , re-
spectively (Kabat et al., 1983). T h e remainder of the V region where the se-
quence is more conserved is cal led the f ramework and consis ts of four clusters or 
f ramework segments denoted F R 1 to F R 4 . T h e order in the V region is F R 1 -
C D R 1 - F R 2 - C D R 2 - F R 3 - C D R 3 - F R 4 . A s shown in F ig . 14 and discussed later , V 
regions of the heavy chains have a s imilar distr ibution of FR and C D R segment s . 
It should be noted from F igs . 13 and 14 that only about one- thi rd of the posi t ions 
in the V K and V X sequences are hypervar iab le , and two-thi rds of the res idues 
change infrequently. 

Al though the genera l character is t ics of V K and V X sequences are s imilar , 
including the location of C D R 1 , C D R 2 , and C D R 3 , and in homology with some 
of the f ramework res idues , nonethe less there is one important dis t inct ion, n a m e -
ly, light chain V regions are j o ined only to C regions of the s ame c lass . Tha t is , 
V K sequences are l inked only to the C K sequence , and V X sequences are l inked 
only to a C X sequence . Hybr id un ions such as V K C X cannot be formed because κ 
genes and X genes are on different c h r o m o s o m e s , and the jo in ing of V L and C L is 
governed at the nucleic acid level ra ther than at the protein level . 

2. Structure and Rearrangement of Light Chain Genes 

The solution to the p rob lem of the genet ic control of immunog lobu l in se-
quence variabil i ty and thus of an t ibody diversi ty began in 1978 with the c loning 
and sequencing of the genes for m o u s e immunog lobu l in light chains by T o n e -
g a w a ' s g roup , L e d e r ' s g r o u p , and m a n y others (Bernard et al., 1978; Brack et 
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Fig. 14. Variability at different positions for immunoglobulin light and heavy chains of all 
species. The variability equals the number of different amino acids at a given position divided by the 
frequency of the most common amino acid at that position (Wu and Kabat, 1970). The peaks of 
greatest variability around positions 30, 55 , and 95 (105 in the heavy chain) correspond to the three 
hypervariable or complementarity-determining regions C D R 1 , CDR2, and CDR3. The peaks also 
coincide with positions that have been localized in the combining site of antibodies by use of affinity 
labels (from Kindt and Capra, 1984). 

al, 1978; Se idman et al., 1978; Se idman and Leder , 1978). N u m e r o u s reports 
since then on the genes of light and heavy chains of mice and humans have been 
summar ized in m a n y rev iews (Rabbi t ts et al., 1981 ; Leder et al., 1981; Leder , 
1982; Honjo , 1983; H o o d et al., 1983; W a l l , 1983; Fudenberg et al, 1984; 
Korsmeyer and W a l d m a n n , 1984; T o n e g a w a , 1985; Honjo and Habu , 1985). A 
large number of molecu la r b io logis ts , w h o were impel led by the genet ic aspects 
of the ant ibody p r o b l e m , entered this research area . T h e y built on the structural 
basis first es tabl ished by amino acid sequence analysis and later pictured in fine 
detail by X-ray crys ta l lography. T h e molecula r biologists c loned the genes of 
mice with mult iple m y e l o m a , and also the embryon ic genes , and later the h u m a n 
genes . They de te rmined the c D N A sequence and later the genomic sequences 
and identified the cod ing e lements (exons) and the intervening sequences (in-
t rons , I V S ) , and the rea r rangement of the R N A to yield m R N A . 

http://lL.iLii.iJi
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Fig. 15. Schematic representation of the human κ gene locus. Multiple germ-line variable (VK) 
regions exist, each accompanied by a leader (L) sequence. There are five alternating joining (JK) 
segments, each coding for amino acid positions 9 6 - 1 0 8 . There is only one constant (CK) region per 
allele. D N A rearrangement joins a single VK and JK segment. The remaining intervening sequences 
(IVS) are removed by R N A splicing (from Korsmeyer and Waldmann, 1 9 8 4 ) . 

The results of gene c loning and nucleot ide sequencing conf i rmed the early 
predict ion of Dreyer and Bennet t (1965) m a d e on the basis of amino acid se-
quence analysis that the V and C region d o m a i n s of light chains are encoded by 
separate segments of D N A (exons) that are rear ranged and jo ined . Three major 
new findings were m a d e : (1) T h e presence of mul t ip le V g e n e s — u p to 1 0 0 — 
was establ ished. ( 2 ) A new genet ic e lement , the J min igene , was d iscovered . ( 3 ) 
the genomic a r rangement of the genet ic e lements and the mechan i sm of D N A 
and R N A rear rangement were e lucidated. T h e exons are separated by noncod ing 
segments of D N A (introns) wh ich are r e m o v e d dur ing transcript ion into pre-
R N A and dur ing its further process ing into m R N A prior to translat ion of the 
m R N A into prote in . This process is i l lustrated in F ig . 15 for κ light cha ins . 

T h e same pr inciples of gene recombina t ion apply for λ light chains except for 
an important difference in germ- l ine a r rangement . In both mice and h u m a n s the 
Ck locus is more complex than C K . W h e r e a s there m a y be allelic forms of C K , 
there is only one C K gene in both spec ies . H o w e v e r , there are at least four m o u s e 
C X genes ( B l o m b e r g e i a / . , 1981 ; Mil ler et al., 1981) , and there are six h u m a n λ-
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like constant region genes , of which at least three are expressed (Hieter et al., 

1981). Fur the rmore , each m o u s e CX gene has its own J reg ion , whereas there are 
four or five J K regions avai lable for recombina t ion with the mult iple V K genes 
and the single C K gene in both species . T h e organizat ion of the JX segments in 
humans has yet to be clarified, but it is probably similar to that in mice . 

Current research is directed toward elucidat ing the fine controls on the genet ic 
mechan i sm for rea r rangement of κ and λ genes and is outs ide the scope of this 
chapter . Recent s tudies have focused on regulatory nucleot ide sequences (enhan-
cers) that affect the recombina t ion and express ion of κ genes (Bergman et al., 

1984; Potter et al., 1984; Lewis et al., 1985). T h e n u m b e r of V region genes in 
the light chain genomic repertoire has not yet been establ ished; however , evi-
dence is mount ing that there may be more than 100 but less than 300 V K 
segments in the m o u s e g e n o m e (Nishi et al., 1985). 

S. Heavy Chains 

1. Sharing of Variable Region (V^ Sequences by 

Heavy Chains of Different Classes 

The general character is t ics of the V H region of heavy chains are s imilar to 
those of the V L region of light chains in mos t respects but differ in one funda-
mental way . The similari t ies include: (1) the restriction of the variabili ty to the 
first ( i . e . , V H) d o m a i n , but this is about 10 res idues longer than the V L domain 
because of the addit ion of a D H diversi ty segment ; (2) the localization of hyper-
variability to three segmen t s , a lso called C D R 1 , C D R 2 , and C D R 3 , but C D R 3 in 
Η chains is longer and even more variable than in L chains (see F ig . 14); (3) the 
classification of V H region sequences into a number of subgroups ( V H I, V H I I, 
V H I II or I, I I , III) based on sequence homology within the subgroups ; and (4) the 
presence of a f ramework structure similar to that of V L but characteris t ic for V H. 

Al though there are significant differences in the number , s ize , and structure of 
C H regions compared to C L reg ions , the fundamental difference be tween light 
and heavy chains is that the same V H subgroups are shared by all c lasses of 
heavy cha ins , which was d iscovered by Kohle r et al. (1970) ; in contras t , V K 
subgroups are jo ined only to C K , and VX subgroups are jo ined only to CX. This 
critical difference is due to the fact that the Η chain genes are all c lustered 
together on one c h r o m o s o m e ( ch romosome 14 in h u m a n s ) , whereas κ chain 
genes and X chain genes are each on a separate c h r o m o s o m e (ch romosomes 2 and 
22 , respect ively, in h u m a n s ) . T h e cluster ing of the Η chain gene locus is the 
basis for " c l a s s s w i t c h i n g " whereby the first ant ibodies formed in response to an 
antigen m a y be I g M and later ones m a y be I g G , but both classes have the same 
specificity and m a y have the same light cha ins . T h u s , the class character of 
heavy chains is expressed only in the constant reg ion , whereas idiotypic dif-
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fe rences—and thus ant igen-specif ic differences in pr imary s t ruc tu re—are re-
stricted to the V H region . 

2. Structure and Rearrangement 

of Heavy Chain Genes 

T h e complex a r rangement of the immunoglobu l in heavy chain gene (Igh) 
locus is il lustrated in F igs . 16 and 17. T h e a r rangement is s imilar in mice and 
humans except for a distr ibution of the h u m a n C H genes into t w o clusters sug-
gestive of gene dupl icat ion (F lanagan and Rabbi t t s , 1982). H o w e v e r , some 
aspects of the h u m a n Igh locus are yet to be worked out (Sect ion I V , B , 1 ) . Soon 
after the d iscovery of the mechan i sm for light chain gene assembly , a s imilar 
mechan i sm was found to control the Igh genes (Sakano et al., 1979; Ear ly et al., 

1979; Tucke r et al., 1979). Sakano et al. (1979) c loned the gene coding for the 
entire C region of the m o u s e 7 I chain g e n e , de te rmined the D N A sequence , 
inferred the amino acid sequence , and showed that the exon / in t ron structure 
correlated precisely with the protein doma ins and the hinge region. Al though the 
exon /doma in correlat ion is omi t ted in F igs . 16 and 17 in order to simplify the 
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Fig. 16. Schematic model of the organization and assembly of the human heavy chain gene. In 
addition to multiple variable ( V H) regions with leader (L) sequences, there are six functional joining 
( J H) segments and families of diversity ( D H) segments. Single V H, D H, and J H regions are recom-
bined at the DNA level. RNA splicing later removes the residual intervening sequences (IVS). To 
simplify the diagram, the exon/intron structure of C μ is not shown (from Korsmeyer and Waldmann, 
1984). 
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Fig. 17. Schematic diagram of the mouse heavy chain gene locus, revealing the constant region 
gene order and spacing. Following the initial DNA rearrangement recombining a V H, D H, and J H 

region, a Β cell can utilize alternative sites of RNA splicing to simultaneously produce IgM and IgD. 
Alternatively, such a Β cell can further differentiate and switch to production of another heavy chain 
class. For example, a second DNA recombination at the highly homologous switch sites (8μ and Sa) 
in front of the Q\L and C a genes would result in IgA production. Similar homologous switch sites (not 
shown here) are found in front of each of the constant regions. To simplify the diagram the exon/in-
tron structure of the C H genes is not shown (from Korsmeyer and Waldmann, 1984). 

d iagrams , it is shown in F ig . 18. Intervening sequences were also found to d iv ide 
the mouse C μ gene into s egmen t s , each of which encoded a domain (Gough et 

al., 1980). T h e success ive events involved in the somat ic rear rangement and 
recombinat ion of the V and C region genes for the μ and α chains were next 
identified (Davis et al., 1980; Early et al., 1980; Cory and A d a m s , 1980; Cory et 

al., 1980; Newel l et al., 1980; M a k i et al., 1980; Rabbit ts et al., 1981). 
Recombinan t D N A research thus showed that an immunoglobul in heavy chain 

variable region gene is genera ted from three segments of D N A : V H, D H, and J H 

(Schill ing et al., 1980; Alt and Ba l t imore , 1982). As indicated in F ig . 16, the 
three kinds of segments are represented in the g e n o m e (1) by a large but un-
known number of V H exons (n — 100), each with its own leader sequence , (2) by 
several families of diversi ty ( D H) s egmen t s , and (3) by a small cluster of J H 

jo in ing e lements . In the first recombina t ion step the heavy chain gene D N A is 
rearranged so that single V H, D H, and J H D N A segments are selected and are 
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Fig. 18. Schematic summary of the correlation of protein structure of an IgG antibody molecule 
with the genomic structure of exons and introns for light and heavy chains. The structural domains of 
the light and heavy chains are identified by differences in shading. Smaller joining segments are 
denoted as J L for the light chain and D, J, and Hin (hinge) for the heavy chain, but the C-terminal 
tailpieces (Ts and Tm) and their exons are omitted for the Η chain. The numbers above polypeptide 
structures give the approximate residue positions. The numbers for the polynucleotides give the 
length of the exons or introns in base pairs (BP) (modified from Putnam, 1983). 

jo ined to form a comple te V g e n e , which is still separated from the C region 
gene . T h e choice of V H gene segment may not be r andom and may shift as the B-
cell populat ion matures (Yancopou los et al., 1984). After t ranscript ion of the 
rearranged D N A the remain ing introns are r emoved by spl ic ing, which jo ins the 
four coding e lements ( V H, D H, J H, and C H) to form the m R N A . T h e m R N A is 
translated and secreted with removal of the leader sequence . Sect ion V I I , A 
discusses the mechan i sm for synthesis of the secreted and m e m b r a n e forms of 
immunoglobul ins (s lg and m l g ) . This involves selection and splicing of D N A 
segments for the cor responding tai lpieces (TPs and T P m ) . 

3. Class Switching 

T h e process of exon shuffling to genera te a comple te heavy chain gene is 
coupled to the class swi tch , the mechan i sm by which a B-cell c lone shifts from 
product ion of IgM to another class such as IgG . This second D N A ar rangement 
is illustrated in F ig . 17 for the switch from I g M to IgA. T h e beauty of this 
process is that the s ame specificity region (VDJ) is retained whi le the effector 
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region of the ant ibody molecule ( C H) is changed . Class switching is facilitated 
by a segment of D N A k n o w n as the S region (Kataoka et al., 1981). T h e S region 
(switch site or switch sequence) is class-specif ic , and there is one S region 
upstream in the intron preceding each Igh gene . In order to simplify the d i ag ram, 
only S\i and S a are shown in F ig . 17, but homologous S regions are present in 
front of each Igh gene . Honjo (1983) has rev iewed the structure of the S regions 
and the role that they play in facilitating the class switch. 

Much current research deals with the role of other nucleot ide sequences k n o w n 
as enhancers because they p romote and amplify the express ion of immu-
noglobulin genes . For e x a m p l e , there is an enhancer present in the J - C intron of 
the human and m o u s e κ gene that is necessary for efficient expression of the 
cloned gene (Potter et al.y 1984; Bergman et al., 1984; Fa lkner and Zachau , 
1984). A tissue-specific t ranscript ion enhancer is located in the intron in front of 
8 μ in the rearranged Igh genes (Gill ies et al., 1983). 

4. Aberrant Recombinations: Chromosomal 

Translocations and Heavy Chain Disease Proteins 

Because the immunoglobu l in gene loci have such a propensi ty for rear range-
ment , it is not surpris ing that they are somet imes t ranslocated in human B-cell 
tumors . In one ch romosomal t ranslocat ion characterist ic of Burk i t t ' s l y m p h o m a , 
the oncogene c-myc on c h r o m o s o m e 8 t ranslocates to the switch just 5 ' to the 
C μ gene on c h r o m o s o m e 14; there is a reciprocal t ranslocat ion of the V H— D H— 
J H region to c h r o m o s o m e 8 (Klein and Kle in , 1985). T h e translocated c-myc 

oncogene is t ranscript ionally act ive . If an enhancer e lement is present , the on-
cogene may be act ivated because an enhancer is active whether it is ups t ream of 
the gene , or within it, or in both orientat ions (Bergman et al., 1984). A similar 
translocation has been associated with T-cell tumors (Baer et al., 1985), and an 
unprecedented rear rangement of immunoglobul in V H gene segments occurred . 
The V H gene was jo ined with the J a C a gene segment of the T-cell receptor a 
chain. This novel V H- J a C a rear rangement was product ive at the genomic level 
and could encode a hybrid immunoglobu l in /T-ce l l receptor polypept ide . 

Heavy chain disease ( H C D ) proteins are probably another example of aberrant 
recombinat ion. These defective proteins p roduced by rare patients lack light 
chains and have t runcated heavy chains in which one or more domains or the 
hinge region may be miss ing or shor tened. T h e most c o m m o n feature of H C D 
proteins is an internal delet ion of most of the V region and of the entire C H1 
domain and somet imes the h inge , but the normal C region sequence initiates after 
the delet ion. As rev iewed by Frankl in and Frangione (1975) and in V o l u m e HI of 
this treatise (Pu tnam, 1977a), a n u m b e r of H C D proteins have been partially 
sequenced by protein sequencing . T h e gene sequence has been analyzed for one 
IgG3 H C D protein by Alexander et al. (1982) , w h o suggest that the protein 
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abnormal i ty results from a partial gene delet ion rather than defect ive spl icing. 
The genet ic mechan i sm account ing for a precise immunoglobu l in domain dele-
tion in a variant of m o u s e m y e l o m a cells was at tr ibuted to a frameshift fol lowed 
by a p remature terminat ion (Kenter and Birshte in , 1979). H o w e v e r , the com-
plexity of the delet ions in four h u m a n 73 H C D proteins led Frangione and 
Franklin (1979) to conc lude that general iza t ions about the genet ic mechan i sm are 
not poss ib le . In s u m m a r y , H C D prote ins could result from (1) misa l ignment or 
defective splicing of gene segments with loss of some exons , (2) frameshifts 
followed by premature te rmina t ion , or (3) delet ions of exons . 

One puzzl ing aspect of the structure of H C D proteins is that only small 
segments of the N- te rmina l part of the V region are often jo ined directly to the 
h inge . A l s o , the incomple te V regions are often unusual in sequence , frequently 
are he te rogeneous , and somet imes contain unexpec ted carbohydra te . In fact, this 
was true of the first t w o H C D prote ins d i scovered , C R A and Z U C (Franklin and 
Frangione , 1975) , but only a partial sequence had been reported for Z U C . 
Recent ly , amino acid sequence analysis of the Z U C protein has shown that there 
are two structural fo rms , a m o n o m e r and a d imer (Takahashi et al., 1985b). T h e 
dimer has a V region of only 18 res idues and conta ins a Ga lN ol igosacchar ide; in 
this form the shor tened V region is j o ined to part of the hinge and thus a d imer 
can be formed as in intact 73 p ro te ins . H o w e v e r , the m o n o m e r has an even 
shorter V region cor responding to res idues 1 0 - 1 8 only; it lacks the entire h inge 
and thus cannot form a d imer . It is uncer ta in if the absence of the first n ine 
residues in the m o n o m e r is due to a second error at the level of b iosynthes is or if 
it is due to a post t ranslat ional event . H o w e v e r , the fact that this H C D protein has 
two different po lypept ide structures suggests that the protein abnormal i ty results 
from two different partial gene de le t ions , or mismatches in spl ic ing, or else from 
a two-s tep partial gene dele t ion. 

C. Genetic Origin of Variability and the Antibody 

Combining Site 

1. Recombination Mechanisms 

The preced ing discuss ion makes c lear that a n u m b e r of mechan i sms contr ibute 
to the genet ic origin of the var iable region sequences and thus to the diversi ty and 
specificity of the ant ibody combin ing si te. T h e four major factors that have been 
discussed so far are: (1) combina tor ia l associa t ion, i . e . , the apparent lack of 
restriction on the associat ion of the t w o types of light chains and the nine isotypes 
of heavy cha ins ; (2) the presence in the g e n o m e of mul t ip le V region genes for κ , 
λ , and Η c h a i n s — a t least 100 genes of each kind; (3) the three families of J 
region min igenes , J K , J X , and J H ; and (4) the occur rence of families of D H 

minigenes for Η cha ins . T h e last three factors together probably have the major 
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role in generat ing sequence variat ion and ant ibody divers i ty , and it is difficult to 
separate their relat ive cont r ibut ions . By itself, D N A rear rangement of the var ious 
families of ant ibody gene segments (V , J , D , C) on three different c h r o m o s o m e s 
could produce a very large n u m b e r of light and heavy chain genes , each of which 
could be expressed as a different po lypept ide . Depend ing on the number of V 
region genes a s sumed , the repertoire of ant ibody molecules that could be pro-
duced by free associat ion of the resultant polypept ide chains has been es t imated 
by various authors to be from 1 Χ 1 0 7 (Crews etal., 1981 ; Honjo , 1983) to 1 x 
1 0 10 (Kindt and Capra , 1984). This might seem sufficient; however , the r ecom-
binatorial mechan i sms do not explain all the sequence var ia t ion, part icularly that 
within the f ramework regions or the ex t reme diversi ty of the C D R 3 region. 

T w o addit ional mechan i sms to genera te variabil i ty have been implicated. O n e 
of these is flexibility of jo in ing at the recombina t ion sites and the o ther is somat ic 
mutat ion. Both exert their greatest effect in the C D R 3 region of light and heavy 
chains . Flexibil i ty of jo in ing refers to the fact that the splicing of genet ic e le-
ments does not occur at precise recogni t ion sequences . Several different nu-
cleotide sequences can be generated at the V - J junc t ion of light chain genes 
because of the pa l indromic recogni t ion sequences . For the same reason , flexibil-
ity of jo in ing exists at the V - D and D - J junc t ions of heavy cha ins . Al though this 
may affect only a single codon at each junc t ion , short extra nucleot ide sequences 
may also be inserted; this expla ins the differences in length of V regions . 

2. Somatic Mutation 

Somat ic muta t ion or hypermuta t ion refers to the alteration of V genes after 
their assembly . This leads to further diversi ty in the ant ibody reper toire . Al -
though this was first demons t ra ted for VX light chains from m o u s e m y e l o m a 
cel ls , much recent work has been centered on c D N A clones from mouse 
hybr idomas that m a k e specific ant ibodies (Crews et al., 1981; Both well et al., 

1981; Seising and S torb , 1981 ; Rudikoff et al., 1982; S ims et al., 1982; Dia-
mond and Scharff, 1984). In one frequently quoted exper iment H o o d ' s g roup 
followed the i m m u n e response of B A L B / c mice to phosphory lchol ine (Crews et 

al., 1981). In these mice the entire phosphory lchol ine response is der ived from a 
single V H gene segment des ignated T 1 5 , which yields the pro to type T 1 5 se-
quence . Nineteen V H regions from m y e l o m a and hybr idoma immunoglobu l ins 
that bound phosphory lchol ine were comple te ly sequenced (Gearhar t et al., 

1981). Nine V H protein variants were observed in the 19 comple te ly sequenced 
V H regions . C rews et al. (1981) c loned and sequenced most , if not al l , of the 
germ-l ine V H genes that coded for these variants and found that each variant V H 

protein sequence differed from all of the V H gene segments of the T 1 5 family. 
Extensive somat ic muta t ion was found in the f ramework regions as well as in the 
C D R segments . Al though the somat ic mutat ion mechan i sm has been correlated 
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with the class swi tching process (Gearhar t et al., 1981; Hood et al., 1984), it 
affects only the V regions and not the C reg ions . 

IV. Primary Structure of the Constant Regions 
of Immunoglobulin Polypeptide Chains 

A. Light Chains 

1. Proteins and Genes of the CK and Ck Regions 

The principles of the pr imary structure of immunoglobu l ins were first es tab-
lished by comple te amino acid sequence analysis of h u m a n κ and λ B e n c e - J o n e s 
proteins (Putnam et al., 1966, 1967a ,b) . T h e cardinal pr inciple is the division 
into a V and a C region , which was i l lustrated previously for the h u m a n λ chain 
(Fig. 13, Section I I I ,A) . T h e same principles were found to apply to the light 
chains of o ther species such as the m o u s e (Dreyer et al., 1967). The compara t ive 
biochemist ry of the C region sequences of human and animal light chains was 
reviewed in V o l u m e III of this series (Pu tnam, 1977c) , and the sequences are 
given in V o l u m e IV (Barker and P u t n a m , 1984). Al though m u c h more data have 
been amassed in recent yea rs , part icular ly by gene c loning and D N A sequenc ing , 
no major new principles have emerged . T o be sure , the normal distr ibution of the 
κ and λ light chains varies great ly a m o n g species . All ver tebrate species studied 
have two classes of light chains identifiable by homology to h u m a n κ and X. 
However , the proport ion of κ to X in the normal Ig classes of different species 
varies great ly. T h e m o u s e and rat have at least 9 5 % κ cha ins , whereas in o ther 
species X chains p redomina te ( > 9 5 % ) , e . g . , the c o w , goat , sheep , hor se , chick-
en , and turkey (Pu tnam, 1977c) . T h e fact that all these an imals are i m m u n o c o m -
petent signifies that κ and X light chains are about equal ly effective in contr ibut-
ing to ant ibody function. 

In contrast to the large n u m b e r of V K and VX genes that have been shown to be 
present in the normal g e n o m e by use of gene hybridizat ion and c loning tech-
n iques , only one copy of the C K gene has been identified in humans but this 
exists in three allelic (Km) forms (Table III) . L ikewise , the m o u s e has only one 
C K gene (Honjo , 1983). In contras t , the genomic organizat ion of CX genes is 
more complex in both species . In h u m a n s the X light chain locus unexpectedly 
contains six X-like C region genes ar ranged in t andem on c h r o m o s o m e 22 (Hieter 
et al., 1981). Th ree of these are nonal lel ic and cor respond to three X chain 
isotypes for which the protein sequences were earl ier de termined: M e g , K e ~ 
O z ~ , and K e ~ O z + . Fo r the differences in sequence see Fig . 13 and also the 
Appendix of V o l u m e IV (Barker and P u t n a m , 1984). Three other unl inked X-like 
genes were sequenced , but whe the r these represent cod ing sequences or pseu-
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HU CK HU C K 

Fig. 19. Graphic matrix plots generated by the DOTMATRIX computer program of comparisons 
of the amino acid sequences of the human (Hu) CX. and C K regions and of the human and mouse (Ms) 
C K regions. Identical sequences would give a single diagonal (45°) line. In both graphs the identity is 
greatest around the disulfide bridge sequences. Human C K and mouse C K are more closely related 
than human C K and C X . 

dogenes was not es tabl ished. T h e mouse X chain organizat ion is also complex ; 
Blomberg et al. (1981) have c loned four X-l ike C region genes that occur in two 
clusters . Because there are few differences in sequence in the h u m a n C X genes , it 
is thought that the clusters arose by dupl icat ion with subsequent point muta t ions . 

2. Homology of CK and CX Protein Sequences 

There is a high degree of homology in the C region sequences of light chains 
both within a species and be tween species . H o w e v e r , light chains of the same 
type are more alike from different species (such as h u m a n and m o u s e κ) than are 
light chains of different types (κ and X ) within the same species . A n a l ignment 
compar ing the C region sequences of κ and λ chains of humans and the mouse 
has been presented in V o l u m e III (Pu tnam, 1977c) . T h e same compar i son can be 
presented in simplified graphic form by use of the D O T M A T R I X compute r 
program of Barker et al. (1985) . Figure 19 shows that h u m a n C K and mouse C K 
are more closely related than h u m a n C K and C X . In evolut ionary te rms this 
indicates that the C K and C X genes d iverged prior to the d ivergence of the two 
species. Inspect ion of F ig . 19 reveals that the homology in all cases is greatest 
around the disulfide br idge sequences . This accords wi th the absolute require-
ment for the integrity of the disulfide br idge in every immunoglobu l in domain . 

3. Biological Functions of the Light Chain C Regions 

N o specific biological functions of the light chain C regions have been identi-
fied other than their role of interacting laterally with the C H 1 region of heavy 
chains to stabilize the molecula r conformat ion . Al though some degree of prefer-
ential associat ion of X chains with α and δ chains has been observed , there are no 
apparent structural constraints for free combinator ia l associat ion of both types of 
light chains and all c lasses of heavy cha ins . 
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The al lotypic K m subst i tut ions in h u m a n κ chains and the substi tut ions in 
human λ isotypes do not appear to contr ibute to biological propert ies of ant i-
bodies and impose no structural cons t ra in ts . In the λ chain the K e (Kern) marker 
at posi t ion 154 and Oz marke r at posi t ion 191 each represent single amino acid 
substi tutions that are on the exter ior of the three-dimensional s tructure (Fig. 8) 
and do not affect the basic immunog lobu l in fold (Poljak et αι., 1973). The K m 
allotypic subst i tut ions are at exact ly homologous posi t ions in the κ chain (posi-
tions 153 and 1 9 1 , Tab le III) and thus are equal ly wi thout effect. 

S. Heavy Chains 

1. Organization of the Heavy Chain Genes 

Probably because of late evolut ionary expans ion the genomic organizat ion and 
the po lymorph i sm of heavy chain genes differ in var ious species . The result is 
that C H protein subclasses in one species may be difficult to correlate with those 
in another spec ies . T h e nine h u m a n heavy chain isotypes that normal ly are 
functionally expressed (F ig . 4) are the product of n ine C H genes ( μ , δ , -γΙ , -γ2, 
7 3 , 7 4 , € , α ϊ , and α 2 ) . In the m o u s e the four 7 i sotypes are clustered together on 
ch romosome 12 in the order 5 ' - μ - δ - 7 3 - 7 ΐ - 7 2 ο - 7 2 3 - € - α - 3 ' (see F ig . 17). In the 
rabbit only t w o C7 genes have been identified so far, and they appear to be allelic 
genes rather than isotypes (Mar tens et al., 1984). In fact, current ev idence 
suggests that the rabbit g e n o m e has a s ingle Cy g e n e , one C μ g e n e , and as m a n y 
as ten C a genes , of which four have been c loned (Knight et al., 1985). In 
humans there are five C7 g enes , three C e genes , and t w o C a genes , and these are 
arranged on c h r o m o s o m e 14 in two clusters suggest ive of gene dupl ica t ion. T h e 
proposed order is 5 ,- μ - δ - 7 3 - 7 ΐ - € 2 - α 1 - ψ 7 - 7 2 - 7 4 - € ΐ - α 2 - 3 ' (Ueda et al., 1985). 
Only one of the C e genes ( e l ) is expressed ; one e p seudogene (e2) is t runcated by 
recombina t ion , and the other (e3) is p rocessed and t ranslocated from c h r o m o -
some 14 to 9 (Nishida et al., 1982; Bat tey et al., 1982) . T h u s , there are at least 
three h u m a n C H pseudogenes that are inactive: Ψ7, e 2 , and e 3 . T h e mechan i sm 
of class swi tching was d iscussed in Sect ion I I I , B , 3 ; it should be recal led that C μ 
is the first C H gene to be expressed on the surface of the Β lymphocy te . H o w e v -
er, because of the proximi ty of the C μ and C δ g e n e s , both m a y be expressed 
s imul taneously on the Β lymphocy te . 

The C H genomic a r rangement is very c o m p l e x , so it is not surpris ing that 
errors in rea r rangement occas ional ly occur . Not only are there nine tandemly 
arranged act ive genes and three p s e u d o g e n e s , but each act ive gene is d ivided into 
a series of exons that e n c o d e the several C H d o m a i n s , the h inge region if there is 
one , and the t w o poss ib le tai lpieces (Figs . 17 and 18). Al though m a n y Β cell-
related immunodef ic ienc ies are k n o w n , their total inc idence in the general popu-
lation is very low. Select ive immunodef ic ienc ies of a single isotype are quite 
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rare , as are mult l iple gene dele t ions . On ly two examples of gene cluster delet ions 
were found in a s tudy of 11 ,000 individuals by use of the method of restriction 
fragment length po lymorph i sm (Migone et al., 1984). L ikewise the incidence of 
heavy chain disease ( H C D ) is qui te rare . In this d isorder there appears to be an 
aberrant rear rangement of the exons leading to a delet ion of one or more gene 
segments (Alexander et al., 1982) (Sect ion I I I ,B ,4 ) . 

2. Primary Structure of the Heavy Chain C Regions 

The comple te amino acid sequences of all the h u m a n Η chains have been 
de termined, and the C region sequences are given in the Append ix of V o l u m e IV 
(Barker and P u t n a m , 1984). Table II lists characteris t ic propert ies of the nine Η 
chains , such as the length , number of d o m a i n s , presence of a h inge region, and 
number and type of o l igosacchar ides . T h e structures of all the o l igosacchar ides 
of human Η chains have been de termined; they have been rev iewed by Baenz iger 
(1984) and are discussed later. In some instances the al lotypic sites and substi tu-
tions have been de te rmined; these are listed in Table III. Crystal s tructure data 
are available only for h u m a n I g G , and the structure is illustrated later. 

3. Homology in the Primary Structure of the C Regions 
of Human Heavy Chains 

The C region of each heavy chain isotype displays internal homology in amino 
acid sequence and also exhibi ts homology to all the other i sotypes . A n example 
of the internal homology was il lustrated in F ig . 6 for the δ chain doma ins . F igure 
6 also showed that light chain C L domains are about as homologous to C H 

domains as the latter are to each other . 
Of all C H domains the C H1 domains are most al ike in amino acid sequence and 

presumably also in the three-dimensional s t ructure , and for good r e a s o n — t h e y 
all have a similar function, which is to interact with the C L domains of the F a b . 
Figure 20 compares the amino acid sequences of the C H1 domains of the five 
classes of h u m a n immunog lobu l ins . A s in F ig . 6 , the invariant cysteine and 
t ryptophan res idues are used to p lace the a l ignment in register . This figure br ings 
out the fact that the conservat ion of structure is greatest around the intrachain 
disulfide br idge . 

The Fc reg ion , in which specific biological effector functions are ves ted , is 
made up of the last t w o domains in all five classes of Η cha ins . The C H2 domains 
of the larger μ and e chains take the place of the h inge region in 7 , a , and δ 
chains . A l so , the C H2 doma in of the μ chain is rapidly degraded dur ing tryptic 
c leavage to form Fab and Fc fragments (Fig . 12) (Lin and Pu tnam, 1978). F igure 
21 compares the amino acid sequence of the Fc regions of the five classes of 
human immunog lobu l ins . T h e distr ibution of homologous residues a m o n g the 
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Fig. 2 1 . Comparison of the amino acid sequence of the Fc regions of the five classes of human 
immunoglobulins. As in Fig. 20, the arrows denote the invariant cysteine and tryptophan residues 
used for the alignment. All other residues in the μ, 7 , a , and e chains that are identical with the δ 
chain are in shaded boxes. Open boxes outline identities that do not involve the δ chain. The bars 
have the same meaning as in Fig. 20. The alignment is so arranged that the top two and the bottom 
three rows represent, respectively, amino acids encoded by the exons for the last two constant 
domains of each heavy chain class ( C H2 and C H3 for δ, 7 , and α and C H3 and C H4 for μ and e). The 
extra segments after the lysine (K) in the μ and α chains are the tailpieces of the secreted forms of 
IgM and IgA, which are encoded by a separate exon (from Lin and Putnam, 1981). 

five chains is not r andom. Clear ly there are two sets of homologous domains in 

the five chains . This a l ignment , which predates the gene c loning and sequencing 

of Η cha ins , cor responds a lmost exact ly to the gene structure later defined for the 

Η chains . In o ther words , each genomic exon precisely encodes a structural 

domain in the prote in , as was first predic ted by sequence analysis and later 

established by protein crys ta l lography (see F ig . 18). 
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Fig. 22. Schematic spatial model of the IgD Fc region showing its sequence relationships to Fc 
regions of other classes (see Fig. 21). The schematic diagram for the α-carbon backbone of the C62 
and C83 domains is adapted from a drawing of the CA. domain of the Meg Bence-Jones dimer 
(Edmundson et al., 1975). The lengths of the β-sheet strands (broad segments) and the connecting 
segments are adjusted as described by Beale and Feinstein (1976). The shading on the backbone 
indicates the extent of sequence homology between the δ chain and the other four heavy chains as 
follows: open, highly conserved among all five chains; crosshatched, high divergence among all five 
chains; solid, high homology among all heavy chains except the δ chain. The three glucosamine 
oligosaccharides attached to the Fc of IgD are designated CHO, enclosed in circles. Arrows pointing 
to the Οδ3 domain indicate the clustering of proline residues at the carboxy terminus (from Lin and 
Putnam, 1981). 

Taken together , the str iking homology in pr imary structure of the C H domains 
of all classes of Η chains and the s imilar genomic organizat ion of the gene 
segments that encode the C H domains both demons t ra te that there has been 
strong evolut ionary pressure to conserve the basic three-dimensional structural 
unit of all ant ibody c l a s s e s — t h e immunoglobu l in fold. Unfor tunate ly , the 
crystal lographic structure has only been de te rmined for IgG . H e n c e , the folding 
structure of the Fc of IgA, I g M , I g D , and IgE can only be es t imated by mode l ing 
me thods , and these have inherent errors as past exper ience has shown . Despi te 
this caveat it is useful to try to fit the Fc sequences to the k n o w n folding pat terns 
of immunoglobul in cha ins . In F igs . 20 and 21 the β-pleated sheet s tructure is 
super imposed above the sequences fol lowing criteria p roposed by Beale and 
Feinstein (1976) . T h e fit is fairly good . Res idues highly conserved a m o n g all 
five chains are found main ly , but not necessar i ly , a round segments occupied by 
the β-pleated sheets . T h e except ions are s trands 4-4 and 3-3 of both Fc domains 
(Fig. 21) ; p resumably this is because these β strands occupy a marginal posi t ion 
in each β-pleated sheet (Fig . 22 ) , so they are less critical in providing hydrogen 
bonds that are crucial for mainta in ing the overal l domain stabili ty. 

Figure 22 should be cons idered a schemat ic d rawing rather than a mode l based 
on exact coordinates ; however , it is useful to illustrate both the structural con-
straints that are imposed on Fc by the similari t ies and differences in sequence of 
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the five Ig c lasses . T h e most highly conserved areas are inside the barrel s truc-
ture and are clustered around the t w o invariant cysteines of the in t radomain 
disulfide br idge and the nearby t ryptophan. These three res idues apparent ly form 
the domain nucleat ion center dur ing the folding of nascent immunoglobu l in 
chains . As might be expec ted , the most str iking differences in sequence appear to 
be on the exter ior of the β-barrel s tructure and to cluster at the longitudinal 
surfaces. This is especial ly the case for I g D , which has m a n y prol ine res idues 
unique to the δ chain (see a r rows in F ig . 22) . Because the prol ine residue tends to 
change the course of the polypept ide b a c k b o n e , this c luster ing of prol ine res idues 
will necessari ly impart to the Cb3 domain a surface conformat ion significantly 
different from that of o ther carboxyl- terminal doma ins . T h e effect of mul t ip le 
carbohydrates on the Fc spatial structure mus t also be cons idered . F igure 22 
shows only the three G l c N ol igosacchar ides in the Fc of I g D . T h e one in C δ 2 is 
homologous to the single o l igosacchar ide in the 7 cha in , but the t w o in C δ 3 have 
no counterpart in o ther immunoglobu l in c lasses . 

4. Computer-Generated Comparisons of the C Region 

Sequences of Human Heavy and Light Chains 

In the preceding sect ions the a m i n o acid sequences of the C regions of Η and L 
chains have been compared direct ly to illustrate that all immunoglobu l in chains 
are composed of a series of t andem homologous domains each of which shares 
the basic polypept ide structure characteris t ic of all ant ibody molecu les . Recent ly 
a compute r p rog ram cal led D O T M A T R I X has been deve loped that p rovides a 
rapid compar i son of all possible segments of a specified size ( e . g . , 20 residues) 
for two polypept ide sequences (Barker et al., 1985). T h e p rogram genera tes a 
graphic matrix plot in which homologous relat ionships based ei ther on identit ies 
or on a mutat ion data matr ix are plotted as a d iagonal l ine. Compar i son of t w o 
identical sequences wou ld give a s ingle 45° d iagonal l ine. 

Figure 23 illustrates appl icat ion of the D O T M A T R I X program to compar i son 
of the human C7 sequence with the sequences of the C regions of h u m a n light 
chains ( C K and Ck) and with the other h u m a n heavy chains ^ δ , C a , C μ , and 
Ce). F rom Fig . 23 it is evident that in general the C H1 domains are most 
homologous to each other , the C H2 doma ins of C7 , C δ , and C a are mos t 
homologous to each other and to the C H3 domains of C μ and C e , and the 
carboxyl- terminal domains of all five chains are mos t homologous to each other . 
However , the h inge regions are unrela ted. T h e graphs br ing out the fact that in all 
instances the homology is greatest a round the disulfide br idges and usual ly is 
least in the midd le of the d o m a i n , which is located in a link that connec ts t w o 
exterior β strands of the barrel s t ructure. It is no tewor thy that the C K and Ck 

regions are homologous to all three C7 doma ins and are more so than are m a n y 
of the domains of o ther Η cha ins . 
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Fig. 23. Graphic matrix plots generated by the DOTMATRIX computer program of comparisons 
of the amino acid sequences of the C regions of human light chains (CK and C X ) and heavy chains 
(C7, C8, Cot, Ομ, and Ce). In all cases the C7 sequence is on the abscissa, and the C region domains, 
hinges, and intrachain disulfide bridges are aligned and plotted to scale. A perfect match of two 
chains would give a single 45° diagonal line. The slanting lines in each domain indicate sequence 
similarity of two domains to each other. The hinge regions of Cy,Cb, and C a cause a proportionate 
displacement from the diagonal. The Ομ and Ce sequences lack a hinge but have an extra domain. 
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5. Interspecies Homology of the Heavy 

Chain Constant Regions 

Just as light chains of the same type are more alike from different species (such 
as human and mouse κ) than are light chains of different type (κ and λ ) within the 
same species (Sect ion I V , A , 2 ) , so are heavy chains of the same class more al ike 
from different species than are heavy chains of different classes within the s ame 
species . This is i l lustrated in Table V . On the basis of the h o m o l o g y a l ignment of 
the h u m a n Fc regions for the five Η chain classes shown previously in F ig . 2 1 , 
Lin and Pu tnam (1981) calculated that the overall homology of Fc8 to other Fc 
regions is F c a ( 2 5 . 6 % ) > Fee ( 2 3 . 8 % ) > Fc8 ( 2 2 . 8 % ) > F c μ ( 2 2 . 5 % ) . In o ther 
words , the homology of the Fc regions of the five h u m a n Ig c lasses , and of their 
consti tuent d o m a i n s , is of the order of 2 5 % . H o w e v e r , Tab le V shows that if the 
hinge region is exc luded , the C H3 regions of the α chains of m a n , m o u s e , and the 
rabbit have a much h igher degree of homology than is found a m o n g the Fc 
regions of the five h u m a n Ig c lasses . T h e same is true if the C H3 domains of the δ 
chains of the three species are compared . H o w e v e r , the C H1 domains of h u m a n 
and rodent IgD are only about 2 5 % al ike. In fact, the h u m a n and rodent I gD 
proteins exhibit an unprecedented structural difference in that the C 8 2 domain 
present in human IgD is miss ing in m o u s e and rat IgD (Putnam et αι., 1982; Sire 
etal, 1982; Blat tner and Tucker , 1984; Whi te et al., 1985). Gi l l iam et al. (1984) 
conclude t h a t 4' t h e dramat ic difference seen in the structures of I gD in mouse and 
man suggests a major evolut ionary d ivergence of C 8 in the two species . Th i s 
divergence may also be reflected in the noncoding regions be tween C μ and C 8 . " 

One final point is that the highest degree of homology identified by this 
interspecies compar i son is d isplayed by the last domain when the same class of 
chain is compared for unrelated species . Tha t is , the last domains are more like 
each other than any one of them is like any o ther domain in heavy cha ins . This 
suggests that each C H domain is muta t ing at its o w n rate de termined by its 
function. Independent evolut ion of each C H domain within any class of Η chain 
is possible because separate exons code for each doma in . 

V. Structure and Function of Oligosaccharides 

A. Carbohydrate Structure and Linkage Sites 

1. Types of Carbohydrate Structure 
and Structural Heterogeneity 

All immunoglobu l ins are g lycoprote ins . T h e carbohydra te may compr ise from 
3 % of the molecular mass (IgG) to up to 1 3 % (IgE); yet , many immunologis t s 
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and molecular biologists over look the significance and poss ible role of the ca rbo-
hydrate . Indeed, all immunoglobu l in classes except IgG have mult iple specific 
sites of a t tachment of ca rbohydra te . Sugar (o l igosacchar ide , glycan) is a lways 
linked at one or more points to the C region of the Η chain; however , rarely and 
due to the chance occur rence of a signal pept ide sequence , carbohydra te m a y be 
attached fortuitously to a V region or to an L chain . T h e o l igosacchar ides m a y 
differ in structure and site from one immunoglobu l in class to another and also 
from species to species for the same c lass . There are t w o major k inds of ca rbohy-
drate , and each of these has subsets . O n e kind ( M r 2 5 0 0 - 3 0 0 0 ) is c o m p o s e d of a 
series of sugar units (mannose , g lucosamine , ga lac tose , fucose, sialic acid) that 
radiate from a g lucosamine (GlcN) that is N- l inked to an asparagine in the 
pept ide backbone . T h e G l c N glycans may be d ibranched (biantennary) or tri-
branched or finished or unfinished with respect to postsynthet ic process ing and 
metabol ic degradat ion (Kornfeld and Kornfeld , 1985). In the other k ind , galac-
tosamine (GalN) is O-l inked to the pept ide cha in , but it has only one or t w o units 
of galactose and sialic acid at tached and thus has a lower molecular weight (ca. 
750) . The G l c N is a lways N- l inked to asparagine in the obl igate acceptor se-
quence A s n - X - T h r / S e r , in which X may be any amino acid , though rarely 
prol ine , and the third res idue is e i ther serine or threonine . Perhaps o w i n g to 
conformational inaccessibil i ty not all such sites are occupied or fully occupied in 
all g lycoprote ins . H o w e v e r , with the except ion of an Asn-Pro-Ser Sequence in 
the a l chain and in the A 2 m ( l ) al lotype of a 2 , all A s n - X - S e r / T h r sequences in 
the C region of the h u m a n α , μ , 7 , δ , and e pr imary structures have G l c N 
carbohydrate a t tached. Ga lac tosamine is O-l inked to serine or threonine . N o 
acceptor signal for G a l N ol igosacchar ides has been clearly identified, but the 
sequence around the site is often rich in prol ine and must have a conformat ion 
accessible for g lycosyla t ion. Mos t other p l a sma prote ins are g lycoprote ins and 
have ol igosacchar ides that are s imilar in s tructure (Baenziger , 1984). 

Until recently structural analysis of o l igosacchar ides was s low, ted ious , and 
difficult; however , advances in techniques such as the use of 350- and 5 0 0 - M H z 
lH N M R have m a d e it poss ible to de te rmine large carbohydra te structures 
rapidly. Consequent ly the structures of the o l igosacchar ides of most h u m a n and 
mouse immunoglobu l ins are n o w k n o w n (Baenziger , 1984; Kornfeld and 
Kornfeld, 1985). 

Baenziger (1984) has rev iewed the synthes is , s t ructure , and function of the 
ol igosacchar ides of p l a sma glycoprote ins with emphas i s on immunoglobu l ins as 
a model sys tem. The i r use as a model is possible because the site of a t tachment 
and the structure of the carbohydra te is now k n o w n for all five classes of h u m a n 
immunoglobul ins (Baenziger , 1984) and also for immunoglobu l ins of several 
animal species (Rear ick et al., 1983). References for determinat ion of the carbo-
hydrate structure of the h u m a n prote ins are: IgG (Kornfeld et al., 1971) , IgA 
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(Baenziger and Kornfe ld , 1974a ,b ; Pierce-Crete l et al., 1984) , IgM (Chapman 
and Kornfeld , 1979a ,b ) , I gD (Mel l is and Baenz iger , 1983a ,b) , and IgE (Baen-
ziger and Kornfeld , 1974c ,d) . 

Al though the basic type s tructures of the G l c N and G a l N ol igosacchar ides of 
immunoglobu l ins have been well es tabl i shed, the structures of the G l c N ol igo-
sacchar ides are he te rogeneous and fall into three classes: high m a n n o s e , hybr id , 
and complex . Typica l s tructures are g iven by Baenz iger (1984) . Heterogenei ty of 
structure also occurs within these classes depend ing on such factors as the 
number of b ranches ( two to four) and the n u m b e r , locat ion, and l inkage of the 
peripheral sugars such as sialic acid and fucose . Consequen t ly , immunoglobu l ins 
exhibit microheterogenei ty in e lect rophoret ic behavior (Anderson et al., 1984). 
It has recently been shown that the microheterogenei ty results not only from 
variat ion in the carbohydra te s tructure but a lso because of incomple te g lycosyla-
tion. For e x a m p l e , by use of H P L C to isolate the g lycopept ide at a s ingle site in 
the sequence of I g D , Takahash i et al. (1984) found that only about half the 
molecules of IgD were g lycosyla ted at this site (Asn-345 in the δ cha in) . L ike-
wise , some sites in heavy chain d isease prote ins are only part ly g lycosyla ted 
(Takahashi etal, 1985b) . 

T h e causes of carbohydra te he terogenei ty (which is characteris t ic of all p l a sma 
glycoproteins) include incomple te g lycosyla t ion and incomple te process ing of 
the added carbohydra te dur ing postsynthet ic s teps , and also loss of sialic acid 
during purification (Baenz iger , 1984; Kornfeld and Kornfe ld , 1985). In fact, 
Parekh et al. (1985) have listed at least 30 different complex- type b iantennary 
GlcN ol igosacchar ide structures that they de te rmined in h u m a n I g G , which has a 
single site for the G l c N ca rbohydra te at about posi t ion 300 in each 7 cha in . T h u s , 
the most str iking character is t ic of the G l c N carbohydra te of IgG is its r emarkab le 
diversi ty in s t ructure . 

2. Sites of Attachment 

T h e G l c N and G a l N ol igosacchar ides are normal ly present only in the C 
region of immunog lobu l in s , and the n u m b e r , t y p e , and site of a t tachment differ 
for and are character is t ic of each c lass . F igure 24 compare s the specific sites and 
types for h u m a n heavy cha ins . T h e 73 chain is omi t ted , but it has a second G l c N 
at the posi t ion where Lys -275C is changed to asparagine to yield the acceptor 
sequence Asn-Thr -Thr . Al toge ther there are 25 G l c N and 9 G a l N ol igosac-
charides shown in F ig . 2 4 , and the s tructure and the site have been de te rmined in 
each case . T h u s , more is p robab ly k n o w n about the structure and l inkage of the 
carbohydrate in this family of prote ins than in any other . Al though the h u m a n 
I g G l subclass and the IgG of mos t an imal species have jus t one G l c N o l igosac-
charide on each 7 chain (at A s n - 2 9 7 in the h u m a n 7 I cha in ) , many different 
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Fig. 24 . Oligosaccharides of human heavy chains. Vertical rectangles denote glucosamine 
oligosaccharides. Shading indicates that these have homologous positions in two or more chains. 
Solid circles denote the mannose-rich type and asterisks the complex type of GlcN glycan. In the δ 
chain the dashed rectangle shows where the oligosaccharide is present on only about half the IgD 
molecules. The numbers in the upper and lower scales give the residue positions in the chains, but the 
extra domain (Ομ2 and Ce2, respectively) has been omitted in the μ and e chains (from Putnam et 

al, 1985). 

subpopulat ions exist with respect to the 7 chain carbohydra te structure (Mizuochi 
et al, 1982; Parekh et aL, 1985). N o doubt the same holds true for the mult iple 
carbohydrate units present in o ther c lasses of Η cha ins . 

Heavy chains of h u m a n IgA, I g M , I g D , and IgE and of homologous proteins 
in other species have mult iple sites of a t tachment for ca rbohydra te , ranging from 
two to five, according to the class of chain . Mos t of the glycans are of the G l c N 
type , and most of these have a complex structure. H o w e v e r , the h u m a n δ and e 

chains have one mannose- r ich g lycan , and the μ chain has t w o . Al though s o m e 
GlcN glycans are at homologous posi t ions in several cha ins , others have no 
counterpart in other cha ins . G l c N g lycans may differ in structure even when at 
homologous posi t ions in several cha ins . For e x a m p l e , the s ingle complex- type 
GlcN glycan in the 7 I chain is at a posi t ion homologous to a mannose- r ich 
glycan in the δ , μ , and € chains (Fig . 24) . Since the mannose- r ich g lycan is 
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processed postsynthet ica l ly , the po lypept ide bear ing it m a y fold more rapidly , 
thus making the newly synthes ized g lycan less accessible to the enzymes of the 
process ing sys tem. In fact, the two G l c N ol igosacchar ides in I g G l are in an 
asymmetr ic paired conformat ion and br idge the two C H2 domains (see later 
figure) (Deisenhofer , 1981). 

In h u m a n immunog lobu l in s , all the G l c N ol igosacchar ides are l inked to the C 
region d o m a i n s , whereas the G a l N ol igosacchar ides are confined to the h inge 
regions of I g A l and I g D . T h e h inge of the h u m a n a l chain has sites for u p to five 
G a l N glycans (Liu et al., 1976) , but fewer m a y be present in some ins tances . In 
contrast , the h inge of the h u m a n a2 chain has a pentaprol ine sequence with no 
sites for G a l N ; yet both A 2 m al lotypes of the a2 chain have t w o G l c N ol igosac-
charides that are absent in the a l cha in , and the A 2 m ( 2 ) al lotype has a fifth G l c N 
ol igosacchar ide (Torano et al., 1977; Tsuzuk ida et al., 1979). These α chains 
lack the G lcN that is h o m o l o g o u s in the four o ther chains ( i . e . , at Asn-297 in 7 I ) 

because a disulfide bond with a highly s trained conformat ion replaces the G l c N 
acceptor sequence . 

Similar differences occur in the IgD class of different species . For e x a m p l e , 
the hinge region of the h u m a n δ chain has four or five G a l N glycans in I g D W A H 
(Takahashi et al., 1982) , and poss ibly up to seven in the IgD NIG-65 (Takayasu 
et al., 1982), whereas there is a site for G l c N in the m o u s e δ h inge but no 
apparent Ga lN (Tucker et al., 1980). L ikewise , the distr ibution of the five G lcN 
ol igosacchar ides reported in the shor tened mouse δ chain (Di ldrop and Bey-
reuther , 1981) is very different from that of the three G l c N in the h u m a n δ chain 
(Putnam et al., 1982). 

In addit ion to the highly conserved sites for G lcN and G a l N l inkage in the C 
regions of Η cha ins , ca rbohydra te m a y occas ional ly be a t tached to acceptor sites 
that occur by chance owing to the hypervar iabi l i ty of the V regions of bo th Η and 
L cha ins . O n e example is the presence of a G l c N glycan in the V region of the a l 
chain of the I g A l protein Bur (Liu et al., 1976). H o w e v e r , such unexpec ted 
glycosylat ion occurs most often in the unusual sequences characteris t ic of the N -
terminal segments of heavy chain disease ( H C D ) proteins that have structural 
delet ions . O n e example is the work of Takahash i et al. ( 1985b) , w h o found that 
Ser-17 in the N- te rminus of the V region of an H C D 73 chain (Zuc) was 
glycosylated with G a l N . T h e y also noted on ly partial g lycosylat ion with G l c N at 
the second C region site in this 73 cha in . 

There are a n u m b e r of early reports of carbohydra te in L cha ins , but until 
recently there was little information on the character izat ion of the carbohydra te 
and protein s t ructure . H o w e v e r , Garve r et al. (1981) de te rmined the structure of 
a G lcN glycan located on A s n - 2 5 and of a G a l N glycan at Ser-21 of the V region 
of human λ light chain S m , which has a delet ion of about 80 res idues . L ikewise , 
Ohkura et al. (1985) e lucidated the s t ructure of a G l c N ol igosacchar ide l inked to 
Asn-93 in the third hypervar iab le ( C D R 3 ) region of t w o λ light chains ( W h and 
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Nei) , and Savvidou et al. (1984) did so for a G l c N glycan at Asn-107 in the J 
region of a κ light cha in . 

3. Role of Carbohydrate in the Three-Dimensional 

Structure of IgG 

IgG is one of the very few glycoprote ins of any kind of which a high-resolu-
tion structure has been obta ined by crysta l lographic analys is . T h e three-dimen-
sional structure of the carbohydra te has been solved for the single G lcN ol igo-
saccharide on the 7 chain of the Fc of the h u m a n m y e l o m a IgG protein Kol 
(Deisenhofer , 1981) and the Fc of rabbit IgG (Sutton and Phi l l ips , 1983) , but 
there are no publ ished structures for the carbohydra te in o ther Ig c lasses . The 
carbohydrate is l inked to Asn-297 in the C H2 domain of IgG at a sharp bend 
between strands 3 and 4 of layer 1; its interact ions with C H2 are largely hydro-
phobic in na ture . T h e C H2 domains are unl ike the others because they have little 
lateral contact owing to their separat ion by the ca rbohydra te , which forms a weak 
bridge be tween them. T h e carbohydra te appears to stabil ize the th ree-d imens ion-
al structure of the I g G , and Huber (1984) suggests that " t h e origin of the al tered 
functional propert ies of carbohydrate-free ant ibodies lies in the structural de -
s tab i l i za t ion ." T h e crystal l ine order of the carbohydra te is bet ter in one C H2 
domain than the other . In rabbit IgG the carbohydra te is also asymmet r ic with 
respect to the two halves of the molecu le . H o w e v e r , in contrast to h u m a n Fc the 
carbohydrate chains in rabbit Fc m a k e direct contact with each other . As illus-
trated in a later figure (Sect ion V I , B ) , s tereo d rawings of the α-carbon backbone 
of human Fc show the carbohydra te occupying the space be tween the two C H2 
domains , whereas the b inding site for C l q is on the outs ide of C H2 and that for 
Staphylococcus aureus protein A is at the exter ior junc t ion of C H2 and C H3 
(Davies and Metzge r , 1983). These observat ions suggest that the carbohydra te in 
IgG does act as a spacer be tween domains and stabilizes the Fc s t ructure . It 
would be desirable to have similar three-dimensional s tructures for i m m u -
noglobul ins that have mul t ip le ca rbohydra tes . 

S. Biological Roles of the Carbohydrate 

Evolut ionary preservat ion of the t r ipept ide acceptor sequence for G l c N , as in 
the IgG of m a n y species and at h o m o l o g o u s posi t ions in I g M , I g D , and IgE , 
suggests that carbohydra te has both structural and biological roles . H o w e v e r , the 
nature of these roles cont inues to be e lus ive . M a n y functions have been ascr ibed 
(Putnam, 1977a; Pu tnam et al., 1985). These include: (1) facilitating secret ion; 
(2) increasing solubil i ty; (3) act ing as spacers be tween domains and as br idges 
between chains (as descr ibed above) ; (4) affecting t ransduct ion of signals from 
the antigen combin ing site in Fab to the effector regions in Fc ; (5) involvement in 
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biological effector functions such as the b inding of C l q to initiate the comple -
ment cascade and also in cytot ropic interact ions with lymphoid cel ls ; and (6) 
regulation of ca tabol ism both by conferr ing protect ion against proteases and by 
governing uptake of immunoglobu l ins by hepa tocytes . Baenziger (1984) has 
reviewed these and other poss ible functions and conc luded that it is easier to state 
what the function is not than what it is . H e suggests that for some immu-
noglobulins but not others g lycosyla t ion may be necessary (1) for at taining 
and /o r mainta in ing a conformat ion essential for assembly and secret ion; (2) for 
protection against proteolyt ic degrada t ion , and (3) for uptake by the ret iculoen-
dothelial receptor in the case of complex G l c N ol igosacchar ides , but not for the 
mannose-r ich c lass . H e also suggests that some G l c N ol igosacchar ides m a y have 
a critical but still unidentif ied role in the effector functions of the i m m u n e 
system. 

Several recent studies with deglycosyla ted monoc lona l IgG ant ibodies have 
indicated that carbohydra te is required for certain biological activities of the Fc 
region but not for specific ant igen b ind ing , which is vested in the Fab region. 
The carbohydra te deplet ion was achieved by cul tur ing m o u s e hybr idoma cells in 
the presence of tun icamycin , an inhibi tor of g lycosyla t ion. T h e carbohydra te -
deficient ant ibodies lost several biological proper t ies such as the ability to acti-
vate complemen t and to bind to Fc receptors on macrophages (Nose and Wigze l l , 
1983) and also were not effective in suppress ing the humora l i m m u n e response 

(Heymann et al., 1985). 
It has been sugges ted by Parekh et al. (1985) that the varying pat tern of 

glycosylat ion of IgG and the resultant heterogenei ty in structure may contr ibute 
to the au to immune componen t of rheumato id arthritis and pr imary osteoarthr i t is . 
This binat ional g roup under took a mass ive study that required evaluat ion of the 
pr imary sequences of about 1400 o l igosacchar ides from 4 6 individual normal 
and patient samples . They identified some 30 related G l c N structures . T h e re-
sults indicated an associat ion of rheumato id arthritis and pr imary osteoarthri t is 
with changes in the glycosylat ion pat tern of the total serum IgG. Al though 
neither disease was associated with novel o l igosacchar ide s t ructures , the IgG 
isolated from the normal g roup and from the pat ients had different distr ibutions 
of the b iantennary complex type of G l c N ol igosacchar ide . Parekh et al. (1985) 
suggested several mechan i sms by which the altered glycosylat ion pattern could 
affect the molecu la r conformat ion of the F c , for e x a m p l e , by expos ing new 
determinants , which could induce an effect s imilar to the au to immune response . 
This novel idea could explain the a u t o i m m u n e response in rheumato id arthri t is , 
where IgM and IgA ant ibodies are p roduced against a pa t ien t ' s o w n I g G — a 
phenomenon earl ier at tr ibuted to an al tered conformat ion of denatured IgG. 
However , it should be pointed out that carbohydra te does not normal ly contr ibute 
to the ant igenic response in he te ro logous species because of the ubiqui ty of 
similar o l igosacchar ide structures on m a n y g lycoprote ins . 
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A compara t ive structural study of the carbohydra te moiet ies of normal I g M 
and of the monoclona l IgM from t w o patients with macrog lobu l inemia was m a d e 
by Cahour et al. (1983) and the G l c N structures were later de te rmined precisely 
(Cahour et al., 1984a ,b) . A p redominance of mul t iantennary structures was 
observed in the more heavi ly glycosyla ted IgM from the t w o pat ients . Th i s 
variation was attr ibuted to differences in the biosynthet ic process ing pa thway of 
the carbohydrate units or enhanced express ion by the c lone of pathological ce l l s . 
These careful analytical studies and those descr ibed above should warn m o -
lecular biologists that ant ibodies prepared from hybr idomas , though having wel l -
defined ant igen specificit ies, may differ in whatever biological effector functions 
to which carbohydra te may contr ibute . 

VI. Three-Dimensional Structure and Binding Sites 

A Three-Dimensional Structure of Myeloma Proteins 

and of Antibody-Antigen Complexes 

1. Early Findings and New Directions 

The fundamental features of the three-dimensional structure of ant ibodies were 
established a decade ago by crystal lographic analysis of ant ibody analogues such 
as B e n c e - J o n e s prote ins and m y e l o m a globul ins . T h e results have been amply 
reviewed (Davies et al., 1975; Nisonoff et al., 1975; Pu tnam, 1977a; Pad lan , 
1977a,b; Capra and E d m u n d s o n , 1977; Poljak, 1978; Amze l and Poljak, 1979; 
Marquar t and Deisenhofer , 1982; H a h n , 1983; Davies and Metzger , 1983; 
Huber , 1984). In fact, there are more detai led rev iews of the stuctures than there 
are structures of different prote ins . This conf i rms the impor tance at tached to 
unders tanding the three-dimensional structure of the ant ibody combin ing site and 
the at tendant interest in e lucidat ing the mechan i sm whereby combina t ion with 
antigen facilitates biological effector functions. Other reasons for emphas i s on 
crystal lographic study of immunoglobu l ins include: (1) the availabili ty of a series 
of crystall ine m y e l o m a proteins and of crystal l izable fragments such as F a b , F c , 
and light cha ins , (2) the greater ease of solving a large structure such as IgG by 
study of its f ragments , (3) the increased facility for solving homologous struc-
tures , such as a series of B e n c e - J o n e s pro te ins , once the first is d o n e , and (4) the 
availability of so m u c h sequence data on immunoglobu l ins . 

Despi te the incentives listed above the structures of only t w o intact i m m u -
noglobulin molecules are yet k n o w n at high resolut ion (the m y e l o m a proteins 
I g G l Kol and Dob) (Marquar t et al., 1980; Sa rma and Laudin , 1982) , and crystal 
structures of the a n t i b o d y - a n t i g e n complex are jus t beginning to emerge (Ami t et 

al., 1985a,b) . T h e reasons are the arduous effort required to de te rmine the 
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X-Ray Crystallographic Analyses of Immunoglobulins" 

Protein Resolution 
(A) 

References 

IgG immunoglobulins 
IgGl(X) Kol 3.0 Marquart et al. (1980) 
IgGl(K) Dob 4.0 Silverton et al. (1977); Sarma and 

Laudin (1982) 
IgGl(X) Meg 6.5 Rajan et al. (1983) 

Other irhmunoglobulin classes IgM, — None 
IgA, IgD, IgE 

Fab fragments 
IgGl(X) Newm 2.0 Poljak et al. (1973, 1974); Saul et al. 

(1978) 
IgGl(X) Kol 1.9 Marquart et al. (1980) 
IgA2(K) McPC603 (mouse) 3.1 Segal et al. (1974) 
IgA2(K) J539 (mouse) 4.5 Navia et al. (1979) 
IgG2(K) Zie — Ely et al. (1978) 
Monoclonal antibody (mouse) 6.0 Amit et al. (1985a,b) 

Fc fragments 
Fc(IgG) and protein A 2.8 Deisenhofer (1981) 
Fc(IgG) (rabbit) 2.7 Sutton and Phillips (1983) 

Bence-Jones proteins 
V K dimer Rei 2.0 Epp et al. (1974, 1975) 
V K dimer Au 2.0 Fehlhammer et al. (1975) 
Vk dimer Rhe 1.6 Furey et al. (1983) 
Light chain (λ) dimer Meg 2.3 Edmundson et al. (1974); Abola et 

al. (1980) 
Light chain (λ) hybrid 3.5 Ely et al. (1985) 
Light chain (λ) dimer Loc 3.0 Chang etal. (1985) 

Class I MHC antigens (bovine), β 2- 2.9 Becker and Reeke (1985) 
microglobulin (light chain) 

"Unless specified, all proteins listed are human myeloma immunoglobulins. 

structures of such large molecules as IgA and IgM and the unavailabil i ty until 
recently of crystal l ine a n t i b o d y - a n t i g e n complexes . Table VI summar izes the 
current status of X-ray crys ta l lographic study of immunoglobu l ins . T h e conspic-
uous omiss ions are human I g M , IgA, I g D , and IgE. 

The major f indings of the early studies are: (1) the division of light and heavy 
chains into a series of connec ted doma ins that have a s imilar conformat ion and 
have lateral and longitudinal interact ions; (2) the presence in each domain of the 
characterist ic conformat ion k n o w n as the immunoglobu l in fold, which has a 
sandwichl ike structure consis t ing of t w o layers of antiparallel segments in β-
pleated sheet configurat ion (see Fig . 8, Sect ion Ι Ι , Β , Ι ) ; and (3) the topography 

TABLE VI 
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of the combin ing si te, which consis ts of a pocket or cavity l ined by the C D R 
segments of the V H and V L reg ions . 

The new direct ions include: (1) prepara t ion , crystal l izat ion, and pre l iminary 
crystal lographic study of F a b fragments of monoclona l ant ibodies and of their 
complexes with ant igens (Mar iuzza et al., 1984; Ami t et al., 1985a,b) ; (2) 
determinat ion at high resolut ion of the structure of Fc from normal IgG and of its 
complex with protein A from Staphylococcus aureus (Deisenhofer , 1981); (3) 
determinat ion of the three-dimensional structure of the carbohydra te of the Fc of 
human IgG (Deisenhofer , 1981) and of rabbit IgG (Sutton and Phi l l ips , 1983); 
(4) molecular model bui lding and computer ized molecular graphics display of 
ant ibody molecules and their complexes with ant igen based on crystal lographic 
coordinates (Fe ldmann et al., 1981; Stanford and W u , 1981; H a h n , 1983; Davies 
and Metzger , 1983; Novo tny et al., 1983; Huber , 1984; Novo tny and Haber , 
1985; T o n e g a w a , 1985); (5) extension of the molecular graphics approach to 
other member s of the immunoglobu l in supergene family such as the T-cell recep-
tor (Patten et al., 1984); and (6) determinat ion of the three-dimensional s tructure 
of the β 2 - ΐ Ώ ^ π ^ ^ υ 1 ί η , the immunoglobul in- l ike light chain of the major his to-
compatibi l i ty complex class I ant igens (Becker and Reeke , 1985). 

2. Crystallographic Study of the Antigen 

Binding Sites of Monoclonal Antibodies 

Whereas the early crystal lographic work focused mainly on the b inding sites 
of B e n c e - J o n e s prote ins and m y e l o m a Fab fragments for chance l igands such as 
dini trophenyl der iva t ives , several invest igat ions of crystal l ine complexes of 
monoclonal ant ibodies with specific ant igens are now in progress (Amit et al., 

1985a,b; Mar iuzza et al., 1984; Rose et al., 1983; Ami t et al., 1983). Earl ier , 
the crystal structures of four Fab fragments had been reported. Three of these 
bound l igands , i . e . , h u m a n Fab I g G l ( \ ) N e w m , which binds a der ivat ive of 
vi tamin K , (Poljak et al., 1974; Saul et al., 1978; Amze l and Poljak, 1979) , and 
two mur ine I g A 2 ( K ) Fab f ragments , one of which ( M c P C 6 0 3 ) b inds phos -
phorylchol ine (Segal et al., 1974) and the other (J539) b inds galactans (Navia et 

al, 1979). The specificity of the fourth Fab fragment (Kol) is unknown (Mar-
quart et al., 1980). T h e first three-dimensional structure of an actual a n t i g e n -
ant ibody complex at 6 A resolution has been reported by Ami t et al. (1985a) , and 
higher-resolution data of this and other an t i gen -an t i body complexes are antici-
pated soon from several sources . 

Amit et al. (1985a) de te rmined the structure of the complex be tween hen egg-
white lysozyme and the Fab of a monoc lona l an t i - lysozyme ant ibody. F igure 25 
shows the pre l iminary three-dimensional model of the a n t i b o d y - l y s o z y m e c o m -
plex as a s tereo d iagram. T h e electron densi ty data could readily be interpreted 
using the known α-carbon backbone structure for Fab N e w m (Poljak et al., 
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Fig. 2 5 . Preliminary three-dimensional stereo models of the monoclonal antibody-lysozyme 
complex, (a) Stereo diagram of the α-carbon skeleton obtained by fitting the structure of lysozyme 
and Fab Newm to the electron density map. (b) Stereo diagram of the space-filling model of 
lysozyme in contact with the CDR segments of Fab Newm. (Reprinted by permission from Amit et 

al, 1985a. Copyright © 1985 Macmillan Journals Limited.) 
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1973) and for lysozyme (Blake et al., 1965). Al though the main conclus ions of 
studies of complexes of m y e l o m a Fab fragments and l igands are suppor ted , the 
monoclonal Fab appears to be a more flexible molecu le . Also the combin ing site 
is not jus t a cleft l ined by all six C D R segments but appears to be a larger area 
extending farther out . This suggests that the ant igen binding sites of ant ibodies 
may differ significantly in topography from one to another and from the earl ier 
models based on m y e l o m a Fab fragments and light chain d imer s . T h e recent 
crystal lographic analysis of the λ-chain B e n c e - J o n e s protein d imer Loc even 
suggests that there may be protrusions in the b inding site (Chang et al., 1985). 
Other crystal lographic studies now in progress , such as that of a complex of the 
Fab from a monoclona l anti- /?-azophenylarsonate ant ibody and its hapten (Mar-
iuzza et al., 1984), may help resolve the quest ion of whether a conformat ional 
change occurs when an ant ibody combines with an ant igen. A l s o , the work of 
Amit et al. (1985a ,b) is helping to define the determinant sites (epitopes) of 
protein ant igens such as lysozyme. 

B. Three-Dimensional Structure of the Hinge Region, 

Fc Fragment, and Correlation with Binding 

Functions 

1. The Hinge Region 

The hinge region is the segment of the heavy chain that covalent ly l inks the 
Fab and Fc of IgG, IgA, and IgD and also crossl inks the two heavy chains in the 
monomer ic molecu le . As discussed previously (Sect ion I I , B , 3 ) , interest has 
focused on the h inge region because it is postulated to t ransduce a signal from the 
antibody combin ing site to the biological effector domains of Fc (Metzger , 1978; 
Pecht , 1982) and to confer flexibility on the molecule (Huber , 1984). As shown 
earlier in Fig . 9 , the h inge region of each immunoglobu l in class and subclass is 
unique in its pr imary structure (and presumably in its spatial s tructure); further-
more , each hinge region is encoded by one or more exons that are unrelated to 
the exons coding for the characterist ic V and C domains of immunoglobu l ins . 

Because of the flexibility and apparent d isorder of the h inge segment in Fab 
fragments , it has been difficult to de te rmine the three-dimensional structure of 
the hinge region by crysta l lographic analysis . In fact, the conformat ion of the 
hinge is known for only one intact prote in , I g G l Kol (Marquar t et al., 1980). 
The two other immunoglobu l ins for which spatial structures have been repor ted 
(Dob and Meg) are abnormal proteins in which the hinge region is miss ing; this 
no doubt facilitated their crystal lographic analys is . T h e hinge segment of I g G l 
Kol forms a short po ly(L-pro l ine) doub le helix from Cys -226 to Cys -230 . Both 
the segment preceding and fol lowing the polyprol ine helix are flexible in the Fc 
fragment crystals (Deisenhofer et al., 1976). This conclusion is supported by a 
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proton nuclear magnet ic resonance s tudy of an intact h u m a n I g G l and of I g G l 
D o b , which has a h inge delet ion (Endo and Ara ta , 1985). T h u s , the rigid poly-
proline helix acts as a pivot and is f lanked on both sides by flexible segments that 
would al low independent m o v e m e n t of the Fab a rms and the Fc part (Huber , 
1984). These findings give support to the v iew that flexible segments at the V / C 
switch region and in the hinge a l low conformat ional movemen t s that facilitate 
binding of ant ibodies to mult ivalent ant igens . 

Al though the three-dimensional s t ructure of the h inge region is not k n o w n for 
any other immunglobul in molecu le , Marquar t et al. (1980) have predicted that 
the whole repeat ing unit in the quadrupl ica ted h inge of h u m a n IgG3 exists in a 
polyprol ine double helix conformat ion 48 res idues long. They also emphas ize 
that the switch pept ides and e lbow angle at the V / C junc t ion in both light and 
heavy chains are somewha t like the h inge region in convey ing flexibility that 
may al low m o v e m e n t of the Fab a r m s . Detai led predict ions of the h inge structure 
of IgA and IgD have not been m a d e . T h e high prol ine content of the a l and a 2 
hinges suggests that they too are in a polyprol ine conformat ion . Howeve r , the 
human δ chain h inge is d ivided into t w o par ts . T h e first half is the GalN-r ich 
segment , and calculat ions suggest it has a r andom structure , whereas the second 
half appears to have an ideal α-hel ical s tructure (Pu tnam et al., 1982). These 
observat ions il lustrate the danger of genera l iz ing conclus ions on the biological 
implicat ions of ant ibody conformat ion on the basis of a single subclass ( I g G l ) ; at 
the same t ime they highl ight the need for crystal structure data for I g M , IgA, 
IgD, and IgE. 

2. The Fc Region 

Three-d imens ional structures of Fc have been reported for the intact proteins 
or the Fc fragments of several h u m a n m y e l o m a IgG proteins (Kol , D o b , M e g ) 
and for the Fc of h u m a n and rabbit IgG prepared from normal pooled se rum 
(Table VI ) . In all cases the basic structural features of the polypept ide backbone 
are similar a l though the orientat ion of the carbohydra te may differ somewha t . In 
Fab there are s trong lateral interact ions be tween V L and V H to form the Fv 
module and also be tween C L and C H1 ; in Fc s imilar lateral interactions occur 
between the t w o C H3 d o m a i n s , but not be tween the C H2 doma ins . As shown in 
Fig . 2 6 , the C H2 d o m a i n s interact with but are separated by the single complex 
GlcN carbohydra te on each chain . Al though the carbohydra te probably helps 
stabilize the first half of F c , the C H2 - C H2 modu le may be more subject to 
conformational changes because of its proximi ty to the hinge and its weak lateral 
interact ions. This conformabi l i ty m a y be associated with the b inding of c o m -
plement . 

Al though there is a single complex G l c N ol igosacchar ide N- l inked to Asn-297 
in human and animal 7 cha ins , the branching carbohydra te s tructure may be qui te 
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Fig. 26 . Stereo drawing of the α-carbon backbone of the Fc of normal pooled human IgG bound 
to fragment Β of Staphylococcus aureus protein A. This model from Davies and Metzger (1983) is 
based on the coordinates of Deisenhofer (1981) taken from the Brookhaven Protein Data Bank and 
includes additional data on the binding site of C l q . The complex GlcN carbohydrate occupies the 
space between the two C H2 domains. Fragment Β of protein A is shown with clusters of open circles 
in the region between the C H2 and C H3 domains. The symbols Φ, · , and Ο on the Fc are the α 
carbons of the residues that Prystowsky et al. (1981), Bragado et al. (1982), and Burton et al. (1980), 
respectively, have proposed to bind C l q . (Reproduced, with permission, from the Annu. Rev. 

Immunol. 1, © 1983 by Annual Reviews Inc.) 

he terogeneous (Parekh et al., 1985) . T h e carbohydra te contr ibutes some disorder 
and asymmetry to the C H2 d o m a i n s , and four hexose units are too mobi le to be 
visual ized. The role of the carbohydra te in the three-dimensional structure of IgG 
was discussed in Sect ion V , A , 3 . T h e mult ip le carbohydra tes present in I g M , 
IgA, I g D , and IgE will add to the difficulty of crysta l lographic analysis of these 
immunoglobu l ins . Comple t e r emova l of the G l c N carbohydra te by an e n z y m e 
such as N-g lycanase might he lp solve this p rob lem. x 

3. Binding Sites for Protein A and for Complement 

Whereas the ant igen combin ing sites of ant ibodies have long been invest igated 
by a variety of approaches , in part icular by study of the pr imary and three-
dimensional structure of m y e l o m a pro te ins , little is k n o w n about the structure of 
other functional sites of ant ibodies . These o ther biological propert ies are often 
called biological effector functions because they are involved in producing the 
ult imate biological effects of the humora l i m m u n e re sponse , e . g . , comp lemen t 
act ivation, phagocy tos i s , and certain cytotoxic react ions that follow binding to 
cells with Fc receptors . It should be kept in mind that a l though most biological 
effector activities such as C l q b inding are associated with F c , Fab may also be 
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involved at some s tage . For e x a m p l e , C 4 b b inding to a n t i b o d y - a n t i g e n aggre-
gates occurs to Fab probably via a react ive thiol ester , but not to Fc (Campbel l et 

al., 1980). 
Only one b inding site in Fc has been es tabl ished by crysta l lographic ana lys is , 

i . e . , the site for f ragment Β of Staphylococcus aureus protein A (Deisenhofer , 
1981). All o ther functional sites have been s tudied by a series of indirect ap -
proaches such as enzymat ic prepara t ion of f ragments of I g G , chemica l modif ica-
tion of IgG, or compet i t ive cel l -b inding exper imen t s . In these the first object ive 
has been to identify the doma in in which a cytot ropic function is vested rather 
than to localize the sequence site or s tereochemical patch in IgG that is responsi -
ble for the function. Bur ton (1985) and D w e k et al. (1984) have rev iewed the 
many at tempts to character ize the functional sites of the C region of I g G , and 
these will be referred to later in Sect ion V I I , Β . 

Deisenhofer (1981) de te rmined the three-d imensional s t ructure at 2 .8 A reso-
lution of a h u m a n Fc fragment of IgG and of its complex with fragment Β of S. 

aureus protein A ( S P A ) . S P A , a c o m p o n e n t of the cell wall of S. aureus, has a 
single polypept ide chain that conta ins four h o m o l o g o u s d o m a i n s in the order D , 
A , B , and C , each of which is a monova len t Fc b inding unit about 60 res idues in 
length. Trypt ic c leavage of S P A produces the act ive fragments plus a C-terminal 
segment that does not b ind to F c . T h e biological role of S P A is u n k n o w n . 
However , S P A has been a very useful immunolog ica l reagent because it b inds 
with high affinity to the Fc of the IgG of m a n y species and thus can be used in 
affinity ch romatography . S P A b inds to h u m a n I g G l , I g G 2 , and Ig G 4 and to their 
Fc f ragments , but not to I g G 3 . 

It had earlier been shown that S P A binds to the intact Fc fragment but not to 
the isolated C H2 and C H3 d o m a i n s , so both doma ins or their junc t ion mus t be 
involved. In fact Deisenhofer (1981) demons t ra ted that FB (the Β fragment of 
SPA) binds at the C H2 - C H3 contact in each 7 chain (Fig. 26) . T h e Fc contacts 
include residues 2 5 1 - 2 5 4 and 3 0 9 - 3 1 5 in C H2 and 4 3 0 - 4 3 6 in C H3 . T h e failure 
of h u m a n IgG3 to b ind protein A w a s expla ined by the subst i tut ion of arginine in 
IgG3 for His-435 in I g G l , I g G 2 , and I g G 4 . Mode l bui ld ing with a display 
system showed that because of the size and charge of arginine a place could not 
be found for it in the F B - F c complex (Deisenhofer , 1981). Wi th the except ion of 
small changes at the contact s i te , the C H3 doma in of the F B - F c fragment is 
identical with C H3 in Fc lacking F B . H o w e v e r , the C H2 d o m a i n of the F B - F c 
complex is even more d isordered than C H2 in Fc a lone . This accords with the 
view that the C H2 domain is flexible and m a y be distorted or undergo a confor-
mational change due to ant igen b inding in F a b (Huber , 1984; Bur ton , 1985; 
Klein et al., 1981). 

Al though the b inding of the c o m p l e m e n t subcomponen t C l q has not yet been 
visualized by crys ta l lographic ana lys is , k n o w l e d g e of the three-d imensional 
structure of IgG and of the F B - F c complex has contr ibuted greatly to under-
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standing the nature of the C l q b inding site. C l q is a large protein molecule ( M r 

410 ,000) that has a pecul iar shape l ikened to a 4' b u n c h of f l o w e r s " because of its 
six protruding s ta lks , each having a globular head . Each head will bind to IgG or 
IgM or to their Fc f ragments , so C l q is hexavalent . Effective fixation of C l q to 
initiate activation of the complemen t cascade requires t w o IgG molecules or 
one I g M . H u m a n I g G l , I g G 2 , and IgG3 and also IgM fix complemen t , but IgG4 
binds weakly or not at all . I g A l and IgA2 do not bind C l q . It is ques t ionable 
whether IgD and IgE fix C l q , but it also is physiological ly irrelevant because of 
their low normal concent ra t ions . Aggregat ion of IgG increases the b inding of 
C l q . 

M a n y s tudies , rev iewed by Burton (1985) and o thers , have establ ished that 
C l q binds to isolated Fc fragments of IgG. C o l o m b and Porter (1975) found that 
C l q binds to the p lasmin-der ived Facb f ragment , which lacks the C H3 doma in , 
and Yasmeen et al. (1976) found that proteolyt ical ly prepared C H2 domains of 
IgG bound C l q with affinity similar to that of Fc . Other a t tempts to localize the 
C l q binding site were based on three approaches : (1) compar i son of the se-
quences of immunoglobu l ins of different subclasses and species that fix C l q with 
those that b ind weak ly or not at all (Brunhouse and Cebra , 1979); (2) reduct ion 
and chemical substi tut ion of IgG (Vivanco-Mar t inez et al., 1980; Bragado et al., 

1982); and (3) s tudy of the inhibit ion of C l q b inding by pept ides cor responding 
to sequences in C H2 of I g G , e . g . , a 62-res idue fragment (Kehoe et al., 1974), 
and the pept ides from Lys -274 to Gly-281 (Johnson and T h a m e s , 1977; Boackle 
et al, 1979) or from the region Phe-275 to Lys -290 (Prys towsky et al, 1981; 
Lukas et al, 1981) . Compar i son of the pr imary structures did not identify any 
single residue or sequence that uniquely correlated with the ability to bind C l q 
but did appear to implicate the sequence from Lys-290 to Glu-295 (Brunhouse 
and Cebra , 1979). 

Studies of the inhibitory effect of the pept ides from the C H2 region are re-
v iewed in detail by Burton (1985) in relat ion to the proposal of Burton et al 

(1980) that the C l q site involves res idues in the sequence from Gly -316 to 
Lys-322 and from Thr -335 to Lys -338 . T h e latter approach focuses attention on 
two adjacent regions of C H2 that have a high charge densi ty and are located on 
the last two β s trands of the C H2 domain . T h u s , at least three sites in the C H2 
domain have been proposed for a t tachment of C l q . Actual ly these are not far 
apart in the three-dimensional s t ructure, and because of its large size C l q may 
bind at several sites on C H2 . 

Al though the studies descr ibed above have not been conc lus ive , the availabil i-
ty of the crystal s tructures of Fc and of F B - F c has permit ted spatial identification 
of the sequences that var ious workers have proposed to be critical for the b inding 
of C l q (Fig. 26) . T h e b inding of protein A does not interfere with complemen t 
binding so the C l q b inding site must be in the surface area of C H2 not covered by 
F B . The large size of C l q would prevent its a t tachment to the inner side of the 
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C H2 doma in , where the carbohydra te occupies much of the lateral in terdomain 
space . T h u s , it is l ikely that C l q binds to the upper exter ior of C H2 in the area 
implicated by the s tudies descr ibed above . 

4. Immunoglobulins of Other Classes and Species 

As is evident from Table VI , mos t of the high-resolut ion X-ray analyses have 
been on human IgG m y e l o m a prote ins or h u m a n κ or λ B e n c e - J o n e s pro te ins . 
However , the Fc structures were de te rmined on fragments of normal poo led 
human or rabbit I gG . T h e structure of the p F c ' f ragment of gu inea pig I g G l has 
also been reported (Phizacker ly et al., 1979). Al though the structures of the Fab 
fragments of two m o u s e IgA m y e l o m a proteins have been de te rmined , data on 
intact IgA proteins and on other immunoglobu l in classes are lacking. T h e pauci ty 
of data on IgA , I g M , I g D , and IgE reflects t w o c i rcumstances : (1) the wide-
spread convict ion that the fundamental spatial features of ant ibody structure have 
been solved by crysta l lographic analysis of IgG and its Fab and Fc fragments and 
(2) the difficulty of crystal l izat ion and structural s tudy of the o ther four c lasses . 
All four are mult iply g lycosyla ted , several are po lymer ic ( IgA and I g M ) , and the 
remaining ei ther are not abundant ( IgD) or are rare ( IgE) . 

There is no doubt that the basic features of the ant igen b inding site have been 
establ ished, and the structure of Fv is ra ther independent of the class of the Η or 
L chain . H o w e v e r , recent studies of monoc lona l ant ibodies referred to above 
indicate that the Fv b inding sites have much more topographical variat ion than 
had been suspected jus t from studies of m y e l o m a prote ins . L ikewise , the i m m u -
noglobul in fold m a y be the basic three-dimensional structure of all C region 
domains regardless of class or spec ies . None the les s , there are significant dif-
ferences in the functional activit ies of the C regions of I g G , I g M , IgA , and IgE 
and in their cell m e m b r a n e receptors . T h e dispari ty in these proper t ies m a y be 
attr ibutable to the structural dissimilar i ty in the h inge regions of IgG and I g A , or 
to the rep lacement of the h inge by an extra doma in in I g M and IgE , or to the 
addit ional o l igosacchar ides , as wel l as to differences in pr imary s t ructure. 
Crystal lographic s tudy of I gA , I g M , and IgE should contr ibute much to under-
standing the basis of their character is t ic biological effector funct ions, in part icu-
lar their differences in C l q b inding and in specific cytotropic funct ions. T o date 
the conformat ion of I g M has only been invest igated by smal l -angle X-ray scatter-
ing (Wi lhe lm et al., 1984) and o ther physical t echn iques . 

At present the only approach to es t imat ion of the three-dimensional structures 
of immunoglobu l ins o ther than h u m a n I g G l is by compar i son of amino acid 
sequences and trying to fit these into the structure of h u m a n I g G l . This can be 
done by use of interact ive molecu la r graphics displays or by a l ignment of m a n y 
sequences . Beale (1984) , fol lowing up an earl ier study (Beale and Feins te in , 
1976), used the latter approach for an extens ive compar i son of all avai lable 
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amino acid sequences of different c lasses of immunoglobu l ins and h i s tocom-
patibility C region domains from var ious m a m m a l i a n species . Correla t ions be-
tween conservat ion of sequence and three-dimensional structure were sought . In 
addition to the invariant disulfide bond and t ryptophan res idue , all immu-
noglobulin C doma ins shared several conserved features that could be related to 
the crystal lographic structure of immunoglobu l in fold. H o w e v e r , these related 
mainly to individual posi t ions in the sequence rather than to segments of the 
sequence . 

VII. Cytotropic Functions of the Fc Region 

A Membrane-Bound Immunoglobulins 
as Antigen Receptors 

T h e B-cell receptor for ant igen has six un ique character is t ics: (1) It is present 
only on the surface of Β lymphocy tes , the only cells that have the potential for 
ant ibody product ion . (2) T h e m e m b r a n e - b o u n d receptor (mlg) is identical in 
structure to the secreted ant ibody (s lg) except for the presence of a short car-
boxy-terminal tai lpiece that differs for m l g and s lg . (3) T h o u g h it is usual ly IgM 
and /o r I g D , the receptor can be any of the five c lasses , and a class switch m a y 
occur during B-cell differentiation. (4) Though Β cells as a class may exhibi t a 
very large number of receptors , each c lone of Β cells has but a single type of 
receptor , and that receptor is character ized by its specificity and affinity for a 
part icular ant igenic de terminant (epi tope) . (5) Dur ing differentiation of a c lone 
of Β cells having a part icular ant igen specifici ty, that specificity does not change 
al though the class of the m l g m a y swi tch. (6) The specificity of the ant igen 
receptor is vested in the V regions of the light and heavy chains and is the same 
for both m l g and s lg . 

Elucidat ion of the structure of the B-cell ant igen receptor was finally achieved 
by the methods of molecula r b io logy after more than a decade of s tudy by 
biochemical and immunochemica l approaches . T h e early research, which 
focused on IgM and I g D , is r ev iewed by Dickler (1978) and Lesl ie and Mar t in 
(1978) . Subsequent work emphas ized the role of I gD (God ing , 1980; Pol lock 
and Mescher , 1980). T h e relat ive role of I g M and IgD as receptors has been 
reevaluated by Vitet ta (1982) , and a sympos ium on IgD has a series of papers on 
this subject (Thorbecke and Les l ie , 1982) . T h o u g h IgD is a minor serum c o m p o -
nent in h u m a n s , it is a major Ig receptor on the B-cell surface, where I g M and 
IgD are often coexpressed . I gD appears later than I g M and is considered to be a 
characterist ic of the mature or " v i r g i n " rest ing Β cell (Blat tner and Tucke r , 
1984). One suggest ion is that I g D is a t r iggering receptor , i . e . , that interact ion 
with antigen and Τ cells results in B-cell differentiation (Vitet ta and Uhr , 1975; 
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1) R e c e p t o r I g D 
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Β C e l l 

Fig. 27. Hypothetical scheme for the activation of B-cell function triggered by the proteolytic 
cleavage of receptor IgD (from Putnam et al, 1982). 

Vitetta, 1982). O n e hypothes is is that after interaction with ant igen, IgD is 
proteolyzed and the Fc fragment is endocy tosed within the Β cel l . This is i l lus-
trated schemat ical ly in F ig . 2 7 . 

The solution to the mystery of the B-cell ant igen receptor c a m e through gene 
c loning. The exis tence of m l g somewha t larger than s lg but s imilar in structure 
except for the carboxyl te rminus had been sugges ted by the exper iments refer-
enced above and by m a n y others (Kehry et al., 1980; Oi et al, 1980; Singer et 
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Embryonic/Germ line Secreted Membrane 
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Fig. 28. Schematic model for creating distinct secreted and membranous forms of IgM from a 
single constant region locus. Donor (GT) and acceptor (AG) splice sites for RNA splicing border the 
four separated Ομ domains. Alternative sites of poly(A) addition and RNA splicing result in different 
mRNAs containing either the secreted or the membrane terminus (from Korsmeyer and Waldmann, 
1984). 

al., 1980; Alt et al., 1980; Vassall i et al., 1980). The approach changed when it 
was shown by c loning the c D N A s that t w o m R N A s can be produced from a 
single mouse immunoglobu l in μ gene by al ternative R N A process ing pa thways 
and that the two m R N A s encoded membrane -bound and secreted forms of the μ 
chain (Rogers et al., 1980; Early et al., 1980). The two μ chains differed in their 
carboxy te rminus . T h e μ 8 chain had a 20-res idue hydrophi l ic C-terminal segment 
after the C μ 4 domain ; in the μ ηΊ chain this was replaced by a 41-res idue C-
terminal segment conta ining a hydrophobic sequence that appeared to be embed-
ded in the cell m e m b r a n e . This process is i l lustrated in F ig . 2 8 . 

In rapid succession the m e m b r a n e and secreted forms of o ther mouse C H genes 
were identified: C7 (Rogers et al., 1981; Tyler et al., 1982) , C a (Tucker et al., 

1981), Ce (Ishida et al., 1982) , and C8 (Cheng et al., 1982). Whi te et al. (1985) 
showed that the h u m a n δ gene also has a δ 8 and διτι form. 

T h e structures of the m e m b r a n e and secreted forms of the mur ine isotypes 
have been summar ized by Blat tner and Tucke r (1984) , w h o have also discussed 
the expression and role of the t w o forms. All the m e m b r a n e domains are appar-
ently encoded by t w o exons . T h e t ransmembrana l (hydrophobic) segment con-
tains 26 amino acids in a highly conserved sequence , but the hydrophi l ic 
cytoplasmic segment varies from 3 res idues ( IgM) to 28 res idues in length (IgG 
isotypes and IgE) . Honjo (1983) suggests that the hydrophobic sequence is 
conserved because it may be anchored to a c o m m o n m e m b r a n e protein , whereas 
the cytoplasmic segment may differ from class to class because it t ransmits a 
different signal . 
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1. The Fc Receptor for IgG 

With respect to the Fc receptor (FcR) there are a number of quest ions to be 
asked: (1) W h a t is the cell receptor? (2) H o w many kinds are there , and how d o 
they differ from one cell type to another? (3) W h a t is the receptor site on the Ig 
molecule , and h o w does it differ from Ig class to class? (4) H o w does the 
interaction of Fc and F c R prompt a biological response? N o n e of these quest ions 
can yet be answered posi t ively. Al though information on the first three is deve l -
oping rapidly , the answer to the fourth is not yet in sight. Mos t of the research 
deals with cell receptors for IgG (Dickler , 1978) , but progress is a lso being m a d e 
for IgE because of interest in the specificity of the response to b inding of IgE by 
mast cells and basophi ls ( Ishizaka, 1985; Metzger , 1983). Because the study of 
receptors is more the purv iew of cel lular rather than molecular i m m u n o l o g y , the 
subject will be discussed only briefly here . 

A variety of lymphoid cell types bind IgG in ei ther the monomer i c or aggre-
gated form. These include monocy t e s , mac rophages , po lymorphonuc lea r leuko-
cytes ( P M N s ) , and lymphocy tes . Platelets and certain placental cells also have 
Fc receptors . IgG binding by killer cel ls and macrophages is an important protec-
tive mechan i sm of the cel lular i m m u n e response leading to p h e n o m e n a such as 
ant ibody-dependent ce l l -mediated cytotoxici ty and phagocytos i s . 

In a comprehens ive review Bur ton (1985) has summar ized recent studies of 
FC7 receptors on cells of var ious types . In a series of tables he has listed the 
results of much research on: (1) b inding of h u m a n IgGs to h u m a n monocy te s , (2) 
binding of IgG to homologous and he tero logous mac rophages , (3) b inding of 
IgG to h u m a n P M N s , (4) b inding of IgG to lymphocy te Fc receptors , and (5) 
binding of IgG to placental Fc receptors . F rom this compar i son several gener-
alizations emerged : (1) Wi th respect to b inding of monomer i c I g G l by h u m a n 
cells , monocy tes bind I g G l very avid ly , t rophoblasts bind more weak ly , and 
lymphocytes , neut rophi ls , and platelets b ind even more weakly . (2) Mos t cell 
types bind aggregated IgG with m u c h greater affinity than monomer i c IgG. (3) 
Human cell types exhibi t a s imilar subclass specificity pattern in b inding affinity 
( I g G l , I gG3 > I g G 2 , I gG4) . F r o m the latter f inding, together with studies of 
hinge-deleted and aglycosyla ted pro te ins , Burton (1985) concludes : ' T h e r e is no 
good ev idence for the involvement of the C73 domain in IgG binding to any 
human cell t y p e . " H o w e v e r , he regards the data on the interaction of C72 and 
C73 domains with Fc receptors on cells of other species as contradictory and 
inconclusive. 

B. Fc Cell Receptors 
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2. IgG Binding Sites for FcR 

Bur ton ' s conclus ion (1985) that the C73 domain is not involved in b inding to 
FcR of human cells contrasts with earl ier suggest ions that the C73 doma in plays 
an important if not the dominan t role (Dorr ington and Painter , 1974; Cicc imarra 
et al, 1975; El lerson et al, 1976; Yasmeen et al., 1976; Dorr ing ton , 1979; 
Diamond et al., 1981 ; Phizacker ly et al., 1979). These workers pr imari ly s tudied 
the mediat ion or inhibit ion of b inding to F c R by proteolyt ic f ragments lacking 
the C73 doma in (Facb) or equivalent to the C73 doma in ( p F c ' ) . M o r e recent 
work has tended to assign a greater role to the C72 regions (Dorr ington and 
Klein , 1982, 1984; Hofstaet ter et al, 1984). H o w e v e r , the proximal part of the 
C73 domain has recently been repor ted to be the most probable site for b inding 
of the placental FcR (T0nder and Ma t r e , 1985). 

One of the p rob lems in identifying the binding sites for FcR is that such a 
variety of cell types have been studied with ei ther homologous or he tero logous 
IgG that it is difficult to general ize the resul ts . For e x a m p l e , S tanwor th (1984) 
concludes that monocy te b inding of h u m a n IgG involves a site within the C72 

domain , whereas a site within the C73 domain is responsible for he te ro logous 
macrophage b inding . T h u s , whi le it is c lear that the biological effector act ions of 
antibodies are media ted through the Fc reg ion , the molecular nature of the sites 
and of their interaction with FcRs is still obscure . 

3. The IgE Receptor and IgE-Binding Factors 

Mast cel ls , basophi l s , and certain rodent tumor cell l ines have a receptor that 
binds IgE with very high affinity but has little affinity for other Ig isotypes . This 
high affinity and the specific nature of the b iochemical response when t w o bound 
IgE antibodies are br idged by an al lergen have p rompted intensive effort to 
characterize the IgE receptor . Fur the rmore , the IgE receptor sys tem may serve as 
a general model for s tudy of other Fc cell receptors ( Ishizaka, 1985). 

Metzger (1983) has rev iewed the many studies that have been m a d e of the IgE 
receptor , most of them on a rat basophi l ic leukemia (RBL) cell l ine that ex-
presses an IgE receptor . Al though m u c h descript ive information has been ad-
duced , as yet only a schemat ic structural mode l can be d rawn . The IgE receptor 
is a he terodimer consis t ing of an α chain ( M r 5 0 , 0 0 0 ) , which is g lycosyla ted , and 
a β chain ( M r 3 0 , 0 0 0 to 3 5 , 0 0 0 ) , which is phosphoryla ted . T h e α chain by itself 
can bind IgE and thus has the receptor site and is a s sumed to be on the cell 
surface. The α chain b inds IgE mole for mole with high affinity and specificity 
and interacts with the β chain buried in the cell m e m b r a n e . The br idging of cell-
bound IgE ant ibodies by mult ivalent ant igen or by divalent ant i - IgE results in 
clustering of receptors , which tr iggers the release of media tors of anaphylaxis 
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such as h is tamine ( Ishizaka et al., 1981) . T h e br idging of the IgE receptors 
induces t r ansmembrane act ivat ion of adenyla te cyc lase , act ivation of c A M P -
dependent protein k inase , and secret ion of granules with all the sequelae of 
immedia te- type anaphylac t ic hypersensi t iv i ty . 

Study of proteolyt ic f ragments of a h u m a n m y e l o m a IgE protein has suggested 
that the site to which the receptor b inds is on the C e 3 or C e 4 domains or both 
(Dorr ington and Benn ich , 1978) . S imi lar f ragments have not been obta ined from 
rat IgE , but o ther approaches suggest that the receptor interacts with the rodent 
IgE well up into the Fc region (Metzger , 1982). In a novel approach G e h a et al. 

(1985) studied the inhibit ion of the P r a u s n i t z - K u s t n e r react ion in h u m a n skin by 
a human € chain fragment that had been synthesized by c loning in E. coli. T h e 
fragment from the C e 2 - 4 region (res idues 2 1 8 - 5 4 7 ) comple te ly b locked the 
passive sensi t izat ion by se rum conta in ing IgE ant ibody to r agweed . T h e inhibi-
tory activity was about 3 0 % that of intact IgE on a mola r bas is . 

Several IgE-binding factors ( IgE-BF) that regulate the IgE response have been 
character ized. These are p roduced by rodent Τ lymphocy tes and specifically bind 
to IgE. Ishizaka (1985) has rev iewed the deve lopments in the s tudy of these 
factors, one of which is cal led IgE-potent ia t ing factor and the other IgE-sup-
pressive factor. Mar tens et al. (1985) have c loned and sequenced these factors. 
D N A sequence analysis of an I g E - B F c D N A indicated the presence of a 556-
amino acid (62-kDa) protein coding region with t w o potential N-glycosyla t ion 
sites and four potent ial proteolyt ic c leavage si tes. It is suggested that the IgE-
potentiat ing and IgE-suppress ive factors share c o m m o n precursor polypept ides 
and may differ chiefly in their g lycosyla t ion and their post t ranslat ional p rocess -
ing. A different IgE-binding protein was identified by molecular c loning by Liu 
et al. (1985) . This I g E - B F has an M r of 3 1 , 0 0 0 but the coding sequence of the 
D N A was obta ined for only about the carboxyl- te rminal half of the prote in . T h e 
significance of this newly identified I g E - B F and its re la t ionship to IgE receptors 
have yet to be de te rmined . H o w e v e r , the studies jus t descr ibed are rapidly 
advancing knowledge of the m e c h a n i s m of the b inding of IgE Fc to receptors and 
to lymphokines and of the immunoregu la to ry role of this interact ion. T h e IgE 
system m a y well p rove to be the mode l for s tudy of the cytophil ic interaction and 
immunoregula t ion of I g G , I g M , and IgA. 

4. Future Prospects 

In s u m m a r y , a l though unders tanding of the structure and topography of anti-
body binding sites for ant igen is wel l advanced , little is k n o w n or can even be 
conjectured about the molecu la r nature of the b inding of FC7 to cell receptors 
though progress has been rapid for F e e . Despi te the advances in recombinant 
D N A technology , most work on Fc receptors is still at the descr ipt ive level . 
However , cell receptors for l ipoprote ins , t ransferrin, h o r m o n e s , e t c . , have re-
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cently been isolated, c loned , and sequenced so that they can be studied in 
purified form. Progress in this field is rapid and early success in the purification 
of Fc receptors can confidently be predic ted. W h e n this occurs , w e should learn 
whether different lymphoid cells have different receptors for IgG and h o w recep-
tors may differ for the several classes of immunog lobu l ins . 

T h e availabili ty of purified receptors of k n o w n structure will greatly facilitate 
study of their interaction with F c , and this will contr ibute to unders tanding the 
mechan i sm whereby cells are t r iggered to evoke a specific i m m u n e response . 
One possibil i ty is that receptors may have structures homologous to immu-
noglobul ins . Indeed , the receptor for transepithelial t ransport of IgA and I g M 
(poly-IgR) conta ins immunoglobul in- l ike domains (Mos tov et al, 1984) , and so 
does the T-cell receptor for ant igen (Sim et al., 1984; Patten et al., 1984; 
H a n n u m e / t f / . , 1984; A r d e n t al., 1985; Tunnacliffe et al., 1985; H o o d et al, 

1985; Rober t son , 1985). T h u s , these receptors and other cell surface recogni t ion 
molecules have been grouped in the immunoglobu l in supergene family and are 
discussed later in Sect ion VIII . 

C. Biologically Active Peptides Derived from Fc 

Although mos t of the a t tempts to identify the sites of Fc effector functions 
have involved fragmentat ion of IgG by var ious proteolyt ic e n z y m e s , increasing 
effort is being directed toward testing specific pept ides der ived from Fc or 
synthesized chemica l ly . A n assumpt ion implici t in this approach is that the 
biological activity being assayed is associated with specific amino acid se-
quences rather than being dependen t on three-dimensional structure and confor-
mat ion. An al ternative concept is that a l though pept ides may as sume many 
conformations in solut ion, a few of these may be effective because they are 
similar to the natural topography of the pept ide sequence in the intact ant ibody 
molecule . H o w e v e r , in that case the activity would be greatly a t tenuated, which 
is generally the case in studies of the biological activity of Fc pept ides . Cog -
nizant of this p rob lem Stanwor th (1984) has pointed out both the oppor tuni ty and 
the l imitations in the use of synthetic pept ides to probe the structural basis of Fc 
activities. 

A series of recent reports as well as a symposium (Najjar and Fridkin, 1983) have 
focused attention on several pept ides proteolyt ical ly der ived from the Fc region of 
human IgG that are reported to have biological activity and may have an i m m u n o -
regulatory ro le . T h e most widely studied are t w o tetrapeptides named tuftsin (after 
the institution of the discoverer) (Najjar and Fr idkin , 1983) and rigin (after the city 
Riga) (Vere tennikova et al, 1981). A larger 23-res idue pept ide from I g G l 
(designated p23) has also been the subject of a series of papers (Morgan et al, 

1982). In li terature avai lable only in abstract form, Russian workers have re-
ported on biological ly act ive fragments of immunoglobu l ins G , Μ , E , and A — 
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mainly pen tapep t ides—tha t they call immunopoie t ins because they are said to 
have an immunomodu la t i ng effect (Cipens et al., 1984). These are tantal izing 
reports because if widely val idated they will not only help e lucidate the mecha-
nism of biological effector functions but might also lead to useful therapeut ic 
agents in cases of immunodef ic iency . 

Tuftsin has the sequence Thr -Lys -Pro -Arg cor responding to res idues 2 8 9 - 2 9 2 
of the h u m a n 7 I cha in . Tuftsin can be obta ined by tryptic digest ion from the C H2 
domain of all four subclasses of h u m a n IgG. Surpr is ingly, a compute r search 
shows that this s imple te trapept ide could not have been obta ined by tryptic 
digestion of any other protein whose sequence was listed in the 1984 protein data 
base . Tuftsin is reported to be a natural act ivator of the macrophage by st imulat-
ing both its phagocyt ic and kinet ic activity; it is also said to enhance B-cell 
proliferation and to have ant i tumor act ivi ty. These activities have been the focus 
of a recent sympos ium (Najjar and Fr idkin , 1983). Rig in , also heralded as a 
phagocytos is-s t imulat ing te t rapept ide , is der ived proteolyt ical ly from the first 
four res idues of the C H3 domain of all four subclasses of h u m a n IgG (Vereten-
nikova et al., 1981). Its sequence is Gly -Gln-Pro-Arg cor responding to posi t ions 
3 4 0 - 3 4 3 in the 7 I chain . Ana logs of both tuftsin and rigin have been tested for a 
variety of immunogen ic activi t ies. Rigin is part of several o ther biological ly 
active pept ides der ived from h u m a n IgG; the relat ionship of these pept ides to the 
structure of Fc is d i ag rammed in F ig . 2 9 . 

A 24-res idue pept ide that includes the rigin sequence and has immunore -
gulatory activity has been isolated by C N B r c leavage of a p lasmin digest of I g G l 
by Morgan et al. (1982) (residues 3 3 5 - 3 5 8 in 7 I ) . Other papers descr ibe the 
immunoregula tory effects of the synthet ic pept ide p 2 3 represent ing res idues 335 
to 357 (Morgan et al., 1983; H o b b s et al., 1985) . T h e p 2 3 pept ide induces 
murine Β cells to secrete immunog lobu l ins . Mar t inez et al. (1983) synthesized 
an IgG decapept ide (residues 3 3 5 - 3 4 4 ) that begins jus t after the p lasmin c leav-
age and ends with r igin. The decapept ide s t imulates phagocytos is by poly-
morphonuclear leukocytes . T h u s , there is increasing evidence that at least some 
of the immunoregu la to ry activities ascr ibed to Fc are vested in pept ides that m a y 
be released from Fc p roduced by mac rophage c leavage of IgG . 

In the three-dimensional model of the structure of Fc the p23 pept ide of 
Morgan et al. (1982) begins at the p lasmin c leavage site be tween the C H2 and 
C H3 domains (Fig. 29) . Limi ted digest ion with trypsin c leaves h u m a n I g G l , 
after Lys -335 and also after Arg -344 ; this could release a hexapept ide ending 
with r igin, which itself begins the C H3 doma in . It has been suggested that 
antibody molecules immobi l ized on a cell surface by a t tachment to an Fc recep-
tor or l inked via Fab to a cel lular ant igen may undergo a conformat ional change 
that renders the connec t ing link be tween the C H2 and C H3 domains suscept ible to 
c leavage by one of the m a n y proteases present in p lasma and phagocyt ic cells 
(Putnam et al., 1985). O n c e the link is b roken , further proteolysis could release 
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Fig. 29. Model showing the β-barrel structure of the Fc fragment of human IgGl (Davies and 
Metzger, 1983) and the sites of biologically active peptides derived from Fc. The numbering in the 
sequence of the 7 I chain is: tuftsin, 289-292; C l q binding site, 316-340; biologically active peptide 
of Morgan etal. (1982), 335-358; phagocytosis-stimulating peptide, 335-344; rigin, 340 -343 . Note 
that the C l q binding site shown here is the one proposed by Burton et al. (1980) and Dwek et al. 

(1984) and differs from that shown earlier in Fig. 26 (from Putnam et al, 1985). 

biologically active pept ides such as p23 and r igin, which could exert their immu-
nost imulatory effects. F igure 27 in Sect ion VI I ,A illustrates a speculat ive mecha-
nism for this hypothes is us ing B-cell receptor and immunoregu la to ry I g D as an 
example . O n e conclus ion to be d rawn from the provocat ive studies descr ibed 
above is that more effort should be directed toward unders tanding the biological 
activities of the Fc region and of the fragments der ived from it. 

VIII. Structure and Evolution of the Immunoglobulin 
Supergene Family 

A Evolution of the Immunoglobulins 

M a n y previous articles and rev iews have discussed the evolut ion of the immu-
noglobulins and have displayed computer -genera ted phylogenet ic or genealogi -
cal trees that depict re la t ionships of light and heavy cha ins wi thin a species or of 
the same chain from species to species . No tewor thy references include Pu tnam 
(1977c) , Barker et al (1978) , Kindt and Capra (1984) , and Fudenberg et al 

Although var ious evolut ionary schemes may differ in detai l , there is general 
agreement on the chief pr inciples . These are: (1) All immunoglobul in genes 
descend from an ancestral gene encoding a pr imordial protein of about 110 

(1984) . 
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amino ac ids . This cor responds to the present -day exon , which encodes a single 
protein domain hav ing the structure of the immunoglobu l in fold. (2) T a n d e m 
internal gene dupl icat ion p roduced the pr imordia l light chain genes , and further 
duplicat ion and e longat ion resul ted in the pr imi t ive heavy chain genes . (3) T h e 
separation of V and C genes and deve lopmen t of the mechan i sm for rearrange-
ment of V genes and jo in ing of V and C genes occurred early in ver tebrate 
evolut ion, perhaps con tempora ry with or after the separat ion of light and heavy 
chain genes . (4) Because the pr incipal e lements for p roduc ing ant ibody diversi ty 
were establ ished well before m a m m a l i a n radia t ion, both κ and λ light chains and 
probably all five types of heavy chains are present in m a m m a l s ; howeve r , some 
isotypes m a y be hard to identify in lower species because of their d ivergence or 
low concent ra t ion . (5) T h e deve lopmen t of subclasses is a more recent phe-
nomenon because subclasses such as those of IgG and IgA are species-specif ic . 
(6) On an evolut ionary t ime scale , a l lotypes are a recent innovat ion; for e x a m p l e , 
the h u m a n G m and A m al lotypic markers are distr ibuted nonuniformly through-
out the wor ld popula t ion . 

T h e pr inciples of immunog lobu l in evolut ion were first recognized by visual 
compar ison of the h o m o l o g y of amino acid sequences and were later put on a 
firm basis by use of compu te r p r o g r a m s . This approach led to the construct ion of 
evolut ionary trees for immunog lobu l ins such as the one given in F ig . 3 0 , which 
shows a hypothet ical pa thway for the evolut ionary deve lopment of the genes for 
the C regions of the five heavy cha ins . Informat ion ga ined from cloning Ig genes 
has strongly suppor ted this hypothes is and has great ly ex tended unders tanding of 
the genet ic bas is . For e x a m p l e , the equiva lence of protein domains and exons 
was establ ished and the mechan i sm for genet ic control of the rea r rangement of 
the V regions and the jo in ing of V and C was d i scovered , as was the way in 
which the class switch of heavy chains is media ted . Discovery of the evolut ion-
ary dupl icat ion of a segment conta in ing 7 , a , and e genes in the c h r o m o s o m a l 
a r rangement of the h u m a n C H genes expla ins the exis tence of species-specif ic 
subclasses of IgG and IgA (Flanagan and Rabbi t t s , 1982) . 

S o m e aspects of immunog lobu l in evolut ion are still unclear . O n e of the mys te -
ries is the evolut ionary origin of the h inge region; this differs cons iderably in 
structure from class to class and even a m o n g the subclasses of IgG and IgA (Fig. 
9 , Sect ion I I , B ,3) , yet it is absent in I g M and IgE . T h e structure of each h inge 
region is un ique and appears unrela ted to the pro to type immunoglobu l in se-
quence . T h e h inge is a lso the mos t mu tab le region in Ig cha ins , as shown by the 
frequency of delet ions and dupl ica t ions . Fu r the rmore , the h u m a n 7 and δ h inges 
are encoded by dist inct genet ic e l ements ; in fact, the quadrupl ica ted 73 h inge is 
encoded by four s imilar but separate exons (Krawinkel and Rabbi t t s , 1982) and 
the δ h inge by two disparate and separate exons (Whi te et al., 1985) . A n 
except ion is the h inge region of the m o u s e α cha in , wh ich is encoded by the C H2 
domain (Tucker et al., 1981) . 
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- H I M j R - Q X C 

μ d - α y-t 

Formation Formation Formation 
of ό chain of Ύ chain of α chain 

hinge hinge hinge 

Fig. 30. Hypothetical pathways depicting the possible genetic events that might lead to the origin 
of the five Η chain genes. Exons coding for the immunoglobulin C (constant) domains are boxed, 
with the tailpiece separated from the last C domain by a broken line. The noncoding DNA segments 
are represented by a thin horizontal line. For simplicity, introns between the domain exons are 
deleted from the diagram. The hinge region for different heavy chains is assumed to have evolved 
independently from the second C domain by an unknown genetic mechanism. Unbranched arrows in 
the pathway represent events of internal duplication that lengthened the C gene; branched arrows 
represent events of discrete duplication that created new C genes (parentheses on the DNA segment 
cover the range of discrete duplication). The evolutionary tree depicted by the pathway is shown as an 
inset at the top (from Lin and Putnam, 1981). 

One possibil i ty is that the h inge gene may have arisen by truncat ion of a C H2 

exon in the ancestral g e n o m e . In a compute r search of the entire protein sequence 

data base the highest score for similarity to the first 30-res idue segment of the 

human hinge was given by a segment of the Cp2 region of the h u m a n and canine 

μ chains (Pu tnam et al., 1981). Al though the first and second segments of the 

human δ hinge have no apparent sequence similari ty, the two may have a com-

mon evolut ionary or igin , for both score very high when compared to the same 
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segment of the C μ 2 d o m a i n . O n the basis of these resul ts , Pu tnam et al. (1981) 
predicted that the h u m a n δ h inge was encoded by two separate exons and sug-
gested that the two δ h inge exons may have arisen by dupl icat ion and subsequent 
mutat ion of a c o m m o n ancestral exon der ived from the pr imordial gene for the 
C\x2 domain . T h e proximi ty of the μ and δ genes in the Η chain genomic 
ar rangement makes this hypothes is more p laus ib le . The predict ion of t w o δ hinge 
exons was conf i rmed when Whi t e et al. (1985) de te rmined the genomic structure 
of the h u m a n δ gene , and the exons accorded closely with the two predic ted. Still 
to be expla ined , however , is the origin of the tai lpieces of the heavy cha ins , Ts 
and T m , each of which is encoded by a dist inct exon . 

Since few references have been cited a b o v e , it is pert inent here to summar ize 
some of the information already presented that bears on the evolut ion of i m m u -
noglobul ins . F igure 4 in essence is a genealogical tree of the human Ig C reg ions , 
and Fig . 5 shows the d ivergence of the subclasses and al lotypes of h u m a n IgA. 
The internal homology of an immunog lobu l in molecule is il lustrated in F ig . 6 for 
I gD . The mechan i sm of the rea r rangement of Ig genes is depicted in F igs . 1 5 -
17, and Fig . 18 demons t ra tes the equiva lence of the structural domains of the 
proteins and the exons of the genes . T h e sequence homology of light chains and 
heavy chains is i l lustrated in several different ways in F igs . 1 9 - 2 2 . All these 
examples support the hypothes is i l lustrated for the C regions in F ig . 30 . 

Obvious ly , the evolut ion of the V g e n e s — t h o u g h dr iven by the same process 
of gene dup l i ca t ion—fo l lowed a somewha t different pa thway that resul ted in 100 
or more separate V genes and other genet ic e lements such as the J and D 
minigenes . T h e same process also occurred but to a more l imited degree for other 
members of the immunog lobu l in supergene family. 

B. Other Members of the Immunoglobulin 

Supergene Family 

1. ^-Microglobulin 

The term immunog lobu l in superfamily (or supergene family) has been coined 
because of increasing awareness that a variety of proteins involved in the im-
mune response that have a recogni t ion function also have domain structures that 
exhibit homology in amino acid sequence to immunog lobu l ins . T h e m e m b e r s of 
this superfamily include a n u m b e r of cell surface polypept ides such as class I and 
class II major his tocompat ibi l i ty ant igens ( M H C ) , lymphocy te ant igens such as 
Thy-1 and Ly t -2 , the poly-Ig receptor , and the recently identified T-cell receptor 
(Hood et al., 1985). Molecu la r graphics d isplays show that the sequences can be 
more or less a c c o m m o d a t e d to the three-dimensional structure of IgG C domains 
(Patten et al., 1984). Beale (1984) has compared many such sequences and has 
obtained ev idence for conserva t ion of structural features that correlate with the 
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Fig. 3 1 . Stereo comparison of the three-dimensional structure of the polypeptide chains of 
bovine β 2π ι and the C H3 domain of human IgG. The β 2η ι chain is shown as the heavy line with 
sequence numbers and C H3 as the light line without sequence numbers. From Becker and Reeke 
(1985). 

crystal lographic structure of IgG. H o w e v e r , P 2-microglobul in ( β 2π ι ) is the only 
example for which the three-dimensional structure has been solved and fitted to 
that of an IgG C doma in (Becker and R e e k e , 1985). 

The light chain of the major his tocompat ibi l i ty complex class I ant igen was 
first identified as a normal serum and urinary protein cal led β 2- π ι ί ΰ π ^ 1 ( ώ υ Η η . 
β 2π ι is excreted in increased amounts in the ur ine of pat ients with m y e l o m a and 
other forms of cancer and also by t ransplant pat ients dur ing a graft rejection crisis 
(Poulik, 1975). β 2π ι has a molecu la r weight of 11 ,800 , conta ins 99 amino ac ids , 
and its sequence is s t rongly h o m o l o g o u s to Ig C doma ins . T h e three-dimensional 
structure of β 2η ι de te rmined at 2 .9 A resolut ion strongly resembles Ig C doma ins 
in polypept ide folding and overal l spatial structure (Becker and Reeke , 1985). 
This is illustrated in F ig . 3 1 , which compares the polypept ide chain of bovine 
β 2π ι with the C H3 domain of h u m a n F c . T h e β 2π ι molecule is folded into the 
prototype β-barrel conformat ion m a d e up of t w o antiparallel pleated sheets , one 
containing three s trands and the o ther four. F igure 31 demonst ra tes that β 2π ι is 
indeed a m e m b e r of the immunoglobu l in superfamily. Fur the rmore , these results 
suggest that the M H C ant igens associate through domain interactions s imilar to 
those of immunoglobu l ins and that both M H C domains and Ig domains evolved 
from a c o m m o n ancestral gene . 

2. The Polyimmunoglobulin Receptor 
and Secretory Protein 

Unders tandable emphas i s on the light and heavy polypept ide chains tends to 
obscure the fact that t w o other polypept ide cha ins , the J chain and the secretory 



2/Immunoglobulins: Structure, Function, and Genes 125 

componen t (SC ) , may be associated with immunog lobu l in s . Nei ther has the 
characterist ic division into V and C reg ions , and nei ther is associated with the 
monomer ic classes I g G , I g D , and IgE . W h e r e a s the main function of the J chain 
is to initiate polymer iza t ion of IgM and IgA (Kosh land , 1985) , S C is the pro-
teolytically c leaved , extracel lular port ion of po ly- IgR, the receptor for t rans-
epithelial t ransport of IgA and I g M (Mos tov et al., 1984). T h u s , S C is der ived 
from a larger t r ansmembrane precursor on the surface of g landular epithelial 
cel ls . 

The original interest in S C dealt with its associat ion with d imer ic or po lymer ic 
IgA in the form of secretory IgA (SC-IgA) in which J chain links the IgA 
monomers covalent ly . In mucosa l fluids secretory IgA is the p redominan t form 
of IgA but not in se rum. S C m a y also be present in the free form. S C is 
synthesized in epithelial ce l ls , whereas IgA is m a d e in p lasma cells; hence , IgA 
mye loma proteins p roduced in large amoun t s in p l a smacy tomas lack S C . As a 
result , little was k n o w n about the structure of S C until the recent report of the 
comple te amino acid sequence of h u m a n S C (Eiffert et al., 1984). H o w e v e r , 
there was much interest in the secretory i m m u n e sys tem, which has been the 
subject of several sympos ia ( e . g . , see M c G h e e and Mes t ecky , 1983). T h e chief 
function attr ibuted to S C was protect ion of IgA from proteolyt ic degradat ion in 
the mucosal f luids, where secretory IgA functions as the first line of humora l 
immune defense . H o w e v e r , little is k n o w n about the possible influence of S C on 
the biological effector functions of IgA. S C also reacts reversibly with I g M and 
with its ( F c ) 5 (X f ragment and does so with high affinity (Goto and A k i , 1984). 

The focus changed once it was recognized that S C is not synthesized as a 
secreted prote in , but rather is der ived by proteolyt ic c leavage of the receptor for 
transepithelial t ransport (Brand tzaeg , 1981 ; Mos tov and Blobe l , 1983; K u h n and 
Kraehenbuhl , 1983; Kuhn et al., 1983; Mos tov et al., 1984). T h e c loning and 
sequencing of the c D N A for the rabbit po ly- IgR showed that this receptor con-
tains five extracel lular domains that are homologous to each other and to i m m u -
noglobul in V regions (Mos tov et al., 1984). T h e comple te poly- IgR precursor 
consists of 773 amino acids as fol lows: an 18-residue signal pep t ide , the extra-
cellular poly-Ig b inding port ion conta in ing 629 amino acids divided into five 
homologous d o m a i n s of 1 1 0 - 1 1 5 amino ac ids , and a sixth domain that is less 
related to the others and that includes the t r ansmembrane segment . T h e exact site 
of c leavage of rabbit po ly- IgR to yield S C is u n k n o w n , but it is p robably in the 
sixth ( t ransmembrane) d o m a i n . Converse ly , the structure of h u m a n S C is k n o w n 
but not that of h u m a n po ly- IgR. 

The extracel lular port ion of po ly- IgR conta ins five h o m o l o g o u s repeat ing units 
each composed of 1 0 0 - 1 1 5 amino ac ids , including a pair of cysteines that could 
form an in t radomain disulfide bond . T h e five domains exhibi t statistically signif-
icant sequence homology to each o ther and also to V regions of immunoglobu l in 
light and heavy chains (Mos tov et al., 1984). These mult iple i m m u -
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noglobulin-l ike domains also exhibi t sequence homology to the Thy-1 lympho-
cyte surface ant igen. H e n c e , the poly-Ig receptor has been classified as a m e m b e r 
of the immunoglobul in supergene family descr ibed in the next sect ion. Mos tov et 

al. (1984) propose that poly- IgR m a y be a pro to type for o ther immunoglobu l in 
receptors such as var ious leukocyte Fc receptors and the receptor for placental 
transport of IgG. 

The amino acid sequence and the disulfide bond ar rangement of h u m a n S C 
were de termined by the methods of protein chemis t ry by Eiffert et al. (1984) . 
Free SC is a single polypept ide chain conta ining 558 residues and seven G l c N 
ol igosaccharides ( M r 8 6 , 0 0 0 ) . As might be expec ted , human secretory c o m p o -
nent shows striking homology to rabbit poly-IgR (Fig. 32) and also exhibi ts 
internal homology indicat ive of the presence of five immunoglobul in- l ike do -
mains . Just as in immunog lobu l ins , the most highly conserved segments in both 
rabbit poly-IgR and h u m a n SC are the sequences f lanking the cyste ine res idues . 

Unlike the case for rabbit po ly - IgR, the disulfide bonding structure of h u m a n 
SC is k n o w n (Eiffert et al., 1984). Each repeat ing domain of h u m a n SC has an 
intradomain disulfide bond l inking approximate ly 6 5 - 7 0 res idues; each corre-
sponding domain of rabbit poly- IgR has a pair of cyste ines that could form a 
homologous disulfide bond (Fig. 32) . H u m a n S C has four addit ional in t radomain 
disulfide bonds , and three of these could be formed at homologous posi t ions in 
rabbit poly- IgR. Secretory componen t forms two disulfide bonds with some 
classes of IgA. T h e sites in h u m a n IgA are predicted to be Cys -299 a n d / o r 
Cys-301 in the C H2 domain (Knight et al., 1984). T h e fifth domain of S C is 
probably the site of covalent l inkage to IgA (Cunn ingham-Rund les and L a m m , 
1975; Eiffert et al., 1984). This suggests that in its receptor form poly-IgR m a y 
be covalent ly l inked to its l igand, IgA. The homologous domain structures of 
poly-IgR and IgA probably interact noncovalent ly to s trengthen the binding of 
the l igand by the receptor . 

The deve lopment of sequence data bases and of compute r p rograms for re-
trieving and compar ing sequences has greatly facilitated the search process for 
identifying unexpected structural re la t ionships . O n e example is the recent dis-
covery that α ,Β-g lycopro t e in , a h u m a n p lasma protein of unknown function, 
exhibits sequence similari ty to poly- IgR and SC (Ishioka et al., 1986). Like these 
receptor proteins α , Β also shows statistically significant homology to variable 
regions of immunog lobu l ins . T h u s , α , Β is yet another m e m b e r of the i m m u -
noglobulin supergene family though its biological role has still to be d iscovered . 

3. Cell Surface Recognition Molecules 

Like ant ibodies , the T-cell ant igen receptors , the his tocompatibi l i ty ant igens , 
and certain lymphocy te surface ant igens such as T 8 , Ly t -2 , and Thy-1 also 
function as recogni t ion molecu les . They act through structures that are h o m o l o -
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HUSC 5 5 8 r e s i d u e s 
S e c r e t o r y C o m p o n e n t - Human ( 1 - 5 5 8 ) 
QRRBG 5 2 9 r e s i d u e s 
P o l y - I g r e c e p t o r p r o t e i n - R a b b i t ( 3 0 - 5 5 8 ) 

HUSC 

QRRBG 

1 1 0 2 0 J 3 0 4 0 5 0 6 0 7 0 

KSPIFGPEEYNSYEGNSYSITCYYPPTSYNRHTRKYWCRQGARGGCITLISSEGYYSSKYAGRABLTNFP 

GPGEYNVLEGDSYSITCYYPTTSYTRHSRKFW^ 

7 1 8 0 9 0 J 1 0 0 1 1 0 1 2 0 1 3 0 | H O 

HUSC ENGTFYYNIAQLSQDDSGRYKCGLGINSRGLSFDYSLEVSQGPGLLNDTKVYTYDLGRTYTINCPFKTED 

QRRBG DKGEFYVTVDQLTQNDSGSYKCGYGYNGRGLDFGYNYLYSQKPE—PDDYYYKQYESYTVTITCPFTYAT 

1 4 1 1 5 0 1 6 0 1 7 0 1 8 0 1 9 0 2 0 0 | 2 1 0 

HUSC AQKRKSLYKQIGLYPYLVIDSSG—YYNpt tYTGRIRLDIQGTGQLLFSYYIDELRLSDAGQYLCQAGDDS 

QRRBG RQLKKSFYKVEDGELYLl iDSSSKEAKDPRYKGRITL^^ 

HUSC 

QRRBG 

2 1 1 2 2 0 2 3 0 2 4 0 1 2 5 0 2 6 0 2 7 0 2 8 0 

NSK-KNANLQVLKPQPELVYEDLRGSVTFHCALGPQYANVAKFLCRQSSGENCNYVVNTLGKRAPAFEGR 

TAEEQNYDLRLLTP—GLLYGNLGGSVTFECALDSEDANAVASL-RQVRGGN—YYIDSQGTIDPAFEGR 

2 8 1 2 9 0 3 0 0 3 1 0 3 2 0 3 3 0 3 4 0 3 5 0 

, , , , , , 
HUSC ILLNPQDKDGSFSYYITGLRKEDAGRYLCGAHSDGQLQEGSPIQAWQLFYNEESTIPRSPTYYKGYAGSS 

QRRBG iLFTKAE-NGHFSVVIAGLRKEDTGNYLCGVQSNGQSGD 

| 3 5 1 I 3 6 0 3 7 0 3 8 0 3 9 0 4 0 0 4 1 0 4 2 0 HUSC 

QRRBG 

VAVLCPYNRKESKSIKYWCLWEGAQDGRCPLLVDS-EGWYKAQYEGRLSLLEEPGNGTFTYILNQLTSRD 

YTIRCPYNPKRSDSHLQLYLWEGSQT-R-HLLYDSGEGLYQKDYTG^ 

4 2 1 I 4 3 0 4 4 0 4 5 0 4 6 0 1 4 7 0 4 8 0 4 9 0 

HUSC AGFYWCLTNGDTLWRTTYEIKIIEGEPNLKYPGliYTAYLGETLKYPCHFPCKFSSYEKYWCKwIiDTGCQA 

QRRBG EGFYWCVSDDDESLTTSVKLQiYDGEPSPTI-DKFTAYQGEPVEITCHFP^ 

4 9 1 5 0 0 5 1 0 5 2 0 δ3θ 5 4 0 5 5 0 5 6 0 
ι ι t ι I · ι > 1 

HUSC LPSQDEGPSKAFYNCDENSRLYSLTLNLYTRADEGWYWCGYKQGHFYGETAAYYYAYEERKAAGSRDYSL 

QRRBG LPTKLSSSGD-LVKCNNMLYL-TLKDSYSEDDEGMYWCGAICDGHEFEEY 

Fig. 32. Comparison of the amino acid sequence of human secretory component (HUSC) (Eiffert 
et al., 1984) with the amino acid sequence deduced from the cDNA sequence of the rabbit poly-Ig 
receptor (QRRBG) (Mostov et al., 1984). The human SC sequence (numbered residues) is compared 
with the corresponding segment of the extracellular domain portion of rabbit poly-IgR residues 3 0 -
558 (not numbered). Because the computer counts gaps, the numbering of the positions for SC is 
slightly off. The poly-IgR sequence shown corresponds approximately to the first five domains. The 
two sequences have been aligned by a computer program; identical residues are connected by dots. 
Intrachain disulfide bonds in human SC that are homologous to those in immunoglobulin domains are 
connected by heavy lines; other disulfide bonds are linked by light lines. Asterisks indicate the 
location of asparagine-linked glucosamine oligosaccharides in human SC. The carbohydrate structure 
of the GlcN oligosaccharides of HUSC has been determined (Mizoguchi et al., 1982). 
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Primordiol cell surface receptor 
Ό 

Fig. 3 3 . Evolution of the genes of the immunoglobulin supergene family. This genealogical tree 
was constructed on the assumption that evolutionary relatedness correlates with the degree of se-
quence similarity among the members. Other features such as the exon/intron structure and the ability 
of DNA to rearrange were taken into account in this subjective assessment of the relative divergence 
times of the gene families (reprinted with permission from Hood et al., 1985. Copyright © 1985 
Massachusetts Institute of Technology). 

gous to immunoglobul in domains (Hedrick et al., 1984; Patten et al., 1984; 
H a n n u m et al., 1984; Chien et al., 1984; S im et al., 1984; Tunnacliffe et al., 

1985). The homology units may resemble V domains or C d o m a i n s , or inter-
mediate s t ructures . Since these proteins are surface ant igens , each chain also will 
have a short C-terminal t r ansmembrane domain and a cy toplasmic domain . T h e 
precursor chain has a signal sequence of about 20 res idues . The i m m u -
noglobulin-l ike domain is extracel lular and consists of about 100 residues and has 
an actual or a putat ive intrachain disulfide br idge around which the sequences are 
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Fig. 34. Graphic matrix plot generated by the DOTMATRIX program of comparison of the 
amino acid sequence of the human C k region with the sequences of members of the immunoglobulin 
supergene family. The human (Hu) constant region sequence of the kappa light chain ( C k ) is 
compared with p2-microglobulin (β 2η ι ) , with the C regions of the α and β chains of the human class 
II histocompatibility antigens (HLA DR), and also with the human T-cell receptor β chain C region 
domain (TR $C) and the mouse (MS) non-a chain C domain. The N-terminus of C k is at the left of 
the abscissa, the N-terminus of the other proteins is at the top, and the scale is marked in segments of 
ten residues. Disulfide bonds that are known are indicated. Cysteine residues that appear homologous 
to those in C k are indicated by S; however, additional cysteine residues are present in some of the 
other chains. The HLA and DR protein sequences were deduced from nucleotide sequences and may 
contain signal sequences and transmembrane and cytoplasmic domains because they are cell surface 
antigens. Thus, homology to C k (indicated by diagonal lines) is evident only for the extracellular 
domains of the HLA and TR structures, and is greatest in regions of sequence at homologous cysteine 
residues that represent actual or putative intrachain disulfide bonds. References for the sequences are: 
C k (Putnam et at., 1966); β 2π ι (Suggs et al., 1981); TR βC (Yanagi etal., 1984); TR non-a C (Saito 
et al., 1984); HLA DRβ (Long et al., 1983); HLA DRot (Das et al., 1983). 
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Fig. 3 5 . Graphic matrix plot of the comparison of the V region sequence of a human κ light chain 
of subgroup II ( V K III) with the sequence of the human T-cell receptor β chain V region (Hu TR βν) 
(Yanagi et at., 1 9 8 4 ) , with the mouse T-cell receptor ηοη-α V region (Ms TR non-a V ) (Saito et al., 

1 9 8 4 ) , and with the Lyt-2 lymphocyte surface antigen of the mouse (Ms Lyt-2) (Nakauchi et al., 

1 9 8 5 ) . See Fig. 3 4 for the method of plotting and the significance of the diagonal lines. 

most conserved in all m e m b e r s of the immunoglobu l in supergene family. This is 
followed by a t r ansmembrane domain and a cy toplasmic domain . As shown in 
Fig. 33 from Hood et al. (1985) , the polypept ide chains may consist of one or 
more V- or C - l i k e d o m a i n s , and these domains interact laterally and longitudi-
nally, as in immunoglobu l ins . 

These newly recognized member s of the immunoglobul in supergene family 
exhibit homology to both light and heavy cha ins . F igure 34 illustrates the struc-
tural relat ionship of the human C K domain with 3 2-microglobul in , and with the 
C region domains of the polypept ide cha ins of the T-cell receptor and H L A class 
II his tocompatibi l i ty an t igens . Because these structures were all deduced by gene 
sequencing, they include the signal sequence and the t r ansmembrane and 
cytoplasmic doma ins , which are unrelated to C K . Howeve r , the extracel lular C 
domains of these cell surface molecules exhibi t a str iking sequence similarity to 
C K . In some cases the homology is as great as that of β 2π ι to C K . 

The variable domains of immunoglobu l ins and T-cell ant igen receptors are 
also similar in structure (Patten et al., 1984; Arden et al., 1985). Figure 35 
shows a D O T M A T R I X compar i son of a human κ V region domain with the V 
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region domains of the T-cell receptor and a lymphocy te surface ant igen (Lyt -2) . 
By reference to a previous figure compar ing the C region domains of h u m a n 
immunoglobu l ins (Fig . 2 3 , Sect ion I V , B , 4 ) , it is evident that some domains of 
the cell surface ant igens and receptors are as homologous to immunoglobu l in 
domains as the latter are to each other . 

O n the basis of the sequence similari ty i l lustrated in F igs . 34 and 35 a genea-
logical tree has been const ructed for m e m b e r s of the immunologica l supergene 
family by Hood et al. (1985) . This tree (Fig. 33) suggests a poss ible pa thway for 
evolution of this set of recogni t ion molecules from an ancestral gene coding for a 
primordial cell surface receptor . O the r factors support ing this pa thway include 
the exon/ in t ron a r rangement of the genes and the similarity in the mechan i sm of 
rear rangement of their D N A (Hedr ick et al, 1984; Pat ten et al, 1984). T h e 
genetic e lements of these proteins encode functional and structural domains that 
have the proper ty of self-associat ion, which facilitates molecula r assembly . 
Other recogni t ion molecules that be long to this family will p robably soon be 
d iscovered, and they likely will include receptors for Fc . 
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I. Introduction 

At the t ime of our previous review (Scanu et al., 1975) a main focus of the 
research on p lasma l ipoproteins was on the descript ion of the amino acid se-
quence of their apol ipoproteins and on the structural information that could be 
derived from that knowledge . T h e relat ive abundance of α-hel ical amphiphi l ic 
repeats occurr ing in many of these apol ipoproteins was recognized and also the 
general re levance of these repeats in p ro t e in - l i p id interact ions. T h e main con-
cept emerg ing from those s tudies was that apol ipoprote ins are important de te rmi-
nants of the supramolecular organizat ion of p l a sma l ipoproteins by influencing 
their assembly and remodel ing and , in some ins tances , their target ing to specific 
membrane receptors . Impor tant new information is now being gathered from the 
application of the techniques of molecula r b io logy , which have permit ted studies 
of the gene structure and of the post t ranscript ional and post translat ional events 
at tending the process of maturat ion of each major p lasma apol ipoprote in . T h e 
purpose of this review is to descr ibe these advances and discuss them in the 
context of newly d iscovered genet ic variants present ei ther in normal phenotypes 
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or in dys l ipoprote inemic states associated with a high incidence of cardiovascular 
disease . Our discuss ion will examine apoA- I , apoA-I I , a p o A - I V , a p o B , apoC-I , 
apoC-II , apoC-I I I , and a p o E , apol ipoprote ins for most of which significant infor-
mation on their s tructure and function is avai lable (Table I) . Recent rev iews on 
the subject have appeared (Scanu et al., 1982, 1984; Gal ton etal., 1983; Mah ley 
etal., 1984; Gordon et al., 1985a; Bre s low. 1985, 1986; Weisgraber , 1985). 

II. ApoA-I 

A General Properties, Biosynthesis, and Processing 

ApoA- I (Scanu et al., 1982, 1984; Gordon et al., 1986; Bres low, 1985 , 
1986), the mos t abundant apol ipoprote in of h u m a n p lasma high-densi ty l ipopro-
teins ( H D L ) is represented in its m o n o m e r i c form by a single polypept ide chain 
243 residues long which has been shown to self-associate in aqueous buffers , 
interact with amphiphi l ic surfaces , and act ivate leci thin-cholesterol acyl t rans-
ferase ( L C A T ; phosphat idylchol ine-s terol acyl t ransferase) , an e n z y m e which is 
responsible for the genera t ion in the p l a sma of cholesteryl ester from unesterif ied 
cholesterol and leci thin. T h e l iver and intest ine are the two main sites of syn-
thesis of this apol ipoprote in; in both cases , the pr imary translat ion product is 24 
amino acids longer than the mature apoA-I owing to the a t tachment to the N H 2-
terminus of an 18-residue segment (p resegment or signal pept ide) and a 6-
res idue- long propept ide . Based on in vitro and in vivo s tudies , the p resegment is 
c leaved intracellularly by a signal pep t idase , whereas the p rosegment undergoes 
c leavage at a G i n - A s p bond extracel lular ly . T h e protease responsible for this 
change is meta l -dependent , inhibi ted by E D T A and o-phenanthro l ine , has an 
affinity for chy lomic rons , V L D L , and H D L , and is dissociated from the surface 
of these l ipoproteins by high salts (Edels tein et al., 1983). T h e source and 
molecular proper t ies of this e n z y m e have not yet been establ ished. Its part ic ipa-
tion in p roapoA-I to apoA-I convers ion suggests that it may play a role in the 
process of H D L assembly and matura t ion . 

S. Properties of the cDNA Clone 

T h e examina t ion of the c D N A c lones (Fig . 1) has conf i rmed that apoA-I is 
synthesized as a p repropept ide wi th an m R N A 893 b p long (Shoulders and 
Baral le , 1982; C h e u n g and C h a n , 1983; L a w and Brewer , 1984; Kara thanas is et 

al, 1983a; Sharpe et al., 1984) . This includes a 5 ' untranslated region of 35 b p , 
an 801-bp coding reg ion , a terminat ion codon , T G A , and a 3 ' untranslated 
region of 54 b p fol lowed by a po ly (A) tail . T h e c D N A sequence specified an 
amino acid sequence of mature apoA-I of 243 amino acids similar to the protein 
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27 34 
CCT CCC AGC CCA GAC CCT BGC TGC AGA CAT AAA TAG GCC CTG CAA GAG CTG GCT 

Θ1 
GCT TAG AGA CTG CGA GAA GGA GGT CCC 

10Θ 
CCA CGG CCC TTC AGG ATG AAA GCT GCG 

MET L ys Α Ι· A la 

1 35 1 62 
GTG CTG ACC TTG GCC GTG CTC TTC CTG ACG GGG AGC CAG GCT CGG CAT TTC TGG 
V «l L eu T hr L eu A la V al L eu Phe L eu T hr G ly S er G in A la A rg H is Phe T rp 

-eo -to 

1Θ9 2 16 
CAG CAA GAT GAA CCC CCC CAG AGC CCC TGG GAT CGA GTG AAG GAC CTG GCC ACT 
G in G in Asp G lu P ro P ro G in S er Pro T rp Asp A rg V al L ys Asp L eu A la T hr 

2 43 2 70 
GTG TAC GTG GAT GTG CTC AAA GAC AGC GGC AGA GAC TAT GTG TCC CAG TTT GAA 
V al T yr V al Asp V al L eu L ys Asp Smr G ly A rg Asp T yr V al S er G in Phe G lu 

20 30 · 

2 97 3 24 
GGC TCC GCC TTG GGA AAA CAG CTA AAC CTA AAG CTC CTT GAC AAC TGG GAC AGC 
G ly Smr A la L eu G ly L ys G in L eu Asn L eu L ys L eu L eu Asp Asn T rp Asp S er 

40 SO 

3 31 3 7β 
GTG ACC TCC ACC TTC AGC AAG CTG CGC GAA CAG CTC GGC CCT GTG ACC CAG GAG 
V al T hr S er T hr Phe S er L ys L eu A rg G lu G in L eu G ly P ro V al T hr G in G lu 

60 70 

4 03 4 32 
TTC TGG GAT AAC CTG GAA AAG GAG ACA GAG GGC CTG AGG CAG GAG ATG AGC AAG 
P he T rp Asp Asn L eu G lu L ys G lu Thr G lu G ly L eu A rg G in G lu MET S er L ys 

80 

4 59 4Θ6 
GAT CTG GAG GAG GTG AAG GCC AAG GTG CAG CCC TAC CTG GAC GAC TTC CAG AAG 
Asp L eu G lu G lu V al L ys A la L ys V al G in P ro T yr L eu Asp Asp P he G in L ys 

90 100 

3 13 3 40 
AAG TGG CAG GAG GAG ATG GAG CTC TAC CGC CAG AAG GTG GAG CCG CTG CGC GCA 
L ys T rp G in G lu G lu MET G lu L eu T yr A rg G in L ys V al G lu P ro L eu A rg A la 

110 120 

3 67 5 94 
GAG CTC CAA GAG GGC GCG CGC CAG AAG CTG CAC GAG CTG CAA GAG AAG CTG AGC 
G lu L eu G in G lu G ly A la A rg G in L ys L eu H is G lu L eu G in G lu L ys L eu S er 

130 140 

6 21 6 48 
CCA CTG GGC GAG GAG ATG CGC GAC CGC GCG CGC GCC CAT GTG GAC GCG CTG CGC 
P ro L eu G ly G lu G lu MET A rg Asp A rg A la A rg A la H is V al Asp A la L eu A rg 

• * 150 160 

6 75 7 02 
ACG CAT CTG GCC CCC TAC AGC GAC GAG CTG CGC CAG CGC TTG GCC GCG CGC CTT 
T hr H is L eu A la P ro T yr S er Asp G lu L eu A rg G in A rg L eu A la A la A rg L eu 

170 

7 29 
GAG GCT CTC AAG GAG AAC GGC GGC GCC 
G lu A la L eu L ys G lu Asn G ly G ly A la 

180 

7 56 
AGA CTG GCC GAG TAC CAC GCC AAG GCC 
A rg L eu A la G lu T yr H is A la L ys A la 

190 

787-
ACC GAG CAT CTG AGC ACG CTC AGC GAG 
Thr G lu H is L eu S er Thr L eu Ser G lu 

200 

8 10 
AAG GCC AAG CCC GCG CTC GAG GAC CTC 
L ys A la L ys P ro A la L eu G lu Asp L eu 

210 

8 37 8 64 
CGC CAA GGC CTG CTG CCC GTG CTG GAG AGC TTC AAG GTC AGC TTC CTG AGC GCT 
A rg G in G ly L eu L eu F ro V al L eu G lu S er Phe L ys V al Ser Phe L eu S er A la 

220 230 

8 91 9 18 
CTC GAG GAG TAC ACT AAG AAG CTC AAC ACC CAG TGA GGC GCC CGC CGC CGC CCC 
L eu G lu G lu Tyr Thr L ys L ys L eu Asn Thr G in END 

240 

Fig. 1. Nucleotide sequence of human apoA-I, cDNA. The derived amino acid sequence is also 
reported (Karathanasis et al., 1983a, 1986). An asterisk indicates the difference between nucleotide 
and amino acid sequences (see text). 

145 



146 Angelo Μ. Scanu 

sequence previously repor ted by Brewer et al. (1978) except that Glu and not Gin 
is the amino acid in posi t ion 34 . T h e examina t ion of the c D N A clone has also 
confirmed the notion der ived from amino acid sequence data that be tween resi-
dues 99 to 2 3 0 , there are six 22 α-hel ical amphiphi l ic t andem repea ts , five of 
which begin with pro l ine , an α-hel ix breaker . Ol igopept ides obta ined by c h e m -
ical synthesis to mimic the 22 -amino acid repeats of apoA-I have been found to 
exhibit solubili ty and LCAT-ac t iva t ion propert ies similar to apoA-I (Scanu et 

al., 1982). M o r e recent ly , the studies by N a k a g a w a et al. (1985) have provided 
evidence that the fundamental functional unit of apoA-I is a 44 -amino acid 
structure prepared by l inking two identical 22-res idue segments through a prol ine 
res idue. 

C. ApoA-I Gene 

The apoA-I gene (Karathanasis et al., 1983a; Shoulders et al., 1983; Sharpe et 

al., 1984) has been reported to be 1863 bp in length and to contain three introns 
and four exons . Of the three in t rons , I V S - 1 , 197 bp long , is located in the 5 ' 
untranslated region be tween bases 20 and 21 ups t ream of the Me t initiator codon . 
IVS-2 , 186 bp long , interrupts the codon specifying amino acid 10 in the preseg-
ment of apoA-I . I V S - 3 , 588 b p long , interrupts the codon specifying amino acid 
43 of mature apoA-I . Of the four e x o n s , exon 2 conta ins most of the prepept ide 
segment , exon 3 the propept ide and the N H 2- t e r m i n a l sequence of mature apoA-
I, and exon 4 , 200 amino acids in the C O O H - t e r m i n a l port ion of apoA-I and 6 6 -
bp repeats . The analysis of several apoA-I c D N A clones has also m a d e it poss i -
ble to identify the t ranscript ion initiation site and , ups t ream of it, the potential 
p romoter region, 7 bp long , and rich in A T , the " T A T A b o x . " By somat ic cell 
hybridizat ion (Bruns et al., 1984; L a w et al., 1984; C h e u n g et al., 1984) , the 
apoA-I gene has been found to occupy a single locus in the long a rm of c h r o m o -
some 11 in the proximi ty of the apoC-IH and apoA-IV genes . 

D. Protein Polymorphism 

By the systematic appl icat ion of the technique of isoelectric focusing and by 
partial sequence ana lyses , seven apoA-I genet ic variants have been identified and 
characterized (Menzel et al., 1983; Mah ley et al., 1984; Bres low, 1985 , 1986) 
by a difference in a s ingle + or - charge unit (normal isoprotein, pi 5 .64) . T h e 
names of these variants are those of the city of d iscovery (see Tab le II) . N o true 
pathological states have been associated with these variants except for a sl ight 
decrease in the p lasma H D L levels in some of t hem (see also Sect ion X I I A ) . T h e 
subjects with these variants are he terozygotes hav ing one normal structural allele 
and a second abnormal one with one charge shift. These allelic variants have 
been observed in only one out of 1000 subjects examined ; howeve r , this frequen-
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TABLE II 

Human ApoA-I Variants 

Variant 

Charge relative 
to normal 

apoA-I Mutation site Abnormality" 

Milano - 1 A r g 1 7 3- » C y s Low HDL 
Munster-2(A) (Marburg) - 1 Lys1 0 7—^deletion Low HDL, decreased 
Munster-2(B) - 1 A l a , 5 8- > G l u LCAT activation 
Munster-3(A) + 1 A s p 1 0 3- » A s n Ν 
Munster-3(B) + 1 P r o 4- * Arg Ν 
Munster-3(C) + 1 Pro 3-*His Ν 
Munster-3(D) + 1 Asp 2 I 3-M31y Ν 
Giesssen + 1 P r o 1 4 3- ^ Arg Ν 
Munster-4 + 2 G l u I 9 8̂L y s Ν 
Norway + 2 G l u 1 3̂ L y s Ν 

αΝ , none. 

cy may increase when a larger-scale popula t ion is systematical ly screened utiliz-
ing both nucleot ide and a m i n o acid sequence techniques . It should be noted that 
isoelectric focusing a lone will not detect muta t ions involving substi tut ions of 
neutral amino ac ids . 

III. ApoA-II 

A. General Properties, Biosynthesis, and Processing 

ApoA-I I (Scanu et al., 1982; M a h l e y etal., 1984; Bres low, 1985, 1986) is the 
second major protein const i tuent of h u m a n H D L : it consis ts of two 8700-Da 
proteins covalent ly l inked by a single disulfide bond be tween the cyste ine res idue 
at posi t ion 6. T h e presence in small quant i t ies of s ingle-chain m o n o m e r s has 
been reported; howeve r , it is uncer ta in whe the r they are of natural occur rence or 
are artifactual. Synthes is of apoA-I I has been reported to take p lace in the l iver 
and the intestine in the form of a p recursor prote in . In vitro t ranslat ion studies 
have shown that the apoA-I I m R N A encodes a 100-amino acid- long protein 
compris ing an 18-amino acid p repep t ide , a 5 -amino acid p ropept ide , and a 77 -
amino acid polypept ide represent ing the mature protein (Gordon et al., 1983). 
The c leavage of the prepept ide is a cotranslat ional event ; in turn the propept ide is 
c leaved post t ranslat ional ly . Accord ing to the results obta ined in the h u m a n 
hepa toma cell l ine H e p G 2 , this c leavage occurs after secret ion and not intra-
cellularly as it has been repor ted to occur in p rosegments te rminat ing with two 
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posit ively charged arginine res idues . Recent studies by Gordon et al. (1985) 
have shown that the e n z y m e involved in the p roapoA-I I to apoA-I I convers ion is 
a thiol pro tease . This conclus ion has been based on the fol lowing observat ions : 
(1) activity of the e n z y m e b locked by ant ipain , leupept in , and Ala -Lys -Arg-
chloromethyl ke tone , all thiol protease inhibi tors; (2) affinity label ing of a 52-
kDa protease by 1 2 5I - i o d o t y r o s y l a t e d Ala -Lys-Arg-ch loromethy l ke tone , an af-
finity p robe for ca thepsin B , a thiol pro tease ; (3) immunoprec ip i ta t ion of the 
affinity-probe-labeled 5 4 - k D a extracel lular protease by a monospeci f ic anti-
serum raised against h u m a n liver ca thepsin B ; and (4) inhibit ion of the extra-
cellular convers ion of p roapoA-I I to apoA-I I by a cathepsin ant ibody. Based on 
these findings and molecula r weight es t imates on S D S ge l s , Gordon et al. (1985) 
have proposed that the e n z y m e responsible for the extracel lular convers ion of 
proapoA-II to apoA-II is a procathepsin B-l ike protease secreted from the cell as 
an uncleaved p r o e n z y m e . It is of interest that the part icipat ion of a procathepsin 
Β enzyme in proprote in process ing has been recently suggested by Docher ty et 

al. (1982) for the intracellular convers ion of proinsul in to insulin. 

S. Properties of the cDNA Clone 

The isolation of the c D N A clone has been repor ted by Sharpe et al. (1984) , 
Moore etal. (1984) , and Knot t etal. (1984a) . In the 5 ' untranslated sequence , 22 
bp have been identified (Fig . 2) but not the t ranscript ion initiation site. T h e rest 
of the D N A sequence , 300 b p long , specifies a region coding for 100 amino 
acids , a terminat ion c o d o n , T G A , and a 3 ' untranslated region of 112 bp . In 
agreement with the results of the pr imary translat ion s tudies , the translated 100-
amino acid region has been found to compr i se an 18-amino acid p resegment 
c leaved cotranslat ional ly by mic rosomal m e m b r a n e s , a 5 ' amino acid N H 2-
terminal p rosegment (Ala -Leu-Val -Arg-Arg) c leaved post t ranslat ional ly , and a 
polypept ide , 77 amino acids long , represent ing the mature prote in . The amino 
acid sequence of mature apoA-I I which has been der ived from the c D N A studies 
is similar to that obta ined by protein sequencing (Brewer et al., 1972) except for 
residue 3 5 , where the D N A sequence predicts Glu instead of G in . 

C. ApoA-II Gene 

The gene for h u m a n ApoA- I I has been isolated from a h u m a n genomic D N A 
library (Lackner et al., 1985a) and located in c h r o m o s o m e 1 (Moore et al., 1984; 
Lackner et al., 1984). T h e c loned fragment was approximate ly 14 kb long and 
extended about 9 .0 kb ups t ream as well as 3 .5 kb downs t r eam from the apoA-I I 
gene , which was conta ined within a 3 .1-kb Hindlll f ragment of h u m a n D N A . 
F rom the comple te nucleic acid sequence it was establ ished that the apoA-I I gene 
contains four exons interrupted by three introns of 182, 2 9 3 , and 395 b p . T h e 
first exon is located be tween nucleot ides 34 and 35 of the 5 ' untranslated reg ion , 
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2 7 54 
ATA CCC GAG GAC AGA GAT GTT GGT TAG GCC GCC CTC CCC ACT GTT ACC AAC ATG 

MET 

8 1 108 
AAG CTG CTC GCA GCA ACT GTG CTA CTC CTC ACC ATC T6C AGC CTT GAA GGA GCT 
L y s Leu L e u A l a A l * Thr Val Leu Leu Leu Thr l i e Cys S e r Leu G l u G l y A l a 

-20 -10 

α 
13S I 162 

TTG GTT CGG AGA CAG GCA AAG GAG CCA TGT GTG GAG AGC CTG GTT TCT CAG TAC 
Leu Val Arg Arg Gin A l a Lys G l u P r o Cys Val G lu S e r Leu Val S e r Gin Tyr 

- 1 +1 10 

1 8 ? 2 1 6 
TTC CAG ACC GTG ACT GAC TAT GGC AAG GAC CTG ATG GAG AAG GTC AAG AGC CCA 
P h e G in Thr Val Thr Asp Tyr G l y L y s Asp Leu MET G l u L y s Val L y s S e r P r o 

20 30 

2 4 3 2 7 0 
GAG CTT CAG GCC GAG GCC AAG TCT TAC TTT GAA AAG TCA AAG GAG CAG CTG ACA 
Glu Leu Gin A l a Glu A l a Lys S e r Ty r P h e G lu L y s S e r L y s G lu Gin Leu Thr 

* 40 50 

2 9 7 3 2 4 
CCC CTG ATC AAG AAG GCT GGA ACG GAA CTG GTT AAC TTC TTG AGC TAT TTC GTG 
P r o Leu l i e L y s L y s A l a Gly Thr G l u Leu Val Asn P h e Leu S e r Tyr P h e Val 

60 

β 
3 3 1 * 3 7 8 

GAA CTT GGA ACA CAG CCT GCC ACC CAG TGA AGT GTC CAG CAC CAT TGT CTT CCA 
G l u Leu G l y Thr G in P r o A l a Thr G i n END 

70 

4 0 5 4 3 2 
ACC CCA GCT GGC CTC TAG AAC ACC CAC TGG CCA GTC CTA GAG CTC CTG TCC CTA 

4 5 9 
CCC ACT CTT TGC TAC AAT AAA TGC TGA ATG AAT CC 

Fig. 2 . Nucleotide sequence of apoA-II, cDNA. The derived amino acid sequence is also 
reported (Knott et al., 1984a; Karathanasis et al., 1986). An asterisk indicates the difference between 
nucleotide and amino acid sequences (see text). 

the second is located be tween the first and second nucleot ide represent ing the 
codon for amino acid -6 of the prepept ide segment (separat ing it from the rest of 
the apoA-II protein sequence ) , and the third one is located be tween the second 
and third base of the codon specifying a m i n o acid 39 of the mature apol ipopro-
teins. F rom the studies of Lackner et al. (1985a) , it has emerged that the s truc-
ture of the apoA-I I gene is qui te s imilar to that of apoA-I . Both apoA-I and 
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apoA-II have a short first exon of about 30 bp in the 5 ' untranslated region of the 
m R N A . In ei ther case , the second exon codes for most of the signal pept ide . T h e 
third exon contains the propept ide segment as well as the first 38 and 4 2 amino 
acids of apoA-II and apoA- I , respect ively . T h e fourth exon contains the re-
mainder of the m R N A . T h e similari ty in genet ic structure be tween apoA-I and 
apoA-II has been taken to suggest that the t w o genes have der ived from a 
c o m m o n ancestral gene (see Sect ion XI for detai ls) . Because of the difference in 
ch romosomal localizat ion ( ch romosome 1 for apoA-II and 11 for apoA- I ) , a 
genetic l inkage be tween these t w o major apol ipoprote ins is not expec ted . 

D. Protein Polymorphism 

At this t ime genet ic variants of apoA-II have not been repor ted . H o w e v e r , 
polymorphic forms have been detected in h u m a n p lasma and thoracic duct l ymph 
(Lackner et al., 1985b) . T h e major isoform identified had a pi of 4 . 9 , and 
proapoA-II had a pi of 6 . 7 9 . T h e other minor isoforms repor ted by Lackner et al. 

had pi values of 5 . 17 , 4 . 6 8 , 4 . 4 2 , and 4 . 2 0 , respect ively , all occurr ing at very 
small concent ra t ions . Several of these isoforms exhibi ted an apparent molecula r 
weight h igher than the major isoform. Since these high molecular forms were no 
longer present after neuramin idase t rea tment , they were cons idered to represent 
sialylated species; no significant differences in amino acid composi t ion a m o n g 
them have been repor ted . 

IV. ApoA-IV 

A General Properties, Biosynthesis, and Processing 

ApoA- IV ( M a h l e y e / a / . , 1984; Bres low, 1985 , 1986) , a 4 6 , 0 0 0 - D a prote in , is 
a relatively minor componen t of h u m a n p lasma . Contrary to the rat , in which this 
apolipoprotein was first d iscovered (Swaney et al., 1974) and is most ly carr ied in 
the chylomicrons and H D L fract ions, in h u m a n p lasma it is to a large extent 
unassociated with p l a sma l ipoproteins (Beisiegel and U te rmann , 1979; F idge , 
1980). Whe the r this lack of associat ion represents an ultracentrifugal artifact or 
is related to the intrinsic structural propert ies of this protein is not clearly es tab-
lished. It has been proposed that the capaci ty of apoA-IV to self-associate in 
aqueous solution m a y partially prevent its affiliation with the l ipoprotein surface 
(Weinberg and Spector , 1985). Both the l iver and the intestine have been shown 
to produce apoA- IV . In the intest ine fat feeding doubles the synthesis of this 
apolipoprotein (Gordon et al., 1982); this observat ion has led to the suggest ion 
that apoA-IV plays a role in synthesis a n d / o r secret ion of t r iglyceride-r ich 
l ipoproteins. Recent in vitro s tudies have shown that a p o A - I V can act ivate 
L C A T (Ste inmetz and U te rmann , 1985). Moreove r , in the rat it has been s h o w n 
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that the L C A T react ion m a y affect the p l a sma distr ibut ion of this protein; thus , 
the associat ion of apoA- IV with H D L m a y be related to the cholesteryl ester 
content of this part icle (DeLamat r e et al., 1983) . These p roposed relat ionships 
be tween L C A T act ivi ty, a p o A - I V , and H D L structure deserve further explora-
t ion. T h e R N A from h u m a n intestinal m u c o s a has been isolated and translated in 
wheat ge rm lysates and the p r imary translat ion product found to contain a pre-
pept ide 20 amino acids long but not a p ropep t ide . Similar f indings have been 
reported in the rat . A 5 5 % h o m o l o g y has been found be tween the h u m a n and rat 
prepept ide . 

S. Properties of the cDNA Clone 

A full-length apoA- IV c lone of 1423 b p has been isolated from a rat intestinal 
c D N A library (Bogusk i et al., 1984) . F r o m sequence analysis (Fig . 3) it has been 
shown that the 1173-nucleot ide cod ing region specifies a protein of 391 amino 
acids , which includes a 20 -amino acid signal pep t ide . T h e port ion of the c D N A 
sequence represent ing the ma tu re p l a sma protein conta ins a 66-nucleot ide se-
quence that is repeated at least 13 t imes . N ine of these thirteen 22-amino acid 
repeat units of the der ived protein sequences have been found to represent a -
helices accord ing to the C h o u - F a s m a n rule and to be interrupted b y prol ine 
res idues . W h e n hydrat ion potent ia ls of individual res idues were taken into ac-
count , the α-hel ices were found to be amphiph i l i c . 

C. ApoA-IV Gene 

Start ing from ol igonucleot ides as p r imer s , the sequence of 2687 b p of the rat 
apoA-IV gene and flanking regions has been de te rmined by Boguski et al. 

(1986) . T h e apoA- IV gene consis ts of three exons of 126, 142, and 1157 bp and 
two introns 277 and 673 b p long . T h e resul ts of these s tudies have uncovered 
some discrepancies be tween the sequence of the apoA-IV c D N A and that der ived 
from the apoA- IV gene . T w o of these d iscrepancies relate to base subst i tut ions in 
exon D . M o r e o v e r , the codon beg inn ing at nucleot ide 2027 (residue 253) in the 
p reapoA-IV region specifies a g lu tamine instead of his t idine. Accord ing to 
Boguski et al. (1986) , this subst i tut ion m a y represent a t rue variant rather than a 
c loning artifact. T h e transcript ion initiation site is at e i ther nucleot ide 229 or 230 
and the putat ive p romote r sequences C A A C and T T T A A A are 81 and 31 nu-
cleotides ups t ream from this si te . Bogusk i etal. (1985) also m a d e the interest ing 
observat ion that rat apoA- IV gene lacks the first intron descr ibed in the 5 ' 
nontranslated regions of the m R N A of the genes of h u m a n apoA- I , apoC-I I I , and 
apoE. In the rat apoA- IV gene the 5 ' nontransla ted reg ion , which also conta ins 
16 out of the 20 codons compr i s ing the signal pept ide d o m a i n , is located within 
the first exon , whose length is approximate ly equal to the s u m of the first and 
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second exons of the h u m a n apoA- I , apoC-I I I , and a p o E genes . T h u s , the first 
exon of the rat apoA- IV gene m a y have or iginated from the fusion of the first and 
second exons of o ther apol ipoprote in genes . Accord ing to this interpretat ion the 
first intron of the rat apoA- IV gene wou ld cor respond to the second intron of the 
human apoA- I , apoC-I I I , and a p o E g e n e s . T h e second exon of the rat apoA- IV 
gene conta ins codons which specify the last three amino acids of the signal 
peptide and the first 39 -amino acid segmen t of the mature apol ipoprote in . Th i s is 
the segment where the first of the 13 amphiphi l ic 22-res idue repeats charac -
teristic of the mature a p o A - I V sequence is present . T h e third exon of the apoA-
IV gene conta ins codons for the remain ing 332 amino acids and the 3 ' nont rans-
lated region 158 nucleot ides long . 

Boguski et al. (1986) have used Southern blot analyses and the rat genomic 
apoA-IV c lone as a p robe to survey the genomic D N A of apoA- IV of several 
animal species . T h e rat apoA- IV gene hybr id ized only weakly to h u m a n D N A , 
suggest ing dissimilari t ies be tween these t w o genes . This observat ion has been 
corroborated by Elshourbagy et al. ( 1986 ) , w h o have repor ted the nucleot ide and 
amino acid sequence of h u m a n apoA- IV (Fig . 4 ) . A compar i son of the sequences 
of human and rat a p o A - I V revealed a 7 9 % identity in the remainder of the 
sequences with the h u m a n protein conta in ing 5 extra res idues near the carboxyl 
terminus (Fig. 5 ) . 

D. Protein Polymorphism 

Several genet ic variants of apoA- IV have been descr ibed in the l i terature. In 
studies by Ute rmann et al. (1982) and by M e n z e l et al. (1982a) conduc ted in a 
normal G e r m a n popula t ion , the f requency of the major isoprotein hav ing a pi of 
5 .50 was 8 5 . 6 % . Of the r emainder of the subjects , 1 3 . 8 % exhibi ted this i sopro-
tein as well as another differing in one bas ic charge unit . T h e addi t ional 0 . 6 % of 
the subjects s tudied exhibi ted the m o r e bas ic isoprotein . Genet ic analyses of this 
populat ion indicated that the frequency of the major allele specifying the acidic 
isoform of apoA- IV was 9 2 . 5 % , whereas the frequency of the minor allele 
specifying the m o r e basic isoform was 7 . 5 % . Taken together , the studies were 
considered to be compat ib le with a mode l consis t ing of a single genet ic locus and 
two alleles (Menze l et al., 1982b) . 

V. ApoB 

A. General Properties, Biosynthesis, and Processing 

A p o B (Scanu et al., 1975 , 1982; K a n e , 1983) represents the main protein 
componen t of the low-densi ty l ipoproteins ( L D L ) ; it is a lso an important consti t-
uent of chy lomicrons and V L D L . Bes ides its l ipid-carrier proper ty apoB is 
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Fig. 5 . Alignment of the amino acid sequences of human and rat apoA-IV. Data from Elshour-

bagy etal. (1986). 

Fig. 4. Nucleotide and amino acid sequence of human apoA-IV. The sequence begins with the 

first amino acid of the mature plasma protein. The translation termination codon is indicated by 

asterisks (Elshourbagy et al., (1986). 
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EVSADQVATVMW human 

EVTSDQVANVMW r a t 

13 4 0 

DYFSQLSNNAKEAVEHLQKSELTQQLM ALFQDKLCEVNTYAGDLQKKLV human 

DYFTQLSNNAKEAVEQLQKTDVTQQLN TLFQDKLGNINTYADDLQNKLV r a t 

6 2 8 4 

PFATELHERLAKDSEKLKEEIG KELEELRARLL human 

PFAVQLSGHLTKETERVREEIQ KELEDLRANMM r a t 

9 5 1 1 7 

PHANEVSQKICDNLRELQQRLE ΡYADQLRTQVNTQAEQLRRQLT human 

PHANKVSQMFGDNVQKLQEHLR PYATDLQAQINAQTQDMKRQLT r a t 

139 1 6 1 

PYAQRMERVLRENADSLQASLR PI IADELKAKIDQNVEELKGRLT human 

PYIQRMQTTIQDNVENLQSSMV PFANELKEKFNQNMEGLKGQLT r a t 

1 8 3 2 0 5 

PYADEFKVKIDQTVEELRRSLA PYAQDTQEKLNHQLEGLTFQMK human 

PRANELKATIDQNLEDLRSRLA PLAEGVQEKLNHQMEGLAFQMK r a t 

2 2 7 2 4 9 

KNAEELKARISASAEELRQRLA PLAEDVRGNLRGNTEGLQ human 

KNAEELHTKVSTNIDQLQKNLA PLVEDVQSKLKCNTEGLQ r a t 

2 6 7 2 8 9 

KSLAELGGHLDQQVEEFRRRVE PYGENFNKALVQQMEQLRTKLG human 

KSLEDLNKQLDQQVEVFRRAVE PLCDKFNMALVQQMEKFRQQLG r a t 

311 
PHAGDVEGHLSFLEKDLRDKVN human 

SDSCDVESHLSFLEKNLREKVS r a t 

SFFSTFKEKESQDKTLSLPELEQQQEQHQEQQQEQVQMLAPLES human 

SFMSTLQKKGSPDQPLALPLPEQVQEQVQEQVQPK PLES r a t 
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involved in the secret ion into the p la sma of newly synthesized tr iglyceride-rich 
particles and also as a specific l igand for the high-affinity m e m b r a n e receptor 
responsible for the uptake and degradat ion of L D L . T h e knowledge of the phys -
icochemical propert ies of this protein is still l imited largely due to its poor 
solubility in aqueous media . Th i s insolubil i ty has been variably at tr ibuted to 
either intrinsic propert ies of the apoprote in , self-associat ion, or oxidat ive even t s . 
A p o B is a g lycoprote in conta ining 8 - 1 0 % carbohydra te by weight (ga lac tose , 
mannose , g lucosamine , and neuraminic ac id) . T w o forms of this g lycoprote in 
have been descr ibed, apoB-100 with molecular weight be tween 4 0 0 , 0 0 0 and 
5 0 0 , 0 0 0 and apoB-48 with molecula r weight of about 2 5 0 , 0 0 0 (Kane , 1983) . 
The relat ionship be tween these two apol ipoprote ins is not clearly es tabl ished 
al though they are immunologica l ly related and one may represent half of the 
other. In spite of many efforts, s tandard protein sequencing methods have failed 
to produce substant ive information on the pr imary amino acid sequence of a p o B . 
Recent ly , however , partial sequence information has been obta ined for this ap -
olipoprotein by LeBoeuf et al. (1984) . Staphylococcus aureus protease was 
employed to p roduce large pept ides which were then isolated in a relat ively pure 
form by preparat ive gel e lec t rophores is . T w o of these pept ides had the fol lowing 
sequences: -Ala -Leu-Val -Gly- I l e -Asn-Gly-Glu-Ala -Asn-Leu-Asp-Phe-Leu-Asn-
I le -Pro-Leu-Arg-I le -Pro-Pro-Met-Arg- and -Leu-Val -Ala-Lys-Pro-Ser -Val -Ser -
Val -Glu-Phe-Val -Thr -Asn-Met -Gly- I le - I le -Pro-Lys-Phe-Ala-Arg- . These t w o 
sequences , which had no obvious homolog ies with those reported for o ther 
p lasma apol ipoprote ins , were used to construct o l igonucleot ide probes and these 
in turn were utilized toward the e lucidat ion of the structure of c D N A clones (see 
be low) . Sequence analyses were also carr ied out by Knot t et al. (1985) on 
fragment T 2 of the four obta ined by digest ing h u m a n apoB with th rombin . T h e 
N H 2- t e r m i n u s yielded a single sequence : Ala-Val -Ser -Met -Pro-Ser -Phe-Ser - I le -
Leu-Gly-Ser -Asp-Val -X-Val -Pro-Ser -Tyr -Thr -Leu- I le -Leu-Pro-Ser -Leu-Glu-
Leu-Pro . Since res idue X could not be unequivocal ly identified, the o l igonucleo-
tide probe synthesized for use in screening the c D N A libraries was based on only 
the first 14 amino acid res idues (see be low) . 

In terms of b iosynthes is , Bel l -Quint et al. (1981) have reported that both 
apoB-100 and apoB-48 are p roduced by cul tured rat hepatocytes a l though only 
apoB-48 was identified in the m e d i u m . Evidence for the product ion of both apoB 
species in the liver has also been reported by W u and Windmue l l e r (1979) , 
Sparks et al. (1981) , and others (see K a n e , 1983). In addi t ion, ev idence is 
emerging that the t w o apol ipoprote ins may be under different regulat ion. Several 
studies have also shown that apoB is synthesized and secreted by the cells of the 
intestinal mucosa and that apoB-48 is the preferred species . H o w e v e r , W u and 
Windmuel le r (1979) , s tudying the mesenter ic lymph of lymph-diver ted ra ts , 
have shown that 5 % of the apoB is of the 100 type , suggest ing that a l imited 
synthesis of this hepat ic species of apoB can also occur in the intest ine. T h e 
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interpretation of these findings is m a d e difficult by our current l imited under-
standing of the structural re la t ionship be tween apoB-100 and a p o B - 4 8 . 

Wetts ten et al. (1985) have used p u l s e - c h a s e exper iments to study the syn-
thesis of apoB in a h u m a n hepa toma cell l ine , H e p G 3. A 2-min pulse with 
[ 3 5S ] m e t h i o n i n e was fol lowed by a 5- to 90-min chase per iod dur ing which t ime 
a protein with a molecula r mass of 312 ± 41 k D a was immunoprec ip i ta ted from 
the cells by ei ther a monoc lona l or a polyclonal ant ibody raised against h u m a n 
apoB-100 . The synthes ized species appeared in the m e d i u m after 3 0 - 3 5 min of 
chase and had a complemen t of lipid compat ib le with that of an L D L part ic le . 
The results of these studies were taken to suggest that apoB is synthesized as a 
large polypept ide and rapidly secreted fol lowing synthesis at least by the t rans-
formed cells used in those exper imen t s . In previous studies us ing an in vitro 

translation sys tem the same laboratory repor ted that an 80-kDa protein was 
precipitated by a monoc lona l ant ibody against apoB (Bos t rom et al., 1984); 
based on the more recent p u l s e - c h a s e s tudies , it is apparent that only a partial 
translation of the apoB m R N A was achieved. 

B. Properties of the cDNA Clone 

Lusis et al. (1985) have repor ted the c loning of the apoB c D N A from rat l iver. 
Fifteen putat ive c lones were identified by ant ibody screening of a rat l iver c D N A 
library in the kgt 11 express ion vector . All of these c lones proved to be identical 
to each other by immunolog ica l s tudies and to contain sequences found only in 
the h igh-molecular -weight form of rat liver a p o B . Blot t ing studies showed that 
the clones hybr id ize to a single 20-kb l iver m R N A species sufficiently large to 
encode the entire apoB protein es t imated to be 4 0 0 k D a in s ize . T h e apoB m R N A 
was abundant in l iver, present in the rat intest ine, and absent in the other t issues 
examined , i . e . , sp leen , k idney , hear t , and brain . O n e c lone , cor responding to a 
240-base segment of the apoB m R N A , exhibi ted homology with a short region of 
rat apoE m R N A . T h e secondary structure of this protein segment was not rich in 
the amphiphi l ic α-hel ical s t ructures noted in m a n y of the apol ipoproteins de-
scribed thus far. T h e studies by Lusis et al. (1985) have also shown that apoB 
c D N A clones from h u m a n H e p G 2 cells identified by screening express ion librar-
ies with polyclonal ant ibodies to intact apoB hybr idize to an m R N A which is 
identical in size with that observed in the rat product . These s tudies , indicat ing 
that the c D N A clone from ei ther rat or h u m a n liver codes for a h igh-molecular -
weight pept ide cor responding to the size of a p o B , have received support from the 
work of Deeb et al. (1985) . H u m a n liver c D N A library was screened for se-
quences coding for apoB using as a hybridizat ion p robe a mixture of synthet ic 
ol igonucleot ides 26 bases long coding for one of the apoB pept ides sequenced by 
LeBoeuf et al. (1984) . D e e b et al. (1985) identified a c lone with a c D N A insert 
of 593 bp conta ining sequences coding for the 24-res idue pept ide that had been 
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isolated from products of the l imited proteolysis of a p o B . T h e entire nucleot ide 
sequence of the c D N A insert was found to consist of an open reading frame 
coding for 197 amino ac ids . T h e amino acid sequence der ived from bases 5 to 29 
was found by compute r search to have no significant similari ty to any of the other 
p lasma apol ipoproteins repor ted thus far. A n internal homology was noted be -
tween the pept ide segment coded by bases 9 to 35 (Phe-Pro-Asp-Ser -Val -Asn-
Lys-Ala-Leu) and that coded by bases 54 to 80 (Val -Pro-Asp-Gly-Val -Ser -Lys-
Val -Leu) . Nei ther of the t w o had amphiphi l ic α-hel ix proper t ies . In addit ional 
s tudies , apoB-rela ted R N A s were found in a h u m a n hepa toma cell l ine (HepG2) 
and in baboon liver but not in p lacenta , s imian virus 40- t ransformed f ibroblasts , 
or a lymphoblas to id cell l ine. The length of the mature apoB in R N A was 
est imated to be 18 k b , enough to code for a protein with a molecula r weight of 
approximately 5 0 0 , 0 0 0 . 

Knott et al. (1985) have reported the pr imary structure of the carboxyl - te rmi-
nal 3 0 % (1455 amino acids) of h u m a n apoB as deduced from the nucleot ide se-
quence of the complementary D N A representing the 3 ' end of apoB-100 amino acids 
of the C O O H - t e r m i n u s (Fig. 6 ) . F r o m C h o u - F a s m a n analysis this region was 
found to be highly ordered with approximate ly 3 0 % α-hel ical and 2 5 % β-struc-
ture . Hydrophobic plots also predicted a balance of hydroph i l i c /hydrophobic 
regions characteris t ic of integral nonexchangeab le proteins and thus distinct from 
the other apol ipoprote ins . The potential domains for a p o B , E receptor and 
heparin binding were identified as well as the sites for C H O l inkage. 

C. ApoB Gene 

At the t ime of this wri t ing no information on the apoB gene is avai lable in 
either human or o ther animal species . In humans it has been located in c h r o m o -
some 2 by Knot t et al. (1985) . 

D. Protein Polymorphism 

The modes t information on the pr imary structure of apoB has not m a d e it 
possible to explore whe ther a protein po lymorph i sm is associated with ei ther 
normol ip idemic or dys l ipoprote inemic states . Mos t of the information thus far is 
based on immunologica l s tudies except for the Lp(a) variant for which impor tant 
new information is avai lable (see Sect ion VI) and the A g sys tem descr ibed by 
All ison and B lumberg (1961) in subjects undergo ing mult iple t ransfusions. 
Based on binding affinities, S c h u m a k e r et al. (1984) have identified three phe-
notypes of apoB having s t rong, in termedia te , and weak b inding for monospeci f ic 
antibodies for a p o B . These findings were taken to suggest that these three phe-
notypes have a single genet ic locus and two alleles specifying strong and weak 
binding forms of a p o B . Accord ing to this interpretat ion, s trong and weak b inding 
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would represent homozygos i ty for each allele whereas the in termediate pat tern 
would represent he terozygos i ty . T h e s e observa t ions , a l though attr ibuted to dif-
ferences in amino acid sequences , require addi t ional s tudies . Genet ic variants of 
apoB at tended by pathological states will be d iscussed in Sect ion XI I . 

VI. Lp(a) 

A. General Properties 

Lipoprotein(a) (Berg , 1983; Fless and Scanu , 1986) is a variant of L D L in 
which apoB is l inked by disulfide br idge(s) to an apoprote in , n a m e d apo(a) . 
Unlike the other l ipoprote ins , whose nomenc la tu re is usual ly der ived from their 
buoyant dens i ty , Lp(a) was n a m e d by the immunogenet ic i s t Berg (1963) to 
designate a factor or ant igen detected in the p la sma of some individuals us ing 
antisera from rabbits hype r immun ized with L D L of different h u m a n subjects . 
Subsequent studies showed that this ant igen is associated with a l ipoprotein 
having p r e - β e lect rophoret ic mobi l i ty on agarose gels and a hydra ted densi ty 
ranging be tween 1.05 and 1 .12gm/ml . 

By classical ultracentrifugal p rocedures Lp(a) is difficult to separate from L D L 
because of the small differences in size and densi ty . Moreove r , a small fraction 
of L D L is i sopycnic with Lp(a) and therefore when densi ty gradient ultra-
centrifugation is used , the t w o part icles band in the same posi t ion. T w o methods 
have been deve loped to isolate Lp(a) free of L D L (Fless et al., 1984). O n e m a k e s 
use of hepar in Sepharose ch romatography and takes advantage of the differential 
affinity of Lp(a) and L D L for hepar in ; the other is chromatofocus ing , by which 
the part icles are separated accord ing to charge or isoelectric point . Purified Lp(a) 
from different individuals has been found to range in densi ty be tween d 1.047 to 
1.100 g m / m l . Moreove r , the same h u m a n subject can have more than one Lp(a) 
species differing in densi ty and somet imes also in e lect rophoret ic behavior . Fless 
et al. (1984) found that the dense Lp(a) has a molecu la r weight larger than the 
low-densi ty form due to the h igher apo(a) m a s s . W h e n Lp(a) is analyzed by S D S 
gel e lectrophoresis in the presence of 2 -mercap toe thanol , apo(a) dissociates from 
a p o B . Under these condi t ions , the apo(a) of the lower-densi ty Lp(a) is smal ler 
and the apo(a) of the h igher-densi ty Lp(a) is larger than a p o B - 1 0 0 . S o m e indi-
viduals appear to have a third k ind of Lp(a) with an in termedia te densi ty; on 
reduction it yields apo(a) and a p o B - 1 0 0 , both exhibi t ing equal mobil i ty but 
differing from each o ther by immunolog ica l cri teria. W h e n the overal l propert ies 
of Lp(a) and L D L are c o m p a r e d , the molecu la r weight and densi ty of the Lp(a) 
species are general ly larger than those of L D L . Since the mola r content of the 
lipid classes is a lmost the s a m e in both l ipoproteins it fol lows that the difference 
must relate to the protein moie ty . F r o m structural analyses Fless et al. (1984) 
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have arrived at the conclus ion that the surface of Lp(a) is occupied by a p o B , 
whereas apo(a) , though covalent ly l inked to a p o B , would be loosely associated 
with the l ipoprotein part icles and instead project into the aqueous env i ronment . 
The facts that apo(a) is heavi ly g lycoslyated ( 2 7 . 9 % carbohydrate) and that Lp(a) 
is relatively more v iscous than L D L would support this interpretat ion. This 
structural concept has been exploi ted in devis ing a me thod for isolating apo(a) 
from Lp(a ) . Ultracentr ifugation of Lp(a) in the presence of a reducing agent such 
as dithiothreitol results in the sedimenta t ion of an essential ly lipid-free apo(a) 
whi le the Lp(a-) r emnan t is recovered in the floating fraction (Fless et al., 1985) . 
The apo(a) , so isolated, has an apparent molecula r weight of 2 8 0 , 0 0 0 , is dist inct 
in amino acid compos i t ion from a p o B , and has 7 1 % random structure and a high 
carbohydrate content , 2 8 % by weight (Fless et al., 1986). Moreove r , contrary to 
a p o B , the apo(a) molecu le enjoys solubili ty in water . 

Current ly nothing is k n o w n of the m o d e of b iosynthesis and process ing of 
Lp(a) and on the site of complexa t ion of apoB with apo(a) . Pre l iminary ev idence 
indicates that the intest ine is able to p roduce apo(a) (G . F less , unpubl i shed 
observat ions) . It is unclear , however , whether it is secreted in a lipid-free o r in a 
l ipid-bound form. 

S. cDNA Clone and Apo(a) Gene 

N o information on this issue is avai lable in the l i terature. At the t ime of this 
wri t ing, c lones for apo(a) are be ing searched in H e p G 2 cell l ibraries us ing 
monospecif ic ant ibodies raised against pure apo(a) . 

C. Physiological Considerations 

Relatively little is k n o w n about the physiological role of Lp(a ) . Since the lipid 
content of Lp(a) is so much like that of L D L , it is tempt ing to speculate that the 
function of these t w o l ipoproteins is ana logous , and it is mainly involved in 
cholesterol t ransport . H o w e v e r , apo(a) may target Lp(a) for entry into spe-
cialized t issues via specific b inding sites on the p la sma m e m b r a n e . In this con-
text, there is some controversy whe the r Lp(a) b inds to the a p o B , E receptor or to 
a totally distinct one (Fless and Scanu , 1986). T h e fractional catabolic rate of 
Lp(a) is about 3 0 % lower than that of L D L (Krempler et al., 1983) . H o w m u c h 
of this is contr ibuted by synthesis and ca tabol ism of this part icle has not been 
establ ished. N o n e of the observat ions reported thus far expla ins why Lp(a) 
retains relatively s teady p lasma levels even after severe dietary manipula t ions 
and the action of pharmacologica l agents such as es t rogens , clofibrate, and 
choles tyramine . T h e only except ion is the anabol ic steroid s tanazolol , which has 
been shown to dramat ical ly decrease the levels of p l a sma Lp(a) (Albers et al., 

1984). Overa l l , these studies appear to suggest that the metabol ic control of 
Lp(a) is different from that of L D L and V L D L . 
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VII. ApoC-l 

A General Properties, Biosynthesis, and Processing 

ApoC- I is a m e m b e r of the C-pept ides w h i c h , in p l a sma , are associated wi th 
the tr iglyceride-rich part icles and the H D L class . For a rev iew on the general 
propert ies of these pep t ides , the reader is referred to Scanu et al. (1982) and 
Mahley et al. (1984) . A p o C - I has been shown to activate L C A T in vitro (Soutar 
et al., 1975); howeve r , whe ther this act ivat ion also takes p lace in vivo o r p lays a 
physiological role in l ipoprotein me tabo l i sm has not been establ ished. A p o C - I 
has been shown to be synthes ized b y bo th the l iver and intest ine as a preprote in 
(see be low) but the factors regula t ing synthesis and secret ion remain undeter-
mined . 

27 5 4 
CC CGC AGC TCA GCC ACG GCA CAG ATC AGC ACC ACG ACC CCT CCC TCG GGC CTC 

81 108 
GCC ATG AGG CTC TTC CTG TCG CTC CCG GTC CTG GTG GTG GTT CTG TCG ATC GTC 

MET Arg Leu P h e Leu S e r Leu P r o Val Leu Val Val Val Leu S e r l i e Val 
-20 -10 

135 162 
TTG GAA GGC CCA GCC CCA GCC CAG GGG ACC CCA GAC GTC TCC AGT GCC TTG GAT 
Leu G l u G l y F r o A l a P r o A l a G in G l y Thr P r o Asp Val S e r S e r A l a Leu Asp 

- I +1 

189 2 1 6 
AAG CTG AAG GAG TTT GGA AAC ACA CTG GAG GAC AAG GCT CGG GAA CTC ATC AGC 
L y s Leu L y s G lu P h e G ly Asn Thr Leu G l u Asp L y s A l a Arg "Glu Leu l i e S e r 
10 20 

2 4 3 2 7 0 
CGC ATC AAA CAG AGT GAA CTT TCT GCC AAG ATG CGG GAG TGG TTT TCA GAG ACA 
Arg l i e L y s Gin S e r G lu Leu S e r A l a L y s MET Arg G l u T r p P h e S e r G l u Thr 

30 40 

2 9 7 3 2 4 
TTT CAG AAA GTG AAG GAG AAA CTC AAG ATT GAC TCA TGA GGA CCT GAA GGG TGA 
P h e Gin L y s Val L y s G lu L y s Leu L y s H e Asp S e r END 

50 

351 3 7 8 
CAT CCA GGA GGG GCC TCT GAA ATT TCC CAC ACC CCA GCG CCT GTG CTG AGG ACT 

4 0 5 4 3 2 
CCC GCC ATG TGG CCC CAG GTG CCA CCA ATA AAA ATC CTA CCG 

Fjg. 7. Nucleotide sequence of human apoC-I, cDNA. The derived amino acid sequence is also 
reported. Data from Knott et al. (1984b). 
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S. Properties of the cDNA Clone 

Knot t et al. (1984b) have repor ted the isolation of c D N A clones (Fig . 7) 
encoding h u m a n apoC-I from an adult l iver c D N A library. By Nor thern blot t ing 
using an apoC-I D N A p robe , the apoC-I m R N A was found to be represented by 
two species of about 5 8 0 and 560 bases . T h e apoC-I m R N A was also shown to 
contain nucleot ides each 6 3 and 4 0 b p long in the 5 ' untranslated reg ion , a 
terminat ion codon , T G A , and a 3 ' untranslated region of 111 bp . F r o m the 
c D N A sequence , the newly synthesized apol ipoprotein was inferred to consis t of 
a polypept ide 83 amino acids long , 26 of them represent ing the N H 2- t e r m i n a l 
signal o r prepept ide and the remainder the mature protein . This DNA-de r ived 
sequence is identical to that obta ined by amino acid sequence analyses . In the 
liver c D N A library s tudied the abundance of the apoC-I c D N A clone was found 
to be about half that of the c lones cor responding to apoA- I , apoA-I I , and a p o E . 
However , the levels of the apoC-I m R N A were severalfold h igher than those of 
the m R N A of apoA-I I and apoE . Th i s observat ion was attr ibuted to the potential 
loss of c D N A dur ing the preparat ion of the l ibrary. 

C. ApoC-I Gene 

N o information is avai lable on the gene structure of apoC-I except for its 
location in c h r o m o s o m e 19 approximate ly 4 kb from the a p o E gene (Tata et al., 

1985). N o genet ic po lymorph i sm has been repor ted . 

VIII. ApoC-ll 

A. General Properties, Biosynthesis, and Processing 

ApoC-I I (Scanu et al., 1982; Mah ley et al., 1984) is associated with tr iglycer-
ide-rich part icles and H D L . This apol ipoprote in has long been recognized as the 
specific act ivator of the e n z y m e l ipoprotein l ipase , which p romotes the hydro-
lysis of the tr iglyceride chy lomicrons and V L D L . A phosphol ipase A-I activity 
has also been descr ibed but its physiological re levance has not been clearly 
establ ished. Sequence studies have shown that apoC-II is a single polypept ide 
chain, 78 amino acids long with no carbohydra tes . Both liver and intestine are 
able to synthesize this apol ipoprotein as a preapol ipoprote in (see be low) . 

B. Properties of the cDNA Clone 

The studies of the c D N A sequence (Fig. 8) reported thus far (Sharpe et al., 

1984; Jackson et al., 1984; Myklebos t et al., 1984) have shown that apoC-I I has 
a 5 ' untranslated reg ion , yet unidentif ied, and a 450-bp translated sequence . By 
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27 54 
6AC ACT ATB GGC ACA CGA CTC CTC CCA GCT CTG TTT CTT GTC CTC CTG GTA TT6 

MET Gly Thr Arg Leu Leu P r o A l a Leu F h e Leu Val Leu Leu Val Leu 
-20 -10 

81 108 
GGA TTT GAG GTC CAG GGG ACC CAA CAG CCC CAG CAA GAT GAG ATG CCT AGC CCG 
G l y P h e Glu Val Gin Gly Thr Gin Gin P r o Gin Gin Asp Glu MET P r o S e r P r o 

-1 4-1 10 

135 162 
ACC TTC CTC ACC CAG GTG AA6 GAA TCT CTC TCC AGΤ ΤAC TGG GAG TCA GCA AAG 
Thr P h e Leu Thr Gin Val L y s Glu S e r Leu S e r S e r Ty r T r p G lu S e r A l a Lye 

20 30 

189 2 1 6 
ACA GCC GCC CAG AAC CTG TAC GAG AAG ACA TAC CTG CCC GCT GTA GAT GAG AAA 
Thr A l a A l a Gin Asn Leu Tyr G lu L y s Thr Tyr Leu P r o A l a Val Asp G l u L y s 

40 

2 4 3 2 7 0 
CTC AGG GAC TT6 TAC AGC AAA AGC ACA GCA GCC ATG AGC ACT TAC ACA GGC ATT 
Leu Arg Asp Leu Tyr S e r L y s S e r Thr A l a A l a MET S e r Thr Tyr Thr G l y l i e 

50 60 

2 9 7 3 2 4 
TTT ACT GAC CAA GTT CTT TCT GTG CTG AAG GGA GAG GAG TAA CAG CCA GAC CCC 
P h e Thr Asp Gin Val Leu S e r Val Leu L y s G ly Glu G l u END 

70 

3 5 1 3 7 8 
CCA TCA GTG GAC AAG GGG AGA GTC CCC TAC TCC CCT GAT CCC CCA GGT TCA GAC 

α β 
\ \ 4 0 5 4 3 2 

TGA GCT CCC CCT TCC CAG TAG CTC TT6 CAT CCT CCT CCC AAC TCT AGC CTG AAT 

4 5 9 
TCT TTT CAA TAA AAA ATA CAA TTC 

Fig. 8. Nucleotide sequence of human apoC-II, cDNA. The derived amino acid sequence is also 
reported. Data from Sharpe et al. (1984), Fojo et al. (1984), and Jackson et al. (1984). α and β 
indicate insertions of C at both positions (Myklebost et al., 1984). 

Nor thern blot analyses of l iver and intest ine R N A , the apoC-I I m R N A has been 
found to be 5 0 0 bp long; thus it wou ld appear that the 5 ' untranslated region is 
about 50 bp in length. T h e c D N A sequence also indicates that there is a region 
303 b p long coding for 101 a m i n o ac ids , a terminat ion codon , T A A , and a 3 ' 
untranslated region of 144 bp fol lowed by a poly (A) tai l . Of the coded amino 
acid sequence 22 res idues represent the N H 2- t e r m i n a l extension or prepept ide 
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and the remain ing 79 res idues the mature apoC-I I . N o propept ide has been 
identified. T h e DNA-de r ived sequence agrees wi th that repor ted by Hospa t tankar 
et al. (1984) , but differs significantly from that obta ined by Jackson et al. 

(1977) . T h e basis for this d iscrepancy has not been establ ished but could be of a 
technical nature (Bres low, 1985a) . A striking homology has been noted be tween 
the N H 2- t e r m i n a l region compr i s ing res idues -2 (Gin ) , -1 (Gin ) , + 1 (Asp) , and 
+ 2 (Glu) of apoA-I and that of apoC-I I cor responding to res idue + 5 (Gin) , + 6 
(Gin) , + 7 (Asp) , and + 8 (Glu) . T h e G i n - A s p bond is present in both apol ipopro-
teins but only the one in apoA-I is c leaved by the meta l -dependent e n z y m e 
causing the convers ion of p roapoA-I to mature apoA-I . T h e failure of apoC-I I to 
undergo c leavage by this e n z y m e is unexpla ined , howeve r , it may relate to the 
conformation of apoC-I I at the l ipoprotein surface or to possible h indrance by 
l ipids. Once the meta l -dependent e n z y m e caus ing the c leavage at the G i n - A s p 
bond in apoA-I is purif ied, it would be of interest to test its activity against a p o C -
II in solution and bound to var ious lipid mat r ices . 

C. ApoC-II Gene 

The apoC-II gene has been recent ly isolated (Jackson et al., 1984; Bres low, 
1985). The data from sequence analyses have shown introns interrupting the 
codons specifying amino acids —3 and 5 0 . T h e posi t ion of the first intron has not 
been clearly es tabl ished but , based on the similari t ies with o ther apol ipoprotein 
genes , it may be ant icipated that in apoC-II this intron will be interrupting the 5 ' 
noncoding region. A second intron separates the D N A sequence coding for the 
signal pept ide from that coding for the mature prote in . T h e third intron separates 
the D N A sequence coding for the N H 2- t e r m i n a l region from that coding for the 
COOH-te rmina l por t ion . N o detai led information on the organizat ion of the 
exons is yet avai lable . Southern blot analyses of h u m a n D N A after digest ion with 
the restriction endonuc lease Taql have revealed the occur rence of a c o m m o n 
po lymorph ism in the vicinity of the apoC-II gene having in normal individuals an 
allele frequency of 0 . 6 0 (Humphr ies et al., 1984) . T h e apoC-II gene has been 
located in c h r o m o s o m e 19 (Jackson etal, 1984; Humphr ie s etal., 1984). 

D. ApoC-II Polymorphism 

Havel et al. (1979) have repor ted on the po lymorph i sm of apoC-II from the 
p lasma of three hyper t r ig lycer idemic subjects . By the technique of e lectrofocus-
ing, these pat ients exhibi ted t w o b a n d s , one cor responding to the normal apoC-I I 
isoprotein and the o ther to one charge unit m o r e acidic . This charge shift was 
found to be due to a subst i tut ion of g lu tamine for lysine at res idue 5 5 . Since this 
more acidic mutant effectively act ivated l ipoprotein l ipase , it did not appear to b e 
involved in the mechan i sm of hyper t r ig lycer idemia . 
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IX. ApoC-lll 

A General Properties, Biosynthesis, and Processing 

ApoC-I I I (Scanu et al., 1982; M a h l e y et al., 1984) is a g lycoprote in which by 
amino acid sequence analysis has been repor ted to represent a s ingle-chain poly-
peptide 79 amino acids long. T h e carbohydra te moie ty a t tached to threonine-74 
contains 1 mole ga lac tose , 1 mo le ga lac tosamine , and 1 or 2 moles sialic 
ac id /mole of apol ipoprote in . T h e nomenc la tu re apoC-I I I -0 , apoC- I I I -1 , and 
apoC-III-2 refers to the n u m b e r of sialic acids present in each apoC-III molecu le . 
ApoC-III -1 is the mos t abundan t of three ( 2 7 % ) , fol lowed by apoC-II I -2 (22%) 
and apoC-II I -0 ( 1 4 % ) . W h e t h e r these three forms are different in functional 
te rms is unclear . ApoC- I I I has been s h o w n to inhibit the hepat ic up take of 
tr iglyceride-rich remnants p re sumab ly by interfering with the interaction of a p o E 
present in these part icles with the specific a p o E receptor in the l iver (Windie r et 

al., 1980; She lburne et al., 1980) . T h e synthesis of apoC-II I can occur in both 
the liver and the intest ine. Exper iments in cell-free sys tems using m R N A from 
rat l iver and intest ine have shown that the p r imary translat ion product of apoC-II I 
contains a 20 -amino ac id- long N H 2- t e r m i n a l extension that can be cotransla-
tionally c leaved by a signal pept idase to yield a product hav ing the s a m e , N H 2-
terminus as ma tu re apoC-II I (Blaufuss et al., 1984). 

B. Properties of the cDNA Clone 

The c D N A sequence data (Fig . 9) repor ted by three laboratories (Sharpe et al., 

1984; Kara thanas is et al., 1983c, 1985) indicate that the m R N A is at least 507 bp 
in length including a 297-bp region coding for 99 amino ac ids , a terminat ion 
codon , T G A , and a 3 ' untransla ted region of 187 bp fol lowed by a poly (A) tail . 
The total size of the m R N A obta ined from c D N A sequence da ta , 550 b p , is 
compat ib le with that obta ined by Nor thern blot t ing analysis of h u m a n liver 
m R N A . T h e amino acid sequence of apoC-II I der ived from c D N A analyses has 
confirmed that the pr imary translat ion product of apoC-II I has a 20 -amino acid-
long p resegment . T h e repor ted c D N A sequence differs from the publ ished amino 
acid sequence (Brewer et al., 1974) at several sites: res idue 3 2 , Glu instead of 
Ser; res idue 3 3 , Ser instead of Gin ; res idue 3 7 , Gin instead of Ala; and res idue 
39 , Ala instead of Gin . Bres low (1985) has suggested that these differences may 
have originated from errors in the protein sequence data . 

C. Gene Structure 

T h e studies b y Kara thanas i s et al. (1983c) in a λ phage sys tem have shown 
that the apoC-III gene is about 2 5 0 0 b p from the 3 ' end of the apoA-I gene and 
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27 3 4 
GAG GCG GGC TGC TCC AGG AAC AGA G G T GCC ATG CAG CCC CGG GTA CTC L I T G T T 

MET G i n P r o A r g V a l L e u L e u V a l 
- 20 

81 108 

GTT GCC CTC CTG GCG CTC CTG GCC TCT GCC CGA GCT TCA GAG GCC GAG GAT GCC 

V a l A l a L e u L e u A l a L e u L e u A l a S e r A l a A r g A l a S e r G l u A l a G l u A s p A l a 

- 1 0 - 1 +1 

α 
I 1 3 3 1 6 2 

TCC CTT CTC AGC T T C ATG CAG GGT TAC ATG AAG CAC GCC ACC AAG ACC GCC AAG 
S e r L e u L e u S e r P h e MET G i n G l y T y r MET L y s H i s A l a T h r L y s T h r A l a L y s 

10 20 

1 8 9 2 1 6 
GAT GCA CTG AGC AGC GTG CAG GAG TCC CAG GTG GCC CAG CAG GCC AGG GGC TGG 
A s p A l a L e u S e r S e r V a l G i n G l u S e r G i n V a l A l a G i n G i n A l a A r g G l y T r p 

30 * * * * 40 

2 4 3 2 7 0 
GTG ACC GAT GGC T T C AGT TCC CTG AAA GAC TAC TGG AGC ACC GTT AAG GAC AAG 
V a l T h r A s p G l y P h e S e r S e r L e u L y s A s p T y r T r p S e r T h r V a l L y s A s p L y s 

50 60 

2 9 7 3 2 4 
T T C TCT GAG TTC TGG GAT TTG GAC CCT GAG GTC AGA CCA ACT TCA GCC GTG GCT 
P h e S e r G l u P h e T r p A s p L e u A s p P r o G l u V a l A r g P r o T h r S e r A l a V a l A l a 

70 

3 3 1 \ 3 7 8 
GCC TGA GAC CTC AAT ACC CCA AGT CCA CCT GCC TAT CCA TCC TGC GAG CTC CTT 
A l a END 

J 4 0 5 4 3 2 
GGG TCC TGC AAT CTC CAG GGC TGC CCC TGT AGG TTG CTT AAA AGG GAC AGT AT"i 

4 5 9 4 8 6 
CTC AGT GCT CTC CTA CCC CAC CTC ATG CCT GGC CCC CCT CCA GGC ATG CTG GCC 

3 1 3 
TCC CAA TAA AGC TGG ACA AGA AGC TGC TAT GAG 

Fig. 9. Nucleotide sequence of human apoC-III, cDNA. The derived amino acid sequence is also 
reported. Data from Sharpe et al. (1984) and Karathanasis et al. (1986). An asterisk indicates 
difference between nucleotide and amino acid sequences. 
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that these t w o genes are coded for by oppos i te D N A s t rands . T h e apoC-III gene 
is about 3000 bp long . Of the three in t rons , IVS-1 conta ins approximate ly 6 0 0 bp 
and occurs in the 5 ' untransla ted region be tween bases 13 and 14 ups t ream of the 
Met codon that init iates t ransla t ion. I V S - 2 is about 125 bp long and interrupts the 
codon specifying amino acid + 2 in the prepept ide region . IVS-3 is about 1800 
bp long and interrupts the codon specifying a m i n o acid 4 0 of the mature prote in . 
Accord ing to these f indings , the second intron separates the prepept ide from the 
mature protein . 

D. ApoC-III Polymorphism 

The variants descr ibed thus far have been associated with abnormal i t ies in 
p lasma lipid levels . T h e y will be d iscussed in Sect ion XI I . 

X. ApoE 

A. General Properties, Biosynthesis, and Processing 

Mature apoE (Mahley et al., 1984; Wei sg rabe r , 1985) is a g lycoprote in wi th a 
polypept ide chain 299 res idues long conta in ing different amoun t s of ca rbohy-
drates . In the normal p l a sma it is most ly associa ted with V L D L and in the l ighter 
H D L fractions with H D L , and H D L 2. After cholesterol feeding apoE is also 
found in a l ipoprotein cal led H D L C, wh ich is larger than H D L 2 and part icular ly 
rich in this apol ipoprote in . By two-d imens iona l gel e lect rophores is apoE consis ts 
of several isoproteins differing in size a n d / o r charge as a consequence of a m i n o 
acid muta t ions and sialic acid conten t (see Sect ion X , D ) . Accord ing to the results 
obtained in B r e s l o w ' s laboratory (Fig . 10) (Zannis etal, 1981a, 1982a, 1984) , 
apoE is synthesized and secreted in s ialylated form and undergoes desial izat ion 
in the circulat ion. Fo r structural reasons yet undef ined , a p o E is recognized by the 
L D L ( a p o B / E ) receptor present in hepat ic and extrahepat ic t i ssues . It is a lso a 
specific l igand for the hepat ic a p o E receptor involved in the uptake from p l a sma 
of chy lomicron r emnan t s . A s repor ted by Innerar i ty et al. ( 1 9 8 3 , 1984) and 
Weisgraber et al. ( 1983b) , in the ma tu re apol ipoprote in the receptor b ind ing 
region is local ized be tween res idues 140 and 150 (Fig. 11 A ) . Initially a p o E 
synthesis was descr ibed in the l iver and the intest ine. H o w e v e r , it is now appar-
ent that it m a y occur in several o ther t issues such as adrenal g lands , ovar ies , 
k idney , bra in , and re t iculoendothel ia l cel ls (Mah ley et al., 1984; Weisg rabe r , 
1985; Bres low, 1985 , 1986) . In a cell-free sys tem the p r imary translat ional 
product of a p o E m R N A has been s h o w n to be a preprote in hav ing a p resegmen t 
at tached to the N H 2- t e r m i n u s of the ma tu re prote in (Zannis et al., 1984) . Th i s 
finding has been conf i rmed by c D N A sequence analyses (see be low) . 
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Fig. 10. Alleles of human apoE (Breslow, 1985). (Reproduced, with permission, from the Annu. 

Rev. Biochem. 54, © 1985 by Annual Reviews Inc.) 

B. Properties of the cDNA Clone 

The initial c D N A sequence studies by Bres low et al. ( 1982 , 1983) have 
indicated that a p o E m R N A is 1163 bp long including a 5 ' untranslated region of 
67 b p , a region of 951 bp cod ing for 317 amino ac ids , a terminat ion codon , 
T G A , and a 3 ' untranslated region of 142 b p . By Nor thern blot analyses the size 
of human liver m R N A has been found to be 1150 bp . Initiation of translat ion is at 
methionine located in the region conta in ing 18 amino acid res idues ups t ream of 
the mature prote in . This region represents the pre- o r signal pept ide which is 
cotranslat ionally c leaved by a mic rosomal m e m b r a n e signal pept idase . T h e 
c D N A sequence analysis (Fig . 11 A) has revealed that apoE contains e ight tan-
d e m repeats 22 amino acids long be tween res idues 62 to 2 3 7 . These repeats are 
analogous to those observed in apoA-I and apoA-IV and have a similar amph i -
philic α-hel ix character . A p o E exhibi ts a 51 to 7 5 % homology within each repeat 
and 7 2 % with the six h u m a n apoA-I D N A repeats coding for apoA-I in res idues 
99 to 230 (Bres low, 1985 , 1986) . T h e mean ing of these homolog ies is not yet 
apparent (see Sect ion X I ) . M o r e recent ly M c L e a n et al. (1984) reported the 
comple te nucleot ide sequence of three full-length c loned c D N A s cor responding 
to liver apoE m R N A . T w o of these D N A s were found to correspond to the 
normal E 3 / 3 geno type (see b e l o w ) , whereas the third one was an apoE variant . 
T h e nucleot ide sequence for the normal geno type differed substantial ly from the 
c D N A sequence by Bres low et al. ( 1982 , 1983) reported in F ig . 11 A . T h e one 
reported by M c L e a n et al. (1984) con ta ined 1157 nucleot ides of m R N A se-
quence and a 5 ' terminal nontranslated region of 61 nucleot ides , fol lowed in 
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order by the region cor responding to the 18-amino acid signal pep t ide , by the 
mature protein 299 amino acids long , and the 3 ' - te rminal nontranslated region of 
142 nucleot ides (Fig . 1 I B ) . T h e differences be tween the two repor ted sequences 
by the Bres low and Tay lor laborator ies are at the level of the coding region (28 
nucleot ide differences in the third base posi t ion of the codon) and in the 3 ' 
nontranslated region (15 nucleot ide differences plus an extra segment of 17 
nucleot ides fol lowing nucleot ide 9 6 6 and a miss ing nucleot ide fol lowing nu-
cleotide 1036) . T h e differences appear to be related to technical inaccuracies 
owing to the fact that the n e w c D N A sequence obta ined by Bres low is s imilar to 
that reported by the Tay lo r g roup . T h e variant c D N A clone observed by M c L e a n 
et al. (1984) was character ized by a threonine rep lacement of the normal a lanine 
at residue 99 and a prol ine rep lacement of a lanine at res idue 152. 

C. ApoE Gene 

Accord ing to the results of the s tudies by Das et al. ( 1985) , the a p o E gene is 
3.7 kb long and conta ins four exons and three in t rons . T h e first in t ron, I V S - 1 , 
about 7 0 0 b p long , is located in the 5 ' untranslated region be tween bases 23 and 
24 ups t ream of the initiation c o d o n , M e t . I V S - 2 , about 1100 bp long , interrupts 
the codon specifying a m i n o acid —4 in the prepept ide region. I V S - 3 , about 6 0 0 
bp long , interrupts the codon specifying amino acid 61 of the mature prote in . T h e 
locations of these introns are s tr ikingly s imilar to those observed in apoA- I , 
apoC-I I , and apoC-II I genes . T h e gene for a p o E has been m a p p e d to c h r o m o -
some 19, where the genes of apoC- I , apoC-I I , and a p o B , E receptor have also 
been identified (Bres low, 1985; L in -Lee et al., 1985) . 

D. ApoE Polymorphism 

The use of one-d imens iona l isoelectric focusing and two-d imens iona l gel e lec-
trophoresis has permi t ted a descr ipt ion of the a p o E po lymorph i sm. F r o m popula-
tion s tudies , six pheno types have been identified (Zannis and Bres low, 1981 ; 
Zannis et al., 1981b) . Fami ly studies have helped establish that these pheno types 
are the results of a s ingle a p o E gene locus hav ing three c o m m o n alleles (Fig . 12). 
They have been des ignated as e 4 , e 3 , and e2 and their gene products as E 4 , E 3 , 
and E 2 . T h u s , there are three h o m o z y g o u s pheno types , E 4 / 4 , E 3 / 3 , and E 2 / 2 , 
and three he te rozygous pheno types , E 4 / 3 , E 3 / 2 , and E 4 / 2 (Zannis et al., 

1982b). In the normal popula t ion the highest f requency is that for the E 3 / 3 
phenotype (60%) fol lowed by the E 4 / 3 (20%) and the E 3 / 2 (15%) phenotypes 
(Table I I I ) . T h e differences a m o n g alleles are based on a s ingle amino acid 
substi tution leading to a s ingle charge difference (Fig . 12). E 2 differs from E 3 by 
having cys te ine instead of arginine in posi t ion 158; in turn , E 4 differs from E 3 by 
having cys te ine replaced by arginine at posi t ion 112 (Mahley et al., 1984). T h e 



I «β 

» 77 34 
LUC AGC CoA UCl GAA liGA CUT CCt TCC CCA GCA GCC GAC TGG CCA ATC ACΛ GGC 

βι ic>e 
AGG AAG ATG AAG CiTT CTG TGG GCT CiCCj TTG CTG GTC ACA TTC CTG GCA GGA TGC 

« tl Lv» V*l Leo Trp A lt ΑΙ a L*u Leu Val Tftr Ph# Leu Ala G> y Cy» 
-10 

133 162 
CAG GCC AAG GTG GAG CAA GCG GTG GAG ACA GAG CCG GAG CCC GAG CTG CGC CAG 
Gin Ala Lys Val Glo Gin Ale Val Glu Thr Glu Pro Glu f ro Glu Leu Arg Gin 

-1 *1 10 

1 8· 216 
CAG ACC BAG TGG CAG AGC GGC CAG CGC TGG GAA CTG GCA CTG GGT CGC TTT TGG 
Gin Thr Glu Trp Gin Ser 61y Gin Arg Trp Glu Leu Α Ι· Leu Gly Arg Phe Trp 

20 Μ 

243 270 
GAT TAC CTG CGC TGG GTG CAG ACA CTG TCT GAG CAG GTG CAG GAG GAG CTG CTC 
Amp Tyr Leu Arg Trp Val Gin Thr Leu Ser Glu Gin Val Gin Glu Glu Leu Leu 

40 SO 

ο t ο I 
I » 2" =24 

AGC TCC CAG GTC ACC CAG GAA CTG AGG GCG CTG ATG SAC GAG ACC ATG AAG GAG 
Ser Ser Gin Val Thr Gin Glu Leu Arg A l· Leu MET Asp Glu Thr rCT Lys Glu 

•0 70 

I 
331 I 3 7· 

TTG AAG GCC TAC AAA TCG GAA CTG GAG GAA CAA CTG ACC CCG GTG GCG GAG BAG 
Leu Lys Ala Tyr Lys Ser Glu Leu Glu Glu Gin Leu Thr Pro Val Ala Glu Glu 

Μ 

* 
«03 I 432 

ACG COG GCA COG CTG TCC AAG GAG CTG CAG GCG GCG CAG GCC COG CTG GGC GCG 
Thr Arg « 1· Arg Leu Ser Lys Glu Leu Gin Ala Ala Gin Ala Arg Leu Gly Ala 

Μ « 1 00 

4 3· 486 
GAC ATG GAG GAC GTG TGC GGC CGC CTG GTG CAG TAC CGC GGC GAG GTG CAG GCC 
Asp HCT Glu Asp Val Cys Gly Arg Leu Val Gin Tyr Arg Gly Glu Val Gin Ala 

no no 
313 340 

ATG CTC GGC CAG AGC ACC GAG GAG CTG CGG GTG CGC CTC GCC TCC CAC CTG CGC 
HCT Leu Gly Gin Ser Thr Glu Glu Leu Arg Val Arg Leu Ala Ser His Leu Arg 

130 1*0 

I 
367 I 5*4 

AAG CTG CGT AAG CGG CTC CTC CGC GAT GCC GAT GAC CTG CAG AAG CGC CTG GCA 
Lys Leu Arg Lys Arg Leu Leu Arg Asp Ala Asp Asp Leu Gin Lys Arg Leu Ala 

ISO * 160 

621 648 
GTG TAC CAG GCC GGG GCC CGC GAG GGC GCC GAG CGC GGC CTC AGC GCC ATC CGC 
Val Tyr Gin Ala Gly Ala Arg Glu Gly Ala Glu Arg Gly Leu Ser Ala l ie Arg 

170 

673 702 
GAG CGC CTG GGG CCC CTG GTG GAA CAG GGC CSC GTG CGG GCC GCC ACT GTG GGC 
Glu Arg Leu Gly Pro Leu Val Glu Gin Gly Arg Val Arg Ala Ala Thr Val Gly 

110 190 

7 2· 736 
TCC CTG GCC GGC CAG CCG CTA CAG GAG CGG GCC CAG GCC TGG GGC GAG CGG CTG 
Ser Leu Ala Gly Gin Pro Leu Gin Glu Arg Ala Gin Aia Trp Gly Glu Arg Leu 

200 2M 
• 
t 

783 810 
CGC GCG CGG ATG GAG GAG ATG GGC AGC COG ACC CGC GAC CGC CTG GAC GAG GTG 
Arg Ala Arg MET Glu Glu HCT Gly Ser Arg Thr Arg Asp Arg Leu Asp Glu Val 

220 230 

837 J 864 
AAG GAG CAG GTG GCG GAG GTG CGC GCC AAG CTG GAG GAG CAG GCC CAG CAG ATA 
Lys Glu Gin Val A la Glu Val Arg Ala Lys Leu Glu Glu Bin Ala Gin Gin U, 

240 250 

Β ·! «18 
CGC CTG CAG GCC GAG GCA TTC CAG GCC CGC CTC AAG AGC TGG TTC GAG CCC CTG 
Arg Leu Gin Ala Glu Ala Phe Gin Ala Arg Leu Lys Ser Trp Phe Glu Pro Leu 

260 

• 43 · 72 
GTG GAA GAC ATG CAG CGC CAG TGG GCC GGG CTG GTG GAG AAG GTG CAG GCT GCC 
Val Glu Asp HCT Gin Arg Gin Trp Ala Gly Leu Val Glu Lys Val Gin Ala Ala 

270 280 

· · · 1026 
OTO GGC ACC AGC GCC GCC CCT GTG CCC AGC GAC AAT CAC TGA ACG CCG AAG CCT 
Val Gly Thr Ser Ala Ala Pro Val Pro Ser Asp Asn His DID 

290 

1033 lOBO 
OCA GCC ATG CGA CCC CAC GCC ACC CCG TGC CTC CTG CCT CCG CGC AGC CTG CAG 

1107 U 34 
CGG GAG ACC CTG TCC CCG CCC CAG CCG TCC TCC TGG GOT GGA CCC TAG TTT AAT 

AAA QAT TCA CCA AGT TTC ACG C 
1161 
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Prevalence (%) 

Classification Utermann Assmann Breslow Wardell Cumming 

Phenotype 
E4/4 2.8 2.2 3.0 1.0 1.0 
E3/3 59.8 62.2 58.0 51.4 58.3 
E2/2 1.0 0.9 1.3 1.4 0.5 
E4/3 22.9 19.9 14.0 25.0 24.8 
E4/2 1.5 2.9 2.0 1.2 2.8 
E3/2 12.0 11.7 22.0 20.0 12.8 

No. of subjects 1031 1557 152 426 400 
Allele 

e4 15 14 11 14 15 
e3 77 78 76 74 77 
e2 8 8 13 12 8 

"From Breslow (1986). 

corresponding allele variat ion in the h u m a n apoE gene is shown in Tab le IV. 
Besides these al le les , o thers occurr ing with a low frequency have been identi-
fied. The most significant of these muta t ions are those occurr ing in the receptor 
binding region leading to a functional defect in l igand interaction with the hepat ic 
receptor in the l iver (see F ig . 13). 

Β 
— E3 

C III
 

E2/2 E3/3 E4/4 
Relative 
Charge 

Residue 112 

0 +1 +2 Relative 
Charge 

Residue 112 Cys Cys Arg 

Residue 158 Cys Arg Arg 

Fig. 12. Isoelectric focusing patterns of E2/E2, E3/E3 , and E4/E4. The amino acid substitutions 
at site A (residue 112) and site Β (residue 158) are also presented (Mahley, 1983). 

TABLE III 

Prevalence of ApoE Phenotype in Human Subjects0 
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Allel ic Var ia t ions in H u m a n A p o E G e n e " 

Allele 112 

Codon at the polymorphic site 

127 145 146 158 

Expected base 
substitution 

relative to e3 
allele 

Amino acid 
substitution 
relative to 

E3/3 phenotype 

€3 TGC GGC CGT AAG CGC None None 
€4 CGC Same Same Same Same Τ c 112 Cys Arg 
e2 Same Same Same Same TGC C τ 158 Arg Cys 
€2* Same Same TGT Same Same C τ 145 Arg Cys 
€ 2* * Same Same Same CAG Same A c 146 Lys Gin 
e l Same GAC Same Same TGC ί ° A 127 Gly Asp 

I c Τ 158 Arg Cys 

"From Karathanasis et al. (1985). 

Fig. 13 . Region of the apoE sequence involved in acceptor binding. Four amino acid substitution 
sites are indicated, residues 142, 145, 146, and 158 (Mahley, 1983). 

T A B L E IV 
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XI. Phylogenetic Relationships among Plasma 
Apolipoproteins 

The studies rev iewed in the previous sect ions have shown that there are many 
structural homolog ies a m o n g the p l a sma apol ipoprote ins s tudied, namely , a p o A -
I, apoA- IV, apoC- I , apoC-I I , apoC-I I I , and a p o E . Close similari t ies be tween the 
apoA-I and apoA-I I genes have also been repor ted by Lackner et aL ( J 9 8 5 a ) . 
T h e information on apoB is still too l imited to permi t de terminat ion of the degree 
of homology with the other pro te ins . These homolog ies are expressed in t e rms of 
repeat ing sequences of α-hel ix amphiphi l ic segments and by the i n t r o n - e x o n 
organizat ion. Moreove r , w e have seen that the apoA- I , apoC-I I I , and apoA- IV 
genes are located in c h r o m o s o m e 11 and in c lose proximity to each other . In 
addit ion, the genes of apoC- I , apoC- I I , and apoE have been localized in c h r o m o -
some 19, which is also where the gene of the a p o B , E receptor has been repor ted 
to be . Final ly , the apoA-II gene has been identified in c h r o m o s o m e 1 and the 
apoB gene in c h r o m o s o m e 2 . T h e recogni t ion that structural homolog ies exist 
among many apol ipoprote ins has led to considera t ion of a c o m m o n evolut ionary 
pattern and the possibil i ty that some of the apol ipoprote ins are m e m b e r s of 
mul t igene families. In this context Kara thanas is (1985) has shown that in chro-
m o s o m e 11 the genes of apoA-I and apoC-II I are only 30 kb apart and that the 
apoA-IV gene is also closely l inked to the apoA-I gene (12 kb d is tance) . By 
restriction mapp ing of h u m a n ch romosoma l D N A this author has shown that the 
apoA-I , apoC-I I I , and apoA-IV genes are l inked and tandemly organized in a 17-
kb Hindlll D N A fragment . T h e apoA-I and apoA-IV genes would both be 
transcribed in a direct ion opposi te to that of the apoC-II I gene . Kara thanas is 
(1985) has taken his f indings and previous ones in the li terature to suggest that 
the apoA-I , apoC-I I I , and apoA- IV genes are der ived from a c o m m o n ancestral 
precursor . T h e fact that the apoA-I and apoA- IV genes have 66-bp repeats which 
are highly homologous to each o ther (consensus sequence 5 0 % ) has led this 
author to suggest that these t w o genes arose from intergenic duplicat ion of the 
apoA- I /A- IV gene precursor that evo lved by intragenic amplif icat ion of an an-
cestral 66-bp sequence . T h e apoC-II I gene would also be der ived from the s ame 
apoC- I I I /A- I /A- IV ancestor g e n e , expla in ing the absence of the 66-bp repeats in 
the human apoC-II I gene ei ther by a d ivergence mechan i sm from this ancestral 
gene or by the loss of the per iodic nucleot ide sequence dur ing its more recent 
evolut ionary phase . In ex tending this kind of reasoning to the apoE g e n e , Ka-
rathanasis (1985) , based on the extens ive homolog ies of consensus sequences 
be tween the apoA-I and those of the a p o E and apoA-IV genes , has suggested that 
the apoE gene has der ived from a sequence in evolut ionary te rms related to the 
apoA- I / apoA- IV gene precursor even if ul t imately these genes are located in 
different c h r o m o s o m e s , i . e . , a p o A - I / A - I V genes in c h r o m o s o m e 11 and the 
apoE gene in c h r o m o s o m e 19. 
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Boguski et al. ( 1 9 8 5 , 1986) have also carr ied out extens ive studies on the 
possible re la t ionship be tween structural homolog ies a m o n g p l a sma apol ipopro-
teins and their evolu t ion . In par t icular they have a t tempted to unders tand the 
structural , funct ional , and evolu t ionary re la t ionships a m o n g the main protein 
componen t s of rat p l a sma H D L , a p o A - I , a p o A - I V , and apoE by taking advan-
tage of the k n o w l e d g e of their comple te nucleot ide and amino acid sequence and 
appropriate compu te r p r o g r a m s . A s a first approach the authors examined the 
issue of or tho logous versus pa ra logous ca tegor ies .* In the or thologous ca tegory 
they compared the sequence of h u m a n and rat apoA- I , the latter de te rmined in 
the au thors ' laboratory . Ra t apoA-I was found to differ from h u m a n apoA-I by 
being eight amino acids shorter , by the absence of prol ine at res idue 2 8 , by the 
absence of g lu tamine , which in h u m a n apoA-I is located at the C O O H - t e r m i n u s , 
and by the absence of four res idues (g lu tamine , lys ine , leuc ine , hist idine) at 
posi t ions 155 to 159 and of t w o g lyc ines at posi t ion 2 0 3 - 2 0 4 . In spite of these 
subst i tut ions, rat apoA-I w a s found to contain eight repeated amphiphi l ic se-
quences each 22 amino acids long and wi th α-hel ical conformat ion ana logous to 
that of h u m a n apoA-I (overall s equence h o m o l o g y 6 4 % ) . 

In te rms of paralogous s equences , Bogusk i et al. ( 1 9 8 5 , 1986) used the 
compar i son matr ix m e t h o d , which c o m p u t e s match ing probabi l i ty scores for 
spans of amino acids based on observed frequencies of amino acid rep lacements 
in homologous pro te ins . Accord ing to these authors apoA- I , a p o A - I V , and apoB 
are para logous m e m b e r s of a d ispersed gene family which all conta in sequences 
originat ing from a c o m m o n ancestral g e n e . Subsequen t d ivergent evolut ion 
would lead to the separat ion of the three genes . H o w e v e r , those of apoA-I and 
apoA-IV would d iverge at a rate lower than that of the apoE gene . Boguski et 

al. a lso have sugges ted that in spite of the overal l s imilari ty in sequence organi -
zation and shared functions be tween a p o A - I , a p o A - I V , and a p o E , different rates 
of evolut ion a m o n g segments wi th in each gene can account for the dist inct 
functions exhibi ted by each apol ipoprote in . In m o r e recent s tudies these authors 
expanded their early concepts and have p roposed that an ancestral min igene 
might have genera ted the mul t igene family compr i s ing the main p la sma ap -
ol ipoprote ins . This wou ld have occur red by the dupl icat ion of this ancestral 
minigene resul t ing in the formation of t w o exons . Subsequent steps of the evolu-
tion would have been domina ted by in t raexonic amplif icat ion of the repeat ing 
units coding for amphiphi l ic pept ides fol lowed by sequence d ivergence of these 
repeats and at tending functional differences a m o n g apol ipoprote ins . In the case 
of apoA-I , apoC-I I , apoC-I I I , and apoA-I I this wou ld be achieved by dupl icat ion 

* Orthologous sequences reflect the phylogenetic branching order of the species in which they are 
found and have identical function. On the other hand, paralogous sequences are the product of a 
gene duplication that was fixed before speciation. Divergence of such sequences usually results in 
the evolution of new functions. 
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and d ivergence; for apoA- I , a p o A - I V , and a p o E by mult ip le unequal crossovers 
of one of the exons (exon D) fol lowed by dupl icat ion and d ivergence . T h e 
information der ived from this kind of compute r -based analysis provides an ex-
planat ion of the evolut ionary pa ths leading to shared and dist inct functional 
expressions of the var ious p la sma apol ipoprote ins der ived from a c o m m o n an-
cestral gene , yet it fails to provide the detai led m e c h a n i s m by which these 
processes have occurred . Because of the current modes t information on the apoB 
gene it is still unde te rmined h o w a protein as large as apoB fits into the p roposed 
evolut ionary s cheme . W e may also surmise that the conservat ion of the repeated 
amphiphi l ic sequences in each p lasma apol ipoprotein m a y be secondary to a 
c o m m o n structural requ i rement , name ly , that of interacting with l ipids whi le 
retaining solubili ty in aqueous media . 

XII. Apolipoprotein Variants Associated with 
Pathological States 

Gene muta t ions have been recognized in associat ion with l ipoprotein abnor-
malit ies and o ther pathological s tates . Example s of the better character ized vari-
ants are descr ibed be low. 

A. ApoA-I Variants 

The variants (Mahley et al., 1984; Bres low, 1985) repor ted thus far are listed 
in Table II; they differ in one + or - charge unit and are character ized by ei ther a 
single amino acid substi tut ion or a delet ion of one amino acid. In te rms of 
at tending pa tho logy , subjects with apoA-I Marburg character ized by a delet ion 
of lysine 107 (Rail et al., 1984) have mild hyper t r ig lycer idemia and low H D L 
levels . A n interest ing mutan t is represented by apoA-I M i l a n o , in which arginine 
is replaced by cyste ine at posi t ion 173 and in consequence both apoA-I h o m o -
dimers and a p o A - I - a p o A - I I he te rodimers are formed (Weisgraber et al., 1983a) . 
Thus far, all of the subjects with this var iant have or iginated from a single 
couple . T h e 33 identified carriers are he terozygotes and conform with an auto-
somal dominan t trait. T h e b iochemica l abnormal i t ies are represented by a 
marked reduct ion of the p la sma levels of H D L choles terol , apoA- I , and apoA-I I , 
by an elevat ion of the p lasma tr iglycerides with an increase in their concentra-
tions in L D L and H D L , by the nearly total absence of H D L 2, and by the presence 
of polydisperse H D L 3. Accord ing to Sirtori and Franceschini (1985) , subjects 
with this variant would have a reduced frequency of card iovascular d isease . 
However , this interest ing suggest ion needs to be documen ted further. 

Another abnormal i ty of apoA-I character ized by an au tosomal recess ive form 
of inheri tance is Tangie r d isease (Mahley et al., 1984; Schaefer , 1984). H o m o -
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zygotes have an absence of normal p l a sma H D L and a marked reduct ion in total 
apoA-I , which is m a d e up of about equal amoun t s of p roapoA-I and mature 
apoA-I (Zannis et al., 1982b) . T h e relat ive abundance of p roapoA-I was initially 
thought to be associated with a defect of the meta l -dependent conver t ing e n z y m e 
and thus a decrease in the convers ion of p roapoA-I to mature apoA-I (Bres low, 
1985). H o w e v e r , direct exper iments have ruled out this early suggest ion (Edel-
stein et al., 1984). T h e p rosegment of p roapoA-I Tangier has been shown to 
have the same amino acid sequence as the normal counterpar t (Brewer et al., 

1983). Moreove r , structural abnormal i t ies of ma tu re apoA-I Tangie r have not 
been clearly es tabl ished a l though an anomaly in lipid b inding has been reported 
(Rosseneu et al., 1984) . Thus far, the s tudy of the apoA-I Tangie r c lone has 
shown no abnormal i t ies at least in the cases examined (Bres low, 1985). It has 
been observed that if apoA-I is injected in t ravenously into Tangie r subjects it is 
catabolized more rapidly than b y normal subjects (Schaefer , 1984). This can 
account for both the abnormal p r o a p o A - I : mature apoA-I rat io and also for the 
low levels of p l a sma apoA-I in these pat ients . Unrecognized factors such as 
increased proteolyt ic activity by Tang ie r p l a sma or the occur rence of m e m b r a n e 
receptor abnormal i t ies for apoA-I in these pat ients could be responsible for the 
observed abnormal i t ies . T h u s , a l though Tangie r d isease is c o m m o n l y listed as an 
apoA-I var iant it is poss ib le that the pr imary defect does not reside in this 
apol ipoprotein . Still unexpla ined is the t issue cholesteryl ester deposi t ion respon-
sible for the enlarged ye l low tonsi ls , hepa tosp lenomega ly , corneal opaci ty , and 
perhaps the per ipheral neuropa thy seen in Tang ie r pat ients . It is wor th not ing that 
the p lasma levels of apoA-I I are a lso low al though this protein has been reported 
to have a normal amino acid compos i t ion (Schaefer , 1984). 

Another apol ipoprotein variant is that associated with a familial deficiency of 
apoA-I and apoC-I I I . This d isorder is character ized by the total absence in 
p lasma of these t w o apol ipoprote ins and by a marked reduct ion in H D L and 
apoA-II but normal L D L levels . It was first observed in two sis ters , 31 and 33 
years o ld , present ing with xan thomas and premature atherosclerosis (N o ru m et 

al., 1982). Thei r f irst-degree relat ives had p l a sma levels of H D L , apoA- I , and 
apoC-III half that of no rmal . T h e D N A extracted from the b lood lymphocytes of 
these pat ients was diges ted with the restrict ion e n z y m e EcoRl and then subjected 
to Southern blot t ing fol lowing hybr idizat ion with an apoA-I c D N A probe . A 6 . 5 -
kb band was observed by gel e lect rophores is (Karathanasis et al., 1983b) . In 
turn, the D N A from normal subjects w h e n examined by the same procedure 
revealed an addit ional band 13 kb in s ize . T h e first-degree re la t ives , inclusive of 
mother and father of the p robands , exhibi ted on the same ge ls both the normal 
and the abnormal b a n d s . These f indings were taken to indicate that a mutan t 
allele was associated with the apoA-I gene and that the p robands were h o m o -
zygous for this mutan t al lele . M o r e extens ive analyses of the D N A of the h o m o -
zygotes using several restrict ion e n z y m e s and apoA-I and apoC-III c D N A probes 
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have led to the conclus ion that the fourth exon of the apoA-I gene is interrupted 
at approximate ly the codon specifying res idue 80 of the mature protein by se-
quences cor responding to the apoC-II I gene found to be approximate ly 2 .6 k b 
downs t ream of the 3 ' end of the apoA-I gene (Bres low, 1985 , 1986) . 

T w o other disorders character ized by very low levels of p l a sma H D L (values 
of H D L cholesterol apoA-I and apoA-I I 1 0 - 2 0 % of normal ) in the h o m o z y g o u s 
state are Fish-eye d i sease , a n a m e der ived from the severe corneal opacif icat ion 
present in the affected subjects , and H D L deficiency with p lanar xan thomas in 
which the affected subjects exhibi t a diffuse discolorat ion of the skin in var ious 
parts of the body because of intracellular histocytic deposi t ion of free and es -
terified cholesterol (Schaefer , 1984). In nei ther of these t w o condi t ions , h o w e v -
er, has the molecu la r defect been es tabl ished. 

B. ApoA-B Variants 

Inherited disorders associated with abnormal levels of apoB (Scanu et al., 

1975, 1982; K a n e , 1983; Bres low, 1985 , 1986; Sirtori and Francesch in i , 1985) 
have been recognized a l though their actual genet ic de terminat ion has been ham-
pered by our lack of k n o w l e d g e of the apoB structure and the characteris t ics of its 
D N A c lone . S ince , as d iscussed in Sect ion V , an important breakthrough in this 
area has been accompl i shed , the genet ic abnormal i ty of the disorders out l ined 
below is likely to be clarified in the near future. 

A . A B E T A L I P O P R O T E I N E M I A . T h e pat ients affected by this d isorder have in 
their p lasma nei ther apoB nor apoB-conta in ing l ipoprote ins , i . e . , chy lomic rons , 
V L D L , and L D L . This d isease is bel ieved to be secondary to a defect in apoB 
synthesis and to have an au tosomal recess ive m o d e of inher i tance. 

B . H O M O Z Y G O U S H Y P O B E T A L I P O P R O T E I N E M I A . Pat ients with this d isorder 
appear to be phenotypica l ly related to abeta l ipoprote inemia in te rms of a defect 
in apoB synthesis . Thei r p l a sma levels of L D L and apoB are about half of the 
normal , and the pat ients m a y be free of clinical symptoms except for some cases 
in which neurological manifestat ion of the type seen in Fr iedreich ataxia m a y be 
present . 

c . N O R M O T R I G L Y C E R I D E M I C A B E T A L I P O P R O T E I N E M I A . Pat ients with this 
rare disorder have normal fat absorpt ion and p roduce chy lomicrons but have 
either low or absent L D L cholesterol and a p o B . Accord ing to Mal loy et al. 

(1981) , w h o first identified this d isorder , these pat ients are capable of normal ly 
producing a p o B - 4 8 , the intestinal form of a p o B , but not a p o B - 1 0 0 , the form 
produced by the l iver. Al though this clinical abnormal i ty can be v iewed as 



3/Apolipoprotein Genes 183 

support ing the concept of t w o dist inct genes for the t w o forms of a p o B , it is a lso 
possible that they might be p roduced by the s ame gene or represent post t ranscr ip-
tional variants due to differential gene spl icing (Bres low, 1985). 

D . F A M I L I A L H Y P E R C H O L E S T E R O L E M I A . This d isorder , which recognizes an 
autosomal dominan t m o d e of inher i tance , is due to a total (homozygote ) or 
partial (heterozygote) defect in the a p o B , E receptor . H o w e v e r , in some cases an 
overproduct ion of apoB m a y also be present . W h e t h e r this reflects a s imple 
compensa tory process o r has a genet ic de terminat ion remains to be es tabl ished. 
Of interest in t e rms of apoB overproduct ion is the pheno type des ignated hyper-
apobeta l ipoprote inemia (Sn iderman et al., 1980). Pat ients with this d isorder 
have elevated p l a sma levels of apoB not associated with a comparab le increase in 
L D L choles terol . This d isorder , cons idered to have an au tosomal dominan t m o d e 
of inher i tance, is associated with p rematu re a therosclerosis . Establ ishing the 
nature of the genet ic and b iochemica l abnormal i t ies in these subjects is of o b -
vious impor tance . 

C. ApoC Variants 

Several kindreds with inherited deficiency of apoC-II have been reported in the 
literature (Breckenridge et al., 1978, 1982) . T h e h o m o z y g o u s subjects have se-
vere hyper t r ig lycer idemia , absence of apoC-I I in ei ther who le p l a sma or isolated 
V L D L , and essential ly normal l ipoprotein l ipase. This hyper t r ig lycer idemia can 
be temporar i ly reduced by infusion of normal p l a sma or apoC-I I . T h e he tero-
zygous subjects have reduced absolute amoun t s of apoC-II I and modera te but 
significant e levat ion of the very low densi ty l ipoprote ins . T h e disease is t ransmit-
ted as an au tosomal recess ive trait . T h e molecu la r basis for the apoC-II deficien-
cy has not been es tabl ished. A severe hyper t r ig lycer idemia can also occur in 
patients with V L D L part ic les car ry ing an excess of apoC-I I (Stocks etal., 1981) . 
These variant l ipoprotein species can act ivate l ipoprotein l ipase but do not repre-
sent a sui table substrate for the e n z y m e s for reasons which are yet u n k n o w n . 

In the case of apoC-I I I , genet ic var iants have been descr ibed associated wi th 
hyper t r ig lycer idemia . Th i s m a y be related to a D N A po lymorph i sm associated 
with a single base subst i tut ion in the 3 ' untransla ted region of the ne ighbor ing 
apoC-III gene (Kara thanas is et al., 1983a) . Since variant l ipoproteins carrying an 
excess of apoC-II I -2 have been detec ted in pat ients with severe hyper t r iglycer i -
demia and g lucose in tolerance (S tocks et al., 1979) , it wou ld be important to 
establish whe ther the e levat ion of this apol ipoprote in in p la sma is associated with 
a D N A base subst i tut ion in the 3 ' untransla ted region . T h e genet ic abnormal i ty 
relative to an apoA- I / apoC- I I I r ea r rangement has been descr ibed in a prev ious 
section. 
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D. ApoE Variants 

A n apoE po lymorph i sm (Mah ley , 1983; Mah ley et al., 1984; Bres low, 1985, 
1986) appears to be a factor in familial type III hyper l ipopro te inemia , a d isorder 
character ized by an elevat ion of both p l a sma cholesterol and t r iglycerides and 
tr iglyceride-rich remnan t part icles and a h igh incidence of per ipheral hear t dis-
ease . Ove r 9 0 % of pat ients with type III have the a p o E 2 / 2 pheno type charac -
terized by a defect ive b inding to the specific hepat ic a p o E receptor . In conse -
quence , the tr iglyceride-r ich remnants carrying this a p o E pheno type are c leared 
more s lowly from the p lasma . H o w e v e r , homozygos i ty for the e2 allele is by 
itself sufficient for the hyper t r ig lycer idemic express ion . Addi t ional factors lead-
ing to an overproduct ion of chy lomicron remnants appear to be required. Bes ides 
the E 2 / E 2 pheno type , o ther a p o E mutants exhibi t ing a defect ive receptor b inding 
activity have been identified. T h e s e a p o E muta t ions vary widely in their capaci ty 
to interact with the apoE receptor and are associated with varying degrees of 
hyper l ip idemia (Table V) . A m o n g these mutan ts the one des ignated E 2 * (Rail et 

al., 1982) exhibi ts a subst i tut ion of cys te ine for arginine in posi t ion 145, and 
another des ignated E l is character ized by a G l y 1 27 —> A s p and an A r g 1 58 —> Cys 
substitution and it is associated with hyper l ip idemia and atherosclerosis 
(Weisgraber et al., 1984). O the r alleles with subst i tut ions in the apoE receptor 
binding region have been classified as E 2 * * ( L y s 1 46 —> Gin) (Rail et al., 1983) , 
E 3 * ( A l a 99 - » Thr , A l a 1 52 - > P ro ) , and E 3 * * ( C y s 1 12 - * A r g , A r g 1 42 - > Cys) 
(Bres low, 1985). Addi t ional ones will l ikely be identified with the sys temat ic 

TABLE V 

Polymorphism of Human ApoE° 

Variant 

Charge 
relative to 

apoE3 Mutation site 

Receptor binding 
activity relative 

to apoE3 
(%) 

El 
E2** 

- 2 
- 1 
- 1 
- 1 

0 
0 
0 

+ 1 
+ 2 

G l y 1 2 7- » A s p , A r g 1 5 &- + C y s 
L y si 4 6 ^ G ln 

A r g 1 4 5- » C y s 
Arg1 5 8—»Cys 

40 
45 

< 2 
< 2 0 
ND* 
100 
100 

4 

E2* 
E2 
E 3 * * 
E3* 
E3 
E4 
E5 

C y s 1 1 2- » A r g , A r g 1 4 2- > C y s 
Ala*>-»Thr, A l a 1 5 2̂P r o 

C y s 1 1 2- > Arg 
? 

a Adapted from Mahley et al. (1984). 
^Not determined. 
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TABLE VI 

Genetic Variant of Human ApoE* 

Clone 

Base pair 
Gene 

product Clone 9 376 416 455 575 790 865 
Gene 

product 

pE-368 G G G Τ G C G E3 
λ apoE # 1 C G G C G c G E4 
pHAE-112 C G G Τ G c A E3 
pHAE-178 C G G τ G c A E3 
pHAE-813 C A A τ C τ G E3* 

"Taken from Breslow (1985). (Reproduced, with permission, from the Annu. Rev. Biochem. 54, 

© 1985 by Annual Reviews Inc.) 

applicat ion of protein and nucleot ide sequence techniques . O n e genomic and 
four c D N A clones have been sequenced and the fol lowing var iants have been 
identified (Bres low, 1985); c D N A c lone p E - 3 6 8 , b p 9; c D N A clones p H A E - 1 1 2 
and p H E A - 1 7 8 , b p 8 6 5 ; and c D N A clone p H A E - 8 1 3 , bp 4 , 3 7 6 , 5 7 5 , and 790 
(see Tab le VI ) . This latter gene accounts for allele E 3 * and the other c D N A 
clone for variant E 3 . A genomic c lone , λ a p o E # 1, has one variant site at bp 455 
and appears to specify the E 4 pheno type . It is of interest that a single point 
mutat ion in the region of a p o E involved in receptor b inding can lead to pa thology 
and in part icular to hyper l ip idemia and a therosclerosis . In this regard , it has been 
suggested that the a p o E gene locus m a y be involved in regulat ing the overal l 
lipid levels in the general popula t ion . Ev idence has also been provided that the e2 
allele has a s tepwise gene dosage effect on lower ing the p la sma levels of L D L 
cholesterol and at the s ame t ime , in e levat ing V L D L cholesterol and tr iglycerides 
(Bres low, 1985) . Moreove r , a l lotype E 2 appears to be more frequent in hypertr i -
g lycer idemia al lotype E 4 more frequent in hypercholes te ro lemia , and both E 2 
and E4 more frequent in mixed hyper l ip idemia . These pre l iminary findings need 
corroborat ion from studies on a large-scale popula t ion . It is a lso important to 
recognize that o ther factors such as d ie t , exerc ise , age , sex , h o r m o n e s , and drugs 
can influence lipid levels and m a y affect the express ion of the a p o E gene . T h e 
interplay with other g e n e s , for ins tance , apoB or a p o B , E receptor , should also be 
examined . 

XIII. Concluding Remarks 

If w e look at the progress m a d e dur ing the last 4 - 5 yea rs , it is apparent that 
gene c loning and recombinan t D N A methods are rapidly genera t ing new insights 
into the role(s) that apol ipoprote ins p lay in l ipoprotein structure and metabo l i sm. 
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Such information is also providing important means for s tudying the molecula r 
basis of l ipoprotein disorders and of their effect on the atherosclerot ic p rocess . 
The relat ionship be tween gene po lymorph i sm and hyper l ip idemias is beg inning 
to emerge and studies on the factors control l ing gene express ion are also be ing 
investigated. O n the structural level w e now have the means of p roduc ing ap-
ol ipoproteins of given structural specifications by site-specific mutagenes is and 
the products so der ived should effectively aid in the s tudy of natural ly occurr ing 
human var iants . It is now clear that even single point muta t ions can affect the 
functional express ion of an apol ipoprote in molecu le as exemplif ied by some of 
the apoE muta t ions . Very recently the recombinan t D N A technology has also 
provided the long-awai ted breakthrough in the area of a p o B . For a long t ime , this 
apolipoprotein had defied the efforts by m a n y invest igators a t tempt ing to unravel 
its structure by classical b iochemica l m e t h o d s . T h e availabil i ty of c D N A clones 
of this apol ipoprotein has now paved the way for the study of its p r imary 
structure and of its functional proper t ies . T h e techniques of modern b io logy are 
also being applied to the analysis of 4 * m i n o r " apol ipoprote ins such as a p o D and 
a p o H , whose structural and functional proper t ies are essential ly u n k n o w n . Al -
though not dealt with in this r ev iew, impor tant parallel advances are also be ing 
made in the areas relat ing to l ipid-modifying e n z y m e s , apol ipoprotein receptors , 
and lipid carr ier pro te ins , all involved in lipid metabo l i sm. T h u s , a favorable 
setting has been reached to begin asking ques t ions about the interrelat ionships 
be tween genet ic and envi ronmenta l factors and about the role they play in ei ther 
maintaining physiological levels of p l a sma lipid and l ipoprotein or in the pa tho-
genesis of dys l ipopro te inemias . Under ly ing these advances is the awareness that 
many lipid abnormal i t ies are in fact p r imary protein disorders whe ther affecting 
apol ipoprote ins , l ipid-modifying e n z y m e s , receptors , o r carr ier prote ins . T h e 
acquisit ion of addit ional knowledge of the factors that control the product ion and 
degradat ion of these prote ins should p rov ide better m e a n s for unders tanding the 
nature of l ipoprotein disorders and their m a n a g e m e n t . 
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I. Introduction 

It has recently been establ ished from the results of intense invest igat ions by 
many groups that the prote inase b inding protein a 2- m a c r o g l o b u l i n ( a 2M ) to-
gether with the complemen t proteins C 3 , C 4 , and C5 const i tute a novel class of 
structurally and functionally related large p lasma prote ins . Apar t from C5 these 
proteins contain an internal β - ϋ γ β ί β ί η γ ί ^ ^ ΐ υ ί α π ι γ ί thiol ester , which enables the 
proteolytical ly activated forms of a 2M , C 3 , and C 4 to part icipate in charac-
teristic covalent b inding react ions . T h e thiol ester s t ructure , which in the nat ive 
proteins can be s lowly c leaved by a n u m b e r of small ni t rogen nuc leophi les , 
represents a novel type of postsynthet ic modif icat ion of prote ins . 

Tradi t ional ly a 2M has been studied within the context of p lasma prote inase 
inhibi tors , a l though by several criteria it is un ique (Table I ) . Wherea s mos t 
p lasma proteinase inhibitors are m o n o m e l i c proteins of roughly similar s ize , 
containing approximate ly 4 3 0 - 5 0 0 res idues ( 5 4 - 1 0 0 k D a ) , a 2M is a te t ramer 
whose 180-kDa subunits conta in 1451 res idues . Fur the rmore , in contrast to mos t 
other prote inase inhibi tors , which form 1 :1 complexes with serine prote inases 
engaging the active site of the prote inase and the react ive site of the inhibi tor , 
a 2M forms complexes with a wide spec t rum of prote inases differing in their 
substrate specificity and catalytic m e c h a n i s m . Both 1 :1 and 2 : 1 p r o t e i n a s e -
a 2M complexes can be formed, and the disulf ide-bridged d imer (360 kDa) 
appears to be the functional unit of a 2M . Contrary to 4' c l a s s i c a l " p r o t e i n a s e -
inhibitor complexes the bound prote inase is still ac t ive , especial ly toward smal l 
synthetic substrates . These features of a 2M have resul ted in the 4 4t r a p " hypoth-
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Major Plasma Proteinase Inhibitors" 

Plasma concentration Size 
Proteinase inhibitor (μΜ) (kDa) 

α ι-Proteinase inhibitor 3 7 - 7 4 53 
(394 residues) 

Antithrombin III approx. 5 58 
(430 residues) 

a2-Antiplasmin approx. 1 65 
(450 residues) 

α! - Antichymotrypsin 5 - 1 0 58 
(430 residues) 

CI esterase inactivator 1-3 104 
(500 residues) 

a2-thiol proteinase inhibitor approx. 6 60 
(LMW kininogen) (427 residues) 

Inter-a-trypsin inhibitor 1-4 180 
(1500 residues) 

a2-Macroglobulin 2 - 4 720 
(4 x 1451 residues) 

"Data collected from Heimburger (1974), Travis and Salvesen (1983), Sasaki et al. 
(1977), Ohkubo et al. (1984), and Gounaris et al. (1984). 

esis for a 2M - p r o t e i n a s e complex format ion , where proteolyt ic c leavage of a 
part icularly exposed pept ide stretch near the middle of the 180-kDa subuni t (the 
" b a i t " region) results in a conformat ional change of the a 2 M te t ramer , thereby 
entrapping the prote inase . T h e nature of the essential ly irreversible prote inase 
complex formation with a 2 M has long remained e lus ive . The a 2M - p r o t e i n a s e 
complexes are rapidly cleared from the c i rcula t ion, indicat ing an impor tant role 
of a 2 M for control l ing proteolyt ic activity in p lasma . 

The proteins C 3 , C 4 , and C 5 are m e m b e r s of the g roup of 20 p la sma proteins 
now considered to be the functional set of c o m p l e m e n t , an important part of the 
i m m u n e sys tem. C 3 consis ts of α cha ins (115 k D a ) and β cha ins (75 k D a ) ; C 4 of 
α chains (95 k D a ) , β chains (70 k D a ) , and 7 chains (32 k D a ) ; and C5 of α chains 
(115 kDa) and β chains (75 k D a ) . Wi th in each protein the individual chains are 
disulfide br idged. In contrast to the te t rameric a 2 M these mul t iple-chain comple -
ment proteins circulate as 190- to 200 -kDa pro te ins , thus represent ing pro-
teolytically processed " m o n o m e r s . " T h e physiological act ivators for C 3 , C 4 , 
and C5 are macromolecu la r e n z y m e complexes having a nar row substrate speci-
ficity, and in each case the act ivat ing event consis ts of the c leavage of a single 
a r g i n y l - X bond in the N- terminal part of the respect ive α cha ins . C 3 is the 
central protein of c o m p l e m e n t , opera t ing at a point where the " c l a s s i c a l " and 

TABLE I 
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4 ' a l t e rna t i ve" pa thways of activation conve rge , eventual ly resul t ing in opsoniza-

tion of ce l l -bound C 3 by macrophages and neut rophi l s , and in the assembly of 

the lytic complex , C 5 b , 6 , 7 , 8 , 9 . C 4 part icipates in the classical pa thway , which 

is t r iggered mainly by the aggregat ion of certain classes of immunog lobu l ins on 

ant igen b inding . In contras t , the al ternative pa thway , which does not require an 

i m m u n e response , is t r iggered by b inding of C 3 b to a variety of c o m p o u n d s , 

part icularly polysacchar ides from bacterial and yeast cell wal l s . A schemat ic 

representat ion of the activation pa thways of complemen t is shown in F ig . 1. Both 

pa thways are subjected to a n u m b e r of intrinsic and extr insic control mecha -

n i sms , a m o n g which the " n a s c e n t " state of act ivated C 3 , C 4 , and C 5 is par t icu-

larly important . 

immune complexes 

O q r s —•—· · Clqrs activated 

CA • C2 

C 3 b . Β 

C3 

C4b2a 

I 

C3bBb 

C3b C5 

C4b2a3b 

I 
C5b C5b6789„ 

C3 convertase 

• C3b„Bb 

C5 convertase 

C6*7*8*9 lytic complex 

C3 
spontaneous 

decay 

Fig. 1. Scheme of activation pathways of complement. Classical pathway: The activation by 
immune complexes is initiated by binding of the first component (CI) through the C l q subcomponent 
to the Fc region of the antibody molecule. This results in the sequential activation of the subcompo-
nents C l r and C l s . C l s in turn activates C4 and C2. Nascent C4b becomes covalently bound to the 
immune complex (to the Fab portion of the antibody) or to cell surface structures and acquires a 
binding site for C2, which is then activated. The complex between C4b and C2a (C3 convertase) 
activates C3 , which in its nascent state binds covalently to nearby cell surface structures. Part of C3b 
forms a complex with C4b2a (C5 convertase, C4b2a3b), in which the bound C2a activates C5 to form 
C5b. Nascent C5b interacts with C6 and C7 and becomes incorporated noncovalently into the 
sensitized cell membrane, followed by the sequential addition of C8 and C9 to form the terminal lytic 
complex C5b,6,7,8,9„. Beyond the activation of C5 no proteolytic processes are believed to take 
place. Alternative pathway: Nascent C3b, presumably formed in the spontaneous decay of C3 , 
interacts with factor Β to form a complex C3bB, which is stabilized by certain polysaccharides and 
properdin, a plasma protein. In this complex factor Β is activated by factor D, a small trypsinlike 
serine proteinase, to form the complex C3bBb (C3 convertase). This in turn activates C3 , more C3b 
enters the C3bBb complex, and the C5 convertase is formed (C3b„Bb). Then assembly of the 
terminal lytic complex ensues. Subcomponents C l r and C l s are large sophisticated serine proteinases 
and factor Β and C2 are large serine proteinases with an unusual structure. Short accounts of the 
activation of CI and the structures of C l q , C l r , C l s , C2, and Β have appeared recently (Colomb et 

al., 1984; Carter et al., 1984; Gagnon, 1984). The assembly of the lytic complex has been reviewed 
by Bhakdi and Tranum-Jensen (1984), Podack and Tschopp (1984), and Muller-Eberhard (1984). 
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In contrast to earl ier comprehens ive rev iews on macroglobul ins (Starkey and 
Barret t , 1977; Barret t , 1982; Robe r t s , 1985; Trav is and Sa lvesen , 1983) and on 
complemen t (Porter and Re id , 1979); Mii l ler-Eberhard and Schre iber , 1980; 
Reid and Por ter , 1981) , this rev iew will emphas i ze the c lose structural and 
functional re la t ionship be tween a 2 M and related macrog lobul ins on the one hand 
and the complemen t prote ins C 3 , C 4 , and C 5 on the other . Previously these t w o 
groups of prote ins were thought to be unrela ted . Th i s real izat ion is the ou t come 
of the rapid advances in the k n o w l e d g e about these pro te ins , which has taken 
place in recent yea rs , notably since the d iscovery of the internal react ive thiol 
esters of a 2 M , C 3 , and C 4 in 1980. Recen t accounts of this process can also be 
found in the proceedings from a N e w York A c a d e m y of Sc ience conference on 
a 2 M (Vol . 4 2 1 , R. D . F e i n m a n , e d . , 1983) and in t w o mul t iauthor vo lumes in 
the Spr inger Semina r Series on I m m u n o p a t h o l o g y (Vols . 6 and 7 , H . Miiller-
Eberhard , e d . , 1983 and 1984) . 

In this rev iew a 2M , C 3 , and C 4 wil l be d iscussed as m e m b e r s of a family of 
a 2M - r e l a t e d thiol ester p l a sma pro te ins . Whi l e the exis tence of t w o related a -
macroglobul ins in several an imal species has been k n o w n for some t ime , it has 
b e c o m e clear only recent ly that h u m a n p l a sma conta ins a second thiol ester 
conta ining α -macrog lobu l in , name ly , the p regnancy zone protein (PZP) . In some 
rodents , e . g . , the m o u s e and the rat , three dist inct thiol es ter-containing a -
macrog lobu l ins , which are prote inase b ind ing , are found. T h u s , the family of 
a 2M - r e l a t e d thiol ester prote ins consis ts of t w o subgroups , the prote inase-bind-
ing d imer ic or te t rameric macroglobul ins and the prote ins C 3 and C 4 , which in 
the complemen t sys tem part ic ipate in specific b inding react ions of a different 
k ind . Int r iguingly, within each of these subgroups an addit ional protein is 
k n o w n , which does not contain an internal thiol es ter , name ly , the prote inase-
b inding ovostat in from hen egg whi te and complemen t protein C 5 . This indicates 
that it migh t not be the p resence of the thiol ester s tructure per se , that basical ly 
character izes all these prote ins but ra ther the p resence of an under ly ing c o m m o n , 
yet u n k n o w n , gross s t ructure , capable of undergo ing a part icular sort of confor-
mat ional change upon act ivat ion by specific l imited proteolys is . A n inherent 
feature of this conformat ional change appears to be the generat ion of a short-
l ived s tate , the nascent s ta te , where specific b inding reac t ions , covalent or not , 
can take p l ace , thereby resul t ing in the assembly of un ique macromolecu la r 
complexes of vital impor tance . 

II. Brief Historical Perspective 

It will be appropr ia te to summar i ze those d iverse earl ier observa t ions , which 
can n o w be integrated into a functional concept reflecting the presence of internal 
thiol esters in a 2M , C 3 , and C 4 act ivated by a specific conformat ional change . 
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These c o m m o n functional propert ies of a 2 M , C 3 , and C 4 are the fol lowing: (1) 
A s low inactivation by small amines resul t ing in covalent b inding . (2) A fast 
covalent b inding of the proteolyt ical ly act ivated forms to other proteins and to 
cell surfaces in the nascent state. (3) A un ique heat or denaturat ion fragmentat ion 
pattern of the nat ive prote ins . (4) An appearance of t i tratable SH groups dur ing 
these react ions . (5) A specific conformat ional change leading to recogni t ion of 
the proteolyt ical ly act ivated or amine- inact ivated forms by specific cell surface 
receptors . 

Gordon et al. (1926) were the first to report that a componen t of complemen t 
was unusual ly sensi t ive toward a m m o n i a , me thy lamine , and e thy lamine . In con-
trast to the three componen t s then recognized this new componen t (the fourth) 
could be specifically inactivated by low concent ra t ions of amines at a weakly 
alkaline p H . Pi l lemer et al. (1941) conf i rmed and ex tended these observat ions 
and concluded that the inactivation was only observed with small amines or 
hydrazines having a pr imary amino g roup . W h e n C 4 was later purified it was 
shown that its hemolyt ic activity was lost by incubat ion with low concentra t ions 
of hydraz ine (Mul ler -Eberhard and Bi ro , 1963). . 

In studies on a p lasmin inhibitor later k n o w n to be a 2 M Pi l lemer et al. (1953) 
reported that this inhibitor, which was dist inct from C 4 (Ratnoff et al., 1954) , 
could also be inactivated by hydraz ine . Meh l et al. (1964) pointed out that a 2 M 
prepared by a m m o n i u m sulfate precipi tat ion had lost its prote inase b inding ac-
tivity. This was confi rmed by Ste inbuch et al. (1968) , w h o also noted that 
inactivation was more effective with hydraz ine than with me thy lamine . F rom 
these studies it was not entirely clear whe ther the inactivation observed was 
reversible or i rreversible . 

W h e n purified C 3 b e c a m e avai lable (Mul le r -Eberhard , 1961) it was shown 
that it could also be inactivated by hydraz ine . In addi t ion, the hemolyt ic activity 
was found to be gradual ly des t royed upon incubat ion with chaot ropes like po -
tass ium bromide or upon storage (Mul le r -Eberhard et al., 1960; Da lmasso and 
Mul le r -Eberhard , 1966). A c c o m p a n y i n g inactivation of C 4 changes in the sedi-
mentat ion coefficient and the e lectrophoret ic mobil i ty were observed (Muller-
Eberhard and Bi ro , 1963) , p robably represent ing the same type of molecular 
changes , that could be detected in inactivated C 3 by immunologica l techniques 
(West et al., 1966). Upon proteolyt ic act ivat ion of C 3 and C 4 distinct changes in 
electrophoret ic mobil i ty were also seen (Pondman and P e e t o o m , 1964; Mul ler -
Eberhard and L e p o w , 1965). 

a 2 M incubated with hydraz ine and me thy lamine reproducibly migra ted 
slightly faster than native a 2 M in agarose gel e lectrophoresis (Ste inbuch et al., 

1968), and preparat ions of a 2 M were found to be he te rogeneous in acry lamide 
gel e lec t rophores is , with the fastest-migrat ing forms having little or no pro-
te inase binding activity (Saunders et al., 1971). Upon saturat ion with trypsin the 
s lowest-migrat ing form represent ing nat ive a 2 M was comple te ly conver ted to the 
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fastest-migrat ing form, which was indis t inguishable from that obta ined by in-
cubat ion with me thy lamine . 

Fo l lowing the demonst ra t ion that a fraction of C 3 and C 4 b e c a m e strongly 
associated with erythrocyte m e m b r a n e const i tuents or with i m m u n e complexes 
dur ing act ivat ion of complemen t (Da lmasso and Mul le r -Eberhard , 1964; Wi l -
loughby and M a y e r , 1965) , subsequent s tudies indicated that act ivated C 3 and 
C 4 expressed a labile b inding site of u n k n o w n na ture , which could react with 
unspecified acceptors on the erythrocyte surface or in the i m m u n e complex 
(Mul ler -Eberhard and L e p o w , 1965; Mul le r -Eberhard et al., 1966). If act ivated 
C 3 and C 4 did not react with those acceptors in the short- l ived state (the nascent 
s tate) , inactivated C 3 and C 4 wou ld accumula te in the fluid phase . 

The first c lue to the nature of the interaction be tween act ivated C 3 and cell 
surfaces was provided by L a w and Levine (1977) , w h o showed that a large 
fraction of ce l l -bound C 3 in fact was covalent ly bound . Since these covalent 
bonds could be c leaved by hydroxy lamine , they were j udged to be es ters , p roba-
bly formed be tween surface hydroxyl g roups and a carboxyl g roup located in the 
a ' chain of C 3 (Law et al., 1979b) . T h e first indicat ion of covalent b inding of 
proteinases to a 2 M c a m e from Harpel (cited in Harpel and Rosenbe rg , 1976) , 
w h o showed that the light chain of p lasmin remained bound to the a 2 M subunit 
or its bait region c leaved f ragments , even after extens ive denatura t ion. Similar 
results were obta ined by Ste inbuch et al. ( 1976) , w h o also showed that t rypsin 
could be bound covalent ly to a 2 M , and by Granel l i -Piperno and Reich (1978) . 
Pochon et al. (1978) observed that t rea tment of a 2M - c h y m o t r y p s i n with urea 
failed to dissociate chymot ryps in from the a 2 M d imers obta ined under these 
condi t ions (Jones et al, 1972; Harpe l , 1973) , and Salvesen and Barret t (1980) 
demons t ra ted covalent b inding of a variety of pro te inases . T h e b inding of acti-
vated C 4 to i m m u n e c o m p l e x e s , p resumably to the Fab port ion of IgG (Goers 
and Porter , 1978) , was also shown to involve covalent bond formation (Law et 

al., 1980a ,b ; Campbe l l et al., 1980). 

A new puzzl ing observat ion was m a d e by Harpel and Hayes (1979) , w h o 
showed that prepara t ions of nat ive a 2 M denatured in hot S D S and analyzed by 
reducing S D S - P A G E conta ined in addi t ion to the 180-kDa subunit characteris t ic 
120- and 60 -kDa f ragments . In a subsequent s tudy the poss ible interference from 
prote inases was ruled out , and it was conc luded that the hea t /denatura t ion frag-
ments resulted from the c leavage of an unusual ly labile pept ide bond in a 2 M , not 
present in a panel of o ther prote ins invest igated (Harpel et al., 1979). These 
results were conf i rmed and ex tended by Barret t et al. (1979) , w h o like Harpel et 

al. (1979) also showed that the heat f ragmentat ion did not occur with amine-
inactivated a 2M . Tha t the me thy lamine-dependen t inact ivat ion of a 2 M and the 
presence of a heat- labi le pept ide b o n d were interrelated was apparent from the 
studies of Swenson and H o w a r d (1979b) , which conclus ively demons t ra ted that 
inactivation with me thy lamine resul ted in the incorporat ion of 1 mole amine per 
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mole subunit into a part icular Glx res idue . This was fol lowed by the precise 
demonst ra t ion that the heat c leavage occurred at the N- terminal side of the 
methylamine-reac t ive Glx res idue (Howard et al., 1980) , thereby conver t ing this 
res idue to a res idue of pyroglu tamic acid. Subsequent work from the same 
laboratory establ ished that C 3 (Howard , 1980) and C 4 (Gorski and H o w a r d , 
1980) also displayed a characteris t ic heat f ragmentat ion pattern and conta ined a 
methylamine-reac t ive Glx res idue located in their α cha ins . A un ique react ive 
site c o m m o n to a 2 M , C 3 , and C 4 was proposed to consis t of an internal pyroglu-
tamic acid res idue (Howard et al., 1980) , which under proper condi t ions would 
effect covalent bond formation with added nucleophi les or could unde rgo cleav-
age , result ing in polypept ide chain f ragmentat ion. 

In a systematic s tudy of the effects of ni t rogen nucleophi les , chao t ropes , and 
denaturants on the functional and structural propert ies of C 3 and C 4 by Tack , 
Prahl , and co-workers (Janatova α/., 1979, 1980a ,b ; Jana tova and T a c k , 1981) 
heat fragmentat ion of the α chains of nat ive C 3 and C 4 was observed . Moreove r , 
these studies revealed the appearance of a previously unrecognized S H group 
(maximal ly 1 mole per mole C 3 or C 4 ) , in parallel with the loss of hemoly t ic 
activity result ing from incubat ion with hydraz ine or hydroxy lamine . This S H 
group also appeared as a result of incubat ion with chaot ropes and with the 
physiological act ivator C l s (C4) or the nonphysiologica l activator t rypsin (C3) . 
Sequence studies revealed that the S H group in C 3 was contr ibuted by a Cys 
res idue, located only three posi t ions from the methylamine-reac t ive Glx res idue 
(Tack et al., 1980) in a heptapept ide sequence , identical to that de te rmined 
earlier in a 2 M around its methylamine- reac t ive Glx res idue (Swenson and 
Howard , 1979b) . Addi t ional studies showed that the sequence around the reac-
tive Glx res idue of C 4 was identical with that of C 3 and a 2 M (Harr ison et al., 

1981; Campbel l et al., 1981). 

Combin ing the avai lable ev idence Tack et al. (1980) concluded that the reac-
tive site of C 3 , C 4 , and a 2 M mos t l ikely was const i tuted by a β-ογβΙοΐηγΙ-Ύ-
glutamyl thiol ester , a previously unknown integral structural e lement of p ro -
teins. Addi t ional results on inact ivat ion of C 3 and C 4 by amines or chao t ropes , 
heat f ragmentat ion, and covalent b inding to i m m u n e complexes o r to cell sur-
faces immedia te ly conf i rmed and corrobora ted this proposal (Law et al., 

1980a,b , 1981 ; Pangburn and Mul le r -Eberhard , 1980; Reboul et al., 1980; 
Campbel l etal, 1980; R. B . S i m e t a l . , 1981 ; G a d d and Reid , 1981 ; Lundwal l et 

al., 1981; von Zabern et al., 1981 ; Seya and N a g a s a w a , 1981 ; Ichihara et al., 

1981). 
Independent ly , Sot t rup-Jensen et al. (1980) showed that a 2M - p r o t e i n a s e 

complex formation was accompan ied by an appearance of S H groups (maximal ly 
four SH groups per mole te t ramer for 2 mole t rypsin or elastase bound) . In 
examining al ternative ways of act ivat ing the methylamine-reac t ive Glx res idue , 
thought to be involved also in the formation of covalent a 2M - p r o t e i n a s e c o m -
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p lexes , they were intr igued about the possibi l i ty that this react ion could b e 
reminiscent of the formation of e- lysyl -7 -glutamyl cross- l inks by t rans-
g lu taminases . T h u s , the methylamine- reac t ive Glx res idue identified by Swen-
son and H o w a r d (1979b) could by ana logy with the thiol es ter intermediate 
known in t ransglu taminases (Folk and C h u n g , 1973; Folk and F in layson , 1977; 
Folk , 1983) be thiol esterif ied. S ince it was a lso found that incorporat ion of 
methy lamine into a 2 M resul ted in the appearance of S H groups in an approxi -
mate 1 :1 s to ichiometry , and s ince prote inases and me thy lamine acted on the 
same potential of S H appea rance , it w a s conc luded that the methylamine-reac t ive 
Glx res idue in fact was thiol esterified to a Cys res idue , located in a sequence 
identical to that found in C 3 and C 4 (Sot t rup-Jensen et al., 198 l a ) . T h e presence 
of an internal react ive P-cysteinyl-7-glutamyl thiol ester in a 2 M would readi ly 
explain the me thy lamine incorpora t ion , the potent ial for covalent prote inase 
b inding, and the heat c leavage (Sot t rup-Jensen et al., 1980). These results were 
corroborated by similar results obta ined by Salvesen et al. (1981) and by H o w a r d 
(1981) . In analogy with act ivated C 3 and C 4 (Law et al., 1981) , proteolyt ical ly 
activated a 2 M was also found to exist in a short- l ived nascent s tate , in which 
added nucleophi les could be covalent ly bound to the thiol-esterified Glx res idue 
(Sot trup-Jensen et al., 1981c,d; Sa lvesen etal., 1981) . T h e rela t ionship be tween 
covalent a 2M - p r o t e i n a s e complex format ion and b inding of smal l nucleophi les 
was also s tudied by Van Leuven et al. ( 1981a ,b ) , W u etal. ( 1981) , and W a n g et 

al. (1981) . Tha t covalent b inding indeed engaged these thiol-esterified Glx resi-
dues in a 2 M , C 3 , and C 4 was p roven by Campbe l l etal. (1981) , Sot t rup-Jensen 
and Hansen (1982) , and Hoste t ter et al. (1982) . 

The rapid c learance of a 2M - p r o t e i n a s e complexes from the circulat ion was 
first noted by Ohlsson (1971a ,b ) and was conf i rmed and ex tended by studies by 
Debanne et al. (1975) and Kap lan and Nie lsen (1979a ,b ) . F r o m these and similar 
results by Van Leuven et al. ( 1 9 7 8 , 1979) it b e c a m e evident that several cell 
types including macrophages and fibroblasts conta ined receptors for a 2M - p r o -
teinase complexes . T h e s e cel lular receptors would recognize amine- t reated and 
proteinase-treated a 2 M equal ly wel l (Kaplan et al., 1981 ; Imber and P izzo , 
1981; Van Leuven et al., 1981a) , indicat ing that the c leavage of the thiol esters 
in a 2 M was int imately associated with a conformat ional change leading to the 
exposure of a receptor recogni t ion si te . 

A m o n g the different receptors for act ivated C 3 and C 4 or c leavage products 
thereof that have been descr ibed on different ce l l s , several p resumably play a 
prominent role in the c learance of the act ivated c o m p l e m e n t prote ins (Gigli and 
Nelson , 1968; Man tovan i et al., 1972; Eh lenberger and Nussenzwe ig , 1977; 
Horwi tz , 1980; Fearon et al., 1981) . In analogy with a 2 M the action of amines 
and chaot ropes on C 3 and C 4 p roduces a conformat ional ly changed molecu le , 
which resembles the proteolyt ical ly act ivated forms (Janatova et al., 1980b; 
Janatova and T a c k , 1981 ; Parkes et al., 1981 ; I senman et al., 1981 ; von Zabern 
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et al, 1981). In contrast to the nat ive prote ins these forms readily interact with 
cellular receptors (Berger et al, 1981 ; Arnaou t et al., 1981 ; Schreiber et al., 

1981) thereby provid ing for phagocytos is of complexes be tween C 3 b or C 4 b and 
cells or i m m u n e aggrega tes . It had been sugges ted earl ier , on the basis of l imited 
sequence informat ion, that C 5 could be homologous with C 3 and C 4 (Fernandez 
and H u g h , 1977) . H o w e v e r , this was not firmly demons t ra ted until longer 
stretches of sequence from C 5 had been de te rmined (Lundwal l et al., 1985) . 
Al though C5 does not contain an internal thiol ester , act ivated C5 never theless 
enters a nascent s tate , in which specific interact ions with C 6 and m e m b r a n e s take 
place (Cooper and Mii l ler -Eberhard, 1970; Vogt etal., 1978; DiSc ip io , 1981a ,b ; 
DiScipio etal., 1983). 

III. The Family of a 2M-Related Proteins 

A Proteins of the Macroglobulin Subgroup 

Fol lowing the first descr ipt ion of h u m a n a 2 M by Schul tze et al. (1955) this 
protein has been isolated and character ized by many invest igators . Several p ro-
cedures for the isolation of highly act ive and nat ive a 2 M exist as rev iewed by 
Barrett (1982) and Rober ts (1985) . It has recent ly been shown that h u m a n p lasma 
contains another α -macrog lobu l in , structurally and functionally very s imilar to 
a 2M , namely , the p regnancy zone protein (PZP) (Sot t rup-Jensen et al., 1984d; 
Sand et al., 1985). In contrast to a 2 M this protein is a d imer of 360 k D a . P Z P 
was first descr ibed by Smith ies (1959) and has been character ized by several 
g roups , e . g . , by Bohn (1971) , S t raube et al. (1972) , S t imson and Eubank-Scot t 
(1972) , von Schoul tz and St igbrand (1974) , Bohn and Winck le r (1976) , Stig-
brand et al. ( 1978) , Folkersen et al. ( 1978) , and S t imson and Farquharson 
(1978) . Dur ing p regnancy the p la sma level of P Z P increases approximate ly 20 -
to 100-fold, and levels up to 1000 mg/ l i t e r are not u n c o m m o n in late p regnancy 
(Folkersen et al., 1981b; von Schoul tz , 1974; Than et al., 1976). Thus P Z P is 
quanti tat ively the major pregnancy-assoc ia ted p lasma prote in . Al though less 
information is avai lable , another large pregnancy-assoc ia ted protein could also 
be related to a 2 M , namely , the pregnancy-associa ted p la sma protein A ( P A P P -
A) . The level of this protein is roughly one- tenth that of P Z P , and it c irculates as 
a te tramer of 800 k D a (Lin et al., 1974; Bischof, 1979; Sutcliffe et al., 1980; 
Folkersen et al, 1981a; Sinosich et al., 1982). 

The presence of two dist inct but related a M ' s in the rat, having similar 
proteinase-binding proper t ies , has been k n o w n for some t ime (Menninger et al., 

1970; Ganro t , 1973a ,b ; G o r d o n , 1976; Hud ig and Sel l , 1979; Nieuwenhu izen et 

al, 1979; O k u b o etal, 1981; Panrucker and Lorscheider , 1982; Schaeufele and 
K o o , 1982; Nel les and Schnebl i , 1982; Van Gool etal, 1982). Rat a 2 M , which 
is an acute-phase reactant , conta ins 180-kDa subuni ts , whi le the subunits of rat 
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o ^ M are c leaved to disulf ide-br idged 160- and 4 0 - k D a f ragments . These prote ins 
are te tramers of 720 k D a . 

Al though only one a M has been descr ibed in the m o u s e (Greene et al., 1971) 
it has recently b e c o m e clear that t w o a M ' s s imilar to those of the rat are present 
(Hudson and K o o , 1982; Gon ias et al., 1983; Sai to and Sinohara , 1985a) . In 
addit ion, both the rat and the m o u s e contain a third prote inase-binding a M 
related to a 2 M , name ly , the rat α , - inh ib i to r III (Gauthier and Ohlsson , 1978; 
Esnard and Gauth ier , 1980; Esnard α/., 1 9 8 1 , 1985) and the m o u s e mur inog lo -
bulin (Saito and S inohara , 1985a; Y a m a m o t o et al, 1985). T h e so-called rat 
" m u r i n o g l o b u l i n " (Sai to and S inohara , 1985b) is probably identical with rat a r 

inhibitor III (L. Sot t rup-Jensen , unpubl i shed) . These pro te ins , which in analogy 
with the prote inase-binding d imer ic unit of h u m a n a 2 M probably function as 
noncovalent ly associated 360-kDa d i m e r s , are perhaps related to the p regnancy-
associated rat and m o u s e prote ins descr ibed by Pors tmann and Hau (1984) and 
Wai tes and Bell (1984) . Al though rat α , - inh ib i to r III has been judged to be 
related to h u m a n in ter -a- t ryps in inhibi tor (Gauthier and Ohlsson , 1978), com-
plexes be tween in ter -a- t ryps in inhibi tor and trypsin or chymotryps in have no 
residual proteolyt ic activity. In addi t ion , this protein has no capaci ty for protect-
ing the activity of the bound prote inases against soybean trypsin inhibitor and a , -
proteinase inhibi tor , respect ively . F ina l ly , N- te rminal sequence analysis of 
human in ter -a- t ryps in inhibitor has not revealed a sequence which is h o m o l o -
gous with those of the m e m b e r s of the macroglobul in family (L . Sot t rup-Jensen, 
unpubl ished) . 

T w o a M ' s have also been descr ibed in the rabbit (Bloth et al., 1968; Lebre ton 
de Vonne and M o u r a y , 1968; D e b a n n e et al., 1975) and in the dog (Ohlsson , 
1971a,b) . Besides the k n o w n a M of the pig ( Jacquot -Armand and G u i n a n d , 
1967, 1976; Baumsta rk , 1973; Tsuru et al., 1978) another dist inct a M is present 
(Wes t rom, 1979a ,b) . Al though only one a M has been descr ibed in the ox and in 
the horse (Nagasawa et al., 1970a ,b ; Fe ldman et al., 1984; Dubin et al., 1984) it 
is likely that these species and probably all o ther species will turn out to contain 
at least t w o , perhaps three , mutual ly related a M ' s . 

The p lasma of the hen conta ins an a M strongly related to h u m a n a 2 M (Nagase 
et al., 1983). H o w e v e r , an immunolog ica l ly dist inct te t rameric prote in , ovosta-
tin, is found in hen egg whi te (Ki t amoto et al., 1983; Nagase et al., 1983; 
Nagase and Harr i s , 1983; Fe ldman and P izzo , 1984a) that is s imilar to o ther 
prote inase-binding prote ins (ovomacroglobul ins ) found in avian eggs (Mil ler and 
Feeney , 1966; D o n o v a n et al., 1969) and in amphib ian eggs (Ikai et al., 1983). 
Unl ike a 2 M , ovostat in apparent ly conta ins no internal thiol es ters , but is other-
wise closely related. H o w e v e r , the cor responding protein from duck eggs seems 
to be a thiol ester protein (Nagase et al., 1985). F rog p lasma apparent ly conta ins 
two related a M ' s , a te t rameric and a d imer ic protein (Fe ldman and P izzo , 1985 , 
1986). 
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The relat ionship be tween the t w o a M ' s found in several animal species and 
the possible relat ionship be tween all ver tebrate a M ' s have been studied by 
immunologica l me thods ( J ames , 1965; But ler and Brunner , 1967; Berne et al, 

1973; Shortr idge et al., 1976; W e s t r o m et al., 1983; Car lsson et al, 1985) . 
Al though all a M ' s s tudied are more or less ant igenical ly related and m a y be 
grouped into several subse ts , the high discr iminatory p o w e r of these p rocedures 
appears to be less suited for the detect ion of distant relat ionships than me thods 
utilizing the k n o w n binding propert ies of a M ' s , name ly , the formation of c o m -
plexes , in which the bound prote inase is still ac t ive , and the incorporat ion of 
radiolabeled me thy lamine . T h u s , Starkey and Barret t (1982a) surveyed a n u m b e r 
of major ver tebrate taxa and found a M ' s in m a m m a l s , b i rds , rept i les , amphib i -
ans , and fish. Even in invertebrates such as the horseshoe crab and the crayfish 
a 2M - l i k e proteins are present as shown by Quig ley and Arms t rong ( 1 9 8 3 , 1985) 
and Hergenhahn and Soderhal l (1985) . T h e a M h o m o l o g from plaice has been 
isolated and character ized (Starkey et al., 1982; Starkey and Barret t , 1982b) and 
shown to be a noncovalent ly associated d imer ic protein conta ining proteolyt i -
cally processed subunits c o m p o s e d of disulf ide-bridged 105- and 9 0 - k D a cha ins . 

B. Proteins of the Complement Subgroup 

Most studies on C 3 , C 4 , and C 5 have uti l ized the h u m a n pro te ins , which have 
been purified and character ized by m a n y invest igators . A n example of a large-

TABLE II 

Representative Examples of Proteins Related to Human a 2M 

Size of subunits 
Subgroup (kDa) Quaternary structure 

Macroglobulin 
Human a 2M 180 Tetramer (subunits 

pairwise disulfide 
bridged) 

Human PZP 180 Dimer/tetramer 
Rat cqM 160 + 40 Tetramer 
Rat ct2M 180 Tetramer 
Rat a!-inhibitor III 180 Monomer/ dimer? 
Plaice a M 105 + 90 Dimer 
Ovostatin 180 Tetramer 

Complement 
Human C3 
Human C4 
Human C5 
Cobra venom factor 

75(β)+ 115(a) 
70 (β )+95(a )+32(7 ) 
75(β)+ 115(a) 
7 1 ( β ) + 4 8 ( α ) + 2 8 ( 7) 

Proteolytically processed 
"monomer s " 
(disulfide bridged) 
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R o ( | M « 

P o ( Μ « 

Η C 3 « 

Η C 4 • 

Η C 5 ι 

(d imer) 

Fig. 2 . Schematic representation of the structures and chain organization of examples of a 2M -
related proteins. The approximate positions of the activation cleavage sites ( | ) and thiol ester sites 
(*) are shown. The disulfide bridge pattern of human ot2M is known (Sottrup-Jensen et al, 1984c) 
and the dimeric unit has been shown to contain two interchain bridges (Sottrup-Jensen, 1985; P. E. 
Jensen and L. Sottrup-Jensen, unpublished). Presumably the subunits of the dimer are arranged in an 
antiparallel fashion. The individual chains of rat α !Μ and plaice a M , C 3 , C4, and C5 are disulfide-
bridged, but their bridge patterns [except for the C3a portion (Huber et al., 1980)] are not known in 
detail. H, human; R, rat; P , plaice. 

scale procedure for the purif icat ion of h u m a n C 3 , C 4 , and C 5 , which will also 
yield many other c o m p l e m e n t c o m p o n e n t s , is g iven by H a m m e r et al. (1981) . 
Unl ike C 3 and C 5 , two isotypes exist for h u m a n C 4 ( C 4 A and C4B) and for 
mouse C 4 (C4 and Sip) (Passmore and Schreffler, 1970; Roos et al, 1978; 
O 'Nei l l et al, 1978a ,b ; A w d e h and Alper , 1980; Mauff et al., 1983a) . 

As discussed by Gigl i and Aus ten (1971) the c o m p l e m e n t sys tem is p robably 
present in all ver tebra tes , a l though not necessar i ly conta in ing all of the " c l a s s i -
c a l " nine componen t s of h u m a n c o m p l e m e n t in every case (Jensen et al., 1981) . 
F rom the ra inbow trout N o n a k a et al. ( 1 9 8 1 a , b , 1984a ,b , 1985a ,b) isolated and 
character ized C 5 and t w o var iants of C 3 (C3-1 and C3 -2 ) . A cobra v e n o m factor, 
related to Naja naja p l a sma C 3 (Alper and Balav i tch , 1976) , has been purified 
and character ized (Egger tsen et al., 1981) . 

Examples of a 2M - r e l a t e d prote ins from both subgroups are shown in Tab le I I , 
and F ig . 2 shows a schemat ic representat ion of their s tructures and chain 
organizat ion. 

C. Available Complete or Partial Sequences 

Based on the quant i ta t ive N- te rmina l sequence analysis and pept ide m a p p i n g 
of 1 4C - c a r b o x y m e t h y l a t e d tryptic Cys-conta in ing pep t ides , Swenson and H o w -
ard (1979a) conc luded that a 2 M w a s c o m p o s e d of four identical 180-kDa sub-
units . This was suppor ted by the resul ts from the sequence analysis of me th-
ionine- o r homoser ine-conta in ing chymot ryp t ic pept ides (Sot t rup-Jensen et al., 
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1979) and from analysis of the new sequences that appear upon complex forma-
tion with proteinases (Sot t rup-Jensen etal, 1981b; Hall etal., 1981; Mor tensen 
et al., 1981b; Virca et al., 1983). T h e pr imary sites of act ivation c leavage were 
localized to res idues 6 8 1 - 6 8 6 (Mor tensen et al., 1981b) . T h e sequence results 
from the early phase were repor ted by Sot t rup-Jensen et al. (1979) . In this s tudy 
all major pools of C N B r fragments were subdigested with chymotryps in in order 
to produce small pep t ides , which could readily be handled by paper e lec-
trophoretic techniques and by manua l sequence de terminat ion . T h e sequence 
analysis of a 2 M proceeded by classical techniques of protein chemis t ry by the 
isolation and character izat ion of the 2 6 C N B r fragments fol lowed by manua l o r 
automated sequence analysis of a variety of pept ides from these f ragments . T h e 
nearly comple te sequence was repor ted in 1983 (Sot t rup-Jensen et al., 1983a) , 
and the comple te s t ructure , including the localizat ion of the eight g lucosamine-
based ol igosacchar ide groups (Dunn and Sp i ro , 1967a,b) and nearly all of the 
disulfide br idges , was reported in 1984 (Sot t rup-Jensen et al., 1984a ,b ,c ; 
Kris tensen et al., 1984; Stepanik and Sot t rup-Jensen, 1984; Wel inder et al., 

1984). A note of correct ion (residue 540 is a Cys res idue , not a Glu residue) has 
appeared (Sot t rup-Jensen, 1985). T h e short s tretches of sequence from a 2 M 
around the thiol ester s i te , de te rmined by Swenson and H o w a r d (1 9 7 9 a ,b , 1980) , 
were fully confi rmed in this work . In a different approach Kan et al. (1985) 
synthesized two mixed ol igo D N A probes cor responding to residues 1 3 5 4 - 1 3 5 9 
and 1 3 5 9 - 1 3 6 3 of a 2M . These were used to screen a h u m a n acute-phase liver 
c D N A library conta ining large inserts (Belt et al., 1984). Of the several inserts 
isolated, a 4 .6 -kb c D N A clone was shown by sequence analysis to contain the 
coding sequence for p r e - a 2M . Apar t from one difference, the sequence deduced 
for a 2 M fully conf i rmed the sequence de te rmined at the protein level . Short 
stretches of sequence from rat a 2 M (Sot t rup-Jensen et al., 1984c; Nor themann et 

al., 1985; Hayash ida et al., 1985) , m o u s e a M (Hudson et al., 1980), ch icken 
a M and ovostat in (Nagase et al., 1983) , rat α , Μ (Κ. Lonbe rg -Ho lm and R. 
Kutny , unpubl i shed) , rat a , - i nh ib i to r III (L. Sot t rup-Jensen, unpubl i shed) , and 
duck ovomacroglobul in (Nagase et al., 1985) have also been de te rmined . Sot-
trup-Jensen et al. (1984d) de te rmined the comple te or partial sequences of a 
random selection of 38 tryptic pept ides from h u m a n P Z P , cover ing 685 res idues 
(approximately 4 7 % ) of the sequence of its subunit . 

Extending earlier studies on C 3 by B u d z k o et al. (1971) , Tack and Prahl 
(1976) de termined a decapept ide sequence of the intact prote in , reflecting the 
two chains of C 3 . Repea t ing the sequence de terminat ion on the isolated α and β 
chains Tack et al. (1979b) conf i rmed that the anaphyla toxin of C 3 , C 3 a , con-
stituted the first 77 res idues of the α chain of C 3 as p roposed by Budzko et al. 

(1971) . T h e sequence of C 3 a had been de te rmined previously by H u g h (1975) . 
Based on the addit ional short C-terminal sequences of the isolated chains of C 3 
(Tack et al., 1979b) , the combined results showed that proteolyt ic act ivation of 
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C 3 was effected by the c leavage of a s ingle Arg-Ser bond located as res idues 7 7 -
78 in the α chain . Studies of Brade et al. (1977) and Patel and Min ta (1979) 
showed that C 3 is synthesized as a s ingle-chain protein (p ro -C3) , which pr ior to 
secretion is proteolyt ical ly processed to the two-chain p la sma protein . T h e order 
of the chains within p ro -C3 was de te rmined as β - α (Goldberger et al., 1981) . 
Fol lowing character izat ion of m R N A coding for mouse p ro -C3 by Odink et al. 

(1981) , Wiebaue r et al. (1982) and D o m d e y et al. (1982) isolated and charac-
terized c D N A clones and g e n o m i c c lones encoding C 3 . Subsequent work by 
Lundwal l et al. (1984) and by Wetse l et al. (1984) resulted in the elucidat ion of 
the comple te cod ing sequence for m o u s e p r e p r o - C 3 . These studies were ex-
tended to h u m a n p r e p r o - C 3 , which has also been sequenced at the c D N A level 
(De Bruijn and Fey , 1985). Short s t retches of sequence a round the thiol ester site 
of C 3 (human and guinea pig) were de te rmined by Tack et al. (1980) , T h o m a s et 

al. (1982) , and T h o m a s and Tack (1983) . Shor t partial sequences of the chains of 
ra inbow trout C 3 variants (Nonaka et al., 1984a, 1985a,b) and cobra v e n o m 
factor (Eggertsen et al., 1981) are a lso k n o w n . 

Gigli et al. (1977) and Bolot in et al. (1977) de te rmined short N- te rminal 
sequences of the isolated α , β , and 7 cha ins of h u m a n C 4 . T h e sequence of the 
anaphylatoxin from C 4 , C 4 a (Gorski et al., 1979) , const i tut ing the first 77 
residues of the α chain as suppor ted by the results of Press and G a g n o n (1981) , 
was de termined by M o o n et al. (1981) . T h u s the activation c leavage site of C 4 
was located at res idues 7 7 - 7 8 (Arg-Asn) in the α cha in . Studies by Hall and 
Colten (1977) , Go ldberge r and Col ten (1980) , Goldberger et al. ( 1980) , and 
Odink et al. (1981) showed that C 4 is synthesized as a s ingle-chain prote in , 
which is proteolyt ical ly processed to the three-chain structure of p l a sma C 4 . T h e 
order of the chains in p ro -C4 was found to be β - α -7 (Goldberger and Col ten , 
1980). Fol lowing the sequence determinat ion around the thiol ester site in C 4 
(Harrison et al., 1981 ; Campbe l l etal., 1981) , Chakravar t i et al. (1983) deter-
mined a long segment from the C 4 d por t ion . A 16-residue synthet ic D N A probe , 
based on a 5-residue pept ide stretch from C 4 d , was used by Carroll and Porter 
(1983) to isolate a c D N A fragment . Th i s w a s then used by Belt et al. (1984) to 
isolate a 5 .5-kb c D N A c lone , which by sequence analysis was shown to encode 
p repro-C4A. Partial sequences for the closely related C 4 B were also repor ted in 
this s tudy, a long with m a n y shorter s tretches of sequence , de termined by protein 
chemis t ry . Studies by Chakravar t i etal. (1983) and by Hel lman et al. (1984) 
contr ibuted to the local izat ion of sites of genet ic variat ion of C 4 , especial ly 
abundant in the C4d por t ion . Partial sequences of gu inea pig C 4 (Whi tehead et 

al., 1983) and mouse C 4 and Sip (Parker et al., 1980; Karp et al., 1982b; Oga ta 
et al., 1983; N o n a k a et al., 1984b; Levi -St rauss et al., 1985) deduced from the 
sequence of c D N A clones have also appeared , and recent ly the comple te coding 
sequence of m o u s e p repro -C4 was de te rmined (Sepich et al., 1985; N o n a k a et 

al, 1985b). 
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From sequence studies of the anaphyla toxin from h u m a n or porc ine C 5 , C5a 
(Fernandez and H u g h , 1977, 1978; Gerard and H u g h , 1980) , and of the α and a ' 
chains of C5 (Tack et al., 1979a; DiScip io et al., 1983) the site of proteolyt ic 
activation of C5 was de te rmined to be an Arg-Leu bond at posi t ion 7 4 - 7 5 . Like 
C 3 , the two-chain p la sma C 5 (Nilsson and M a p e s , 1973) was found to be 
synthesized as a s ingle-chain precursor (Ooi and Col ten , 1979) . In contrast to C 3 
and C 4 no evidence of an internal thiol ester in C 5 has been obta ined (Law et al., 

1980a; Janatova and T a c k , 1981 ; DiSc ip io , 1981a ,b ; DiSc ip io et al., 1983) . 
Lundwal l et al. (1985) util ized a D N A probe cor responding to res idues 1 9 - 2 5 of 
human C5a and de termined the sequence of a c D N A c lone , encoding a 4 3 8 -
residue segment of C 5 spanning across the C 5 a por t ion. The i r results showed that 
like p ro-C3 the order of the potent ial chains in p ro -C5 is β - α . M o u s e p ro -C5 has 
recently been nearly comple te ly sequenced at the c D N A level (R. A . Wetse l and 
B . F . Tack , unpubl i shed) . 

Figure 3 shows a compar i son of the k n o w n N- te rmina l sequences of m e m b e r s 
of the group of a 2M - r e l a t e d prote ins . 

Human a2M a ,b S V S G Κ P Q Y M V L V P S L L H T E T T 

Human PZP c Τ Ε P Q Y M V L V P S L L H T E A V 

Rat cqM d A Τ G Κ P X Y V V L V P S E L Y A Q V P 

Rat «2Μ a S A Ρ G Κ P I Y M V M Y P S L L X A 

Rat a i l I I I e L Ν G Ν S K Y M V L Y P S Q L Y 

Mouse aM f D L Α Κ P Q Y V V L V P I E 

Chicken aM 9 S Τ V Τ Ε P Q Y M V L L P F 

Chicken o v o s t a t i n 9 Κ Ε Ρ Ε Ρ Q Υ V L Μ V Ρ Α 

Duck o v o s t a t i n h Κ Ε Ρ Ε P Q Y Y L M V P A 

Human p ro - C 3 1 S P M Y S I I T P N I L R L E S E 

Mouse p ro - C 3 J I P M Y S I I T P N V L R L E S E 

Human p ro - C 4 k Κ P R L L L F S P S V Y H L G V P 

Mouse p ro - C 4 1 , 2 72 κ P R L L L F S P S V Y N L G T P 

Fig. 3. Alignment of known N-terminal sequences of members of a2M-related proteins, (a) 
Sottrup-Jensen et al. (1984c); (b) Kan et al. (1985); (c) Sottrup-Jensen et al. (1984d); (d) K. 
Lonberg-Holm and R. Kutny, unpublished; (e) L. Sottrup-Jensen, unpublished; (f) Hudson et al. 

(1980); (g) Nagase et al. (1983); (h) Nagase et al. (1985); (i) De Bruijn and Fey (1985); (j) Wetsel et 

al. (1984); (k) Belt et al. (1984); (1) Sepich et al. (1985); (m) Nonaka et al. (1985b). 



4/a2-Macroglobulin and Related Thiol Ester Plasma Proteins 2 0 7 

IV. a 2 M , PZP, C3, C4, and C5 as a Class 
of Homologous Proteins 

A Comparison of the Sequences of Human <x2M, C3, 
and C4 

Earlier results had shown that the sequences of the anaphyla toxins C 3 a , C 4 a , 
and C 5 a , der ived from the N- te rmina l 7 4 - 7 7 res idues of the α chains of C 3 , C 4 , 
and C 5 , were re la ted, indicat ing a c o m m o n ancestry of these proteins (Fernandez 
and H u g h , 1977). In addi t ion, the s imilar sequences around the thiol ester sites in 
a 2M , C 3 , and C 4 and their c o m m o n functional propert ies s t rongly indicated that 
a 2 M could be structurally related to the c o m p l e m e n t pro te ins . W h e n the c o m -
plete sequences of h u m a n a 2 M and m o u s e p ro -C3 were compared , an evolut ion-
ary relat ionship was indeed apparent (Sot t rup-Jensen et al., 1985). T h u s , e ight 
extended stretches of s imilar sequence in a 2 M and C 3 were found, and these 
stretches showed be tween 19 and 3 1 % identical ly p laced res idues . In all they 
accounted for 75 and 6 7 % , respect ive ly , of the po lypept ide chains of a 2 M and 
p r o - C 3 . These results indicated that a 2 M and p ro -C3 would contain a n u m b e r of 
well-defined different doma ins of s imilar s t ructure . Since a n u m b e r of larger 
stretches of sequence from h u m a n and m o u s e C 4 were also h o m o l o g o u s to 
stretches in a 2 M and C 3 , C 4 was j u d g e d to be structurally s imilar with a 2 M and 
C 3 . N o w , when the comple te sequences of h u m a n a 2 M , p r o - C 3 , and p ro -C4 are 
avai lable , a detai led compar i son of their sequences might reveal a fundamental 
domain pattern c o m m o n to these and other prote ins of the family of a 2M - r e l a t e d 
prote ins . 

F igure 4 shows an a l ignment of the comple te sequences of h u m a n a 2 M (Sot-
t rup-Jensen et al., 1984c) , h u m a n p ro -C3 (De Bruijn and F e y , 1985) , and h u m a n 
p ro -C4 (Belt etal., 1984). In addi t ion , avai lable partial sequences of h u m a n P Z P 
(Sot t rup-Jensen et al, 1984d; O . Sand and L . Sot t rup-Jensen , unpubl i shed) and 
human C 5 (Lundwal l et al., 1985) are inc luded. Clear ly all five prote ins d o have 
many relatively long stretches of s imilar sequences in c o m m o n , al ternat ing with 
stretches of low similar i ty. In order to g ive an impress ion of the size of the 
similar s t re tches , which p re sumab ly const i tute the " c o r e s " of domains of s imilar 
tertiary structure in those p ro te ins , posi t ions conta in ing chemica l ly s imilar resi-
dues are pointed out . These res idues (D = E = N = Q , T = S , V = M = I = L; 
Y = F = Η = W and Κ = R) const i tute g roups of readi ly exchangeab le res idues , 
largely occupying the same posi t ions in h o m o l o g o u s pro te ins . T h e larger regions 
of p ronounced h o m o l o g y in a 2 M , C 3 , and C 4 are emphas ized in the schemat ic 
representat ion shown in F ig . 5 . 

Fol lowing a short c o m m o n N- te rmina l region of approximate ly 4 0 res idues , 
the next approximate ly 6 0 res idues show little h o m o l o g y and contain s tretches in 
C 4 , which const i tute inser t ions relat ive to a 2 M and C 3 . T h e n three h o m o l o g o u s 
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4/a2'Macroglobulin and Related Thiol Ester Plasma Proteins 2 1 3 

stretches fol low, cor responding to res idues 9 6 - 2 6 1 in a 2M , which probably 
together const i tute a larger d o m a i n . Preceded by a region of low similarity 
another homologous doma in is located be tween res idues 303 and 355 in a 2M . 
T h e next approximate ly 80 res idues are again of low sequence similari ty and 
contain several s tretches in which short delet ions and insert ions occur in ei ther 
sequence . Then three h o m o l o g o u s stretches (corresponding to res idues 4 4 0 - 6 1 0 
in a 2M ) fol low. These could form a large c o m m o n d o m a i n . T h u s , as clearly seen 
from Fig . 5 , the h o m o l o g o u s doma ins of the β chains of C 3 and C 4 closely 
match those of the N- te rmina l 6 1 0 res idues in a 2 M , with only minor d isplace-
ments due to small insert ions in C 3 and C 4 . 

Then a stretch of remarkab ly low sequence similari ty be tween a 2 M and C 3 or 
C 4 fol lows. This s tretch, which te rminates in the act ivat ion c leavage sites of all 
three pro te ins , conta ins the sites of proteolyt ic process ing of p ro -C3 and p ro -C4 
to form the β and α cha ins of the ma tu re pro te ins . T h e potent ial anaphyla toxin 
structures of C 3 and C 4 const i tute a large fraction of these s t re tches . Whi l e these 
structures are mutual ly h o m o l o g o u s and h o m o l o g o u s to that of C 5 , a 2 M has no 
such s tructure, a l though a weak h o m o l o g y be tween the sequences of a 2 M , C 3 , 
and C 4 is apparent at their act ivat ion c leavage sites (see be low) . Notab ly , C 3 , 
C 4 , and C 5 conta in as part of their anaphyla toxin structure a 34-res idue insert ion 
relat ive to a 2M . 

Fol lowing the act ivat ion c leavage area the three proteins again contain a 
highly homologous d o m a i n , cor responding to res idues 7 1 9 - 8 1 2 in a 2M . Al -
though a n u m b e r of scattered identi t ies are found in the fol lowing approximate ly 
140 res idues , this region p re sumab ly is a dist inct d o m a i n , different for the three 
prote ins . T h e thiol ester sites of a 2 M , C 3 , and C 4 are located in the beginning of 
an approximate ly 150-residue stretch of very high sequence similari ty (corre-
sponding to res idues 9 4 2 - 1 0 9 1 in a 2M ) , indicat ing that this is a domain of 
highly conserved structure in the three pro te ins . Fo l lowing a short stretch of 
diss imilar s equence , co r respond ing to res idues 1 0 9 2 - 1 1 2 0 in a 2 M , which also 
contains a s ix-residue insert ion in C 4 , a small h o m o l o g o u s domain is again 
present (corresponding to res idues 1 1 2 2 - 1 1 6 0 in a 2M ) . Ano the r stretch of very 
similar sequence (cor responding to res idues 1 1 7 4 - 1 2 4 1 in a 2M ) is p receded by a 
stretch in which both a 2 M and C 4 contain larger insert ions relat ive to C 3 (resi-
dues 1 1 6 1 - 1 1 7 3 in a 2M ) . Then a stretch of low sequence similari ty fo l lows , 
which in C 4 conta ins a 45- res idue insert ion relat ive to a 2 M and C 3 (at res idues 
1 2 4 3 - 1 2 4 4 in a 2M ) . A n e w stretch of s imilar sequence is located be tween 
residues 1254 and 1301 in a 2 M and could be part of a large doma in , which also 
includes the fol lowing 140 res idues , thus a lmost ex tending to the C- terminus of 
a 2M . This doma in conta ins m a n y smal l dele t ions and inser t ions . Rela t ive to 
a 2M , C 3 ( a chain) and C 4 (7 chain) contain a C-terminal extension of 159 and 
163 res idues , respect ively . These segments of C 3 and C 4 have similar se-
quences . 
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Although a compar i son of the sequences of h u m a n a 2 M and h u m a n C 3 gives 
an average identity of 2 4 % , slightly lower than that of h u m a n C 3 versus h u m a n 
C 4 (29%) (De Bruijn and F e y , 1985) , indicat ing that all three sequences are 
distantly related, the present analysis shows that about 6 0 % of the sequences of 
a 2M , C 3 , and C 4 in fact are s trongly related. Thus their sequences contain a 
number of homologous domains of p resumably very similar tertiary structure 
separated by regions of low h o m o l o g y . S o m e of the latter regions possibly form 
distinct d o m a i n s , which could modify an under ly ing c o m m o n gross s tructure of 
a 2M , C 3 , and C 4 , according to the requi rements of each protein to specifically 
interact with different pro te ins . 

B. Partial Sequences of Human PZP and C5 

From the partial sequences de te rmined so far from P Z P , 6 8 % were identically 
located in P Z P and a 2 M (Sot t rup-Jensen et aL, 1984d) . This data and addit ional 
partial sequences obta ined recently ( O . Sand and L . Sot t rup-Jensen, unpub-
lished) are shown in F ig . 4 . Evident ly , large stretches of P Z P and a 2 M have 
nearly identical sequences , indicat ing that the subuni ts of these proteins are 
almost identically folded. 

T h e sequence of a c D N A clone coding for 438 res idues of h u m a n p ro-C5 has 
recently been publ ished (Lundwal l et al., 1985). This sequence was found to 
originate in the C-terminal part of the β chain of C 5 , cont inue through the C 5 a 
por t ion, and terminate in the N- terminal part of the a ' cha in . T h e sequence of 
this stretch is also shown in F ig . 4 , and is located equivalent ly with res idues 
3 7 6 - 7 9 5 of a 2M . Apar t from the C 5 a port ion the overal l sequence homology 
between C5 and C 3 is sl ightly h igher than that be tween C 5 and a 2 M ( 4 7 % versus 
33%) based on chemica l ly s imilar res idues . T h e stretch immedia te ly fol lowing 
the activation c leavage site in C 5 (corresponding to res idues 7 0 3 - 7 9 5 in a 2M ) is 
strongly homologous with those of a 2 M , C 3 , and C 4 . In fact (R. A . Wetse l and 
B . F . Tack , unpubl i shed) , m a n y stretches in both chains of C 5 match well with 
corresponding stretches in a 2 M , C 3 , and C 4 . H o w e v e r , the Cys and the Glx 
residues compr is ing the thiol ester site are absent in C 5 (see be low) . Taken 
together , these results suggest that proteolyt ic act ivation of C 5 tr iggers basical ly 
the same type of conformat ional change as elicited in a 2 M , C 3 , and C 4 , p resum-
ably involving a structural rear rangement of a n u m b e r of smal ler doma ins . 

C. Secondary Structure Predictions 

In an appendix to the sequence determinat ion of h u m a n a 2 M Wel inde r et al. 

(1984) analyzed the structure of the a 2 M subunit by a variety of procedures for 
predict ion of secondary structure e lements in order to possibly obtain informa-
tion on the domain pattern of a 2M . A compos i te predic t ion , based on agreement 
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of at least two m e t h o d s , ass igned 4 4 % of all res idues to β sheets and 8 % to a -
hel ices , with the remainder be ing unordered . Fur the rmore , a fairly regular pat-
tern of repeat ing hydrophobic and hydrophi l ic approximate ly 10-residue stret-
ches was observed . T h u s , in ag reement with the results of C D measuremen t s by 
others (Frenoy et al., 1977; R i c h m a n and Verpoor te , 1981 ; Bjork and F ish , 
1982; Gonias et al., 1982b; Fe ldman and P izzo , 1984b) the a 2 M subuni t should 
be classified as an " a l l β p r o t e i n . " Ex tend ing these results to the reg ions of 
strong mutual homology be tween a 2M , C 3 , and C 4 shown in F ig . 5 , p r e sumed 
to be discrete domains of conserved s t ructure , it is l ikely that mos t if not all of 
these domains are const i tuted by or are part of β barre ls , conta ining 1 0 0 - 2 0 0 
residues ar ranged as 5 - 1 3 antiparallel β s trands (Richardson , 1981) . This con-
clusion is further suppor ted by the C D spectra of C 3 b (Molenaar et al., 1975; 
Isenman and Coope r , 1981) , which indicate the presence of very little α-hel ix 
and about 4 4 % β sheet . S imi lar ly , C 5 b conta ins appreciable amounts of β sheet 
(DiScipio et al., 1983). T h e α-hel ix content of nat ive C 3 and C 5 is largely 
confined to the anaphyla toxin domains of these proteins (Molenaar et al., 1975; 
H u g h et al., 1975; M o r g a n et al., 1974; Hube r et al., 1980). 

D. Distinctive Features of the Structures 
of a2M, PZP, C3, C4, and C5 

In contrast to the s ingle cha ins of the subuni t of a 2 M and P Z P , C 3 conta ins 
two chains ( a and β ) and C 4 conta ins three chains ( α , β , and 7 ) . As first poin ted 
out by D o m d e y et al. ( 1982) , the potent ial β and α chains of p r o - C 3 are 
connected by the sequence -Arg -Arg-Arg-Arg- (corresponding to res idues 6 4 8 -
651 in a 2M ) , which specifically is r e m o v e d prior to secret ion of the mature 
protein. Similar ly , the potent ial β and α chains of p ro -C4 are connec ted by the 
sequence -Arg-Lys -Lys -Arg- , whi le the potential α and 7 cha ins of C 4 are 
connected by the sequence -Arg -Arg-Arg-Arg- (corresponding to res idues 1 3 4 6 -
1349 in a 2M ) . In contras t , the potent ial β and α chains of p ro -C5 are connec ted 
by the sequence -Arg-Pro-Arg-Arg- . T h e s e sequences are apparent ly recognized 
by the process ing pro te inases , p re sumab ly consis t ing of a prote inase with t ryp-
sinlike specificity and a ca rboxypept idase B-l ike e n z y m e . T h e comple te absence 
in a 2 M of such sequences is consis tent with the observat ion that the subuni ts of 
a 2 M are not proteolyt ical ly processed and exist as s ingle 180-kDa polypept ide 
chains . Clear ly , the sequence -Arg-Lys -Pro-Lys - (residues 6 6 1 - 6 6 4 in a 2M ) , 
which is located c lose to the cor responding β - α junc t ions of C 3 and C 4 , is not 
recognized by the process ing e n z y m e s . In contrast to h u m a n a 2 M and rat a 2 M it 
is probable that the cod ing sequences of rat and m o u s e α , Μ will reveal a 
tetrapeptide sequence s imilar to those of the complemen t pro te ins , s ince their 
subunits are proteolyt ical ly processed (Table I I , F ig . 2 ) . In p ro -C4 the matura-
tion c leavages proceed wi th a relat ively low efficiency as revealed by the pres -
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ence in p lasma of significant amounts of C 4 spec ies , which contain uncleaved β 
and α cha ins , β and 7 cha ins , or β , a , and 7 cha ins . These incomplete ly 
processed pro-C4 molecules are apparent ly not hemolyt ica l ly act ive (Karp et al., 

1982a,c; Chan and Atk inson , 1983 , 1984; Chan et al, 1983). 
Apar t from the many c o m m o n domains of a 2 M , C 3 , and C 4 the latter t w o 

proteins (and presumably also C5) contain t w o dist inct d o m a i n s , which are not 
found in a 2 M , namely , the 7 4 - 7 7 res idue anaphyla toxin structures and the long 
C-terminal ex tens ions . As shown by X-ray structure analysis by Huber et al. 

(1980) , C3a principal ly consis ts of t w o α-hel ices (Tyr-15 to Met -27 and Gly -46 
to S e r - 7 1 , relat ive number ing) connec ted by three disulfide br idges , overal l 
resembling a drumst ick . T h e C-terminal extens ions of C 3 and C 4 contain no less 
than eight identically located half-cyst ine res idues and probably form an intri-
cately folded domain conta in ing a cluster of four disulfide br idges . 

It is evident that C 3 and C 4 are more related than ei ther of these proteins is to 
a 2M . F rom the avai lable data this seems to be the case also for C 5 . On the other 
hand, P Z P is s trongly related to c t 2M . This in combina t ion with differences in the 
quaternary structure and physiological role justifies the dist inction be tween the 
macroglobul in subgroup and the complemen t subgroup m a d e in Sect ion III. T h e 
anaphylatoxin structures and long C-terminal extens ions of the complemen t p ro -
teins could represent p ieces of dist inct genet ic or igin . Alternat ively they could 
represent material dele ted from an ancestral gene . Dooli t t le (1984) has suggested 
that the d ivergence of the genes for the a 2 M subgroup and the complemen t 
subgroup took place approximate ly 500 mil l ion years ago . Subsequent ly , diver-
gence of C 3 , C 4 , and C 5 occurred . P resumably the d ivergence of a 2 M and P Z P 
is a relatively recent event , a l though the exis tence of two distinct a - m a c -
roglobulins in the frog (Fe ldman and P izzo , 1985 , 1986) indicates that this may 
have occurred ear ly . 

In contrast to a 2 M , where e leven intra- and t w o interchain disulfide br idges 
(the latter involving Cys -255 and Cys-408) have been located (Sot t rup-Jensen et 

al., 1984c; Sot t rup-Jensen, 1985; P . E . Jensen and L. Sot t rup-Jensen, un-
publ ished) , only the three br idges in C 3 a (and by analogy C 4 a and C5a) have 
been identified (Huber et al., 1980). G iven the m a n y identically located half-
cystine residues in C 3 and C 4 , it is l ikely that their br idge pat terns will turn out to 
be very similar and , impor tant ly , different from that of a 2M . Character is t ical ly , 
the β chains of C 3 and C 4 , cor responding to the N- terminal 610 residues of a 2 M , 
contain only three (C3) or five (C4) half-cystine res idues , unl ike the thirteen 
found in that part of a 2M . F r o m the k n o w n pat tern of proteolyt ic degradat ion of 
C 3 and from partial reduct ion exper iments on C3c (Matsuda et al., 1985) , it is 
likely that one of the two half-cystine res idues in the region be tween the activa-
tion c leavage site and the thiol ester site (Fig . 5) is br idged to a half-cystine 
residue in the β cha in , whi le the other is br idged to a half-cystine residue in the 
C-terminal part of the α chain . A s s u m i n g that the interchain br idges in C 4 are 
identically located, the latter br idge will connect the α and 7 chains of C 4 , 
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further suggest ing the presence of an addi t ional br idge spanning across the a - 7 

junc t ion . It thus appears that a 2 M , C 3 , and C 4 do have a disulfide br idge in 
c o m m o n , which spans across 4 0 0 - 6 0 0 res idues in the linear sequence . This 
might be impor tant for t ransmit t ing the act ivat ion c leavage signal to distant parts 
of the s t ructures . The p ronounced differences in the disulfide br idge pattern 
be tween a 2 M on the one hand and C 3 and C 4 on the other hand p resumably serve 
to precisely orient the individual doma ins of a 2 M , C 3 , and C 4 , thereby specifi-
cally creat ing slightly different vers ions of the under ly ing c o m m o n gross 
structure. 

The sequence location of the eight g lucosamine-based carbohydra te g roups , 
compr is ing approximate ly 1 0 % by weight of a 2 M , is k n o w n . T h e sites of at tach-
ment are asparagine res idues at posi t ions 3 2 , 4 7 , 2 2 4 , 3 7 3 , 3 8 7 , 8 4 6 , 9 6 8 , and 
1401 (Sot t rup-Jensen et al., 1984c) . Accord ing to the analyses by D u n n and 
Spiro (1967a ,b ) , the size and charge of the o l igosacchar ide chains in a 2 M are 
highly he te rogeneous . T h e smallest carbohydra te g roups appear to consis t of 
three mannose and two N-ace ty lg lucosamine uni ts , to which variable amounts of 
galactose , m a n n o s e , N-ace ty lg lucosamine , N-ace ty lneuramin ic acid, and fucose 
are added. T h e c D N A sequence encod ing h u m a n p ro -C3 (De Bruijn and Fey , 
1985) predicts a single res idue in the β chain (Asn-63) and t w o res idues in the α 

chain (Asn-917 and Asn-1595) as potent ia l carbohydra te a t tachment s i tes , c o m -
patible with the finding that both chains of C 3 contain a few percent carbohydra te 
(Tack et al., 1979b) . Similar ly the c D N A sequence encoding p ro -C4 (Belt et al., 

1984) reveals t w o res idues in the β chain (Asn-41 and Asn-207) and four resi-
dues in the α chain ( A s n - 8 4 3 , A s n - 1 2 3 0 , A s n - 1 3 1 0 , and A s n - 1 3 7 2 ) , which are 
candidate carbohydra te a t tachment si tes. Earl ier results had indicated that the α 

and β chains but not the 7 cha in of C 4 conta in 6 - 8 % carbohydra te (Gigli et al., 

1977). Recent ly Chan and Atk inson (1985) found that the α chain of h u m a n C 4 
contains three complex fucose-containing o l igosacchar ide groups of the bianten-
nary type , whi le the β chain conta ins a s ingle h igh -mannose o l igosacchar ide 
group with nine res idues of m a n n o s e and t w o residues of Af-acetylglucosamine. 
Apart from the thiol ester s t ructure , which represents a novel postsynthet ic 
modification c o m m o n to a 2 M , C 3 , and C 4 (Sect ions VII and VII I ) , the α chain 
of C4 has been repor ted to conta in a res idue of tyrosine O-sulfate , not found in 
a 2M , C 3 , and C 5 (Karp , 1983b) , and located in the C-terminal part of the α 

chain (Chan and Atk inson , 1985) . 

E. Activation Cleavage Regions of <xjti, PZP, C3, C4, 
and C5 

Although a 2 M , P Z P , C 3 , C 4 , and C 5 evident ly are homologous prote ins 
activated by specific l imited pro teo lys i s , an examina t ion of the sequences a round 
their act ivation c leavage sites reveals significant differences, which undoubted ly 
relate to the widely differing substrate specificity of the respect ive act ivat ing 
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* * ψ i i A ̂  ̂  i ψ i i ψ & ψ 
a 2M L Q Q Y E M H G P E G L R V G F Υ Ε S D V M G R G H A R L V H V E E P H T E T Y 

PZP I P S V S A - G A V G Q - - G Y Y G A 

Ψ 
C3 V F L D C C N Y I T E L R - R Q H A R A S H L - G L A R S N L D E D I I A E E N I V 

C4 P F L S C C Q F A E S L R - - K K S R D K G Q A G L Q R A L E I L Q E E D L I D E D n I P 

Ψ 
C5 A F T E C C V V A S Q L R - A N I S H K D M - - Q L G R L H M K T l . L P V S K P E 

Fig. 6. Comparison of the sequences around the activation cleavage sites of a 2M , PZP, C3 , C4, 
and C5. Cleavage sites are indicated by an arrow. The cleavage sites in PZP are not yet known. 
Arrows numbered 1 thorugh 13 denote cleavage sites in a 2M for different proteinases: (1) proposed 
for mammalian collagenases; (2) trypsin, Streptomyces grieus trypsin, papain; (3) porcine pancreatic 
elastase; (4) porcine pancreatic elastase, papain; (5) chymosin, cathepsin G; (6) chymotrypsin; (7) 
Staphylococcus aureus proteinase; (8) trypsin, plasmin, thrombin, thermolysin, subtilisin, Strep-

tomyces griseus trypsin; (9) subtilisin, Streptomyces griseus proteinase B; (10) human leukocyte 
elastase; (11) papain; (12) thermolysin; (13) chymosin. The primary sites of cleavage in the bait 
region of a 2M are those numbered 2 through 7. Putative transglutaminase acceptor sites in a 2M are 
shown by asterisks. The physiological activators for the complement proteins are C I s for C4, C4b2a 
or C3bBb for C3 , and C4b2a3b or (C3b)„Bb for C5 . 

proteinases . T h u s , the act ivators of C 3 , C 4 , and C 5 have a very nar row specifici-
ty, whi le a 2 M , P Z P , and o ther macroglobul ins can interact with and b e c o m e 
activated by many different prote inases differing in their catalytic mechan i sm 
and substrate specificity. F igure 6 shows a compar i son of the activation c leavage 
sites for all five pro te ins . In vivo, C 4 is act ivated by the prote inase C l s , C 3 by a 
complex be tween C2a and C 4 b or B b and C 3 b , and C 5 by a complex be tween 
C2a , C 3 b , and C 4 b or by B b and aggregated C 3 b (Fig . 1). All these proteinases 
basically have trypsinl ike specificity as seen from the c leavage of a single arginyl 
bond in nat ive C 3 , C 4 , and C 5 , and these proteins appear to be the only natural 
substrates for those e n z y m e s . P resumab ly , the conformat ions of the polypept ide 
chains of C 3 , C 4 , and C 5 around the c leavage sites differ, forming ex tended , 
precisely folded secondary substrate specificity de te rminan ts , thus meet ing the 
requirement of each act ivator . H o w e v e r , the fact that the same proteinase (C2a or 
Bb) can activate both C 3 and C 5 , dependen t on the part icular proteins present in 
the activating complex , is puzzl ing and points toward subtle changes in the 
substrate b inding area of those prote inases effected by the bound cofactor p ro-
teins. Perhaps this is reminiscent of the change in substrate specificity of p las-
min , which occurs fol lowing complex formation with s t reptokinase (Kline and 
F i shman , 1961). Al ternat ively , it has been sugges ted , in v iew of the lack of 
activation c leavage in C 5 by trypsin (Nilsson et al., 1975) , that C 3 b when bound 
to C5 (Vogt et al, 1978; I senman et al, 1980; DiSc ip io , 1981a,b) induces a 



4/cL2-Macroglobulin and Related Thiol Ester Plasma Proteins 219 

conformational change in C 5 thereby expos ing its act ivation c leavage site (Vogt 
etal., 1978). 

The pr imary sites of c leavage in the bait region of a 2M for a variety of 
proteinases are found in the stretch - A r g 6 8 1- V a l - G l y - P h e - T y r - G l u - , whi le fast 
secondary c leavage preferential ly takes p lace in the stretch - A r g 6 9 6- L e u - V a l -
His- . In each case invest igated the observed sites of c leavage in a 2M reflect the 
k n o w n pr imary substrate specificity requ i rement of the prote inase in ques t ion . 
For those pro te inases , where c leavage in the pr imary c leavage area has not been 
observed, it is likely that initial c leavage in that region can take p lace , consider-
ing their substrate specificity. These results s t rongly indicate that the hexapept ide 
stretch in a 2M ( residues 6 8 1 - 6 8 6 ) conta in ing the pr imary sites of c leavage is 
uniquely exposed and p resumably const i tutes a flexible segment , whose confor-
mation readily adapts to the conformat ion necessary for fast c leavage . In this 
respect it is of interest that a 2M reacts very fast with prote inases hav ing a 
relatively broad substrate specificity like t rypsin , chymot ryps in , and e las tase , 
while more sophist icated pro te inases , such as th rombin and p lasmin , which are 
more dependent on ex tended substrate b inding reg ions , react s lowly (Chris tensen 
and Sot t rup-Jensen, 1984) (see a lso Sect ion IX) . Al though m a m m a l i a n col-
lagenases are k n o w n to form complexes with a 2M (Werb et al., 1974), the site of 
c leavage is not k n o w n . H o w e v e r , as pointed out by Mor tensen etal. ( 1981b) , the 
Gly-Leu bond adjacent to the hexapep t ide sequence might const i tute a specific 
c leavage site for those co l lagenases . 

Intr iguingly, the preferential sites of secondary c leavage closely ma tch the 
posit ion of the c leavage sites of the c o m p l e m e n t pro te ins , and a modes t sequence 
similarity be tween all sequences is apparent . Unde r condi t ions of low pro-
teinase : a 2M ra t ios , which p resumably prevail in vivo, it is not k n o w n whe ther 
c leavage actually takes p lace at these secondary si tes . T h e presence of t w o major 
c leavage areas in the bait region of a 2M raises the quest ion of whe ther the 
resultant small pept ides can be re leased from the a 2M - p r o t e i n a s e complex and 
have any physiological function. S o m e of these potential pept ides clearly r e sem-
ble the C-terminal act ive parts of the anaphyla toxins (Capora le et al., 1980; 
Gerard etal., 1985) . 

The bait region sequence of P Z P , which is a lso a prote inase-binding protein 
(Sand et al., 1985) , differs marked ly from that of a 2M , s t rongly indicat ing that 
P Z P and a 2M have different inhibi tory spectra (see also Sect ion IX) . 

Fol lowing proteolyt ic c leavage in the act ivat ion region each protein undergoes 
a conformat ional c h a n g e . T h e structural features for this c h a n g e , which in the 
case of a 2M , P Z P , C 3 , and C 4 ul t imately leads to act ivat ion of their internal 
thiol es ters , are not k n o w n . It is poss ib le , in ana logy with o ther proteins act ivated 
by specific l imited pro teolys is , that they might res ide in the s trongly homologous 
domains jus t downs t r eam of the act ivat ion c leavage si tes . In par t icular , the 
domain cor responding to res idues 7 4 0 - 8 1 0 in a 2M has the highest average 
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hydropathic index of any long stretch in a 2 M (and C 3 and C 4 ) . T h u s , it is 
possible that this domain could const i tute a hydrophobic core region, through 
which the structural constraints released by activation c leavage could be t rans-
mitted to other parts of the polypept ide cha in , ul t imately caus ing rea r rangement 
of the thiol ester domain(s ) and further resul t ing in act ivat ion and exposure of 
this site (Wel inder et al., 1984) (see also Sect ion VIII ) . 

F. A Putative Factor XIIIa Cross-linking Site in 

Apart from fibrinogen and p lasma fibronectin, a 2 M is a major substrate for 
factor X I I I a (p lasma t ransglutaminase) (Mosher , 1976; Van Leuven et al., 

1981a). T h e sites of specific incorporat ion of dansylcadaver ine or put resc ine into 
a 2 M have been de te rmined as Gln-671 (major site) and Gln -670 (minor site) 
(Mortensen et al., 1981a) . These sites are c lose to the pr imary c leavage sites in 
the bait region of a 2 M (Fig . 6) and the accessibil i ty of these res idues could 
possibly be influenced by c leavage in that region . T h u s , Van Leuven (1984) , 
using purified factor X I I I a, could not demons t ra te incorporat ion of amines into 
Gln-671 in an a 2M - t r y p s i n complex . Pre l iminary invest igat ions have indicated 
that no major cross- l inking of a 2 M takes p lace to other proteins dur ing the in 

vitro clotting of b lood (Mosher , 1976; Van Leuven etal., 1981a; Sot t rup-Jensen 
et al., 1983a) , and the physiological re levance of this site remains to be deter-
mined (see also Sect ion X ) . It is present ly not k n o w n if P Z P , C 3 , C 4 , and C 5 are 
substrates for t ransglu taminases . 

G. The Thiol Ester Site 

Figure 7 shows an a l ignment of the sequences around the thiol esters of h u m a n 
a 2M , C 3 , and C 4 and m o u s e C 4 and Sip . In addi t ion, the cor responding stretch 
of mouse C5 has been included (R. A . Wetse l and B . F . Tack , unpubl i shed) . T h e 
consensus sequence -Gly-Cys-Gly-Glu-Gln- of h u m a n a 2 M , P Z P , C 3 , and C 4 is 
not found in m o u s e C 4 and Sip in which an Ala residue replaces the second Gly 
residue. In Sip the first Gly res idue is replaced by a Ser res idue . As j u d g e d from 
the generat ion of S H groups by incubat ion with me thy lamine , mouse C 4 and S ip 
do have a functional thiol ester site (Karp et al., 1982c) . H o w e v e r , Sip is 
apparently hemolyt ical ly inact ive and cannot be c leaved by act ivated C l s (Fer-
reira et al., 1978) , perhaps due to the presence of several charged res idues at the 
putat ive activation c leavage site of Sip ( -Arg-Lys-Val -Arg-Asp- in Sip versus -
Arg-Asn-Asn-His -Asn- in m o u s e C 4 in which the Arg -Asn sequence of m o u s e 
C 4 is the activation c leavage site) (Nonaka et al., 1984b) . 

Intr iguingly, both componen t s of the thiol ester s i te , the Cys res idue and the 
Gin res idue , are not found in m o u s e C 5 , be ing replaced by a Ser res idue and an 
Ala res idue, respect ively. This conclus ively demons t ra tes for the first t ime that 



4/a2-Macroglobulin and Related Thiol Ester Plasma Proteins 221 

Human «2Π L L Q M P Y G C G E Q N M V L F A P 

Human PZP M P Y G C G E Q N M 

Human C3 L I V T P S G C G E Q N M I G M T P 

Human C4 L L R L P R G C G E Q T M I Y L A P 

Mouse C4 L L R L P Q G C A E Q T M I Y L A P 

Mouse Sip L L R L P R S C A E Q T M I Y L A P 

Mouse C5 L T H L P K G S A E A E L M S I A P 

Fig. 7. Alignment of the sequences around the β-cysteinyl-'y-glutamyl thiol esters of human 
a 2M , PZP, C 3 , and C4 and mouse C4 and Sip. The corresponding stretch from mouse C5 is also 
shown. The Cys and the Gin residues comprising the thiol ester structure are indicated by asterisks. 
Residues that differ from the pentapeptide sequence -Gly-Cys-Gly-Glu-Gln- found in the human 
proteins are underlined. 

C 5 , a l though evident ly s trongly h o m o l o g o u s to a 2 M , P Z P , C 3 , and C 4 , does not 
contain an internal thiol ester . T h e polypept ide stretches adjacent to the thiol 
ester res idues are p ronounced ly hydrophob ic ; which in combina t ion with the 
conserved Pro res idues m a y specify a part icular conformat ion of that site con-
cealed in the nat ive structure (see a lso Sect ion VII I ) . 

H. Sites of Inactivation Cleavage in C3 and C4 

Conformat ional ly changed C 3 and C 4 (the C 3 b - and C4b- l ike conformat ions , 
respect ively) p roduced ei ther as a result of proteolyt ic act ivat ion or by incubat ion 
with reagents k n o w n to inact ivate these pro te ins , e . g . , amines and chao t ropes , 
are suscept ible to a n u m b e r of specific c leavages . These physiological ly impor-
tant c l eavages , which take p lace exclus ively in the α chains of C 3 and C 4 (or the 
a ' chains of C 3 b and C 4 b ) , are dependen t (in the fluid phase) on the concer ted 
action of a serine pro te inase , factor I ( C 3 b / C 4 b inact ivator) , having t rypsinl ike 
specificity and two cofac tors , factor Η for C 3 b and C4b-b ind ing protein for C 4 b . 
The initial c leavage(s) take p lace at Arg -1281 and Arg -1298 in C 3 and at 
Arg-1318 in C 4 and result in inact ivated C 3 b and C 4 b (C3bi and C 4 b i , respec-
t ively). Subsequent c leavages by factor I or o ther yet unidentif ied prote inases 
take p lace in the pept ide stretch immedia te ly preceding the thiol ester domain and 
produce the C 3 d (C4d) and C3c (C4c) f ragments (Fig . 5) (Tamura and Ne l son , 
1967; L a c h m a n n and Mii l le r -Eberhard , 1968; D a v i s , 1981 ; W h a l e y and R u d d y , 
1976; Pangburn et al., 1977; Fujita et al, 1978; N a g a s a w a et al, 1980; Ferreira 
et al, 1977; von Zabern et al, 1982; E . S im et al, 1981 ; Harr ison and Lach-
m a n n , 1980a ,b ; Press and G a g n o n , 1981 ; Davis and Harr i son , 1982; Davis et 
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al., 1984). W h e n C 3 b and C 4 b are bound to the cellular C 3 b / C 4 b receptor (CR1) 
they can also be c leaved by factor I and other prote inases . C R 1 thus m a y serve a 
cofactor role s imilar to that of factor Η and C4b-b ind ing protein in the fluid phase 
(Law et al., 1979a; Ruddy and Aus ten , 1971 ; Gitl in et al., 1975; Fea ron , 1979, 
1980; Ross et al., 1982; Medicus et al, 1983; Medof et al., 1982; M e d o f and 
Nussenzwe ig , 1984; Iida and Nussenzwe ig , 1981). P resumably , these c leavages 
take place in relat ively exposed flexible surface loops , connec t ing larger func-
tional doma ins , and are important for the subsequent inact ivat ion and e l iminat ion 
of activated C 3 and C 4 (see Sect ion X ) . Other prote inases like t rypsin and 
elastase will a lso p roduce similar c leavages . Al though trypsin and p lasmin have 
been reported to slightly degrade the β chains of C 3 and C 4 (Paques , 1980; 
Nagasawa et al., 1980) no c leavages of physiological s ignificance have been 
identified in the β cha ins , which probably form tightly packed s tructures . A 
c leavage pattern resembl ing that of the initial c leavage of C 3 b and C 4 b by factor 
I has also been descr ibed in C 5 (Nilsson et al., 1975; Y a m a m o t o and G e w u r z , 
1978; Podack et al., 1978; Wetse l et al., 1980); however , the significance of this 
remains unclear . 

Apar t from a minor degradat ion product from a 2M - t r y p s i n complex (Pan et 

al., 1980), apparent ly const i tuted by res idues 9 6 1 - 9 7 8 (Sot t rup-Jensen et al., 

1984c), and that of a 2M - c h y m o t r y p s i n complex (Harpel , 1973) , probably repre-
senting a slight secondary proteolys is , the only c leavages observed for a 2 M are 
those associated with the act ivat ion c leavages in the bait reg ion . Even at p ro-
teinase : a 2 M ratios exceeding the b inding capaci ty of a 2 M no extens ive frag-
mentat ion is found, indicating an except ional ly t ight pack ing of the individual 
domains of the a 2 M subuni t . H o w e v e r , a recent report (Carlsson et al., 1984) 
has indicated that prote inases from Bacteroides gingivalis ( W 8 3 , Η185) can 
degrade a 2 M (and C3) extens ively . 

V. Chromosome Assignment, Genetic Variation, and 
Sites of Synthesis 

A C3 

Using somatic cell hybr ids be tween h u m a n pr imary fibroblasts and m o u s e 
fibroblastlike cell l ines , which carried a l imited number of different h u m a n 
ch romosomes , the gene for h u m a n C 3 was local ized to c h r o m o s o m e 19 (Whi te -
head et al., 1982). F r o m the observat ion that the m o u s e C 3 gene is located 
outs ide but l inked to the major his tocompat ibi l i ty complex it was local ized to 
ch romosome 17 (Penalva da Silva et al., 1978; Na t suume-Saka i et al, 1979b) . 
Most l ikely there is only one gene for m o u s e and h u m a n C 3 (Whi tehead et al., 

1982; Wiebauer et al, 1982) , and the size has been es t imated at 24 k b . A s the 
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coding sequence for C 3 is only about 5 kb this gene evident ly contains a n u m b e r 
of introns. The first in t ron, conta in ing approximate ly 1000 bases , is located c lose 
to the junc t ion be tween the signal pept ide and the β chain port ion of C 3 
(Wiebauer et al., 1982) . T h e C 3 gene is po lymorph ic and the express ion is 
control led by a s ingle codominan t locus (Natsuume-Saka i et al., 1978a) . T h e 
variants of C 3 can be detected by e lect rophores is (Penalva da Si lva et al., 1978; 
Alper and P r o p p , 1968; Rit tner and Rit tner , 1973; W i e m e and D e M u l e n a a r e , 
1967; Na t suume-Saka i et al., 1978a) or as ant igenical ly dist inct forms of C 3 
(Natsuume-Sakai et al., 1978b, 1979a; N o n a k a et al, 1980) . Recent ly a re-
striction fragment po lymorph i sm w a s descr ibed , which correlated with a protein 
po lymorph i sm of C 3 (Donald and Bal l , 1984) . T h e al lotypic differences be tween 
three m o u s e prote ins (C3-1 alleles) were local ized by tryptic f ingerprinting to the 
C3c port ion of C 3 and were at tr ibuted to differences in amino acid sequence 
(Nonaka et al, 1980). All these C 3 variants conta ined a β cha in , which was 
about 9 k D a smal ler than the h u m a n β chain . This can perhaps be expla ined by a 
difference in carbohydra te content (Fey et al, 1980). T h e sequence results of 
Lundwal l etal ( 1984) , Wetse l etal. (1984) , and DeBrui jn and Fey (1985) show 
that the lengths of the β chains of h u m a n and mouse C 3 differ by only three 
res idues . 

Inheri ted partial o r total C 3 deficiencies are rare (Alper et al, 1969; Bal low et 

al, 1975) as rev iewed by Alper and Rosen (1984) . Individuals with C 3 deficien-
cy are subjected to recurrent infect ions, due to the reduct ion or the absence of the 
functions provided b y C 3 (Alper et al, 1972, 1976; Roord et al, 1983). 

Al though the pr imary sites of C 3 synthesis are the hepatocytes of the l iver 
(Alper et al, 1969; Brade et al, 1977; Patel and Minta , 1979; Odink et al, 

1981; M i s u m i etal, 1984) , several o ther cell types are also capable of p roduc ing 
C 3 , e . g . , macrophages and monocy te s (Cole et al, 1980; Goldberger et al, 

1981), fibroblasts (Senger and H y n e s , 1978; Whi tehead et al, 1981), and pe-
ripheral lymphocytes ( S u n d s m o , 1980) . H o w e v e r , monocy tes apparent ly d o not 
secrete functionally act ive C 3 (and C 4 and C 5 as well) into the culture m e d i u m 
(Einstein et al, 1977; W h a l e y , 1980) . C 3 , l ike C 4 and C 5 , is an acute-phase 
reactant . H o w e v e r , the rise in p l a sma level is only modera te (Kushner , 1982) . In 
pregnancy the level of C 3 is also increased (Propp and Alper , 1968). Excep t for a 
possible induct ion of C 3 synthesis by glucocor t icoids in a rat hepa toma line 
(Strunk et al, 1975) n o major inf lammatory inducers are k n o w n . 

a C4 

In contrast to the s ingle gene found for C 3 , several s tudies have revealed that 
there are t w o genes for h u m a n C 4 (O 'Ne i l l et al, 1978a ,b ; A w d e h et al., 1979; 
A w d e h and Alper , 1980) located within the class III genes in the major h i s tocom-
patibility complex on c h r o m o s o m e 6 ( R a u m et al, 1980; Carrol l et al, 1984) . 
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The size of the C 4 genes is about 4 0 k b , and they are separated by about 10 kb of 
D N A (Carroll and Porter , 1983; Carrol l et al, 1984). T h u s , the genes for C 4 
contain about 35 kb of intron sequence . T h e t w o h u m a n gene produc ts , C 4 A and 
C 4 B , have been shown to correlate wi th the erythrocyte ant igens Rodgers and 
Ch ido , respect ively , which represent ce l l -bound C4d fragments (O 'Ne i l l et al., 

1978a,b; Til ley et al., 1978) . Similar ly , t w o forms of C 4 are found in the m o u s e , 
C 4 and its isotype S ip , encoded by closely spaced genes within the major his to-
compatibi l i ty complex on c h r o m o s o m e 17 (Passmore and Schreffler, 1970; Roos 
et al, 1978; Parker et al, 1979; M e o et al, 1975; L a c h m a n n et al, 1975; 
Carroll and Capra , 1979). For h u m a n C 4 A , 13 alleles have been found, and for 
C 4 B no less than 22 alleles are k n o w n (Mauff et al, 1983a) , detected ei ther by 
electrophoresis or by specific antisera (Awdeh and Alper , 1980; O 'Ne i l l et al, 

1978a). Fur ther typing of the po lymorph i sm of C 4 by restrict ion fragment analy-
sis (Palsdottir et al, 1983; Whi tehead et al, 1984) has indicated an addi t ional 
subdivision of C 4 al lotypes not revealed by e lec t rophores is . 

Mos t of the differences be tween the C 4 alleles are found in the α chain par t , 
and part icularly in the C4d fragment (Tilley et al, 1978; M e v a g et al, 1981 ; 
Roos et al., 1982) as further s tudied by sequence analysis (Lundwal l et al, 1981 ; 
Chakravar t ie f a/ . , 1983; Belt et al, 1984; He l lman et al, 1984), but differences 
in the β chain port ion are also seen (Mauff et al, 1983b) . F rom the results of 
Lundwal l et al. (1981) and Hel lman et al. (1984) it is p robable that the poly-
morphism at posi t ions 1054 ( G l y / A s p ) , 1101 ( P r o / L e u ) , 1102 (Cys /Se r ) , 1105 
(Leu/ I le ) , and 1106 (Asp /H i s ) indeed represent a class difference be tween C 4 A 
(Fig. 4) and C 4 B as seen from the analysis of distinct pept ides cover ing these 
posi t ions. T h e sequence differences at posi t ions 1157 ( A s n / S e r ) , 1182 
(Ser /Thr ) , 1188 ( V a l / A l a ) , 1191 ( L e u / A r g ) , 1267 (Se r /A la ) , and 1281 
(Arg /Va l ) could represent class differences or , more l ikely, allelic differences. 
In spite of all these and o ther differences not yet detected the sequences of 
individual C 4 A or C 4 B molecules are probably nearly identical . This will p re-
sumably also be the case for m o u s e C 4 and Sip (Nonaka et al, 1984b, 1985b; 
Levi-Strauss et al, 1985; Oga ta et al, 1983; Sepich et al, 1985). 

Addit ional sources of heterogenei ty in the C 4 molecules reside in their in-
complete maturat ion process ing (see Sect ion IV) , in differences in carbohydra te 
content , and in differences in the length of the α cha ins . In some alleles of m o u s e 
C 4 the α chains are 4 k D a smal ler than those in other al le les , due to the absence 
of some of the carbohydra te groups (Karp et al., 1982a ,c) . T h e α chain of S ip is 
2 k D a larger than the c o m m o n α chain of mouse C 4 , due to the presence of 
additional carbohydra te groups (Karp et al, 1982b; K a r p , 1983a) . Fo l lowing 
synthesis and secretion both m o u s e C 4 and h u m a n C 4 gradual ly are conver ted to 
a form in which the α chain is about 5 k D a smal ler , due to c leavage in the 
C-terminal part by unidentified p lasma proteinases (Karp et al, 1982c; Chan et 
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al, 1983; Chan and Atk inson , 1984) . T h e variat ions in the degree of glycosyla-
tion are correlated with var iat ions in the hemoly t ic activity (Karp et al., 1982a) . 

M a n y deficiencies in C 4 are k n o w n , including half-null haplotypes (no C 4 A or 
C4B) and double nul l -haplotypes (Haup tmann et al., 1974; Tappe iner et al., 

1978; Bal low et al, 1975; Min ta et al, 1981 ; A w d e h et al, 1981 ; Kjel lman et 

al, 1982; Masca r t -Lemone et al., 1983) . In contrast to these def ic iencies , which 
show a recessive type of inher i tance , an au tosomal dominan t type of inheri tance 
of C 4 not l inked to the major his tocompat ibi l i ty complex has recently been 
described in a family (Mui r et al, 1984) . Affected individuals are subjected to 
recurrent infections and sys temic lupus e ry thematosus . H o w e v e r , C4-deficient 
guinea pigs have been repor ted to be normal in all respects (El lman et al., 1970; 
Col ten, 1982). 

Apar t from hepat ic synthesis (Hall and Col ten , 1977; Karp et al, 1982c) C 4 
and Sip are also synthes ized by mac rophages and monocy tes (Roos et al, 1978; 
Goldberger and Col ten , 1980; Parker et al, 1980; Chan et al, 1983). In some 
strains of mice the synthesis of Sip is inducible (androgen dependen t ) , whi le it is 
consti tut ive in others (Passmore and Schreffler, 1970; Hansen and Schreffler, 
1976; Passmore et al, 1980). S ip is apparent ly wi thout hemolyt ic activity in 
standard assays for C 4 and cannot be c leaved by C l s (Ferreira et al, 1978). In 
contrast , both h u m a n C 4 A and C 4 B are act ive . The i r hemolyt ic activity differs 
and is dependent on the state of proteolyt ic process ing and the amoun t of ca rbo-
hydrate present . It appears that C 4 A and C 4 B intrinsically have different 
covalent b inding proper t ies (see Sect ion VII ) . 

C. C5 

The c h r o m o s o m e ass ignment of C 5 has not yet been m a d e . A few deficiencies 
in C 5 are k n o w n (Rosenfeld et al, 1976). Recent ly , a sexual d imorph i sm of 
mouse C5 has been descr ibed (Baba et al, 1984). Us ing isoelectric focusing, 
females of all strains tested were found to contain one C 5 band , whi le males 
contained t w o bands , one of which was identical to that found in females . T h e 
expression of the other C 5 band could be induced by tes tos terone, in conformity 
with earl ier reports (Cinader et al., 1964; Urbach and Cinader , 1966; Churchi l l et 

al, 1967) that the level of C 5 in males is about twice that in females and can be 
decreased by the adminis t ra t ion of estradiol or by castrat ion. In analogy with 
mouse C 4 / S l p these results could indicate the presence of two genes for C 5 or 
C5-l ike molecu les . 

D. a s M , PZP, and Other Macroglobulins 

Using the somat ic cell hybrid technique the gene for human a 2M , of which 
apparently only one copy exis t s , has been localized to c h r o m o s o m e 12 (Kan et 
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aL, 1985). T h e quest ion of whe ther a 2 M is po lymorph ic like C 3 and C 4 has not 
been carefully invest igated. H o w e v e r , in the c D N A sequence of K a n et al. 

(1985) a Val res idue was predic ted at posi t ion 9 7 7 , whereas an He res idue was 
found by protein sequence determinat ion (Swenson and H o w a r d , 1980; Sot t rup-
Jensen et al., 1984c) or by sequence analysis of a different c D N A clone (A. 
Lundwal l , B . F . T a c k , and L . Sot t rup-Jensen, unpubl i shed) . This indicates the 
presence of allelic forms of the a 2 M gene . In the sequence work of Sot t rup-
Jensen et al. (1984c) no ev idence for heterogenei ty was obta ined . H o w e v e r , due 
to the inherent l imitat ions in protein sequence de terminat ion , minor pept ide 
variants could easily have been over looked . Accord ing to Berg and B e a m (1966) 
human a 2 M exhibi ts a type of X-l inked po lymorph i sm, the X m trait , detected by 
immunological p rocedures . This can n o w be ques t ioned in v iew of the recent 
demonstra t ion that P Z P , which is usual ly present in h igher amoun t s in females 
than in males , is ant igenical ly related to a 2 M . T h e A L - M sys tem descr ibed by 
Leikola et al. (1972) , which shows an autosomal dominan t type of inher i tance , 
could represent t rue allelic differences, whi le the e lectrophoret ic po lymorph i sm 
described by Ga l lango and Cast i l lo (1974 , 1975) cannot be readily evaluated and 
should be regarded as tentat ive. T w o alleles for rabbit a 2 M have been descr ibed. 
Apparent ly , in the he te rozygous rabbi t , both al lotypic specificities are found in 
a 2M , indicating that each allelic gene contr ibutes to the same a 2 M molecule 
(Knight and Dray , 1968a ,b) . 

Total deficiencies in a 2 M mus t be exceedingly rare , s ince Laurel l and Jeppson 
(1975) examined more than 100 ,000 sera and found none . Only three cases of 
inherited partial a 2 M deficiency are k n o w n (Mahour et al., 1978; Bergqvis t and 
Ni lsson, 1979; Steenbjerg, 1981). In these cases the defect was inherited as an 
autosomal dominan t trait and did not lead to clinical manifes ta t ions . 

As with most p lasma proteins the major site of synthesis of a 2 M is the liver. 
Thus Kan et al. (1985) found a very high representat ion of a 2M - s p e c i f i c c lones 
in the c D N A library prepared by Belt et al. (1984) from h u m a n liver. H o w e v e r , 
in addit ion to synthesis by hepa tocy tes , synthesis has also been demons t ra ted in 
cultured human fibroblasts (Moshe r and W i n g , 1976) , monocy te s , and m a c -
rophages (Mosher et aL, 1977; Hovi et aL, 1977; W h i t e et al, 1980) , in a 
variety of m e l a n o m a cells ( M o r g a n , 1981) , and in o ther h u m a n tumor cells 
(Bizik et al, 1986) . In the m o u s e a 2 M synthesis has been demons t ra ted in 
cultured peri toneal macrophages (Whi te etal., 1981). F r o m tissue cul ture studies 
synthesis of rat α , Μ and a 2 M has been found in the l iver ( W e i m e r et al., 1965; 
Benjamin and W e i m e r , 1966). These studies have been ex tended using cul tures 
of rat hepatocytes (Andus et al, 1983a ,b ; Nor themann et al., 1983; Koj et al., 

1984; Gross et al., 1984; Gui l louzo et al., 1984; Bauer et al., 1984; B a u m a n n et 

al, 1984). 
A m o n g the t w o a M ' s found in different animal species rat a 2 M and rabbit 

α , Μ are definitively acute-phase reactants (Ganro t , 1973a ,b ; Lebre ton de V o n n e 



4/a2-Macroglobulin and Related Thiol Ester Plasma Proteins 227 

and M o u r a y , 1968) . T h e regula t ion of their synthesis is not well unders tood , but 
according to recent results the hepat ic synthesis is under control of a n u m b e r of 
factors, of which the synergis t ic action of g lucocor t icoids and inter leukin-1 and 
other factors has been recognized (Bauer et al, 1984, 1985; Gross et al., 1984; 
Gui l louzo et al., 1984; Koj et al., 1984; B a u m a n et al., 1984; Hirata et al., 

1985). It has been repor ted that rat a ! - inh ib i to r III is a negat ive acute-phase 
reactant (Gauthier and Ohl s son , 1978). H o w e v e r , its putat ive analog in the 
mouse (pregnancy-associa ted mur ine prote in-1) seems to be under hormona l 
control , be ing induced by es t rogens and suppressed by tes tosterone (Hau et al., 

1982). 
In contrast to h u m a n a 2 M , whose level is only slightly increased in p regnancy 

or dur ing t reatment with oral cont racept ives (Ganrot and Bjerre , 1967; M e n -
denhal l , 1970; H o m e et al., 1970; Chandra , 1972; Chandra et al, 1973) , the 
level of P Z P is great ly increased in p regnancy (Bohn , 1971 ; von Schoul tz , 1974; 
Than et al., 1976; Folkersen et al, 1981a; S t imson , 1972) . A significantly 
increased p l a sma level of P Z P is also seen as a result of oral contracept ion 
(DeAlvarez and Afonso , 1967; B e c k m a n et al, 1 9 7 1 , 1973a; S t imson , 1972, 
1974; Straube etal, 1973; H o m e etal, 1973; Be rne , 1973 , 1976; B o h n , 1974; 
Sturdee et al, 1976) and sugges ts a regulat ion by es t rogens . L ikewise high 
levels of P Z P have also been observed in m e n w h o received es t rogens dur ing 
t reatment of prostat ic cancer (Cooper , 1963; B e c k m a n et al, 1973b; D a m b e r et 

al., 1978; Lanson et al., 1979) . T h e level of P Z P is also increased in a n u m b e r of 
neoplast ic and au to immune diseases ( B e m e , 1976; B o h n , 1972; T h an et al, 

1975b; S t imson , 1975; B u n d s h u h et al, 1975; G r o p p et al, 1977; Anderson et 

al, 1979; Bauer et al, 1979; Hofmann et al, 1979; K a s u k a w a et al, 1979) , 
indicating that P Z P should be classified as an acute-phase reactant ( B o h n , 1972; 
H o m e et al, 1975) . The acute-phase prote in rat a 2 M is a lso increased in preg-
nancy (Beaton et al, 1961 ; H e i m , 1962; W e i m e r and Benjamin , 1965) thereby 
possibly l inking the acute-phase a M ' s and the pregnancy-associa ted a M ' s . 

P Z P can be detected in p l a sma a few weeks after concept ion ( D a m b e r et al., 

1977), and it has been repor ted that the initial level of P Z P in p regnancy is 
significantly be low the normal range in w o m e n w h o later suffer from spon-
taneous abort ion (Beckman et al, 1974; B e m e , 1976; Than et al, 1975a; 
D a m b e r et al., 1978) . T h e level of P Z P returns post pa r tum to the basal within 2 
to 8 weeks (Bohn , 1974; Lin et al, 1976; S t imson , 1975) . Al though P Z P thus 
appears to be regulated by es t rogens , no correlat ion has been found be tween its 
p lasma level and the level of endogenous es t rogens or gonadot ropins ( D a m b e r et 

al, 1976, 1977; von Schoul tz and St igbrand , 1982; Wes te rgaard et al, 1982). 
Es t rogen-dependent synthesis of P Z P has been demons t ra ted in cul tures of l iver 
cells and normal per ipheral l eukocy tes , j u d g e d to or iginate from the content of 
monocytes and macrophages (St imson and Blacks tock , 1975; H o m e et al, 

1978). Neoplas t ic cell l ines der ived from hist iocytic l y m p h o m a s of the monocy te 



228 Lars Sottrup-Jensen 

type synthesize and secrete relatively large amounts of P Z P (Lundgren et al., 

1979). Howeve r , recent results indicate that the pr imary sites of synthesis are the 
hepatocytes of the liver (S t imson , et al., 1979; von Schoul tz and St igbrand , 
1982). 

VI. Shape of the Macroglobulins, C3, C4, and C5 

A Macroglobulins 

Using the shadow-cas t ing technique Hoglund and Levin (1965) obtained e lec-
tron micrographs of osmic acid- or formaldehyde-f ixed h u m a n a 2 M indicating a 
nearly spherical shape about 200 A in d iameter . In a subsequent study Bloth et 

al. (1968) descr ibed the characteris t ic monograml ike shape of h u m a n a 2 M and 
rabbit α , Μ and a 2 M , represented by the Cyril l ic letter a t , which has since been 
associated with a 2 M (Fig . 8) . T h e y used the negat ive-contrast me thod , em-
ploying sod ium tungstosi l icate , po tass ium phosphotungs t ic acid, and a m m o n i u m 
molybdate at p H 6 .0 . T h e p redominan t form observed for these three m a c -
roglobulins contained three parallel vertical bars connec ted at their midpoints by 
a horizontal bar . T h e length of the molecules was es t imated at 1 7 0 - 2 0 0 A , and 
the width a long the horizontal bar was approximate ly 100 A (Fig. 8 A ) . T h e 
middle vertical bar , which was a lways shorter than the outer bars (approximate ly 
100 A ) , resembled in some spec imens t w o do ts , one be low and one above the 
horizontal c rosspiece . A certain flexibility of the outer bars was noted. In all 
preparat ions examined another type of s t ructure , resembl ing t w o beans facing 
one another or a donut with the d imens ions 110 x 125 A, was also seen. This 

1 0 0 A 

l Id Μ U 
§| 1*1 W fl 

A B C 

Fig. 8. Representations of a 2M derived from electron micrographs. The a 2M tetramer consists 
of two dimers, one below and one above the indicated line. These structures can be envisaged as 
projections of an overall cylinderlike shape in which each dimer contributes to the central bar and 
contains two short and two long arms. (A) The slender monogramlike structure probably representing 
native α 2Μ . (B) The compact form of methylamine-inactivated a 2M . (C) The t r y p s i n - a 2M complex 
(2 :1) in which each dimer accommodates one trypsin molecule. The long arms may wrap around the 
bound proteinase, producing a form resembling that shown in Β (Fig. 13, see text for further details). 
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structure, which was seen when the samples were e m b e d d e d in a thick layer of 
contrast m e d i u m , was considered to represent a col lapsed form. Using a prepara-
tion of a 2 M , which had been inact ivated by exposure to a m m o n i u m sulfate, the 
same monograml ike structure was observed . In studies of rabbit α , Μ and rat 
a 2 M by Morel i s et al. (1969) , Gauth ie r et al. (1974) , Gauthier and M o u r a y 
(1975a) , and Bergsma et al. (1985) and in studies of h u m a n a 2 M synthesized by 
HeLa and 3T3 cell lines by Harr is et al. (1976) , s imilar forms were seen and , 
moreover , the structure observed in the rabbit α , Μ - t r y p s i n complex was more 
compact . This cor responded to a contract ion of the molecule from about 200 to 
150 A. A similar transit ion from a s lender s t ructure , p resumed to represent nat ive 
human a 2 M , to a more compac t , wel l -preserved structure of proteinase- t reated 
a 2 M resembl ing that shown in F ig . 8B was also seen by Barrett et al. (1974) . 
Recent ly , S c h r a m m and S c h r a m m (1982) used compute r averaging of selected 
representat ions of a 2 M molecules and descr ibed an open form and a c losed form 
(Figs. 8A and 8 B ) , both assumed to represent inactive a 2M . In contrast to o thers , 
they did not observe a c losed conformat ion for the 1 :2 a 2 M : trypsin c o m p l e x , 
but rather a structure resembl ing nat ive a 2 M (Fig. 8C) . 

However , their compute r averaging procedure on selected molecules indicated 
that the t w o trypsin molecules bound in the complex were located c lose to one 
another and near the middle of the structure in agreement with the energy transfer 
exper iments of Pochon et al. (1981) . In studies on the ovomacrog lobul in from 
the egg of the Cuban crocodi le Ikai et al. (1983) observed a structure composed 
of four or five globular nodu les , p re sumed to represent the nat ive ovomacrog lo -
bulin. T h e electron micrographs of the ovomac rog lobu l in -p ro t e ina se complex 
strongly resembled that of the a 2M - t r y p s i n complex . 

Whereas there is little doubt about the overal l shape of amine- inact ivated or 
proteinase-treated a 2 M , the shape of nat ive a 2 M is not agreed upon . Recent ly 
Tapon-Bre taudiere et al. (1985) repor ted that nat ive a 2 M when examined by the 
negative-contrast method is represented by donut l ike structures 2 2 0 - 2 5 0 A 
wide , in which four spherules of 85 A in d iamete r can be d iscerned. Other less 
regular structures were j u d g e d to represent different or ientat ions of the te t ramers 
on the support ing grid. In thin uranyl acetate s tainings the molecules of a 2 M -
trypsin complex ( 1 : 2 ) , s imilar to those descr ibed by o thers , all had the same 
d imens ions , 155 x 230 A. T h e presence of t w o s t ructures , differing slightly in 
their detai ls , indicated only two poss ib le or ientat ions when the a 2M - t r y p s i n 
complexes were lying on their larger s ide . W h e n the protein was e m b e d d e d in a 
thick film of uranyl aceta te , s tructures having the shape of a square with sides of 
about 155 A were seen. F r o m the distr ibution of stain in these structures they 
were judged to represent a vertical v iew through hol low cyl inders . 

In a different approach Branegard et al. (1980 , 1982) and Osterberg and 
Malmens ten (1984) analyzed the s tructure of h u m a n a 2 M , a 2M - t r y p s i n com-
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plex, and methylamine- t rea ted a 2 M by low-angle X-ray scattering in solut ion. 
The scattering curves obta ined for the different preparat ions used were compat i -
ble with a model of a 2 M represented by a hol low cyl inder 1 5 8 - 1 7 1 A long and 
1 2 5 - 1 3 2 A in d iameter conta ining a central disc about 26 A in height . T h e 
thickness of the walls of this cyl inder was es t imated at 28 A . Such a m o d e l , 
a l though obviously c rude , is largely compat ib le with the different project ions of 
a 2M seen in the electron mic roscope , ei ther donut -shaped te t rameric forms or the 
monograml ike s t ructure , if the " w a l l s " are thought to consist of t w o long and 
two short arms (Fe ldman et al., 1985b) . Thus a 2 M can be envisaged as an 
assembly of two c law- or basket l ike s t ructures , one be low the p lane through the 
central disc and one above this p l ane , with the t w o cavit ies point ing in opposi te 
direct ions. H o w the m o n o m e r s are organized in the d imer , wh ich presumably 
corresponds to one such basket , is not k n o w n . Clear ly , the pecul iar a r rangement 
of the two interchain disulfide br idges within the d imer ( involving Cys-255 and 
Cys-408) must be cons idered in any at tempt at formulat ing a more detai led 
model for the structure of a 2M . Each of these basket l ike structures p resumably 
contains a binding site for prote inases close to the central d i sc , which forms the 
bot tom. This model will be further d iscussed with regard to the mechan i sm of 
a 2M - p r o t e i n a s e complex formation (see Sect ion IX) . 

β . C3, C4, and C5 

In contrast to a 2 M , electron mic roscopy has not been successful in g iving an 
idea of the overall shape of C 3 , C 4 , and C 5 , probably due to their " m o n o m e r i c " 
structure and lability. Us ing negat ive staining Molenaa r et al. (1975) repor ted 
that nat ive C 3 was represented by spheres about 230 A in d iameter , as also seen 
earlier by Suzuki et al. (1972) . In contrast , C 3 b appeared as threadl ike s truc-
tures , p resumably represent ing end- to-end l inked polymer iza t ion produc ts . In a 
study on the interaction be tween C 4 b and C4b-b ind ing protein Dahlback et al. 

(1983) observed that negat ively stained C 4 b was represented by a compac t 
structure 90 x 170 A in size in which four or five domains could be d iscerned. 
Electron micrographs of C 5 also showed different compac t structures wi thout 
much detail and having the d imens ions 104 x 168 A or 140 x 151 A (DiScipio 
et al., 1983). In contrast C 5 b appeared as large aggregates . Given the repor ted 
d imensions of the representat ions of C 3 , C 4 , and C 5 , these were probably 
composed of aggregated mater ia l . Low-ang le X-ray scattering data (Osterberg et 

al., 1984) indicate that the size of h u m a n C 4 , e . g . , is approximate ly 21 x 5 6 x 
110 A, roughly compat ib le with the size of the individual subuni ts of a 2 M as 
judged from the electron micrographs and the ho l low cyl inder mode l (Fig . 8 ) . 
Methylamine- inact ivated C 3 and C 4 apparent ly form d imers , about 235 A in 
length (Osterberg et al., 1985). 
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VII. The β-0γ8ΐβίηγΙ-7-9ΐυί3ηιγΙ Thiol Ester Structure 

in a 2M , C3, and C4 

A General Reaction Scheme of the Internal Thiol 

Ester in α^ή, C3, and C4 

T h e presence of an internal react ive 3-cysteinyl-7-glutamyl thiol es ter struc-

ture in a 2M , C 3 , and C 4 readi ly expla ins a n u m b e r of characteris t ic react ions not 

found in other prote ins and is compat ib le with much exper imenta l da ta . T h e 

tetrapeptide sequence -Cys-Gly-Glu-Glx- (residues 9 4 9 - 9 5 2 in a 2M ) is c o m m o n 

to human a 2M , C 3 , and C 4 and contains the thiol ester s t ructure. It is represented 

in F ig . 9 as a 15-member th iolactone r ing. T h e thiol ester can be c leaved in three 
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Fig. 9. Reactions of the internal β-ΰν8ΐ6ΐην1-7-£ΐιιΐ3πνν1 thiol esters in a 2M , C3 , and C4. The 
thiol ester in the native proteins can react slowly with small amines, e .g. , methylamine (reaction 1). 
Upon denaturation of the proteins the thiol esters undergo isomerization to form an internal 
pyroglutamic acid residue (reaction 2). This residue can be cleaved at A or Β. Following proteolytic 
activation of the proteins the thiol esters react rapidly with available nucleophiles either from the 
solvent or from the surfaces of the targets (proteinases in the case of a 2M , and polysaccharides, 
membrane constituents, and immune complexes in the case of C3 and C4). This leads to cross-links 
of the amide type or the ester type (reactions 3). In each of these reactions a free β-cysteinyl SH 
group appears. 
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different react ions , 1 - 3 , in each case resul t ing in the appearance of a readily 
accessible β-cysteinyl SH group and a 7-subst i tuted Glx res idue . React ion 1 
represents the s low c leavage by small ni t rogen nucleophi les such as meth-
y lamine . In this react ion a residue of 7 -g lu tamylmethy lamide is formed. Reac -
tion 2 represents the s low c leavage by the pept ide N H group of the thiol-
esterified Glx res idue , resul t ing in the formation of a f ive-member pyrrol idone 
structure involving that res idue (an internal pyroglu tamic acid res idue) . This 
reaction is observed when the three proteins are denatured , and dependent on the 
condit ions the pyrro l idone ring can be c leaved at two poin ts . C leavage at A 
results in hydrolys is , thereby yielding a g lu tamic acid res idue , whi le c leavage at 
Β results in polypept ide chain f ragmentat ion. T h e previously thiol-esterified Glx 
residue now appears as an N- terminal pyroglu tamic acid res idue in the C-termi-
nal denaturat ion c leavage fragment . React ion 3 represents the fast, physiologi-
cally important c leavage of the thiol ester , which results from proteolyt ic activa-
tion. In this react ion a substi tuted amide or an ester involving the thiol-esterified 
Glx residue is formed, dependent on the presence of suitable nucleophi l ic 
groups , e . g . , e-lysyl amino groups on the act ivat ing proteinase in the case of 
a 2 M and hydroxyl groups in polysacchar ides in the case of C 3 . Other nu-
cleophi les , e . g . , pu t resc ine , which happen to be present dur ing the proteolyt ic 
activation and which normal ly do not react with the thiol ester in the nat ive 
proteins , can also be covalent ly bound to the thiol-esterified Glx res idue. 

B. Evidence for the Thiol Ester Structure in the 
Native Proteins 

Although the presence of a un ique react ive site in a 2 M , C 3 , and C 4 composed 
of an internal thiol ester is an attractive hypothes is that is now general ly accept-
ed, it should be pointed out that the ev idence for that structure is only c i rcum-
stantial. The ability of the nat ive proteins to react with and covalent ly incorporate 
certain small ni t rogen nucleophi les into a part icular Glx res idue evident ly re-
quires an activation of that res idue , s ince these react ions proceed readily under 
physiological condi t ions . A priori an activation of a Glu res idue could be brought 
about by esterification with a lcohols , pheno l s , or th iols , by anhydr ide formation 
involving carboxyl or phosphoryl g roups , by acyl imidazole format ion, or by 
formation of a pseudoact ive site as d iscussed by Swenson and Howard (1979b , 
1980) and Howard et al. (1980) . Based on their available ev idence H o w a r d et al. 

(1980) proposed that the react ive site of a 2 M was const i tuted by an internal 
pyroglutamic acid res idue (cf. react ion 2 in F ig . 9 ) . Earl ier ev idence (Lichten-
stein, 1942) indicated that such a structure could react with methy lamine albeit 
under relatively harsh condi t ions , and internal pyroglu tamic acid residues found 
in po lymers of g lu tamic acid have been shown to spontaneously hydro lyze a long 
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pa thway Β (Fig. 9) (Bat tersby and Rob inson , 1955; Bat tersby and Reyno lds , 
1961). 

The demonst ra t ion that the amine-reac t ive Glx res idue of a 2M , C 3 , and C 4 is 
encoded as a Gin residue ( D o m d e y et al, 1982; Belt et al., 1984; Kan et al., 

1985) evident ly imposes constraints on the possible ways of act ivat ion and 
makes activation by anhydr ide formation unl ikely. S ince nat ive a 2M , C 3 , and 
C4 contain no free S H g roups , the observat ion by Jana tova et al. (1980a) , Tack 
et al. (1980) , Sot t rup-Jensen et al. ( 1980) , and Jana tova and Tack (1981) that a 
previously unrecognized SH group appears in a 2M , C 3 , and C 4 as a result of 
incubation with ni trogen nucleophi les immedia te ly suggested that the react ive 
Glx residue might be act ivated by thiol esterif ication. The SH group appear ing 
was contr ibuted by a Cys res idue preceding the react ive Glx residue by only three 
residues in the sequence of a 2M , C 3 , and C 4 (Figs . 4 and 9) (Tack et al., 1980; 
Sot trup-Jensen et al, 1981a; H o w a r d , 1981 ; Campbe l l etal, 1981). Al though 
that Cys residue might have been bur ied in the nat ive proteins and only exposed 
as a result of the conformat ion c h a n g e , which accompanies the me thy lamine 
incorporat ion, the observed 1 : 1 s to ichiometry be tween methy lamine incorpo-
rated into the nat ive proteins and β-cysteinyl SH groups appear ing in the course 
of the react ion (Tack et al, 1980; Sot t rup-Jensen et al, 1980) makes this 
interpretation unl ikely . T h e proposa l that the react ive site of a 2 M , C 3 , and C 4 is 
consti tuted by an internal thiol ester is part icularly attractive in v iew of the high 
reactivity of thiol esters in nucleophi l ic d i sp lacement react ions involving amines 
(Bruice and Benkov ic , 1966). 

Addit ional ev idence in favor of a thiol ester of the proposed structure has been 
provided by Khan and Er ickson (1981) , w h o chemical ly synthesized a variety of 
15-member r ing structures conta ining an internal thiol ester based on the se-
quences (Gly) -Cys -Gly-Glu-Glx-Asn , c o m m o n to a 2 M and C 3 . T h e identity of 
the synthesized model thiol ester pept ides was verified by e lementa l analys is , 
amino acid analys is , mass spect rometr ic analys is , and N M R data (300 M H z ) . 
The thiolactone structure was found to be in equi l ibr ium with the cor responding 
isomeric lactam structure conta in ing a free S H group (Khan and Er ikson , 1982) 
(species I and II , respect ively , F ig . 10) with a Κ ( lac tam/ th io lac tone) of 1 0 - 1 1 , 
indicating that the ground state of the thiolactone is only about 1.5 kca l /mo l 
higher than that of the lac tam. T h e rate of isomerizat ion (half- t ime 1 9 - 2 0 min) 
was found to be 28 t imes h igher than the hydrolysis of the thiol ester p roduc ing 
species III (Fig. 10). These results p rov ide support for isomerizat ion of the thiol 
ester structure in a 2 M , C 3 , and C 4 , which is p re sumed to take place upon 
denaturat ion (pa thway 2 , F ig . 9 ) . A s further d iscussed be low this isomerizat ion 
could also be impor tant in the b iosynthes is of the thiol ester and perhaps in the 
reactions of the nascent state. 

Despi te extens ive efforts (L . Sot t rup-Jensen , unpubl ished) it has not yet been 
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( I I I ) Ac-Gly-Cys-Gly-Glu-Glu-Asn -NH2 

( I ) Ac-Gly-Cys-Gly-Glu-Glx-Asn-NH2 

-S Ol 

it 
( I D Ac-G1y-Cys-Gly-Glu-Glp-Asn-NH2 

SH 

Fig. 10. Isomerization and hydrolysis reactions of model thiol ester peptides (Khan and 
Erickson, 1981, 1982). " G l p " denotes the internal pyroglutamic acid residue shown in Fig. 9, and 
the isomerization of I to II is analogous with reaction 2 (Fig. 9). Ill represents the hydrolysis product 
of I or II. 

possible to obtain a pept ide fragment from a 2 M in which the thiol ester has not 
been c leaved, ei ther as a result of denaturat ion or as a result of proteolyt ic 
degradat ion of the protein (cf. pa thways 2 and 3 , F ig . 9 ) . Even if such a f ragment 
could be isolated it wou ld possibly isomerize from thiolactone to lactam dur ing 
the isolation. In order to obtain further ev idence for the presence of a thiol ester 
in nat ive C 3 T h o m a s et al. (1983) treated nat ive C 3 with tritiated N a B H 4. As 
expected from earl ier studies demons t ra t ing thiol ester intermediates in co-
enzyme A transferase-catalyzed react ions (So lomon and Jencks , 1969; S ramek 
and Fre rman , 1975) , the thiol-esterified Glx res idue would be reduced to a 
residue of a -amino-8-hydroxyva le r i c acid. Int r iguingly, no reduct ion of the 
thiol-esterified Glx res idue could be demons t ra ted in nat ive C 3 . In contrast , the 
highly react ive Glx res idue in nascent C 3 (obtained by trypsin act ivat ion) could 
be readily reduced to the expected hydroxy amino acid. It is l ikely that this 
difference in reactivity of the thiol ester with N a B H 4 be tween the nat ive and the 
nascent state is a reflection of an increased accessibil i ty and reactivity in the 
nascent state of C 3 (see also Sect ion VIII ) . 

C. Biosynthesis of the Thiol Ester Bond 

The mechan i sm for the in vivo formation of the thiol ester s tructures in a 2 M , 
C 3 , and C 4 is not well unders tood. H o w e v e r , s ince the react ive Glx res idue in all 
three proteins is encoded as a Gin res idue it is possible that the internal thiol 
esters can be formed in react ions reminiscent of those of t ransglu taminases . 
These e n z y m e s , which are widespread , cata lyze the formation of €- lysy l -7-
glutamyl cross-l inks in a number of prote ins , e . g . , fibrin, and the covalent 
incorporation of amines into Gin res idues of a variety of protein substrates (Folk 
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and C h u n g , 1973; Folk and F in layson , 1977; Fo lk , 1983). Dur ing the react ions 
catalyzed by these e n z y m e s , in termedia te thiol esters are formed be tween an 
enzyme-bound react ive S H group and a Gin res idue of a given protein substra te . 

Figure 11 shows three hypothet ical ways of forming the thiol esters in a 2 M , 
C 3 , and C 4 . In react ion I, which is env isaged as an autocatalyt ic p rocess , the C y s 
and the Gin residues are brought together after the folding of approximate ly t w o -
thirds of the protein . D u e to a favorable local env i ronment the SH group can 
directly react with the carbonyl g roup of the G in res idue , thereby expel l ing 
ammonia and forming the thiol ester s t ructure. A s the polypept ide synthesis 
cont inues the thiol ester is subsequent ly sequestered and stabil ized in the final 
protein product . In this regard the thiol ester can be envisaged as a 4' f r o z e n " 
in termedia te , s table in the absence of nuc leophi les . In react ion II the Gin res idue 
is conver ted to a G l p res idue (corresponding to the lactam structure of the mode l 
peptides) and a m m o n i a is re leased. A subsequent isomerizat ion to the thiol ester 
governed by the folding of the protein then takes p lace . In react ion III the G in 
residue reacts with a t ransglutaminasel ike e n z y m e , thereby expel l ing a m m o n i a 
and forming an in termediary thiol es ter , which is then at tacked by the C y s - S H 
group in an in t ramolecular process to form the internal thiol ester . 

Using the hea t /dena tura t ion c leavage react ion as a cri terion for the presence of 
a thiol ester in intracellular p ro -C4 synthesized by mur ine peri toneal m a c -
rophages , Karp (1983c) repor ted that the c leavage react ion could be detected 20 
min after the onset of synthes is . Th i s react ion could be prevented by pre t rea tment 
of the cell lysates with me thy lamine . Secret ion of C 4 starts approximate ly 6 0 
min after synthesis (Fey et al., 1980; Parker et al., 1979). Ka rp (1983c) further 
observed that g lycosyla t ion preceded the appearance of a functional thiol ester 
site and obta ined ev idence showing that nonglycosyla ted p ro -C4 could not un-
dergo the c leavage react ion. This sugges ts that the degree of glycosylat ion could 
be important for the acquisi t ion of a functional thiol ester si te. In other studies 
Karp et al. (1982a) have shown that the genet ic absence of a part icular complex -
type ol igosacchar ide in the C 4 α chain is associated with a 7 5 % reduct ion in 
hemolyt ic activity. 

Recent ly Iij ima et al. (1984) s tudied the in vitro synthesis of rabbit p ro -C3 in a 
rabbit re t iculocyte lysate sys tem. W h e r e a s the synthesized product readi ly re-
acted with radiolabeled iodoace tamide , no incorporat ion of me thy lamine could 
be demons t ra ted . H o w e v e r , by including a fraction of a l iver homogena t e con-
taining cytosol and m i c r o s o m e s , p r o - C 3 could n o w incorporate me thy lamine , 
suggest ing the p resence of a functional thiol es ter site and strongly indicat ing the 
involvement of an e n z y m e in a pos t r ibosomal format ion of the thiol ester s t ruc-
ture. This factor could be part ial ly purified by DEAE-ce l lu lose ch romatography 
and could be a t ransglutaminasel ike e n z y m e (react ion III , F ig . 11). Whe the r this 
factor accounts for the increase in molecu la r weight of intracellular p ro -C4 found 
by Karp (1983c) to a ccompany the appearance of the heat c leavage react ion is 
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-Cys-G ly -G lu -G lx -

I S C«0 

( I I I ) -Cys-Gly-Glu-Gln 

SH 

Fig. 1 1 . Possible in vivo ways of forming the P-cysteinyl-7-glutamyl thiol ester structure. 
Reactions I and II are envisaged as being "spontaneous" processes occurring during the folding of 
the primary translation products. In contrast, reaction III suggests the involvement of a trans-
glutaminaselike enzyme in the activation of the Gin residue. Glp denotes the internal pyroglutamic 
acid residue (Fig. 9) and TG denotes a transglutaminase. 

not k n o w n . In a s imilar study on the biosynthesis of p ro -C3 by rat hepatocytes no 
heat c leavage was demons t ra ted (Misumi et al., 1984). 

D. Structure and Reactivity of the Thiol Ester in the 
Native Proteins 

Model bui lding has demons t ra ted that the thiol ester s tructure in the sequence 
-Gly-Cys-Gly-Glu-Glx- can be formed without imposing severe constraints on 
the dihedral angles of its amino acid res idues . T h u s , T h o m a s et al. (1982) noted 
that an irregular sharp bond could be made in which the thiol ester g roup was 
planar. In this mode l the g lu tamic acid res idue adjacent to the reactive Glx 
residue is bel ieved to prot rude into the solvent , whi le the major part of the thiol 
ester is surrounded by apolar res idues , thereby partially shielding the thiol ester 
from the solvent . Similar ly , H o w a r d (1983) noted that model bui lding produced 
a c rowded , but not strained s t ructure , permit ted by the presence of the Gly 
residue that fol lows the Cys res idue , overall resembl ing a 3 1 0 chain reversal 
structure found in F : S proteins ( A d m a n et al., 1975). In this model the pept ide 
N H group of the react ive Glx res idue is posi t ioned close to the carbonyl g roup of 
the thiol ester. Dav ies and S im (1981) have proposed a different mode l , in which 
the Glu residue adjacent to the react ive Glx res idue is unprotonized and loops 
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back to form a hydrogen b o n d to the carbonyl g roup , thereby providing an 
increased electrophil ici ty of the carbonyl g roup of the thiol ester . In t ramolecular 
general acid catalysis of this type is k n o w n in mode l sys tems and can result in 
greatly increased rates of nucleophi l ic at tack on ester carbonyls ( Jencks , 1972; 
Stewart and Sr inavasan , 1978). A s a consequence of this mode l the pept ide 
group connect ing the Glu and Glx res idues is no longer p lanar , thereby resul t ing 
in an N H group of enhanced nucleophi l ic i ty . Cons ider ing the predicted second-
ary structure of a 2 M Wel inder et al. (1984) sugges ted that the thiol ester loop is 
located at the turn of a long β hairpin at one end of a p roposed β-barrel doma in , 
further protected from solvent by a loop connec t ing other s t rands of that barre l . 
Whatever the precise conformat ion and local izat ion of the thiol ester in the nat ive 
proteins is , the N M R spectra of the model pept ides (Khan and Er ickson , 1982) 
indicate that their conformat ion is relat ively r igid. 

As already noted in the ear ly l i terature (Gordon et al., 1926; Pi l lemer et al., 

1941; Ratnoff et al, 1954; Tay lo r and L e o n , 1959) , the spect rum of amines , 
which can react relat ively rapidly with and inact ivate nat ive a 2M , C 3 , and C 4 , is 
restricted to small amines and hydraz ines hav ing a pr imary amino group such as 
methy lamine . T h e reaction was found to be a typical nucleophi l ic d isp lacement 
react ion, with the rate be ing dependen t on the concentra t ion of unprotonated 
amine (Taylor and Leon , 1959). These results have now been conf i rmed and 
extended (Barrett et al, 1979; Salvesen et al, 1981; Pangburn and Mul ler -
Eberhard , 1980). In a recent detai led s tudy the rates for the reaction of a broad 
spectrum of amines with a 2 M were compared with those for the s imple mode l 
thiol ester , ethyl thiol acetate (Larsson and Bjork , 1984). T h e relative react ion 
rates of the amines invest igated with a 2 M did not parallel the relative react ion 
rates with the small thiol ester . T h u s , it was found that secondary and tertiary 
amines ( e . g . , d ime thy lamine and t r imethy lamine) , and pr imary amines larger 
than p ropy lamine , which all c leaved ethyl thiol acetate with second-order rate 
constants comparab le to that of m e t h y l a m i n e , reacted with a 2 M with rate con-
stants considerably lower than that for me thy lamine . T h e relative rates [k 

(a2M)/k (ethyl thiol acetate)] ranged from 700 (ammonia ) and 82 (methylamine) 
to 16 (propylamine) . 

Clear ly , the thiol ester site in a 2 M is inherent ly more react ive in nucleophi l ic 
d isplacement react ions than a s imple thiol ester , provided that the amine can gain 
access to the si te, which p resumab ly is located near the surface but part ly 
shielded by one or more pept ide loops . T h e access to the thiol ester sites is qui te 
discr iminatory as seen from the low rate of react ion with d imethy lamine versus 
e thylamine . The second-order rate constants for react ion with methy lamine at 
room temperature and p H 8.0 have been de te rmined as 13.8 (Larsson and Bjork , 
1984) or 11.6 M " 1 s e c " 1 (Str ickland and Bhat tacharya , 1984) for h u m a n a 2M , 
3.8 Μ ~ 1 sec ~ 1 for h u m a n C 3 , and 12.2 Μ ~ 1 sec ~ 1 for h u m a n C 4 ( Isenman and 
Kel ls , 1982). T h u s , whereas the rate constants for a 2 M and C 4 are similar , that 
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of C 3 is much lower , p resumably reflecting a slight difference in the folding of 
the polypept ide chains at the thiol ester s i te , which also may be important in 
determining the range of nucleophi les , which can react with activated C 3 (see 
Section VIII) . Whe the r the enhancement of react ion rate observed is due to an 
' ' a c t i v a t e d " state of the thiol ester in a 2 M is not k n o w n , since no data for the 
reaction of the cycl ic model thiol ester pept ides with amines have yet appeared . 
That the cyclic mode l pept ides could have an enhanced reactivity per se is 
indicated from pre l iminary results (Khan and Er ickson , 1 9 8 1 , 1982) suggest ing 
that the rate of spontaneous hydrolysis of the cyclic model pept ides is about t w o 
orders of magni tude h igher than that of s imple thiol es ters , for which the p seudo-
first-order constants have been es t imated at approximate ly 5 x 10 ~ 6 m i n - 1 

(Morse and Torbe l l , 1952). Al though no accurate es t imates are avai lable , it is 
apparent that the thiol ester in the nat ive proteins is relatively stable. T h u s , for 
C 3 Pangburn and Mul le r -Eberhard (1980) and Pangburn etal. (1981) es t imated a 
loss of hemolyt ic activity at p H 7 .3 and 37°C equal to 0 . 5 % / h r for C 3 . Upon 
storage or by repeated freezing and thawing the conformat ion of a 2 M , C 3 , and 
C4 gradual ly changes to p roduce a spect rum of inactive forms , in which the thiol 
esters eventual ly can no longer be detected. 

The slow inactivation of a 2 M , C 3 , and C 4 , which frequently yields prepara-
tions containing 0 . 2 - 0 . 5 mol SH groups per mole subuni t , has been observed by 
many investigators and has been ascribed to the slow hydrolysis of the thiol ester 
in the native prote ins . H o w e v e r , s ince aged preparat ions of a 2M , C 3 , and C 4 
usually contain d imers or aggregates of h igh molecular weight , which resist 
dissociation by reducing S D S , the spontaneous decay of the thiol ester could to 
some extent actually be the result of an " a c t i v a t i o n " p rocess , p resumably in-
duced by localized conformat ional changes . This is suppor ted by the results of 
Law (1983a ,b ) , w h o showed that nat ive C 3 treated with guanid in ium chlor ide 
(up to 1.5 M) and other denaturants readi ly would bind glycerol and other 
nucleophiles covalent ly . Concomi tan t ly the generat ion of aggregates was ob -
served. At still h igher concentra t ions of guanid in ium chlor ide , b inding of 
glycerol decreased and the autolytic react ion prevai led. T h u s , the local ized de -
naturat ion-dependent conformat ional change evident ly p roduced a state showing 
some similarity with the nascent state of proteolyt ical ly activated C 3 (see also 
Section VIII) . 

The hea t /denatura t ion c leavage reaction of a 2 M , C 3 , and C 4 has been studied 
in detail by Harpel et al. (1979) , Barrett et al. (1979) , H o w a r d et al. (1980) , 
Janatova et al. (1980a) , Jana tova and Tack (1981) , and S im and S im (1981) . 
This react ion, also referred to as the autolytic react ion, is a convenient tool for 
the detection of the nat ive forms of these and related thiol es ter-containing 
proteins (see above) . Subject ing each of these proteins to condi t ions in which 
their structure is extensively denatured , e . g . , by heat ing in the absence or the 
presence of strong denaturants such as urea , guanid in ium chlor ide , or S D S and 
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by incubat ion in alkal ine med ia , a var iable propor t ion of t w o new fragments is 
seen in reducing S D S - P A G E . Character is t ical ly , incubat ion with weak chao-
tropes such as K B r p roduced no such c leavage , consis tent with the requi rement 
for an extensive denaturat ion of the prote ins in order to observe the c leavage 
reaction (Sim and S i m , 1983; L a w , 1983a ,b ) . Whi l e mos t s tudies have indicated 
that high tempera ture ( 7 0 - 9 0 ° C ) and pro longed incubat ion (up to 5 hr) are 
necessary for obta in ing a high yield of c leavage p roduc t s , ex tens ive c leavage of 
a 2M can be obta ined in reducing 6 Μ guan id ium chlor ide or in 7 0 % formic acid 
at r oom tempera ture (Sot t rup-Jensen et al., 1984a) . Accord ing to H o w a r d (1981) 
the products of the autolysis react ion of a 2M can be envisaged as or iginat ing 
from the decay of a c o m m o n in te rmedia te , represent ing fully denatured a 2M 

formed in a relat ively fast s tep. T h e conformat ion of the thiol ester s tructure in 
the fully denatured state of a 2M p robably resembles the conformat ion of the 
model thiol ester pep t ides , in which the rat io of the lac tam form to the th iolactone 
form is 1 0 - 1 1 (Khan and Er ickson , 1982) . T h e max ima l c leavage observed ( 6 0 -
80%) with a 2M , C 3 , and C 4 (Harpel et al., 1979; H o w a r d , 1981 ; S im and S i m , 
1981 , 1983) indicates that the c leavage of the lac tam structure a long pa thway Β 
(Fig. 9) p roceeds roughly three t imes faster than the c leavage a long pa thway A , 
quali tat ively in accordance with the h igh stability of the N- te rmina l pyroglu tamic 
acid res idue formed. 

VIII. Conformational Change and the Nascent State 

A Detection and Features of the Conformational 
Change 

Upon incubat ion with those nucleophi les that are k n o w n to inact ivate h u m a n 
a 2M , C 3 , and C 4 and by exposure to weak ly denatur ing condi t ions these p ro -
teins undergo a character is t ic change in conformat ion similar to that seen after 
activation with pro te inases . Since this t rea tment results in c leavage of the thiol 
esters there is an apparent coupl ing be tween the functional state of thiol esters 
(native versus c leaved) and the gross conformat ional state of these pro te ins . 

P A G E sys tems , which can reveal a conformat ional change in a 2M , have been 
descr ibed by Ste inbuch et al. (1968) , Saunders et al. ( 1971) , Zais and Rober ts 
(1977) , Barret t et al. (1979) , Harpel et al. (1979) , Nel les et al. (1980) , and by 
Van Leuven et al. (1981a) . S imi lar ly , crossed Immunoelec t rophores i s can be 
used (Ganrot and Laure l l , 1966; Dot t et al., 1985) , but is less d iscr iminatory . 
Conformat ional changes can also be detected by electron microscopy and by 
low-angle X-ray scat tering (Sect ion VI ) , or by determinat ion of sedimentat ion 
coefficients (Bjork and F ish , 1982; Gon ias et al, 1982b; Dangot t and Cun-
n ingham, 1982). For moni tor ing conformat ional changes with t ime de termina-
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t ions of changes in intrinsic f luorescence, dye-media ted f luorescence, c i rcular 
d ichroism, difference U V spectra , and heat capaci ty have been used (Frenoy et 

al, 1977; R ichman and Verpoor te , 1981; Bjork and Fish , 1982; Gonias et al, 

1982b; Chlebowski and Wi l l i ams , 1983; Dangot t et al, 1983; Straight and 
M c K e e , 1982, 1984; C u m m i n g s etal, 1984; Str ickland and Bhat tacharya , 1984; 
Strickland et al, 1984; Bjork et al., 1985; Larsson et al, 1985; Eccles ton and 
H o w a r d , 1985). Recent ly the isolation of different act ive subforms of a 2 M by 
chromatography has been reported (Chlebowski and Wi l l i ams , 1985) suppor t ing 
earlier results of Saunders et al. (1971) , and the " s l o w " and " f a s t " forms of 
a 2 M can be separated by h igh-per formance hydrophobic ch romatography (Van 
Leuven et al, 1985). 

Similar ly, conformat ional changes in C 3 and C 4 affecting their sedimentat ion 
coefficient, e lectrophoret ic mobi l i ty , ant igenici ty , and spectral propert ies have 
been reported, e . g . , by Mii l ler-Eberhard et al. (1960) , Da lmasso and Miiller-
Eberhard (1966) , Mii l ler -Eberhard and Bi ro (1963) , Wes t et al. (1966) , 
P o n d m a n and Pee toom (1964) , Mul le r -Eberhard and Lepow (1965) , Molenaa r et 

al. (1974 , 1975), Reboul et al. ( 1979 , 1980) , von Zabern et al. ( 1 9 8 1 , 1982) , 
l s enman and Coope r (1981) , I senman et al. (1981) , I senman and Kells (1982) , 
von Zabern and Gigl i (1982) , Osterberg et al. (1984) , and Fonta ine and S im 
(1984) . The separat ion of the hemolyt ica l ly inact ive forms of C 3 and C 4 from the 
native forms by ch romatography has been reported by Jana tova et al (1980b) , 
Janatova and Tack (1981) , Parkes et al. (1981) , and Pangburn et al. (1981) . For 
both a 2 M and the complemen t prote ins C 3 and C 4 the final conformat ional end 
state, irrespectively of being genera ted by t reatment with amines or pro te inases , 
is effectively recognized by a variety of cel lular receptors (Kaplan and Nie l sen , 
1979a,b; Kaplan et al, 1981; Van Leuven et al, 1979, 1980, 1981a, 1982b; 
Schreiber et al, 1981 ; Berger et al, 1981; Arnaout et al, 1981 ; Imber and 
P izzo , 1981; F u c h s i a / . , 1982; Hanove r et al, 1983a) . Whi le the activity of C 5 
is not affected by amines (DiSc ip io , 1981a,b ; DiScip io et al, 1983) as a lready 
indicated by the absence of a covalent b inding reaction (Janatova and Tack , 
1981; L a w et al, 1980a) and the lack of the res idues const i tut ing the thiol ester 
site ( B . F . Tack and R. A . Wet se l , unpubl ished) (see Fig . 7 ) , proteolytic activa-
tion of C5 never theless results in extens ive conformat ional changes as docu-
mented by the lack of interaction with complemen t protein C 6 in its nat ive s tate , 
changes in its C D spec t rum, exposure of hydrophobic s i tes , and an increased 
susceptibili ty to proteolysis (Cooper and Mul le r -Eberhard , 1970; Y a m a m o t o and 
G e w u r z , 1978, 1980; Podack etal, 1978; Wetse l et al, 1980; Vogietal, 1978; 
DiSc ip io , 1981a; DiSc ip io et al, 1983; Ni lsson et al, 1975). 

For C 3 ( Isenman and Coope r , 1981) spectroscopic techniques sensi t ive to 
changes in the backbone conformat ion ( e . g . , far-UV C D ) or to per turbat ion of 
aromatic residues ( e . g . , intrinsic t ryptophan f luorescence) have been of l imited 
value in moni tor ing the conformat ional change in C 3 fol lowing proteolyt ic ac-
t ivation. In contrast , changes in nea r -UV C D and f luorescence enhancemen t of 
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bound A N S , report ing changes in the local env i ronment of a romat ic res idues and 
surface hydrophobic i ty , respect ively , are useful. T h u s , I senman and Coope r 
(1981) and Isenman et al. (1981) demons t ra ted that the conformat ional end state 
for C 3 b and the C3b- l ike conformat ion induced by me thy lamine or by freezing 
and thawing were s imilar as assessed by C D and A N S fluorescence enhancemen t 
measurements . T h e rate of the conformat ional change fol lowing proteolyt ic con-
version from C 3 to C 3 b was very fast and was j u d g e d to be l imited only by the 
rate of activation c leavage . This react ion could not be fol lowed by convent ional 
procedures . In contras t , the rate of conformat ional change fol lowing addit ion of 
methylamine was s low, the rate be ing l imited by the conformat ional change 
itself, not by the initial nucleophi l ic subst i tut ion react ion leading to thiol ester 
c leavage. Character is t ical ly , the change in the C D and A N S fluorescence signals 
occurred with a lag phase compared with the loss of hemolyt ic activity measured 
in a s tandard assay . Whi le only about 3 0 % of the final change in ellipticity or 
A N S fluorescence enhancemen t had ocurred after 2 hr at 25°C, C 3 was essen-
tially comple te ly inact ivated at that point . Subsequen t addit ion of t rypsin led to a 
rapid comple t ion of the spectral change . T h e conformat ional change induced by 
methylamine has been analyzed in terms of a mode l minimal ly involving three 
steps as shown in F ig . 12 (reaction I ) . Fo l lowing thiol ester c leavage the nat ive 
protein is conver ted to an in termedia te (step 1). Al though this in termediate is 
formed in a spectroscopical ly " s i l e n t " react ion , its conformat ion has nev-
ertheless changed , s ince the s to ichiometry be tween SH groups appear ing and 
methylamine incorporated (Janatova et al., 1980a; Tack et al., 1980) in this 
reaction is largely correlated with the loss of hemolyt ic activity observed . T h e 
spectroscopical ly de tec ted , relat ively s low un imolecu la r rear rangements to the 
end state (steps 2 and 3) account for most of the observed C D and A N S fluores-
cence changes and result in the acquisi t ion of the C3b- l ike conformat ion , charac -
terized by the ability to bind factor Β and the susceptibil i ty to c leavage by factors 
I plus H. T h e rate constant govern ing step 2 was de te rmined to be approximate ly 
tenfold higher than that for step 3 . T h e factor Β binding potential (apparent ly 
generated in step 2) appeared significantly faster than the potential for c leavage 
by factors I p lus H , suggest ing that their b inding sites on C 3 b are different. 
However , the rate of c leavage of the C3b- l ike conformat ional end state with 
factors I plus Η was found to be smal ler than that for C 3 b obta ined by proteolyt ic 
act ivation, suggest ing that this state is s imilar but not identical with the confor-
mational end state of C 3 b . 

As descr ibed by I senman (1983) , the c leavage by factors I plus Η of ei ther C 3 b 
or the C3b-l ike conformat ion p roduced by incubat ion with amines results in a 
new conformat ional change . Th i s c h a n g e , moni to red by a p ronounced loss in the 
prior enhancement of the f luorescence of A N S bound to the C3b- l ike conforma-
tion, indicates the net loss of hydrophobic surface areas of C 3 b as a result of 
inactivation c leavage at the points shown in F ig . 5 . 

In a spectroscopic study of C 4 by I senman and Kel ls (1982) it was again found 
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C3 : A - > Β - > c - > D ( I ) 

C4 Β C (- D) ( I D 

3 

> D ( I I I ) 

( d i m e r o r 

t e t r a m e r ) 

Fig. 12. Suggested schemes of methylamine-dependent conformational changes in C3 (I), C4 
(II), and α2Μ (III). The species labeled A represent the native conformation; those labeled Β and C 
represent intermediates in the conformational change; and those labeled D represent the end states 
(the C3b- and C4b-like conformation and inactivated a 2M , respectively). For C3 the following half-
times have been determined (50 mM methylamine, pH 8.0, 37°C): 2 .5 , 15, and 112 min for steps 1, 
2, and 3, respectively. The loss of hemolytic activity has a half-life of 5.5 min under these condi-
tions. For C4 the half-times are 2 .5 , 2 .5 , and 13.9 min (ANS fluorescence) for steps 1 ,2 , and 3 , 
respectively (20 mM methylamine, pH 8.0, 37°C). CD measurements give values of 3.1 and 10.4 
min for steps 1 and 2, respectively. The loss of hemolytic activity has a half-time of 2.5 min under 
these conditions. For a 2M the half-times are 5, 18 (12 at 37°C), and 18 min for steps 1 ,2 , and 3, 
respectively (50 mM methylamine, pH 8.0, 25°C). The data are taken from Isenman et al. (1981), 
Isenman and Kells (1982), Strickland and Bhattacharya (1984), and Larsson et al. (1985). 

that the conformat ional end states genera ted by c leavage by C l s or by nu-
cleophilic modificat ion with amines were similar . In analogy with C 3 , the rate of 
the fast conformat ional change within the proteolyt ical ly activated molecu le 
appeared to be dependen t on the rate of act ivat ion per se contrast ing with the low 
rate of nucleophi le- induced conformat ional c h a n g e , which was not l imited by the 
modification event . Unl ike C 3 , the changes in the far-UV C D spectrum observed 
upon proteolytic c leavage or by amine t reatment indicated that some changes in 
the backbone conformat ion accompanied these react ions . A n addit ional dif-
ference was found in that nat ive C 4 produced a considerable enhancemen t of 
A N S f luorescence, which decreased upon convers ion to C 4 b or the C4b- l ike 
conformat ion, indicat ing an overal l loss in hydrophobic i ty accompany ing the 
conformational change(s ) . A s with C 3 the loss of hemoly t ic activity of C 4 
closely paral leled the extent of nucleophi l ic substi tution with me thy lamine (Law 
et al., 1980b; Jana tova and Tack , 1981). H o w e v e r , the C D changes showed a 
shorter lag phase than the A N S fluorescence changes , indicat ing that they did not 
report exact ly the s ame transi t ions. Addi t ion of trypsin to partially conforma-
tionally changed amine- t reated C 4 led to a final conformat ional change virtually 
indist inguishable from that of proteolyt ical ly activated C 4 . T h e C D changes 
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could not be analyzed in te rms of the mode l shown for C 3 (Fig. 12, equat ion I ) , 
and a mode l involving only two steps was p roposed (Fig . 12, equat ion II) . This 
model , which again p re sumes that the nucleophi l ic substi tution event is spec-
troscopically silent (s tep 1), p robably is an overs implif icat ion, s ince the long lag 
phase in the A N S f luorescence could not be interpreted wel l , suggest ing at least 
one addit ional s tep. In ana logy with that found for C 3 , the acquisi t ion of the 
C4b-l ike proper t ies of methylamine- t rea ted C 4 (ability to bind componen t C 2 
and potential for c leavage by factor I p lus C4b-b ind ing protein) was much s lower 
than the rate of loss of hemoly t ic act ivi ty. T h e appearance of the potential for 
factor I p lus C4b-b ind ing pro te in-media ted c leavage roughly correlated with the 
change in A N S f luorescence, whi le the C 2 b inding activity was generated in a 
faster p rocess . 

For h u m a n a 2 M a n u m b e r of s tudies have indicated that the changes in the C D 
spectra resul t ing from incubat ion wi th amines and prote inases are s imilar (Bjork 
and Fish, 1982; Gonias etal, 1982b; Straight and M c K e e , 1982; Dangot t α/., 
1983). H o w e v e r , the conformat ional end states are probably not identical , as 

judged from the lower increase in intrinsic f luorescence upon t reatment with 
methy lamine compared with that fol lowing t rea tment with pro te inases . Th i s is 
consistent with scanning calor imetr ic ana lyses , which indicate that the thermal 
stability of the two forms of conformat ional ly changed a 2 M differs ( C u m m i n g s 
et al., 1984) . Like C 4 the C D changes indicate small changes in secondary 
structure. A s found for C 3 the conformat ional changes in a 2 M lead to an en-
hancement in the f luorescence of b o u n d A N S ( Jacquo t -Armand and K r e b s , 
1973). Larger changes in quaternary structure of the a 2 M te t ramer have been 
detected by an increase in sedimenta t ion coefficient, consis tent with a decrease 
in a symmet ry and a change toward a m o r e compac t structure for both meth-
ylamine- and proteinase- t reated a 2 M (Bjork and Fish , 1982; Gonias et al., 

1982b; Dangot t and C u n n i n g h a m , 1982) . T h e c lose correlat ion be tween meth-
ylamine incorporated and S H groups appear ing noted earlier (Sot t rup-Jensen et 

al., 1980) evident ly is consis tent wi th a nucleophi l ic substi tution react ion show-
ing pseudo-f irs t -order kinet ics as further substant iated by Larsson and Bjork 
(1984) and by Eccles ton and H o w a r d (1985) . It has been repor ted that the 
conformat ional change(s) leading to inact ivat ion of the prote inase b inding poten-
tial of a 2 M by me thy lamine also fol lowed a s imple pseudo-f irs t -order kinet ics 
(Gonias al., 1982b; Straight and M c K e e , 1982; Dangot t et al., 1983) , indicat-
ing a concer ted process of thiol ester c l eavage and conformat ional change . Th i s 
contrasts with the results of Van Leuven et al. (1981a , 1982b) , which indicated 
that the me thy lamine incorporat ion and the conformat ional change could be 
events separated in t ime . Recen t s tudies by Str ickland and Baht tacharya (1984) , 
Larsson et al. (1985) , and Eccles ton and H o w a r d (1985) have provided ev idence 
for a complex m e c h a n i s m of me thy lamine-dependen t conformat ional change in 
a 2M , in which at least three steps can be d iscerned (Fig. 12, react ion III) . 
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Fol lowing initial r andom nucleophi l ic attack by me thy lamine on the thiol 
esters (step 1, react ion III , F ig . 12), which by analogy with C 3 and C 4 is 
spectroscopical ly silent, a change in intrinsic fluorescence or TNS-med ia t ed 
fluorescence occurs with a lag phase . T h e kinet ics of this react ion is consis tent 
with a cooperat ive mode l , where the conformat ional change occurs , when both 
thiol esters in the d imer ic unit have been c leaved (step 2 ) . T h u s , the thiol ester in 
each monomer i c unit of the d imer appears to mainta in the d imer ic unit in the 
native conformat ion until both bonds have been c leaved . At least one addit ional 
s lower step (step 3) has been identified by correlat ing the change in U V absorp-
tion with the change in hydrodynamic vo lume and loss of prote inase b inding 
activity (Larsson et al., 1985). This s tep , leading to a more extensive conforma-
tional change (the " s l o w " to " f a s t " form transit ion) in which the prote inase 
binding potential is lost, could occur ei ther within the a 2M d imer or cooper-
atively within the te t ramer after comple t ion of the initial changes in both d imers . 
This mode l , involving at least two sequential conformat ional changes , was fur-
ther supported by the results of pore- l imit P A G E , which indicated the presence 
of two intermediate species in the transit ion from " s l o w " to " f a s t " a 2 M 
(Larsson et al., 1985). These species , which have not been observed in some 
P A G E sys tems (Barrett et al., 1979; Van Leuven et al., 1981a) , could be 
equivalent with some of the distinct bands observed earlier in other P A G E 
systems (Saunders et al., 1971 ; Nel les et al., 1980) or in isoelectric focusing 
(Ohlsson and S k u d e , 1976; Van Leuven et al., 1981a) . 

Due to the high rate of interaction be tween a 2 M and prote inases like trypsin 
and chymotryps in it has not been poss ible to analyze the conformat ional changes 
induced by these e n z y m e s in detail by convent ional p rocedures . Us ing s topped-
flow fluorescence measu remen t s Dangot t et al. (1983) noted that the conforma-
tional change induced by trypsin showed biphasic k inet ics , with an overal l half-
life of 0 . 5 - 1 sec . Similar ly , Chr is tensen and Sot t rup-Jensen (1983) observed in 
the reaction be tween a 2 M and trypsin (micromolar range of reactants) that the 
rate of SH appearance conta ined a very fast and a very slow componen t . In 
contrast , the conformat ional change(s) induced by the relatively s lowly react ing 
thrombin , p lasmin , and benzamidine- inhib i ted t rypsin , as moni tored by the 
change in intrinsic fluorescence, f luorescence enhancement of bound T N S , and 
SH appearance , could adequate ly be descr ibed as a react ion showing second-
order kinetics at e n z y m e : a 2 M ratios be low 1 : 1 m o l / m o l (Straight and M c K e e , 
1982; Sot t rup-Jensen et al., 1983b; Chr is tensen and Sot t rup-Jensen, 1984; 
Steiner et al., 1985). Unde r these condi t ions only one bait region is c leaved and 
two SH groups appear for one prote inase molecule bound . In this 1 : 1 complex 
the conformation of the " r e a c t e d " d imer is changed , consis tent with a concer ted 
or sequential mechan i sm, in which the initial bait region c leavage is rate deter-
min ing , and the subsequent conformat ional change(s) ul t imately leading to thiol 
ester c leavage occur more rapidly. In an addit ional react ion at h igher proteinase: 
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a 2M ratios the intact d imer of the ' ha l f - r eac t ed" 1 : 1 a 2M - p r o t e i n a s e complex 
may interact with a second prote inase molecu le result ing in a further conforma-
tional change and appearance of the second pair of SH g roups , dependent on the 
c leavage of at least one bait region in that d imer . These features of a 2 M will be 
further d iscussed in Sect ion IX. 

H o w the initial substi tut ion event in a 2M , C 3 , and C 4 will lead to relat ively 
slow conformat ional changes within these prote ins is present ly u n k n o w n . Whi l e 
that reaction has been j u d g e d to be spectroscopical ly silent, c leavage of the thiol 
ester will p resumably create a local change in hydrophobic i ty and hydrogen 
bonding possibil i t ies at this si te, s ince the thiol ester structure most l ikely is 
partially bur ied in the nat ive pro te ins , whi le the SH group appear ing is readily 
accessible for reaction with large aromat ic disulfides like D T N B and a variety of 
alkylating agents . T h e surface location of the SH group is further indicated by the 
facile react ion with immobi l ized mixed disulfides (Tack et al., 1980; Pochon et 

al., 1983a) . It is conceivable that the change in electronic structure at the thiol 
ester site brought about by nucleophi l ic substi tut ion to some extent can mimic the 
result of the physiological ly relevant act ivat ion, effected by proteolyt ic c leavage 
in the activation c leavage si tes. 

The apparent similari ty of the conformat ional changes effected by amines and 
those effected by specific l imited proteolysis is puzzl ing in the sense that the 
tr iggering events involve structures that are located approximate ly 2 5 0 - 2 7 0 resi-
dues apart in the sequence (Fig . 5 ) . At least some of the conformat ional changes 
observed are related to the conformat ional state of the thiol ester (native versus 
c leaved) . Evident ly , the thiol ester s tructure and the domain(s ) control l ing its 
conformat ion and accessibi l i ty exert a profound influence on the overal l confor-
mation of these pro te ins . T h e part icular conformat ional a r rangement of the thiol 
esters in the nat ive prote ins seems to be in a del icate tense state, which s lowly 
decays even in the absence of added nuc leophi les , and which is part icularly 
sensitive to l imited denaturat ion by freezing and thawing . Whe the r the thiolac-
t o n e - l a c t a m equi l ibr ium observed wi th mode l pept ides plays any role in this 
process is not k n o w n . Whi l e it has been suggested that the thiol ester s tructure 
could act as a conformat ional lock, it could equal ly well be argued that a 
part icular conformat ion of the prote ins locks the thiol ester s t ructure. Intrin-
guingly , Van Leuven et al. (1982b) and Bjork (1985) reported that a lkylat ing the 
SH groups appear ing in a 2 M dur ing nucleophi l ic substi tution with 2 ,4-di -
ni trophenyl th iocyanate would effectively prevent the large conformat ional 
change detected by P A G E analysis and the inact ivat ion of the prote inase b inding 
propert ies of a 2M . This effect could be due to a steric interference with po lypep-
tide segments involved in the conformat ional change(s ) and indicates that the 
c leavage of the thiol esters in h u m a n a 2 M is not necessar i ly associated with the 
large conformat ional change seen after complex formation with proteinases (the 
" s l o w " to " f a s t " t ransi t ion) . S imi lar ly , rat a 2 M and chicken a 2 M did not 
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undergo the large conformat ional change upon methy lamine t rea tment , whereas 
rat α , Μ did (Gonias et al., 1983; Fe ldman and P izzo , 1984a; Fe ldman et al., 

1984). 
Analyzing the reaction be tween methy lamine and bovine a 2M , Str ickland et 

al. (1984) and Bjork et al. (1985) found by spectroscopic methods that no major 
change in conformat ion could be detected. Thus the final change seen in h u m a n 
a 2M (Fig. 12, step 3 , react ion III) does not proceed very well in bov ine a 2M . 
Upon subsequent addit ion of trypsin a major conformat ional change in meth-
ylamine-treated bovine a 2M ensued similar to that seen with the nat ive prote in , 
as also detected by a change in sedimentat ion coefficient (Dangot t and Cun-
n ingham, 1982). That the nucleophi l ic substi tution never theless had led to a 
change affecting the prote inase b inding sites of bov ine a 2 M was documen ted by 
a slight decrease of the b inding capaci ty for trypsin and an increased rate of 
inactivation of the bound trypsin with soybean trypsin inhibitor (STI) . These 
" a n o m a l o u s " complexes are p resumably similar to those descr ibed for meth-
ylamine- and 2 ,4-dini t rophenyl thiocyanate- t reated h u m a n a 2 M (Van Leuven et 

al., 1982a,b; Bjork , 1985). 

It thus appears that the methy lamine-dependen t conformat ional change(s) in 
a 2M indeed are mechanis t ical ly different from those induced by proteolyt ic 
activation. Not only are the methy lamine-dependent conformat ional changes 
several orders of magni tude s lower than those fol lowing proteolyt ic act ivat ion, 
but in the latter case the thiol esters a s sume a great ly increased reactivity in the 
nascent state. This is also the case for C 3 and C 4 . Whi l e individual steps might 
be similar, the react ion with amines does not appear to result in conformat ional 
changes , which are as extens ive as those elicited by prote inases . T h e minor 
conformational changes seem to directly dependent on thiol ester c leavage and 
are correlated with the exposure of receptor recogni t ion si tes , concealed in the 
native macroglobul ins (Van Leuven et al., 1981a, 1982a ,b ; Gonias et al., 1983; 
Fe ldman and P izzo , 1984a ,b ; Fe ldman et al., 1984). In contrast , the major 
conformational changes , which for u n k n o w n reasons are not seen with all m a c -
roglobulins incubated with me thy lamine , are responsible for the loss of p ro-
teinase binding potent ial . 

The finding that the loss of hemolyt ic activity of C 3 and C 4 is directly 
correlated with c leavage of their thiol esters readily provides an explanat ion for 
the inactivation of these prote ins by small amines , s ince their functional activity 
is crucially dependent on the covalent b inding potent ial provided by the thiol-
esterified Glx res idues . On ly C 4 but not the C4b- l ike conformat ion of amine-
inactivated C 4 can interact with act ivated C I , which is noncovalent ly associated 
with an i m m u n e complex . In order to rapidly activate C 3 the complex formed 
between C 4 b (generated by c leavage by C l s ) and C 2 a must be covalent ly an-
chored on an i m m u n e complex or a target cel l . S imilar ly , for C 3 there seems to 
be absolute requi rement for covalent complex formation be tween C 3 b and target 
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B. Nature of the Nascent State and the Covalent 
Binding Reactions 

The concept of nascent C 3 and C 4 was in t roduced by Mul le r -Eberhard and 
Lepow (1965) and Mul le r -Eberhard et al. (1966) in order to expla in the observa-
tion that unless the act ivat ing e n z y m e complexes for C 3 and C 4 were firmly 
associated with cell surface structures and i m m u n e complexes their action on C 3 
and C 4 would lead to proteolyt ical ly c leaved , but largely intact proteins wi thout 
hemolyt ic act ivi ty. Fu r the rmore , only a minor fraction of act ivated C 3 and C 4 
remained bound around the sites of act ivat ion, with the rest accumula t ing in the 
fluid phase . T h u s , it w a s env isaged that dur ing act ivat ion of C 3 and C 4 these 
proteins would unde rgo a conformat ional c h a n g e , thereby being transiently acti-
vated and express ing a b inding site of u n k n o w n nature for acceptors in the 

cells in order to a l low for the fast local ized act ivat ion of C 5 and the assembly of 
the terminal lytic complex C 5 b - C 9 (von Zabern et al, 1981 ; Vog t et al, 1978). 
In addi t ion, the rate of proteolyt ic c leavage of the C 3 b - and C4b- l ike conforma-
tions by the physiological act ivators is much lower than that for the nat ive 
prote ins , suggest ing that thiol ester c leavage also affects the conformat ion or 
accessibili ty of their act ivat ion c leavage sites (Janatova et al, 1980a; Jana tova 
and Tack , 1981 ; von Zabern et al, 1981) . A n y C 3 b and C 4 b remain ing in the 
fluid phase will be rapidly inact ivated by factors I p lus Η (or by factor I plus C 4 b -
binding prote in) and cleared from the circulat ion. As discussed by Pangburn and 
Mul ler -Eberhard (1980) and Pangburn et al. (1981) , " s p o n t a n e o u s l y " inacti-
vated C 3 in its C3b- l ike conformat ion could be of impor tance for provid ing a 
relatively constant low level of C 3 b for initiation of the al ternative pa thway of 
complement . 

Contrary to the complemen t prote ins the role of the thiol esters in the inactiva-
tion of a 2 M by amines is less obv ious . Whi le nucleophi l ic substi tution evident ly 
changes the conformat ion of the m o n o m e r i c uni t , expos ing the receptor recogni-
tion si te, the conformat ion of the d imer ic functional units of s o m e macrog lobu-
lins does not necessari ly change dras t ical ly , so that prote inase b inding is se-
riously impai red . In this respect it s eems fortuitous that h u m a n a 2 M was the first 
macroglobul in to be s tudied. Like amine- inact iva ted C 3 and C 4 , a contr ibut ing 
e lement in the inactivation of the prote inase b inding activity of a 2 M by amines 
probably res ides in the changed conformat ion of the bait region, render ing it less 
susceptible to proteolyt ic c leavage ( W a n g et al, 1981 ; Bjork et al, 1985; 
Eccleston and H o w a r d , 1985; L . Sot t rup-Jensen, unpubl i shed) . A s discussed 
be low, it is l ikely, howeve r , that the covalent b inding reaction of nascent a 2 M 
plays a major role in the m e c h a n s i m of complex formation be tween a 2 M and 
prote inases . 
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vicinity of the site of act ivat ion. These acceptors were j udged to be i m m u n e 
aggregates on sensit ized cells and m e m b r a n e const i tuents . T h e nascent state was 
found to be very short- l ived (Bokisch et al., 1975). Al though the associat ion 
between activated C 3 and C 4 and i m m u n e complexes and cells was initially 
thought to be due to hydrophobic interact ions (Mul le r -Eberhard , 1975; Capel et 

aL, 1978), the finding by L a w and Lev ine (1977) and L a w et al. (1979b) that a 
large fraction of C 3 b and C 4 b in fact was covalent ly bound evident ly disclosed 
an important role of the internal thiol esters in these covalent b inding react ions . 
The concept of a nascent state is also appl icable to the covalent b inding react ions 
exhibited by h u m a n a 2 M and its h o m o l o g u e s . Whi l e the covalent b inding reac-
tions of a 2M , C 3 , and C 4 have now been firmly es tabl ished, the nature of the 
highly reactive nascent state is still not k n o w n in detai l . 

The covalent binding react ions of act ivated C 3 and C 4 have been examined in 
detail by Law and Levine (1977) and Law et al. ( 1979b , 1980a ,b , 1 9 8 1 , 
1984a,b) , L a w (1983a) , Campbe l l etal. (1980 , 1981) , R. B . S im etal. (1981) , 
Gadd and Reid (1981) , Gorski et al. (1982) , Hostet ter et al. (1982) , and T h o m a s 
et al. (1983) . Ana logous studies on covalent a 2M - p r o t e i n a s e complexes have 
been reported by Harpel (1977) , Sa lvesen and Barret t (1980) , Salvesen et al. 

(1981) , Sot t rup-Jensen etal. ( 1981c ,d ) , Sot t rup-Jensen and Hansen (1982) , Van 
Leuven et al. ( 1981b , 1982a ,b) , W u et al. (1981) , W a n g et al. ( 1 9 8 1 , 1983 , 
1984), and Straight and M c K e e (1984) . 

The studies showed that act ivated C 3 and C 4 could bind covalent ly to a wide 
range of i m m u n e complexes and cell m e m b r a n e const i tuents with both ester 
bonds and amide bonds . T h e formation of covalent C 3 b and C 4 b d imers has also 
been seen. In vitro, the covalent b inding efficiency of C 3 and C 4 is rather low, 
usually be low 10%. By artificially act ivat ing C 3 with chaot ropes (Law et al., 

1984a) the covalent b inding efficiency may increase to a lmost 4 0 % . This con-
trasts with a 2M and P Z P (Sand et al., 1985) where typically more than 5 0 - 6 0 % 
of the proteinase being complexed is covalent ly bound . In some cases a covalent 
binding efficiency approaching 100% can be at tained. That the site of covalent 
incorporation of nucleophi les into proteolyt ical ly activated a 2M , C 3 , and C 4 
indeed was the thiol-esterified Glx res idue was clearly demonst ra ted from se-
quence studies by Campbel l et al. (1981) , Sot t rup-Jensen and Hansen (1982) , 
and Hostet ter et al. (1982) . Whi le it has been reported that the cross-l inks from 
activated C 4 are formed to res idues in the Fd port ion of the ant ibodies , the 
sequence location of those residues has not yet been de termined (Goers and 
Porter , 1978; Campbel l et al., 1981; Gadd and Reid , 1981). In contrast , the 
sequence locations of the major e- lysyl -7 -glutamyl cross- l inks in a 2M - t r y p s i n 
complex are k n o w n (Sot t rup-Jensen et al., 1983b) (see be low) . 

The covalent b inding reaction be tween activated C 3 or C 4 and mac romole -
cular targets can be suppressed to a variable extent by a wide range of nu-
cleophiles of greatly differing s t ructure , e . g . , m o n o - and polyhydroxy a lcohols , 
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simple carbohydra tes , m o n o - and d i amines , amino ac ids , and hydroxamic ac ids . 
As a result of this compet i t ion the nucleophi les themselves b e c o m e covalent ly 
bound to the react ive Glx res idues , and in some cases nearly comple te incorpora-
tion can be achieved. Similar ly the extent of covalent a 2M - p r o t e i n a s e complex 
formation can be great ly reduced by a wide range of compet ing nucleophi les . In 
order to b e c o m e efficiently incorpora ted , the nucleophi les in quest ion mus t be 
present pr ior to act ivat ion, s ince o therwise no significant incorporat ion is seen. 
These observat ions are compat ib le with the exis tence of a proteolyt ical ly acti-
vated, highly react ive state of these pro te ins , in which the thiol esters show a 
vastly increased reactivity toward a wide range of nucleophi les differing in 
structure. Fur the rmore , the covalent b inding potential rapidly decreases . It has 
been difficult to obtain accurate es t imates of the half-life of this short- l ived state, 
but R. B . S im et al. (1981) indicated that the react ive site in act ivated C 3 
decayed with a half-life of about 60 μ s e c . Sot t rup-Jensen etal. (1981c) found for 
a 2 M that no significant incorporat ion of nucleophi les would occur a few seconds 
after act ivat ion. This contrasts with the results of Salvesen et al. (1981) , which 
indicated that the decay of the act ivated state had a half-life of about 112 sec. 
Whi le it has been general ly a s sumed that for those act ivated molecules of a 2 M , 
C 3 , and C 4 that fail to react with the targets the thiol-esterified Glx residues are 
s imply hydro lyzed by water to form a Glu res idue , no proof has yet been 
provided. Indeed , the results of Sot t rup-Jensen et al. (1983b) and Fe inman et al. 

(1985) have indicated the possibil i ty that a fraction of the act ivated thiol ester 
might undergo a rapid isomerizat ion to the lactam structure, s imilar to that seen 
with the mode l thiol ester pept ides (Khan and Er ickson , 1982). This could create 
a relatively long-l ived state also capable of covalent b inding . Al though not 
investigated in detai l , act ivated a 2 M seems to react most readily with N-nu-
cleophi les . T h e results from several g roups show that nascent C 3 b seems to react 
preferentially with O-nucleophi les in contras t to nascent C 4 b , which seems to 
react most readily with N-nuc leoph i les . H o w e v e r , ev idence has been presented 
that the isotypes of C 4 , C 4 A and C 4 B , differ in their preference for O- versus N -
nucleophiles (Law et al., 1984b; I senman and Y o u n g , 1984). The structural 
basis for this variabili ty in reactivi ty is unclear , and inspect ion of the sequences 
around the thiol ester sites has not yet p rovided any c lues . It has been suggested 
that the variat ion in the hemoly t ic activity of the al lotypes within each C 4 A and 
C4B ser ies , apparent ly effected by a l imited number of amino acid substi tut ions 
(Belt et al., 1984, 1985) and further modula ted by the amount of carbohydra te 
and degree of proteolyt ic p rocess ing , might enable the total popula t ion of C 4 
species to bind to a wide spec t rum of targets (Law et al., 1984b; Dodds et al, 

1985). 

Whi le the high reactivity of the thiol ester in the nascent state has been 
general ly expla ined by an " e x p o s u r e " of the thiol esters as a result of proteolyt ic 
or nonenzymat ic act ivat ion, this does not in itself explain the high reactivity 
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against a wide range of nucleophi les differing in size and structure. It seems 
necessary to invoke not only a major change in the accessibil i ty but also a 
mechan ism by which the thiol esters b e c o m e very react ive . T h e observed short 
half-life of the nascent thiol ester structure is compat ib le with a rate enhancemen t 
in this state of several orders of magn i tude , perhaps as much as 1 0 5- 1 0 8. F r o m 
studies with mode l thiol esters it is k n o w n that the rate of nucleophi l ic substi tu-
tion can be increased drastically by imidazole cata lysis . T h u s , the rate of intra-
molecular imidazole-cata lyzed hydrolys is of tt-propyl-7-(4'-imidazolyl)thiol 
butyrate proceeds at near enzymat ic rates (Bruice and Benkov ic , 1966). This 
indicates that the imidazole r ing of a histidyl residue posi t ioned in the same steric 
relat ionship to the internal thiol ester by the conformat ional change elicited by 
activation c leavage could function as a " c a t a l y t i c " g roup (Janatova et al., 

1980a; Tack et al., 1980). In genera l , the covalent b inding reaction shows some 
similarity with those cata lyzed by t ransglutaminases (Folk and C h u n g , 1973; 
Folk and F in layson , 1977; Fo lk , 1983). Perhaps these enzymes could serve as 
useful models for the react ions of the nascent state of o t 2M , C 3 , and C 4 (Para-
meswaran and Lorand , 1981) . It is still speculat ive that the Glu res idue preceding 
the thiol-esterified Glx res idue could serve to increase the electrophil ici ty of the 
reactive carbonyl g roup (Davies and S im, 1981). Other possible means of in-
creasing the reactivity of the nascent thiol esters could include strain, distort ion 
of bond angles , and hydrophobic effects ( Jencks , 1969) . Wha teve r the actual 
mechanism for increasing the reactivity in the nascent state is , this state can be 
considered a " p s e u d o e n z y m a t i c " s tate, character ized by an intermediate that 
only turns over once and for all . 

Whether the covalent b inding potential of the nascent state of act ivated a 2 M 
plays any role in the b inding of other nucleophi les bes ides the prote inase be ing 
complexed is not k n o w n . W h e n a 2 M was complexed with trypsin under condi -
t ions , in which all four thiol esters b e c o m e act ivated (see Sect ion IX) , the 
nascent complex would covalent ly bind insulin and TLCK- t rea ted trypsin (Sot-
trup-Jensen et al., 1981c) . Similarly Salvesen and Barret t (1980) reported bind-
ing of a variety of proteins to activated a 2M . T h e finding that ho rmones such as 
insulin and h u m a n growth ho rmone ( A d h a m et al., 1968, 1969) and platelet-
derived growth factor (Sa lomon et al., 1982; Huang et al., 1984) will b e c o m e 
associated with a 2 M dur ing the in vitro clott ing of b lood suggests that this 
binding might occur under physiological condi t ions . Recent ly , Boffa et al. 

(1985) reported that a g lycopept ide present in h u m a n se rum capable of inhibit ing 
the G , - S transition of d iv iding rat hepatocytes (Auger et al., 1983) was associ-
ated with a 2M . In the case of platelet-derived growth factor, however , the 
binding was apparent ly due to disulfide br idge formation (Huang et al., 1984) , 
perhaps as a result of disulfide exchange react ions involving the S H group 
appearing after thiol ester c leavage . 
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IX. Formation and Properties of a 2M-Proteinase 
Complexes 

A Mechanism of <x2M-Proteinase Complex 
Formation 

A tentative structural mode l for a 2M - p r o t e i n a s e complex format ion, which 
incorporates essential features of the " t r a p h y p o t h e s i s " of Barret t and Starkey 
(1973) , the shape of a 2M de te rmined from electron microscopy and X-ray scat-
ter ing, and the covalent b ind ing potent ial of the nascent s tate , is shown in F ig . 
13. This mode l is s imilar to that presented recent ly by Fe ldman et al. (1985b) 
and is compat ib le with a large body of d iverse exper imenta l data . A s d iscussed in 
Sect ion V I , the disulf ide-bridged d imers of a 2 M ( the " h a l f - m o l e c u l e s " ) con-
stitute its pro te inase-binding functional d o m a i n s . This is further suppor ted by 
recent invest igat ions on P Z P (Sand et al., 1985) , which is a d imeric h u m a n a 2M 

homologue , d imer ic frog a 2M (Fe ldman and P izzo , 1984b, 1986), and plaice 
a M (Starkey et al., 1982). In addi t ion, part ial reduct ion of h u m a n a 2M results in 
noncovalent ly associated d imers (Barret t et al., 1979) , which are act ive in p ro-
teinase b inding (Gonias and P izzo , 1983a ,b ) . T h e exact re lat ionship of those 
d imers to the disulf ide-bridged d imers of nat ive a 2 M has not yet been sett led, 
however , s ince several intrachain br idges have been reduced in addi t ion to the 
two interchain br idges of the d imer . 

In a 2M t w o such 360-kDa d imers are noncovalent ly associated to form a 
structure p resumab ly hav ing the overal l shape of a hol low cyl inder with the 
d imens ions g iven in F ig . 8. It is l ikely that the " w a l l s " of the cyl inder l ike 
structure are not mass ive or con t iguous , but rather const i tuted by a mesh l ike or 
lobed s t ructure , in wh ich long and short a rms can b e seen in electron mic ro-
graphs . T h e long a rms are ra ther f lexible, be ing c o m p o s e d of a n u m b e r of 
smaller d o m a i n s , whose relat ive or ientat ion can change as a result of bait region 
c leavage or thiol ester c l eavage . T h e comple te te t rameric structure probably 
contains three C 2 symmet ry axes . T h e prote inase-binding unit can thus be visu-
alized as a basket l ike structure able to a c c o m m o d a t e prote inases of vary ing s izes . 
T h e inner d iamete r of the basket p resumab ly is a round 5 0 - 6 0 A , thereby poss i -
bly l imiting the access to prote inases hav ing a max imal d iamete r of about 4 0 A 
(assuming a spherical shape) . Upon complex formation with a prote inase the 
long arms p resumably are in c lose contact with the pro te inase , thereby firmly 
posi t ioning the prote inase within the lumen of the basket (Fe ldman et al., 

1985b). 
As j udged from the relat ively s trong revers ible interact ion be tween a 2 M and 

anhydrotrypsin (Tsuru et al., 1978; Sayers and Barret t , 1980; W u et al., 1981) , 
the bait reg ion sequences are reminiscent of the react ive site of " c l a s s i c a l " 
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Fig. 13 . Model of a 2M in which the bait regions ( ) and the reactive thiol esters ( * ) have 
been tentatively localized in the dimeric functional unit. (A) The usual monogramlike projection seen 
in electron micrographs (Fig. 8). (B) A vertical view through the hollow cylinder; the line divides the 
two monomers in the dimer. The bait regions are thought to be located close to one and another at the 
bottom of the basketlike dimer. The reactive thiol esters in the dimer could be diametrically located, 
fairly close to the bait regions, and facing the lumen of the basket. They could possibly be positioned 
at the edge of a domain in the lower part of the long arms. (C) The 1 : 1 complex formed under 
conditions of low proteinase activity, where the second dimer is essentially intact. (D) The 2 : 1 
complex formed at high levels of proteinase activity. This has led to a considerable compacting of the 
a 2M tetramer. (E) A vertical view of one dimer, in which the bound proteinase is covalently linked at 
two points to the diametrically positioned Glx residues (see text for further details). 

proteinase inhibitors (Laskowski and Sea lock , 1971). H o w e v e r , they evident ly 
function as act ivation c leavage sites in the interaction of a 2 M with act ive pro-
teinases and are p resumably located c lose to one another at the bo t tom of the 
basket . The react ive thiol esters in the d imer could be located in the lower part of 
the long a rms , fairly c lose to bait reg ions . P resumably they are located in di-
ametrical ly opposi te posi t ions at the internal surface (see also be low) . 

Whi le maximal ly t w o prote inases can be bound to the a 2 M te t ramer , the 
est imates of the actual b inding ratio vary be tween one and t w o for a wide range 
of proteinases s tudied. It has now b e c o m e clear that a major factor control l ing the 
binding ratio is the level of proteolyt ic activity. T h u s , Chr is tensen and Sot t rup-
Jensen (1984) have identified t w o distinct routes of complex formation, depen-
dent on the rate of initial bait region c leavage in agreement with the results of 
Howel l et al. (1983) (pa thways I and II) . 



4/a2-Macroglobulin and Related Thiol Ester Plasma Proteins 2 5 3 

α 2Μ + Ρ - • α 2Μ — P ( 2 S H ) 
2 

> α 2Μ — P 2( 4 S H ) (I) 

α 2Μ + Ρ 

one bait region 
cleaved 

> a 2M — P ( 4 S H ) 

one bait region 
cleaved 

2 
> a 2M — P 2( 4 S H ) (II) 

two bait regions 
cleaved 

two bait regions 
cleaved 

Presumably the conformat ional changes within the d imer ic unit proceed with 
an overall rate constant , which is independent of the part icular proteinase being 
complexed . In contrast , the rate of bait region c leavage m a y differ by several 
orders of magn i tude , reflecting the qual i ty of the bait region as a substrate for a 
given prote inase . Table III shows a compar i son of second-order rate constants 
determined for the associat ion of a 2 M with a variety of pro te inases . 

The c leavage of one bait region is a prerequis i te for the formation of a t ight , 
essentially irreversible complex . If this step is rate de termining ( e . g . , with plas-
min , th rombin , and benzamidine- inhib i ted t rypsin) , a final 1 : 1 complex is 
formed with three intact bait regions but only two thiol esters c leaved (Chris-
tensen and Sot t rup-Jensen, 1984; Steiner et al, 1985) (pa thway I, s tep 1). 
Evident ly this suggests that the t w o subuni ts within the d imer are s trongly in-
teract ing, as also found for the methy lamine-dependen t thiol ester c leavage 
(Larsson et al., 1985). T h e actual thiol ester c leavage steps are not k n o w n , but 
evidently both thiol esters of the d imer b e c o m e act ivated. Covalen t b inding of 
the prote inase takes place from the thiol-esterified Glx res idue in both the pro-
teolytically c leaved and unc leaved subunit within the d imer result ing in b inding 
of a fraction of the prote inase through t w o cross- l inks (Sot t rup-Jensen and Han-
sen, 1982). Us ing 1 2 5I - l a b e l e d prote inases this can readily be seen from the 
distribution of label a m o n g the different f ragments obta ined from the 360- to 
400 -kDa dimer ic complex upon reduct ion (Fig . 14) (Salvesen and Barret t , 1980; 
Sot t rup-Jensen et al, 1 9 8 I d , 1983b; Harpel and Brower , 1983; Straight and 
M c K e e , 1984; W a n g et al., 1984; Fe inman et al., 1985) , and it is consis tent with 
the localization of e- lysyl -7 -glutamyl cross- l inks within the a 2M - t r y p s i n com-
plex (see be low) . T h e presence of species of still h igher molecula r weight con-
taining bound thrombin ( W a n g et al., 1984; Fe inman et al., 1985) or urokinase 
(Waller et al., 1983; Straight et al., 1985) can perhaps be attr ibuted to covalent 
binding react ions be tween unbound e n z y m e and the thiol esters of intact d imers 
occurr ing dur ing denatura t ion , s ince the low rate of react ion with thrombin or 
urokinase will leave some d imers intact. 

Whi le the " u n r e a c t e d " d imer is intact with regard to its bait regions and thiol 
es ters , its conformat ion is never theless somewha t changed as a result of the 
conformational change within the d imer to react first. Tha t change clearly affects 
the gross conformat ion and accessibi l i ty of the bait regions in the adjacent d imer , 
since the subsequent b inding of a second pro te inase , dependen t on the c leavage 
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TABLE III 

Second-Order Rate Constants for Bait Region Cleavage and 
Association between Proteinases and a 2 M 

Estimated half-time 
of association in 

k a ss plasma 
Substance ( M _ 1 s e c - 1) (msec) 0- 6 

Trypsin 2 x 1 0 7c 

1.3 x 10™ 19 
1.7 X 1 0 7' 

Leukocyte elastase 4.1 X 107/ 7 
Chymotrypsin 1.2 X 10 7/ 27 
Pancreatic elastase 3 .4 -4 .4 X 106* 80 
Cathepsin G 3.7 x 106/ 93 
Plasmin 5 x 1 0 5c 

500 
3 X 

500 

Plasma kallikrein 2.3 X 10 4/ 6125 
Thrombin 4.9 x 103* 

7 x 10 4 

2.5 x 10 3ί 7 x 10 4 

Factor X a 1 X 103/ 3 x ΙΟ5 

"Overall rate constant (Travis and Salvesen, 1983). 
^Estimated from the expression i 1 /2 = l/kass (I), where &a ss is the sec-

ond-order rate constant and (I) is the plasma concentration of the inhibitor 
(Bieth, 1980). 

cFirst bait region cleavage step. 
^Second bait region cleavage step (Christensen and Sottrup-Jensen, 

1984). 
^Overall rate constant (Barrett and Salvesen, 1979). 
/Overall rate constant (Virca and Travis, 1984). 
^Overall rate constant (Meyer et al, 1975; Bieth and Meyer, 1984). 
^Bait region cleavage. 
Overal l rate constant (Straight and McKee, 1982; Steiner et al, 1985; 

Bjork et al, 1985). 
^Overall rate constant (Ellis et al, 1982). 

of at least one bait reg ion , and ul t imately leading to a 2 : 1 p r o t e i n a s e - a 2M 
complex proceeds more s lowly. In this react ion (pa thway I, step 2) the remain ing 
two thiol esters b e c o m e cleaved and the overal l process of S H appearance shows 
negative cooperat ivi ty (Chris tensen and Sot t rup-Jensen, 1984). " H a l f - r e a c t e d " 
1 :1 p r o t e i n a s e - a 2M complexes capable of b inding one addit ional prote inase 
have been reported earl ier ( Jacquot -Armand and Gu inand , 1976; Pochon et al., 

1978, 1981) and are only formed under condi t ions of low prote inase activity. It is 
likely that a 2M - p r o t e i n a s e complexes formed in vivo main ly will be of that type 
(Christensen and Sot t rup-Jensen, 1984; Virca and Trav i s , 1984). 

Under condi t ions of h igh prote inase act ivi ty, e . g . , by using trypsin at mic ro -
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1° Μ Μ 
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Fig. 14. Schematic representation of different structures in which a labeled proteinase is 
covalently bound via one or two cross-links to the a 2M dimer. The two interchain disulfide bridges 
and the bridge spanning the activation cleavage site are shown. In nonreducing S D S - P A G E the 
dimer containing a bound, labeled proteinase migrates as a 360- to 400-kDa molecular species (upper 
row). Upon reduction a spectrum of labeled cross-linked species consistent with structures I - IV is 
found (lower row). Their approximate sizes are 100 (I), 200 (II and III), and 270 kDa (IV). 

molar concentra t ions as done in m a n y in vitro exper imen t s , bait region c leavage 
proceeds rapidly and is not rate de te rmin ing . T h u s , more than one bait region in 
different d imers m a y be c leaved before the prote inase is finally bound to one 
d imer and further c leavages prevented (pa thway II , s teps 1 and 2 ) . In such 
complexes all four S H groups in the te t ramer appear initially for one prote inase 
molecule bound , and both 1 :1 and 2 : 1 p r o t e i n a s e - a 2M complexes form, de-
pendent on the rat io of prote inase to a 2 M (Sot t rup-Jensen et al., 1980; Chr is -
tensen and Sot t rup-Jensen, 1983; Howel l et al., 1983). Unde r these condi t ions 
the s toichiometry be tween bait regions c leaved and prote inase bound is c lose to 
2 : 1 (Swenson and H o w a r d , 1979a) . Chr is tensen and Sot t rup-Jensen (1984) 
es t imated that the change from react ion pa th I to II wou ld be expected to occur 
be tween 0 .02 and 0 .5 μΜ t rypsin at mic romola r concentra t ions of a 2 M . 

Under condi t ions of h igh prote inase activity the conformat ional change from 
" s l o w " to " f a s t " a 2 M is comple te at a 1 : 1 ratio of prote inase to a 2 M (Van 
Leuven et al., 1981a; Sot t rup-Jensen et al., 1983b; Gonias and P izzo , 1983c) , 
and the b inding of a second prote inase mus t accordingly occur before the confor-
mat ional change within the te t ramer has gone to comple t ion (Howel l et al., 1983; 
Chris tensen and Sot t rup-Jensen , 1984). Whi l e the b inding of the second p ro-
teinase to a 2 M under these condi t ions has been j u d g e d to show some negat ive 
cooperat ivi ty (Chris tensen and Sot t rup-Jensen , 1983) , this has not been found by 
others (Pochon and Bie th , 1982; Gon ias and P izzo , 1983c; Bjork et al., 1984). 
However , in preformed 1 : 1 complexes (formed at mic romola r contrat ions) of 
reactants the adjacent d imer ic unit can no longer bind prote inases (Saunders et 

al., 1971; Gon ias and P izzo , 1983c) . J t has been suggested that the lack of 
formation of 2 : 1 p l a s m i n - a 2M complexes was due to the large size of this 
prote inase . T h u s , the heavy chain port ion was proposed to extend into the second 
binding site in a 2 M (Pochon et al., 1981) . H o w e v e r , 2 : 1 complexes do form to 
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some extent (Straight and M c K e e , 1982; Chr is tensen and Sot t rup-Jensen, 1984), 
albeit s lowly, due to the somewha t changed conformat ion of the unreacted d imer 
in the 1 : 1 complex . It is unl ikely from the mode l shown in F ig . 13 that the heavy 
chain port ion of a 1 : 1 p l a s m i n - a 2M complex actually could interfere with the 
second binding si te , s ince model bui lding indicates that the heavy chain of 
plasmin must extend from a posi t ion in the tertiary structure of the light chain 
almost diametr ical ly opposi te that of the act ive site due to the presence of the 
disulfide br idge in p lasmin equivalent with the br idge C y s - 1 - C y s - 1 2 2 in 
chymot ryps inogen . Indeed , recent results by C u m m i n g s and Castel l ino (1984) 
show that the major part of the heavy chain in the p l a s m i n - a 2M complex is 
solvent accessible and can react with monoc lona l ant ibodies directed against 
epi topes in the kr ingle 1-4 d o m a i n s . In contrast small prote inases like t rypsin , 
chymotryps in , and elastase are poor ly accessible to polyclonal ant ibodies when 
complexed to a 2 M (Haverback et al., 1962; Rinderknecht et al., 1975; G e o k a s et 

al., 1977; Ohlsson and Ohlsson , 1978; Miya ta et al, 1981). 

The localization of the cross- l inks within the a 2M - t r y p s i n complex has 
proven to be technical ly difficult. H o w e v e r , Sot t rup-Jensen et al. (1983b) were 
able to identify five major e- lysyl -7 -glutamyl cross- l inks formed from the thiol-
esterified Glx res idues to Lys res idues in bov ine t rypsin. Us ing the three-d imen-
sional model of t rypsin (Huber et al., 1974) these Lys res idues were found to be 
grouped in two surface patches conta ining Lys-107 and Lys -239 ; and L y s - 1 4 5 , 
Lys -188A, and L y s - 2 2 2 , respect ively . Str ikingly, these pa tches are located in 
almost diametr ical pos i t ions , each having nearly the same dis tance to the act ive 
site Ser-195 (chymotryps inogen number ing used) . This result indicates a con-
certed sequence of bait region c leavage , fast conformat ional change , thiol ester 
c leavage , and covalent bond formation. In part icular , the conformat ional change 
must result in a fixation of trypsin within the basket , s ince a more or less r andom 
reaction with avai lable nucleophi l ic side chains on its surface o therwise would 
result . 

These results also suggest that the pair of thiol esters in the d imer ic unit of 
a 2 M that minimal ly becomes act ivated upon complex formation is located at 
opposi te posi t ions at the lumen of the cavity that p resumably closes upon bait 
region c leavage (Fig. 13). Fur the rmore , as j u d g e d from the dis tance of each of 
the reacting patches of lysyl res idues to the act ive site of t rypsin, it is likely that 
the dis tance be tween the bait region stretches and the thiol esters is only about 15 
A , i . e . , the thiol esters in the d imer ic unit are separated by about 30 A. Clear ly 
this is a minimal es t imate , s ince the domain(s ) conta ining the thiol esters could 
move a considerable dis tance upon bait region c leavage . F r o m energy transfer 
exper iments Pochon et al. (1983a ,b ) es t imated that the thiol esters within a 
dimeric unit were located relat ively close to one another and close to the pro-
teinase binding site. T h e two pairs of thiol esters were j u d g e d to be separated by 
6 0 - 8 0 A . T h u s , it is likely that the restriction of covalent bond formation from 
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the thiol-esterified Glx res idues to these few Lys res idues in trypsin to a large 
extent is dependent on the proper orientat ion of the side chains of these res idues 
with respect to the thiol esters when the complex forms. Interact ions be tween the 
active site and the bait region(s) dur ing complex formation and the fast confor-
mational change involving the long a rms might be responsible for this . 

Howeve r , s ince it is apparent that the covalent b inding reaction is not a 
prerequisi te for the formation of relat ively stable reversible complexes (Salvesen 
etal., 1981; Sot t rup-Jensen et al., 1981a; Van Leuven et al., 1981a, 1982a ,b ; 
Chris tensen and Sot t rup-Jensen, 1983 , 1984; W a n g et al., 1981 , 1983 , 1984) it 
has been suggested that the covalent b inding reaction is mere ly incidental , and 
that the conformat ional change per se leading to en t rapment of the prote inase 
adequately descr ibes the m e c h a n i s m of complex formation (Salvesen et al., 

1981; Van Leuven etal, 1981b, 1982a; Travis and Sa lvesen , 1983; Eccles ton 
and H o w a r d , 1985). Addi t ional suppor t for this suggest ion is provided by the 
prote inase-binding proper t ies of ovosta t in , which does not contain thiol esters 
(Nagase et al, 1983; Nagase and Harr i s , 1983) , and the apparent ly widely 
differing extent of covalent b ind ing de te rmined for p r o t e i n a s e - a 2M complexes . 
Al though earlier work on the covalent a 2M - p r o t e i n a s e complex formation 
focused on the formation of the relat ively stable e- lysyl -7-glutamyl cross- l inks 
(Salvesen et al, 1981; Van Leuven et al, 1981b; Sot t rup-Jensen, 1981c,d; W u 
et al, 1981), the potential of the nascent a 2M - p r o t e i n a s e complex to form 
cross-l inks of the ester type ( involving Ser , Thr , and Tyr residues) should not be 
over looked. Such cross- l inks could poss ibly be unstable in the condi t ions of 
denaturat ion employed in the es t imat ion of the fraction of cova len t -bound pro-
te inase , e . g . , boi l ing in S D S . This is suppor ted by recent reports showing that 
the ou tcome of such exper iments depends on the buffers used (Harpel and 
Brower , 1983; W a n g et al, 1984) . A n addi t ional source of underes t imat ion of 
the extent of covalent b inding res ides in the possibi l i ty that dur ing denaturat ion 
of the complexes s o m e degradat ion of a 2 M can take p lace as further d iscussed by 
Sand et al. (1985) . F r o m this s tudy it is evident that the extent of covalent 
binding of many prote inases to P Z P is very high (at least 7 0 % ) , and addit ional 
results on a 2M (Wu et al, 1981 ; Straight and M c K e e , 1984; Gonias and P izzo , 
1983a,b; Pochon et al, 1983b; Sand et al, 1985) suggest that the covalent 
b inding may proceed with nearly 100% efficiency. P resumab ly , the full covalent 
b inding potential of a 2 M is real ized under mos t condi t ions in vivo and cannot be 
neglected in formulat ing a m e c h a n i s m of a 2M - p r o t e i n a s e complex format ion. 
Further support for an impor tant role of the covalent b inding reaction is provided 
by the results of W a n g et al. ( 1 9 8 1 , 1983) and W u etal. (1981) . In their s tudies a 
large fraction of a 2M - b o u n d trypsin or th rombin , in which the e-amino groups of 
Lys residues of the prote inases had been b locked or o therwise modif ied, could be 
dissociated by other pro te inases , albeit s lowly . In addi t ion , the extent of bait 
region c leavage in a 2 M by the modif ied e n z y m e s was m u c h h igher than observed 
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with the nat ive prote inases . Final ly , Chr is tensen and Sot t rup-Jensen (1983) ana-
lyzed the biphasic react ion be tween STI and a 2M - b o u n d trypsin (Bieth et al., 

1981; W a n g et al., 1981) and suggested that noncovalent ly bound trypsin reacted 
about tenfold faster with STI than covalent ly bound trypsin did . This interpreta-
tion w a s , however , not shared by Tourbez et al. (1984) , w h o observed a s imilar 
biphasic react ion with a 2M - b o u n d trypsin and pancreat ic trypsin inhibitor (PTI ) , 
even when the complexes were formed in the presence of hydroxy lamine , which 
nearly comple te ly abol ished covalent complex format ion. 

S. Inhibitory Spectrum of a^JM and Other 
Macroglobulins 

While it has been general ly recognized that a 2 M will form complexes with a 
wide range of pro te inases , the rate of complex formation differs great ly for 
different proteinases as exemplif ied in Table III . It is apparent that proteinases of 
relatively narrow substrate specificity like p lasmin and thrombin react much less 
readily than prote inases of relat ively broad substrate specificity such as t rypsin 
and chymotryps in . H o w e v e r , even a prote inase like urokinase will s lowly form a 
complex with a 2M , in which a fraction is covalent ly bound (Wal le r et al., 1983; 
Straight et al., 1985) , and m a m m a l i a n col lagenases react readi ly with a 2 M (Abe 
and Naga i , 1973; W e r b et al., 1974) . Assuming that a half-life of complex 
formation of less than 100 msec reflects a physiological ly relevant react ion 
(Travis and Salvesen , 1983) , it is l ikely that the main targets for a 2 M are 
proteinases of relatively broad substrate specifici ty, perhaps pr imari ly p ro-
teinases of cellular or igin. H o w e v e r , in evaluat ing the relat ive impor tance of 
complex formation with a 2 M it is indeed puzzl ing that for most proteinases in 
p lasma there seems to be at least one other inhibitor that reacts as rapidly as a 2 M 
or even more rapidly (Travis and Sa lvesen , 1983). This could imply a role of 
a 2 M as a " b a c k u p " inhibitor , impor tant only under condi t ions in which the 
pr imary inhibitor is be ing depleted or under deficiency states. 

The relative impor tance of prote inase complex formation with a 2 M may be 
different in vivo from expecta t ions based on the rates of complex formation in 

vitro. Whi le in vitro s tudies employ ing purified a 2 M and ant i thrombin III indi-
cated that only a few percent of th rombin would be complexed to a 2 M , thrombin 
generated in clott ing p l a sma was found to be associated with a 2 M to a large 
extent (Shapiro and Ander son , 1977; D o w n i n g et al., 1978). Simi lar ly , Harpel 
(1977 , 1981) found in a p lasma sys tem that a 2 M would effectively compe te with 
a 2- an t ip l a smin under condi t ions where p lasmin was generated in situ by act iva-
tion with urokinase , ra ther than be ing added direct ly to p lasma . L ikewise Fuchs 
and Pizzo (1983) demons t ra ted that factor X a when injected into the m o u s e 
circulation rapidly b e c a m e associated with a 2M , contrary to what would be 



4/a2-Macroglobulin and Related Thiol Ester Plasma Proteins 259 

C. Enzymatic Properties of aJM-Bound Proteinases 

Fol lowing the demons t ra t ion by Haverback et al. (1962) and Mehl et al. 

(1964) that prote inases bound to a 2 M are enzymat ica l ly ac t ive , and the later 
finding of Ganro t (1967) that t rypsin b o u n d to a 2 M was protected from inhibit ion 
by STI , the kinet ic proper t ies of the bound e n z y m e s have been invest igated by 

expected from in vitro da ta (Ellis et al., 1982) . H o w e v e r , in a s imilar exper iment 
with factor I X a no complex format ion with a 2 M was observed (Fuchs et al., 

1984). These and o ther resul ts , e . g . , on the distr ibution of neutrophi l e lastase 
and cathepsin G be tween a , - p r o t e i n a s e inhibitor and a 2 M (Virca and Trav i s , 
1984) , demons t ra te the difficulties in ass igning an unequivoca l role of a 2 M in 
inhibition of endogenous pro te inases . Given the content in p l a sma of effective 
specific prote inase inhibi tors , S tarkey and Barret t (1977) speculated if a major 
physiological role of a 2 M might res ide in the inhibit ion and c learance of p ro -
teinases secreted by invading pa thogens and o ther paras i tes . Clear ly , the bait 
region sequence of a 2 M al lows it to be recognized by prote inases of a lmost any 
substrate specificity. 

In contrast to a 2 M only a few studies have been conducted on the related rat 
and rabbit α , Μ and a 2 M , part icular ly with regard to a c loser definition of the 
range of prote inases that will interact with these macroglobul ins (see , e . g . , 
Gauthier and M o u r a y , 1975b, 1976) . H o w e v e r , pre l iminary results on the in-
teraction be tween P Z P and prote inases (Sand et al., 1985) suggest that P Z P and 
a 2 M have different, yet over lapping spectra of prote inases as targets as indicated 
from their different bait region sequences (Sot t rup-Jensen et al., 1984d; Sand et 

al., 1985). T h u s , P Z P was found to react very s lowly with trypsin and S. aureus 

proteinase compared with a 2 M . In contras t , both P Z P and a 2 M reacted rapidly 
with chymot ryps in and e las tase , sugges t ing that differences in specificity for 
proteinases may also be found for o ther pairs of macrog lobu l ins . Given the high 
efficiency by which a 2 M binds prote inases of relatively broad specificity, the 
physiological role of P Z P seems even m o r e puzzl ing than that of a 2M . It is pos -
sible that P Z P specifically interacts with certain prote inases of cel lular origin and 
thereby serves to augmen t an exis t ing potent ial for prote inase b inding under 
condi t ions of increased cel lular tu rnover , e . g . , in inf lammatory processes . T h e 
increased level of P Z P in such condi t ions and in p regnancy sugges ts an intr iguing 
and previously unrecognized correla t ion in appearance of proteolyt ic activity 
(Waites and Bel l , 1984; Teixei ra and O ' G r a d y , 1985; Sand et al., 1985) . Al -
though not invest igated in deta i l , it is poss ible that the recently descr ibed a 2 M 
homologues mur inoglobul in and rat a , - i n h i b i t o r III m a y preferentially act on still 
other g roups of pro te inases . 
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many groups (see , e . g . , rev iews by Starkey and Barret t , 1977; Rober t s , 1985). 
In general , the activity of the bound prote inase toward small synthet ic substrates 
is slightly decreased , whi le the activity toward large substrates such as casein is 
greatly decreased . F rom recent exper iments ( e . g . , Chr is tensen and Sot t rup-
Jensen , 1983; Gonias and P izzo , 1983b; C u m m i n g s and Caste l l ino , 1984) it has 
been shown that the catalytic efficiency of the bound enzymes toward small 
synthetic subst ra tes , as expressed by the kcat/Km va lue , is decreased two- to 
fourfold, showing that the act ive site of the bound enzymes must be readily 
solvent access ib le , i . e . , located at or very near the surface of the complex . 
Similarly, Pochon and Bieth (1982) found that a 2M - b o u n d chymotryps in could 
bind to immobi l ized D-tryptophan methyl ester . Whi l e this might be difficult to 
understand in te rms of a burial of the bound enzymes within a 2 M , it is compat i -
ble with a meshl ike shape of a 2 M (Fig. 12). Fur the rmore , the enzymat ic activity 
is identical for both prote inase molecules bound in the 2 : 1 complex (Chris tensen 
and Sot t rup-Jensen, 1983). 

Al though the active site of an a 2M - b o u n d prote inase is solvent access ib le , it is 
nevertheless sterically h indered , since an inhibitor l ike STI reacts only s lowly 
with the bound trypsin forming a ternary complex . T h e overall second-order rate 
constants for the associat ion and the dissociat ion constant for that react ion have 
been est imated at 5 - 2 0 0 M~x s e c - 1 and 4 - 1 0 0 x 1 0 ~ 6 M, respect ively , 
contrasted with 1.2 x 1 0 7 M~ 1 sec - 1 and 3 .6 x 1 0 ~ 12 Μ for the free enzyme 
(Bieth et al., 1981; W a n g et al., 1981 ; Chr is tensen and Sot t rup-Jensen, 1983). 
Pochon and Ste inbuch (1984) reported that the dissociat ion constant for hirudin 
bound to a 2M - t h r o m b i n is 1 x 10 ~ 7 M, in contrast with a value of about 1 x 
1 0 ~ 1 2 to 1 x 1 0 " 14 Μ for the unbound th rombin . A small inhibitor l ike PTI 
reacts more readily with a 2M - b o u n d trypsin than STI , albeit still with a greatly 
decreased rate (Ganrot , 1967; Tourbez et al., 1984). Tha t steric shielding of the 
active site of an a 2M - b o u n d proteinase toward substrates of high molecular 
weight is not comple te is further il lustrated by the observat ions that a 2 M -
thrombin retained some clot t ing activity (Rinderknecht and G e o k a s , 1973) and 
that it could act ivate factor VIII (Switzer et al., 1983). L ikewise , a 2M - p l a s m i n 
has been reported to retain both f ibrinogenolytic and fibrinolytic activity (Harpel 
and Mosesson , 1973; V e r e m e e n k o and Kiz im, 1981). Whi le it has been sug-
gested that this activity might be important in modula t ing physiological pro-
cesses like b lood clott ing and fibrinolysis (Harpel and Rosenberg , 1976; Switzer 
et al., 1983), this seems unl ikely , part icularly in v iew of the reported low 
activities and the rapid c learance from the circulat ion of a 2M - p r o t e i n a s e com-
plexes . H o w e v e r , under condi t ions of impaired c learance a 2M - p r o t e i n a s e com-
plexes might exert a local proteolyt ic activity of possible significance for cellular 
interactions in the inf lammatory state (Abe and Naga i , 1973; Ohlsson and Skude , 
1976; Bieth and K l u m p p , 1976; Balldin and Ohlsson , 1979; Gaspa r etal., 1984; 
Borth , 1984). 
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X. Cell Recognition, Receptor-Mediated Endocytosis, 
and Cellular Effects 

A. Macroglobulins 

The first indication that a 2M - p r o t e i n a s e complexes are cleared from the cir-
culation was m a d e by Ni lehn and Ganro t (1967) , w h o studied the e l iminat ion of 
p lasmin genera ted in pat ients receiving s t reptokinase for t reatment of deep vein 
thrombosis . Later Ohlsson et al. (1971) and Ohlsson ( 1 9 7 1 a , b , 1974) reported 
that the e l iminat ion of t r y p s i n - a 2M complexes in the dog was very fast wi th 
approximately 8 5 - 9 0 % being r emoved from the circulat ion in 30 min (half-t ime 
5 - 8 min) . T h e major organ for c learance was found to be the l iver in adult 
an imals , whi le the bone mar row also contr ibuted significantly in whe lps . 
Kupffer cells and other cells of the ret iculoendothel ia l sys tem were j udged to be 
the most important cells in this regard. Similar results were also reported for the 
clearance of subt i lopept idase A - a 2 M complex in rabbits (Debanne et al., 1973 , 
1975, 1976) and for the c learance of e l a s t a s e - a 2M complex in rats (Ka tayama 
and Fujita, 1974a ,b) . Recen t ly , an extens ive series of studies on the c learance of 
macrog lobu l in -p ro te inase complexes in the mouse has been conducted by Pizzo 
and co-workers ( Imber and P izzo , 1981 ; Gonias and P izzo , 1981a,b; Fuchs et 

al., 1982; Fuchs and P izzo , 1983; Gon ias et al., 1982a, 1983; Fe ldman et al., 

1983, 1984, 1985a; Fe ldman and P izzo , 1984a) . In addit ion Davidsen et al. 

(1985) and Gl i emann et al. (1985) have examined the c learance of a 2M - t r y p s i n 
in rats . In agreement with in vitro s tudies (see be low) complexes be tween h u m a n 
a 2M or its homologues from other species and prote inases from all four classes 
E C 3 . 4 . 2 1 - 2 4 are cleared via specif ic , saturable membrane -bound receptors . 
The half-t ime of e l iminat ion is usual ly 2 - 5 min , dependent on the part icular 
protein s tudied, in contrast with many hours for the nat ive macroglobul ins . 
Fur thermore , the rate of c learance is largely independent of the part icular p ro-
teinase being complexed , and with the apparent except ion of rat a 2 M and one of 
the mouse a M ' s the methylamine- t rea ted macroglobul ins are cleared equal ly 
well via the same pa thway . These results s trongly indicate that the c leavage of 
the thiol ester in the nat ive macroglobul ins is int imately associated with the 
exposure of a receptor recogni t ion site on each subunit (Van Leuven et al., 

1981a, 1982a; Marynen et al, 1981) (see Section VIII ) . In v iew of the pro-
nounced domain structure of a 2 M this site is p resumably located on a distinct 
domain and concealed in the nat ive s tructure. Using a monoc lona l ant ibody 
Marynen et al. ( 1 9 8 1 , 1982a) character ized a neoant igen on amine or prote inase-
treated a 2 M not present in the nat ive prote in , p resumably located at or close to 
the receptor recogni t ion site as seen from blocking exper iments . Pro longed di-
gestion with trypsin resul ted in the loss of this ant igenic de terminant . 

Al though it is evident from in vivo exper iments that complexes be tween pro-
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teinases and , e . g . , both dog a M ' s and rabbit a M ' s clear at roughly s imilar rates 
(Ohlsson 1971a ,b , 1974; Debanne et al., 1973) , and mutual compet i t ion for 
clearance has been observed for some macroglobul ins (Gonias et al., 1983) , it is 
not known if this will be the case for all pairs of macrog lobul ins . T h u s , Gon ias et 

al. (1983) noted a difference in the c learance be tween methylamine- t rea ted rat 
and mouse a , M ' s and a 2M ' s , and J. G l i emann and L . Sot t rup-Jensen (un-
published) have observed dis t inguishing features in the c learance of rat a{M-

proteinase complexes and rat a 2M - p r o t e i n a s e complexes . Prote inases 
complexed with the third macroglobul in of the rat , α , - inh ib i to r III , are also 
rapidly cleared from the circulat ion (Gauthier and Ohlsson , 1978; J. G l i e m a n n , 
K. Lonbe rg -Ho lm, and L. Sot t rup-Jensen, unpubl i shed) . As a result of the rapid 
el iminat ion, the level of circulat ing a 2M - p r o t e i n a s e complexes is very low. 
Using a monoclona l ant ibody specific for proteinase- t reated a 2 M Marynen et al. 

(1983) est imated a level of 3 . 2 - 4 . 8 μ g / m l for such c o m p l e x e s , cor responding to 
about 0 . 1 2 - 0 . 1 6 % of the a 2 M present in normal p l a sma . A s expected the level 
of complexes was found to be much higher in serum ( 5 2 - 8 6 μ g / m l , cor respond-
ing to 1 . 9 - 3 . 0 % ) . 

F rom recent analyses of the distr ibution of 1 2 5I - l a b e l e d t r y p s i n - a 2M complex -
es in different t issues of the rat , it has been conf i rmed that the liver as original ly 
reported by Ohlsson (1971a) is the main organ responsible for c learance . H o w e v -
er, compat ib le with results obta ined in vitro (Gl iemann et al., 1983) , the 
hepatocytes have been identified as the main cells responsible for e l iminat ion of 
a 2M - t r y p s i n complex (Davidsen et al., 1985; Fe ldman et al., 1985a) and not the 
Kupffer cells as previously thought . Very similar results have also been reported 
for the uptake of rat α , Μ - s u b t i l i s i n complex (Bergsma et al., 1985). Whi l e the 
Kupffer cells actively take up and clear α Μ - p r o t e i n a s e complexes they cannot , 
by virtue of their low abundancy , contr ibute significantly to the overall p rocess . 
However , it is possible that uptake of a 2M - p r o t e i n a s e complexes into Kupffer 
cells and macrophages or monocy tes bes ides leading to degradat ion results in the 
generat ion of " m o d u l a t o r y s i g n a l s " (see be low) . Fo l lowing c learance the com-
plexes are rapidly degraded to products of low molecular weight p resumably by 
lysosomal proteinases (Ohlsson , 1971b; K a t a y a m a and Fujita, 1974b). A number 
of in vitro s tudies have led to a more detai led descr ipt ion of the b ind ing , endo -
cytosis , and degradat ion of me thy lamine- or proteinase- t reated a 2M . Apar t from 
hepatocytes (Gl ieman et al., 1983; Fe ldman et al., 1985a; Be rgsma et al., 1985; 
Davidsen et al., 1985; Spolar ics et al., 1985) and macrophages (Debanne et al., 

1975, 1976; Kaplan and Nie l sen , 1979a,b; Kaplan and K e o g h , 1981; Kap lan et 

al., 1981; Imber and P izzo , 1981) several o ther cell types in cul ture have been 
shown to contain receptors for " f a s t f o r m " a 2M . These include fibroblasts and 
fibroblastlike cell lines (Mosher et al., 1977; M o s h e r and Vaher i , 1980; Van 
Leuven et al., 1977, 1978, 1979, 1980, 1981a; Zardi et al., 1980; Schless inger 
et al., 1978; Maxfield et al., 1978, 1981 ; Wi l l ingham et al., 1979; Dickson et 
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al., 1981a ,b ; Via et aL, 1982; Schlegel et aL, 1982; Hanove r et aL, 1983a) , 
adipocytes (Gl iemann et aL, 1983; N e y et aL, 1984) , and ep id idymal epithelial 
cells (Djakiew etal., 1984, 1985). 

The mechan i sm of endocytos is of a 2M - p r o t e i n a s e complexes seems to be 
very similar to that first descr ibed for h u m a n low-densi ty l ipoprotein (Anderson 
et al., 1977; B r o w n and Golds te in , 1979; Golds te in et al., 1979) and for the 
internalization of ho rmones and o ther prote ins into cells (for r ev iews , see , e . g . , 
Pastan and Wi l l i ngham, 1981 ; S te inman et al., 1983; Bes te rman and L o w , 
1983). In an ex t remely simplified vers ion the fol lowing events can be recog-
nized: After b inding to the cell surface receptors , a 2M - p r o t e i n a s e complexes 
appear in c la thr in-coated pits and are then transferred to r ecep tosomes , which are 
uncoated endocyt ic ves ic les . In yet u n k n o w n processes the Golgi sys tem is 
thought to be involved in the subsequent transfer of the complexes to lysosomes 
for degradat ion . Dur ing this process the receptors are separated from the l igands , 
recycle , and b e c o m e again incorporated into the cell m e m b r a n e . 

Binding of the a 2M - p r o t e i n a s e complex to its receptor is very tight with 
apparent Kdiss values repor ted to be in the nanomola r range ; it requires the 
presence of ca lc ium ions and can be compet i t ive ly inhibited by the pept ide 
antibiotic baci tracin (Van Leuven et al., 1981c) . A n u m b e r of amines have been 
reported to interfere with the c lus ter ing of receptor complexes and to inhibit the 
uptake of a 2M - p r o t e i n a s e complexes (Maxfield et al., 1979; Levi tzki et al., 

1980; Davies et aL, 1980; Van L e u v e n et al., 1980; Kaplan and K e o g h , 1981 ; 
Schlegel et al., 1982; Ohlsson et al., 1982) , and it has been speculated that 
cellular t ransglu taminases s o m e h o w could be involved in the uptake p rocess , 
perhaps in the recycl ing of the receptors . This is intr iguing in v iew of the 
presence of a specific t ransg lu taminase acceptor site on a 2 M (Mor tensen et al., 

1981a) and the repor ted poor up take into fibroblasts of a 2M - t r y p s i n complex 
prepared from a 2 M modif ied at this site by dansy lcadaver ine (Van Leuven et al., 

1981a). H o w e v e r , the up take of a comp lex be tween t rypsin and a 2 M prepared 
from se rum, in which about half of the t ransglutaminase-react ive Gln-671 resi-
due had been hydro lyzed to a Glu res idue , into rat hepatocytes was not sup-
pressed relat ive to control prepara t ions (Sot t rup-Jensen et al., 1984c) , in agree-
ment with recent results repor ted by Van Leuven (1984) . Fur the rmore , Gln -671 
has been found to be largely inaccess ible to factor X I I I a fol lowing complex 
formation (Van L e u v e n , 1984) . T h u s , at present there is no direct ev idence for 
the involvement of t ransglu taminases in the uptake of a 2M - p r o t e i n a s e complex -
es . Indeed , as d iscussed by T y c h o et al. (1983) m a n y of the results obta ined 
earlier can now be expla ined by a rise of the p H of the endocytot ic vesicles 
fol lowing incubat ion of cells with amines . 

T h e isolation of functionally act ive receptors for a 2M - p r o t e i n a s e complexes 
from fibroblasts has been repor ted recent ly . T h e prepara t ion of Marynen et al. 

(1984b) conta ined componen t s of 3 6 0 , 130, and 85 k D a . In contras t , Frey and 
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Afting (1983) and Hanove r et al. (1983b) es t imated the subunit size of their 
preparat ions at 125 and 85 k D a , respect ively . T h e latter species could be identi-
cal with the 130- and 83 -kDa componen t s seen by Marynen et al. (1984b) . Apar t 
from the specific receptors for a 2M - p r o t e i n a s e complexes on hepa tocy tes , 
Kupffer cel ls , mac rophages , f ibroblasts , and ad ipocytes , the results of immu-
nohis tochemical examinat ion indicate that such receptors or o ther interacting 
proteins may be found on other cells as wel l . T h u s , Becker and Harpel (1976) , 
using indirect immunof luorescence h is tochemis t ry , observed that in addi t ion to 
hepatocytes immunoreac t ive a 2 M was present on endothel ia l cells of ar ter ies , 
ve ins , and lymphat ics . Using basical ly the same technique Cass iman et al. 

(1980) surveyed a n u m b e r of h u m a n t issues and found immunoreac t ive a 2 M only 
in connect ive t issues , l eukocytes , and Kupffer cel ls . In cul tured endothel ial cells 
no binding or receptor-media ted endocytos is of a 2M - t r y p s i n complex could be 
demonst ra ted (Marynen et al., 1982b) . T h e reason for this d iscrepancy is pres-
ently not clear . As discussed above factor X a seems to b ind exclusively to a 2 M 
in vivo. T h e mechan i sm of c learance is more complex than that observed for 
other a 2M - p r o t e i n a s e complexes . Poss ib ly , factor X a b inds initially to thrombin 
binding sites on the endothel ia l surface. This b inding alters the specificity of 
factor X a for the p lasma prote inase inhibi tors , so that b inding to a 2 M is favored 
at the expense of b inding to a , - p r o t e i n a s e inhibitor , thereby result ing in clear-
ance of factor X a via a 2 M (Fuchs and P izzo , 1983). N a c h m a n and Harpel (1976) 
further demonst ra ted a 2 M in m e m b r a n e and granular fractions of platelets , and 
Ivanyi and M o y e s (1980) showed b inding of anti ( a 2M ) - a n t i b o d i e s to a lympho-
blastoid cell l ine. Fur the rmore , Saksela et al. ( 1 9 8 1 , 1984) found a 2 M in normal 
but not mal ignant syncyt iot rophoblas ts and cervical ep i the l ium, compat ib le with 
the absence of receptors for a 2M - p r o t e i n a s e complexes in some t ransformed 
fibroblast cell l ines as shown earl ier by Van Leuven et al. (1979) and Zardi et al. 

(1980) . Studies on the t issue localization of P Z P have indicated its p resence in 
the syncyt iotrophoblast (Lin and Halber t , 1976; Chemni t z et al., 1982) and on 
the surface of Β lymphocy tes and monocy tes (S t imson , 1977; H o m e et al., 

1978a,b , 1979; T h o m s o n et al., 1979). Given the c lose structural homology 
between a 2 M and P Z P their specific t issue distr ibution remains to be es tabl ished. 
However , pre l iminary invest igat ions suggest that P Z P - and a 2M - p r o t e i n a s e 
complexes are cleared via the same receptors (J. G l i emann and L. Sot t rup-
Jensen , unpubl i shed) . 

Al though the potential for fast complex formation with proteinases and clear-
ance appears to be the major function of a 2 M and P Z P , a number of reports have 
indicated that a 2 M or a 2M - p r o t e i n a s e complexes m a y modula te some cellular 
functions, which could be relevant with regard to the i m m u n e response . T h u s , 
Johnson et al. (1982) found that b inding of a 2M - p r o t e i n a s e complexes to acti-
vated macrophages suppressed the excret ion of three distinct proteinases from 
these cel ls . Fur the rmore , the superoxide anion product ion by act ivated m a c -
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rophages was found to be great ly suppressed by me thy lamine - or t rypsin-treated 
a 2M , but not by native a 2 M (Hoffmann et al., 1983). In addi t ion, endocytos is of 
a 2M - t r y p s i n complexes has also been reported to act ivate mac rophages , result-
ing in the product ion of neutral prote inases (Vischer and Berger , 1980). S o m e of 
the earlier reported effects of a 2 M prepara t ions on immunologica l react ions have 
been rev iewed by J ames (1980) and addit ional observat ions have appeared . 
Thus , Cordier and Revi l lard (1980) , Ades et al. (1982) , and Dickinson et al. 

(1985) reported that a 2 M could inhibit the neut rophi l -media ted cytotoxici ty and 
Hubbard etal. (1981) , M i y a n a g a et al. (1982) , and Rastogi and Clausen (1985) 
reported that a 2 M (or a 2M - p r o t e i n a s e complexes ) could inhibit the mixed lym-
phocyte react ion and proliferation of lymphocy tes . a 2 M or associated factors 
have also been shown to inhibit the g rowth of var ious tumor cells ( K o o , 1 9 8 1 , 
1983). Similar results have also been obta ined wi th P Z P (von Schoul tz et al., 

1973; S t imson , 1976; Bjorksten et al., 1978; K a s u k a w a et al., 1979) , and it has 
been speculated that P Z P could play a role in the main tenance of the i m m u n o -
logically pr ivi leged state of the fetus. Other studies have indicated that a 2 M -
proteinase complexes could s t imulate the locomot ion of neutrophils and m o n o -
cytes (Forrester et al., 1983) and induce dissociat ion of rosettes formed be tween 
Β lymphocytes and erythrocytes by c leaving m e m b r a n e proteins (Mackin et al., 

1983). A polyclonal B-cell act ivator activity has also been at tr ibuted to a 2 M -
proteinase complexes o r an associa ted lymphok ine (Teodorescu et al., 1981 ; 
Chang etal., 1981 , 1983; G a n e a et al., mi). 

While it had been suggested earl ier that a 2M from pat ients with cyst ic fibrosis 
might be defect ive in prote inase b inding (Shapira et al., 1976, 1977) , subsequent 
studies have not conf i rmed this . It appears that a 2 M prepared from the p la sma of 
these pat ients is normal in all respects (Parsons and R o m e o , 1980; Br idges et al., 

1982; Rober ts et al., 1982) . H o w e v e r , us ing monoc lona l ant ibodies Eager and 
Kennet t (1984) and Marynen et al. (1984a) have been able to demons t ra te 
antigenic differences, which m a y be related to defect ive endocytos is of cyst ic 
fibrosis a 2M - p r o t e i n a s e complexes . 

B. Complement Proteins 

While the studies on the interact ion be tween a 2 M and cel lular receptors a lmost 
exclusively have focused on the rapid c learance of a 2M - p r o t e i n a s e complexes , 
studies on the interaction be tween the act ivated complemen t proteins C 3 and C 4 
and cells have revealed a bewi lder ing diversi ty and complex i ty , part icularly for 
C 3 . For recent comprehens ive rev iews those of Fearon and W o n g (1983) Fearon 
(1983 , 1984) , Schreiber (1984) , and Arnaout and Col ten (1984) should be 
consul ted. 

In studies on the phagocytos i s of mic roorgan i sms Nelson (1953) pointed out 
that o rgan isms sensit ized by reaction with ant ibodies interacted with erythrocytes 
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TABLE IV 

Tissue Distribution of the Major C3 Receptors" 

Receptor type Ligand Tissue distribution 

Anaphylatoxin C3a, C4a Neutrophils, basophils, mast cells, eosinophils, macrophages, 
receptor platelets? 

CR1 C3b, C3bi, Erythrocytes, granulocytes, monocytes, macrophages, Β 
C3i, C3c, lymphocytes, some Τ lymphocytes, glomerular epithelial 
C4b cells, mast cells, null cells 

CR2 C3bi, C3d Β lymphocytes, monocytes (?), neutrophils 
CR3 C3bi Granulocytes, monocytes, macrophages, null cells 

"Data taken from Arnaout and Colten (1984) and Schreiber (1984). 

(the immune adherence react ion) in a way that wou ld lead to enhanced phagocy-
tosis by leukocytes . This enhancemen t was dependen t on activation of comple -
ment . Subsequent studies with monocy tes revealed that the process was depen-
dent on the presence of two types of receptors on the ce l l s , a receptor for the Fc 
portion of the ant ibodies and a receptor for the third componen t of complemen t 
(Huber et aL, 1968). T h e efficiency of phagocytos is was dependent on the 
deposi t ion of C 3 b by the act ivat ing complex of C I , C 4 b , and C2a on the surface 
of the part icle be ing ingested (Gigli and Ne l son , 1968) . T h e crucial role in 
opsonizat ion by the covalent b inding of act ivated nascent C 3 b to surfaces 
through the thiol-esterified Glx res idue has been documen ted by Schreiber et al. 

(1981) and Hostet ter et al. (1984) , s ince preformed methylamine- inac t iva ted C 3 
(in the C3b-l ike conformat ion) and o therwise inact ivated C 3 did not support 
opsonizat ion. F rom work of Man tovan i et al. (1972) and Mantovan i (1975) it 
was indicated that the role of the C 3 receptors in phagocytos is was that of 
at taching the phagocy te to the target cel l , whi le the Fc receptors were mainly 
responsible for the ingest ion of the complexes be tween C 3 b and cel ls . In con-
trast, Stossel (1973) and Stossel et al. (1975) reported that the opsonizat ion could 
be effected by C 3 b a lone . 

Ehlenberger and Nussenzwe ig (1977) reexamined these p h e n o m e n a and re-
ported that monocy tes in addit ion to the C 3 b receptor (CR1) also conta ined 
receptors for the C 3 d fragment ( C R 2 ) . These receptors were absent on poly-
morphonuclear leukocytes . A third type of comp lemen t receptor (CR3) specific 
for the C3bi fragment has also been identified (Ross et al., 1973). Cel lular 
receptors for the act ivat ion pept ides C 3 a , C 4 a , and C5a are also k n o w n in many 
cells and play important roles in inf lammat ion , host defense , and i m m u n e re-
sponse (see , e . g . , rev iews by Weig le et al., 1983; H u g h , 1 9 8 1 , 1984). T h e 
different receptors for C 3 act ivat ion and c leavage products and their cel lular 
distribution are shown in Table IV . 
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T h e receptor for C 3 b (CR1) has been character ized by Fearon (1979 , 1980) 
and Dobson et al. (1981) and was initially shown to be an integral m e m b r a n e 
protein of 205 k D a . H o w e v e r , it is h ighly po lymorph ic and allelic species of 160, 
190, 2 2 0 , and 250 k D a have been character ized ( D y k m a n et al., 1983 , 1985; 
Fearon and W o n g , 1983; W o n g et al., 1983) . Recen t ly , a c D N A clone encoding 
part of C R 1 has been character ized ( W o n g et al., 1985) . C R 1 will not interact 
with nat ive C 3 (Schreiber et al., 1981 ; Berger etal., 1981). Whi le C 3 b gener-
ated in the fluid phase b inds only weak ly to C R 1 (ATdiss = 5 x 10 ~ 7 M ) , d imers 
of C 3 b are bound with h igher affinity (Kdiss = 5 x 1 0 ~ 8 M) (Arnaout et al., 

1981) and aggregates of C 3 b with cells and i m m u n e complexes appear to have 
dissociat ion constants in the nanomola r range (Fearon and W o n g , 1983). In 
studies on the internalizat ion of soluble C 3 b - i m m u n e complexes by neutrophi ls 
and monocy tes it was emphas ized by Fea ron et al. (1981) and A b r a h a m s o n and 
Fearon (1982) that the overal l p rocess is s trongly ana logous to that of a 2 M -
proteinase complexes . Soluble i m m u n e complexes conta in ing a few IgG mole -
cules seem to be select ively c leared from the circulat ion via complement - inde -
pendent pa thways (Mann ik et al., 1971 ; Kijlstra et al., 1981 ; Les l ie , 1985) , and 
clearance via C R 1 seems to be impor tant only for certain large i m m u n e aggre-
gates ( N e w m a n and Johns ton , 1979; Horwi t z , 1980; Schre iber etal., 1982) . In 
that process a synergist ic act ion with the Fc receptors is seen. Since the ery thro-
cytes bear the bulk of the C 3 b receptors in the circulat ion their function in 
el iminat ion of i m m u n e complexes is puzz l ing . H o w e v e r , Cornacoff etal. (1983) 
have suggested that i m m u n e complexes adher ing to the erythrocytes are dissoci-
ated dur ing passage through the l iver and taken over b y , e . g . , Kupffer cells and 
other phagocytot ic cells for further process ing and up take . Al though the detai ls 
of these react ions are not k n o w n , it is poss ib le that a process ing similar to the 
c leavage of f luid-phase C 3 b to C3bi by factors I p lus H , this t ime with C R 1 as a 
cofactor, takes p lace (Ross et al., 1982; Pangburn and Mul le r -Eberhard , 1978; 
Medicus et al., 1983) . Th i s wou ld imply a p r imary role for C R 3 and perhaps 
C R 2 in the uptake of i m m u n e c o m p l e x e s . Such a cofactor role of C R 1 in the 
process ing of i m m u n e complexes has a lso been suggested in the regulat ion of 
complemen t act ivat ion (Fearon , 1979; I ida and N u s s e n z w e i g , 1983; M e d o f et 

al., 1983; Ross et al., 1982) . H o w e v e r , the abili ty of C R 1 to accelerate the decay 
of the C 3 and C 5 conver tase complexes s eems to be inferior to that media ted by 
the recently d iscovered decay-acce lera t ing factor ( D A F ) found on the surface of 
erythrocytes (Nicholson-Wel le r et al., 1982; Pangburn et al., 1983a ,b ; Medof et 

al., 1985). 

C R 2 has been isolated from Raji-cell cul ture m e d i u m and character ized by 
Lambr is et al. (1981) . A l though the size of this m e m b r a n e protein was initially 
es t imated at 72 k D a it n o w appears that this has been due to proteolysis dur ing 
prepara t ion, and the size is actual ly 140 k D a (Bard et al., 1981 ; Iida et al., 1983; 
Weiss et al., 1984; M i c k l e m et al., 1984) . This protein has recent ly been identi-
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fied as the E p s t e i n - B a r r virus receptor of h u m a n Β lymphocy tes (Fingeroth et 

al., 1984; Frade et al., 1985) and is p redominant ly expressed on those cel ls . 
Dur ing activation of C 3 a neoant igenic site appears in the C3d por t ion, which is 
closely l inked to the express ion of the C R 2 receptor si te. Lambr i s et al. (1985) 
found that some or all of the res idues in the sequence -Leu-Tyr -Asn-Val -Glu-
Ala- (residues 1 2 0 4 - 1 2 0 9 in pro-C3) const i tute the C R 2 binding si te, with the 
epitope of the neoant igen be ing located immedia te ly N- terminal to this sequence . 
As seen in F ig . 4 this sequence is not part icularly well conserved a m o n g a 2 M , 
C 3 , and C 4 and, moreover , it is located c lose to a region where a 2 M and C 4 have 
large insert ions relat ive to C 3 . A s further seen from Fig . 5 the receptor recogni -
tion site for C R 2 is located c lose to the N- terminal part of a domain that is 
c o m m o n to a 2 M , C 3 , and C 4 , or perhaps in the short stretch connect ing this 
domain with the preceding c o m m o n domain . T h u s , exposure of this recogni t ion 
site could be effected by a slight rear rangement of these domains after inactiva-
tion c leavage . A m o n g other less character ized functions C R 2 could be involved 
in the regulat ion of lymphocy te act ivat ion, such as the proliferative response 
induced by mi togens or the mixed lymphocy te react ion (Lambr is et al., 1982, 
Meuth etal., 1983). 

The exis tence of C R 3 specific for factor I-cleaved C 3 b (C3bi) was sugges ted 
earlier (Ross et al., 1973) and clearly es tabl ished by Ross and Rabbel ino (1979) 
and Ross and Lambr i s (1982) . This receptor has recently been shown to be 
identical with a previously k n o w n lymphocy te surface ant igen M O l (Beller et 

al., 1982 ;Kurz inge re f f l / . , 1982; Todd et al., 1982) by Arnaout etal. (1983) and 
Wright et al. (1983) . C R 3 consis ts of t w o noncovalent ly associated chains of 150 
( a ) and 90 k D a ( β ) . T h e β subunit is apparent ly shared with other leukocyte 
ant igens , which are not comp lemen t receptors (Kurz inger et al., 1982) , indicat-
ing that the α subunit conta ins the C3bi l igand binding si te. F rom studies by 
Per lman et al. (1981) and Schre iber et al. (1982) it has been indicated that C R 3 , 
present in many different cel ls , in concer t with Fc receptors very efficiently 
promotes ingest ion of C3bi -coa ted cells and i m m u n e c o m p l e x e s , indicat ing a 
major role in c learance . This is further s t rengthened by the identification of 
individuals having a defect ive C R 3 molecu le (Arnaout et al., 1982; B o w e n et 

al., 1982; Fisher et al., 1983; D a n a et al., 1984) . Al though these pat ients have 
functional C 3 b receptors they are subjected to severe , recurrent infections and 
defective phagocy te funct ions. 

As indicated from in vitro s tudies the covalent deposi t ion of nascent C 3 on 
immune aggregates could proceed with a relat ively low efficiency (see Sect ion 
VIII) . If this turns out to be the case in vivo, c learance mechan i sms for the 
removal of f luid-phase C 3 b or its degradat ion products could exist . These could 
perhaps involve different receptors in o ther t i ssues , and perhaps c learance by 
hepatocytes might be important in this respect . Recent ly , Cole et al. (1985) 



4ia2-Macroglobulin and Related Thiol Ester Plasma Proteins 269 

reported that addit ional C3-b ind ing prote ins were present on peripheral leuko-
cytes and var ious cell l ines . 

XL Conclusions and Perspectives 

H u m a n a 2 M , C 3 , and C 4 are the first wel l -s tudied m e m b e r s of a novel class of 
evolut ionari ly related large p l a sma prote ins conta in ing internal P -cys te inyl -7-
glutamyl thiol es ters . T h e y are sophis t icated examples of proteins regulated by 
specific l imited proteolysis and character ized by the ability to undergo a series of 
specific conformat ional changes in which biological activit ies are expressed not 
only in the final conformat ional state but a lso in a short- l ived nascent s tate . In the 
latter state the act ivated thiol ester can be cons idered a " p s e u d o e n z y m a t i c s i t e , " 
turning over once and for all in a process that results in the covalent b inding of 
these proteins to biological targets . Whi l e C 3 and C 4 are proteolyt ical ly p ro -
cessed " m o n o m e l i c " pro te ins , a 2 M is a te t ramer conta ining t w o d imers , which 
consti tute its functional uni ts . Fo r a 2 M the t r iggering event is the s imple encoun-
ter with any of a wide spec t rum of pro te inases , and whi le the gross conforma-
tional change of the d imer per se results in the en t rapment of a prote inase by 
a 2M , the covalent b inding potent ial is p resumab ly important for the fast forma-
tion of a t ight, i rreversible complex at low levels of prote inase . T h e a 2 M -
proteinase complex is rapidly c leared from the circulat ion mainly by the l iver as 
a result of the exposure of previous ly concea led receptor recogni t ion sites in 
a 2M . 

In contras t , C 3 and C 4 are act ivated by complex prote inases of nar row speci-
ficity, whose assembly is t r iggered by i m m u n e complexes and certain po lysac-
char ides . T h e localizat ion of these processes is crucial ly dependent on the 
covalent b inding of act ivated C 4 and C 3 to their targets . In the i m m u n e response 
the complemen t prote ins const i tute an impor tant effector sys tem, which prin-
cipally operates via t w o rou tes , one that leads to cell death through the assembly 
of the terminal complemen t complex and one that leads to the e l iminat ion of the 
targets . This c learance is mainly effected by C 3 b and degradat ion products 
thereof. T h u s , in the encounte r of a biological target with a 2 M or the comple -
ment proteins it effectively b e c o m e s dest ined for rapid c learance from the cir-
culat ion. In this respect a 2 M should perhaps be cons idered part of the i m m u n e 
sys tem, capable of deal ing with potent ial ly injurious prote inases secreted by 
invading o rgan i sms . 

It is likely that the p la sma of mos t species will turn out to contain at least two 
and perhaps three dist inct thiol es ter-conta ining prote inase-binding macrog lobu-
lins. T h e macroglobul ins evident ly form one subgroup and the complemen t 
proteins C 3 and C 4 form another subgroup of the a 2M - r e l a t e d prote ins . H o w e v -
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er, within each subgroup a structurally and functionally related protein devoid of 
thiol esters is k n o w n , namely , the prote inase-binding ovostat in from hen egg 
white and complemen t protein C 5 . Al though it has not been invest igated in 
detail , activated C5 seems to exist in an ana logous nascent state in which it 
interacts noncovalent ly with complemen t protein C 6 thereby initiating the assem-
bly of the terminal lytic complex . 

The class of a 2M - r e l a t e d proteins can be traced back to the invertebrates and it 
can be expected that s tudies of the gene structures of m e m b e r s of this family will 
contr ibute significantly to an unders tanding of the evolut ionary history of these 
proteins . 

Al though the covalent b inding react ions of the nascent state are now k n o w n in 
some detai l , the nature of this state and the conformat ional changes that are 
characterist ic of the class of a 2M - r e l a t e d proteins are not well unders tood. L ike-
wise , the evidence for the thiol ester s tructure is only c i rcumstant ia l . Obvious ly , 
besides the use of sophist icated spectroscopic and kinet ic p rocedures , the deter-
minat ion of the three-dimensional s tructure of any one of these proteins by X-ray 
crystal lography will be of immense value for a detai led unders tanding of the 
propert ies of the whole class of a 2M - r e l a t e d prote ins . 

Whi le the role of the complemen t proteins C 3 , C 4 , and C 5 in the function of 
the complemen t sys tem is fairly c lear-cut , the role of the macroglobul ins in 
controll ing proteolyt ic activity in p la sma is present ly unclear , in part icular s ince 
p lasma contains a diversi ty of specif ic, fast-acting prote inase inhibitors directed 
against different g roups of pro te inases . Initial s tudies on P Z P indicate that indi-
vidual macroglobul ins m a y have different, yet probably over lapping sets of 
proteinases as targets . In man and rats one of the macroglobul ins is an acute-
phase reactant , be ing great ly e levated not only in inf lammation but a lso in 
p regnancy , suggest ing that this m a y be the case general ly (see Chapte r 5 ) . This 
indicates a role of the macroglobul ins in the control of yet unidentif ied pro-
teinases appear ing in p l a sma , p resumably as a result of an increased cellular 
turnover , c o m m o n to the inf lammatory and pregnant s tates. Hypothet ica l ly the 
macroglobul ins could control e lements in the i m m u n e response , which depend 
on prote inases . 

Last , the elucidat ion of the structures of the receptors found in different cells 
and t issues , which interact with the act ivated prote ins would be expected to lead 
to an increased unders tanding of the pa thways of c learance and the potential for 
interaction with other cellular sys tems . 
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I. Introduction: Coordinate Regulation of Plasma 
Protein Synthesis and Mechanism 
of Synthesis and Secretion 

Plasma proteins are best defined operat ional ly . They are prote ins which can be 
isolated in relat ively large amounts from blood p lasma . H o w e v e r , their occur-
rence in the body is not confined to the vascular compar tmen t . T o the cont rary , 
for most p lasma proteins the total ext ravascular amoun t exceeds the intravascular 
pool . Wi th the except ion of the immunoglobu l ins (Chapter 2) and some apo-
lipoproteins (Chapter 3 ) , the p lasma proteins found in the blood p lasma are 
synthesized in the liver (Mil ler et al., 1951 ; Mil ler and Bale , 1954; Schreiber et 

al., 1966; for rev iew, see Schreiber and Urban , 1978). A single liver cell can 
synthesize several different p lasma proteins s imul taneous ly , i . e . , individual 
hepatocytes are not special ized in the synthesis of one p l a sma protein species 
(Foucrier et al., 1979; Cour toy et al., 1981 ; Kraemer et al., 1981). Howeve r , the 
liver is not the exclus ive site of synthesis for p l a sma prote ins . Quant i ta t ively , the 
l iver /blood p lasma sys tem is the most important sys tem in the body involving 
p lasma pro te ins , but s imilar logistic functional needs , i . e . , providing and main-
taining extracel lular env i ronments of appropr ia te compos i t ion , exist in other 
areas of the body . Examples are the choroid p lexus /cerebrosp ina l fluid sys tem, 
part icipating in establ ishing an appropr ia te extracel lular envi ronment in the cen-
tral nervous sys tem, and the yolk sac m e m b r a n e s / y o l k sac/fetal sys tem, mediat -
ing in chemical communica t ion and transport be tween mother and fetus. It is 
remarkable that in so distant and , superficially regarded , apparent ly unrelated 
tissues such as l iver, choroid p lexus , and yolk sac , s imilar p l a sma protein genes 
are expressed in response to similar logistic functional needs . 

The isolat ion, phys icochemica l proper t ies , and various metabol ic aspects of 
p lasma proteins have been descr ibed in several excel lent monographs (Al l ison, 
1974, 1976; P u t n a m , 1975a ,b ,c ; Hi tz ig , 1977; B lomback and Hanson , 1979; 
Glaumann et al., 1983). T h e emphas i s in this chapter will be on the regulat ion of 
the rates of synthesis of p lasma proteins and the link be tween function and 
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regulat ion. A short recapi tulat ion of important data on structure and function of 
proteins will be included, where appropr ia te . 

Because of the ease of isolat ion, abundance and accessibil i ty of mater ia l , and 
the high rates of synthes is , p l a sma prote ins have for m a n y years been an at trac-
tive sys tem for the study of protein synthesis in m a m m a l i a n sys tems . N o special 
features were found in the m e c h a n i s m of synthesis and secret ion which would 
dist inguish the product ion of p l a sma prote ins in the l iver from that of o ther 
proteins to be expor ted from cel ls . P l a sma proteins are synthesized by poly-
ribosomes bound to the rough endop lasmic re t icu lum. P lasma proteins ana lyzed 
until now (cf., e . g . , Tab le I) possess a p resegmen t r ich in hydrophobic amino 
acids. An " i n t e r n a l " p resegment , s imilar to that descr ibed for ova lbumin (Lin-
gappa et al., 1979; Braell and Lod i sh , 1982; M e e k et aL, 1982) , has not been 
observed yet for p lasma pro te ins . T h e data summar ized in Table I show a lanine , 
or , in three cases , an amino acid of very s imilar structure (g lyc ine) , as the 
carboxy- terminal amino acid of the p resegment in 18 out of the 22 cases listed 
(indicated by a box in Tab le I ) . On ly for four other polypept ide cha ins , a lbumins 
and the α and β chains of f ibr inogen, is an amino acid carrying a hydroxyl g roup 
found at the ca rboxy te rminus of the p resegment . Perhaps the specificity of the 
signal pept idase is somewha t l imited or , poss ib ly , t w o different signal pept idases 
might be involved in the process ing of p l a sma pro te ins , one having the typical 
elastaselike specificity for a lanine and the other react ing with hydroxyl amino 
acids. T h e occur rence of several dist inct signal pept idases was repor ted recently 
for Escherichia coli (Tokunaga et aL, 1984) . F r o m the rough endoplasmic re-
t iculum the prote ins to be secreted are t ransported in vesicles to the Golgi 
apparatus and from there in so-cal led secretory vesicles to the cell m e m b r a n e . 
Dur ing their transit from rough endop lasmic re t iculum to the cell m e m b r a n e 
precursor p lasma proteins are modif ied both dur ing and after t ranslat ion. The 
presegment is r emoved early and , therefore , p l a sma protein precursors still con-
taining the p resegment can be obta ined usual ly only by translat ion of m R N A in 
cell-free protein synthesiz ing sys tems which do not contain process ing pro-
teinases ( e . g . , for a lbumin , see Strauss et aL, 1977a ,b ; Yu and R e d m a n , 1977). 
Howeve r , later in termediates in the intracellular matura t ion of p lasma proteins 
have been isolated from liver. These in termediates conta ined a short p rosegment 
at the N- te rminus (Urban et aL, 1974, 1976; Russel l and Gel ler , 1975; Edwards 
etal., 1976a ,b ,c ; Rosen and Gel ler , 1977; Mil lership etal., 1980) or , in the case 
of g lycoprote ins , a precursor carbohydra te moie ty (Schreiber et al., 1979, 1981; 
Nagash ima et al., 1980, 1981 ; Urban et al., 1982a ,b) . Differences in secret ion 
kinetics and intracellular pool sizes suggest that p l a sma protein precursors are 
transported through the l iver cells individual ly or , pe rhaps , in groups of related 
proteins (Morgan and Pe te rs , 1971b; Schre iber , 1979; Schre iber et al., 1979; 
Morgan , 1983; Ledford and Dav i s , 1983; Lodish et al., 1983; Fries etal., 1984). 
In the case of transferrin, there might even be separate intracellular handl ing of 



TABLE I 

Amino Acid Sequences of the Presegments of Plasma Proteins around the Recognition 
Site for the Signal Peptidase" 

Amino acid position 
(1 = N-terminal amino acid in 

the mature protein) 

Plasma protein Source - 3 - 2 - 1 1 2 3 Reference 

Transthyretin Rat SER GLU ALA GLY PRO GLY (a) 
α j-Acid glycoprotein Rat LEU GLU ALA GLN ASN PRO (b) 
α j-Antitrypsin Baboon SER LEU ALA GLU ASP PRO (c) 
Retinol-binding protein Human ALA ALA ALA GLU ARG ASP (d) 
a2 u-Globul in Rat GLY HIS ALA GLU GLU ALA (e) 
Transferrin Rat CYS LEU ALA VAL PRO ASP (f) 
β2-Μΐΰπ^1οουϋη Human LEU GLU ALA ILE GLN ARG (g) 
Fibrinogen y chain Rat GLY LEU ALA GLN TYR THR (h) 
Fibrinogen y chain Human CYS VAL ALA TYR VAL ALA (i) 
Apolipoprotein Ε Rat CYS LEU ALA GLU GLY GLU a) 
Apolipoprotein Ε Human CYS GLN ALA LYS VAL GLU (k) 
Apolipoprotein A-I Rat CYS GLN ALA TRP GLU PHE (1) 
Apolipoprotein A-I Human SER GLN ALA ARG1 HIS PHE (m) 
Apolipoprotein C-III Human ALA ARG ALA SER GLY ALA (n) 
Apolipoprotein A-IV Rat THR GLN ALA GLU VAL THR (o) 
Apolipoprotein C-I Human ALA GLN GLY THR PRO ASP (P) 
Apolipoprotein C-II Human VAL GLN GLY THR GLN GLN (n,q) 
Apolipoprotein A-II Human LEU GLU I G L Y ALA LEU VAL (n) 
Fibrinogen α chain Human ALA TRP THR ALA ASP SER (r) 
Fibrinogen β chain Human VAL LYS SER GLN GLY VAL (s) 
Albumin Rat ALA PHE SER ARG* GLY VAL (0 
Albumin Human SER ALA TYR SER1 ARG GLY (u) 

"From Dickson (1985), modified with permission. 
frRicca and Taylor (1981). 
<Kurachi et al. (1981). 
^Colantuoni etal. (1983). 
^Unterman et al. (1981). 
/Aldred et al. (1984). 
*Suggs et al. (1981). 
^Crabtree and Kant (1982a). 
'Chung et al. (1983b). 
^McLean et al. (1983). 
*Zannis etal. (1984). 
'Poncin et al. (1984). 
'"Cheung and Chan (1983). 
"Sharpe et al. (1984). 
"Gordon et al. (1982); Boguski et al. (1984). 
^Knott et al. (1984). 
<?Myklebost et al. (1984). 
'Rixon et al. (1983); Kant et al. (1983). 
*Chung et al. (1983a). 
'Sargent et al. (1981). 
"Dugaiczyk et al. (1982). 
vFirst amino acid of the prosegment. 
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the same protein dependent on whe ther it is taken up from outs ide to impor t iron 
or whether it is to be expor ted from the cel l . Var ious aspects of the secret ion of 
p lasma proteins by the l iver have recent ly been summar ized by several authors 
(see G l a u m a n n et al, 1983) . 

In heal thy individuals , the concentra t ion of most p l a sma proteins in the b lood 
is kept within a relat ively constant range . Th i s seems to indicate the exis tence of 
a regulatory sys tem, with the par t icular pro te in , or a der ivat ive thereof, as the 
signal and the synthesiz ing or degrad ing sys tem for the protein as the means 
effecting regulat ion of the concent ra t ion . In early work on the regulat ion of 
p lasma protein synthesis in the l iver, the sys tem was per turbed by lower ing the 
concentrat ion of the signal c o m p o u n d , in mos t cases a lbumin . This was achieved 
by bleeding or p lasmapheres i s , i . e . , r ep lacement of a port ion of b lood by a 
suspension of erythrocytes in physiological sal ine or by a solution of dext ran . An 
increase in the rate of synthesis of a lbumin in the l iver was observed in such 
exper iments by a number of authors (Wasse rman et al., 1956; Rothschi ld et al., 

1 9 6 1 , 1969a; M o o r e , 1965; Tracht et al., 1967). Alterat ions in the rate of 
synthesis of a lbumin in the l iver were also found when the level of a lbumin in 
p lasma was decreased by inducing nephri t is ei ther by injecting an anti-rat k idney 
ant iserum from rabbits immun ized with rat k idney homogena t e or by injecting 
the aminonuc leos ide of pu romyc in (Drabkin and Mar sh , 1955; Marsh and Drab -
kin , 1958, 1960; Braun et al., 1962a ,b ; Mar sh et al, 1966; Katz et al, 1967, 
1968). T h e p l a sma level of a lbumin decreases also after partial hepa tec tomy 
(Chanutin et al, 1938; B e n g m a r k et al, 1968). An increase in the rate of 
incorporat ion of radioact ive amino acid into a lbumin after partial hepa tec tomy 
has been observed (Guidott i et al, 1959; Majumdar et al, 1967). H o w e v e r , 
us ing me thods correct ing for changes in precursor amino acid pool s izes , no 
significant changes in the rate of synthesis of a lbumin per g ram liver t issue were 
found after partial hepa tec tomy (Mutsch le r and G o r d o n , 1966; Schre iber et al, 

1971). 
Albumin is by far the mos t abundant a m o n g the prote ins in b lood p la sma . 

However , no single specific function is associated with a lbumin . It serves as a 
carrier for var ious important subs tances , such as fatty ac ids , bi l i rubin, and many 
drugs . A lbumin is the main contr ibutor to the main tenance of oncot ic p ressure , 
but its comple te absence from the blood due to a genet ic deficiency is tolerated in 
both humans (Bennhold et al, 1954; B o m a n et al, 1976; D a m m a c c o et al, 

1980) and rats (Nagase et al, 1979) wi thout affecting heal th . A function as a 
" m e t a b o l i c a d a p t e r , " whose rate of synthesis can be turned down when rates of 
synthesis increase strongly for o ther p ro te ins , thus keep ing the overall rate of 
synthesis of protein cons tant , has been suggested for the synthesis of a lbumin in 
liver (Schreiber et al., 1982; Dickson et al., 1982; Schre iber and Howle t t , 1983). 

Both age of an imals and protein content of their diets influence the rate of 
a lbumin synthes is . For adult h u m a n s with a daily intake of 70 g m prote in , 
Hoffenberg et al. (1966) de te rmined a rate of a lbumin synthesis of 151 m g / -
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day /kg body weight (corresponding to 7.1 m g / d a y / g m liver weight) and K e l m a n 
et al. (1972a) measured a rate of synthesis of a lbumin of 245 ± 98 m g / d a y / k g 
body weight (corresponding to 11 m g / d a y / g m liver weigh t ) . Adul t rats synthe-
sized 8.4 m g a l b u m i n / d a y / g m liver weight (Peters and Peters , 1972). Fast ing or 
protein deplet ion in the diet reduced the rate of a lbumin synthesis (Hoffenberg et 

al., 1966; Kirsch et al., 1968; Haider and Tarver , 1969; M o r g a n and Peters , 
197 la ; Ke lman et al., \972a; Peters and Peters , 1972). For a diet conta ining 6 4 % 
protein ( "h igh -p ro t e in d i e t " ) both a reduct ion (Peters and Peters , 1972) and an 
increase in a lbumin synthesis (Haider and Tarver , 1969) have been found for 
rats . The rate of a lbumin synthesis responded also to changes in amino acid 
supply in invest igat ions with the isolated perfused liver (Gordon , 1966; Roth-
schild et al, 1968, 1969a; John and Mil ler , 1969; Kirsch et al, 1969; Hoffen-
berg et al, 1971 ; Ke lman et al., 1972b) . Condi t ions affecting the rate of a lbumin 
synthesis have been discussed e l sewhere by numerous authors (Wate r low, 1969; 
Peters , 1970; Rothschi ld et al, 1972a ,b , 1973 , 1975; Schre iber and Urban , 
1978). 

Mainta ining an appropria te " in t e rna l m i l i e u " in the body is the function 
c o m m o n to virtually all p lasma prote ins . Per turbing the " in te rna l m i l i e u " might 
therefore be a powerful chal lenge of the regulatory sys tems involved in mainta in-
ing the normal composi t ion of the b lood p lasma and of t issue fluid. Dur ing 
condit ions associated with loss of t issue fluids (wounds and burns) or d a m a g e to 
tissue with ensu ing degradat ion of damaged tissue ( inf lammation) the amount 
and composi t ion of extracel lular fluid are affected. A series of physiological and 
biochemical react ions , summar ized as the general acute-phase response to trau-
ma and inf lammation, is initiated in the defense mechan i sm of the body . A 
typical feature in this defense mechan i sm is a rear rangement of the pat tern of 
concentrat ion of proteins in blood p lasma. Inducing an acute exper imenta l in-
f lammation is therefore a very effective means of chal lenging the regulatory 
mechanisms involved in mainta ining appropria te p lasma protein concent ra t ions . 
This method has been used more frequently to invest igate the regulat ion of 
p lasma protein synthesis in var ious studies in recent years (see K o j , 1974; 
Kushner et al, 1981 ; Schre iber and Howle t t , 1983). 

II. Response of the Plasma Protein Synthesizing 
System in the Liver to Trauma and Inflammation 

The response of the body to t rauma and inf lammation in higher animals is 
characterized by a typical sequence of events . Local ly , vasodilat ion (after an 
early transient vasoconstr ic t ion of arterioles for a few seconds) and an increased 
permeabil i ty of the microvascular sys tem produces three typical s igns of inflam-
mation: rubor , tumor , and calor ( redness , swel l ing , and heat) (Celsus , 1713; see 
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Fig. 1. General parameters of an acute inflammation, produced by subcutaneous injection of 0.5 
ml turpentine per 100 gm body weight into the back of male Buffalo rats, weighing between 250 and 
300 gm. From Schreiber and Howlett (1983), with permission. 

also Vi rchow, 1860; Buchner , 1956; Robb ins and Cot ran , 1979). In the general 
response to acute t r auma and inf lammat ion an early phase is character ized by 
increases in body tempera ture and in the sedimenta t ion rate of e ry throcytes . This 
is fol lowed by a later phase character ized by an increase in the concentra t ion of 
leukocytes in the b lood . In rats the change in the tempera ture of the body is small 
compared with the more p ronounced rises of tempera ture seen in h u m a n s and 
rabbi ts . T h e general parameters of an acute inf lammation produced in rats by 
subcutaneous injection of turpent ine are summar ized in F ig . 1. 

T h e cause for the increase in the sedimenta t ion rate of erythrocytes dur ing 
acute inf lammation is a change in the concent ra t ions of p l a sma pro te ins , wi th an 
increase in the level of f ibrinogen be ing the mos t impor tant contr ibut ion. T h e 
kinetics of the change in concent ra t ion of individual p l a sma proteins in p l a sma 
from rats suffering from an acute exper imenta l inf lammat ion is summar ized in 
F igs . 2 and 3 . 

A Physiology of the General Response to Trauma 
and Acute Inflammation 

T h e destruct ion of an area of t issue and the fol lowing proteolyt ic r emova l of 
the damaged t issue create var ious logistic p rob lems for the " h e a l t h y p a r t s " of 
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the body . W h e n prote inases are re leased from lysosomes and phagocyt ic cells to 
catalyze the b reakdown of protein in the area affected by t rauma (Melloni et al., 

1981; Gordon and Cross , 1981) , the heal thy regions of the organism and, in 
part icular , the information and t ransport sys tem based on prote ins in the b lood-
stream have to be protected from inappropria te proteolys is . T h u s , it is not sur-
prising that many of the acute-phase proteins are prote inase inhibitors or he lp to 
establish a demarca t ion border be tween d a m a g e d and intact t issue. T h e acute-
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F i g . 2 . Concentrations of various proteins in the serum (total protein, albumin, α j-antitrypsin, 
a!-acid glycoprotein, major acute-phase α ι-protein) or plasma (transferrin, a2-macroglobulin, 
fibrinogen) of rats suffering for various periods of time from an acute inflammation produced as 
described in the legend to Fig. 1. From Schreiber and Howlett (1983), with permission. 
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Fig. 3. Concentration of prealbumin (transthyretin) in the plasma of healthy rats and rats suffer-
ing for various periods of time from an acute inflammation. The inflammation was induced by 
turpentine injection as described in the legend of Fig. 1. From Dickson et al. (1982), with permis-
sion. 

phase prote ins are summar ized in Tab le II according to their function (or, in 
some cases , hypothet ica l funct ion) . 

O n e acute-phase prote inase inhibitor; might have an interest ing dual function. 
The major acute-phase a , - p r o t e i n of the rat , a lso cal led thiostatin (Cole et al., 

1985a), not only inhibits prote inases with cyste ine in their act ive center (Esnard 
and Gauth ier , 1983) , such as ca theps ins or papa in , but a lso conta ins the se-
quences for T-kinin ( O k a m o t o and G r e e n b a u m , 1983a ,b ; G r e e n b a u m , 1984) and 
bradykinin in its po lypept ide chain (Cole et al., 1985a ,b) . Poss ib ly , it is the 
substrate for the proteolyt ic genera t ion of vasoact ive ol igopept ides ( O k a m o t o 
and G r e e n b a u m , 1983c; Bar las et al., 1985) which are then involved in the 
control of the b lood flow in and a round the area of t issue d a m a g e (Haddy et al., 

1970), of the vascular permeabi l i ty (Kl ine et al., 1973) , and in the generat ion of 
pain (see Arms t rong , 1970; L i m , 1970) . Pa in , " d o l o r , " is the fourth of the 
typical s igns of inf lammat ion as summar ized by Celsus (1713) . 



302 Gerhard Schreiber 

TABLE II 

Acute-Phase Proteins0 

Factor by which the 
Concentration plasma concentrations 

in plasma change during acute 
Protein (gm/liter) inflammation 

Positive Acute-Phase Proteins 
1. Proteinase inhibitors 

α j-Antitrypsin*7 2 - 4 2 - 4 
α ι - Antichymotrypsinc 0 . 3 -0 .6 2 - 5 
a2-Macroglobulin ( ra t ) J 0.014 (rat) > 1 0 0 (rat) 
Major acute-phase a!-protein of the rat ( = 0.5 (rat) 20 (rat) 

thiostatin = T-kininogen)* 
2. Proteins with transport or binding function 

Hemopexii / 0 .5 -1 .15 2 (human); 
up to 10 (rat) 

Haptoglobin* 1-2.2 2 - 4 
Ceruloplasmin'1 0 .15 -0 .6 < 2 
Transferrin' 2 - 4 \.5y 

3. Proteins involved in "structural protection" 
Fibrinogen/ 2 - 4 . 5 2 - 4 (human); 

7 (rat) 
4. Proteins influencing the activity of other cells 

Complement system* in particular 0 .55-1 .2 < 2 
component C3 

a,-Acid glycoprotein7 0 .55-1 .4 2 - 4 (human); 
20 (rat) 

C-reactive proteinm 0.8 (mg/liter) Up to 3000 (human); 
2 - 4 (rat) 

Serum amyloid Α-related protein" 0.1 (mg/liter) > 1 0 0 
(human, mice) 

Serum amyloid P-component-related protein0 10-60 3 -25 
(mice) (mg/liter) 

5. Intracellular acute-phase proteins 
Metallothionein^ (rodent, human) 2 .6Z 

Actin? (mouse) 
Negative Acute-Phase Proteins 

Albuminr 35 -55 0 .6 -0 .7 
Transthyretin5 0 .1 -0 .4 0 .3 -0 .4 
Retinol-binding protein' 0 .03-0 .06 
a 2- H S glycoprotein" 0 .4 -0 .85 
Transcortin (rat)v 0 .03-0 .036 
a 2 u-Globul in (rat)" 0 .25 z 

Apolipoprotein A-IV (rat)* 0 . 2 5 - 0 . 3 2 

aI n human, unless indicated otherwise. 
^Heimburger et al. (1964); Heide and Schwick (1973); Clamp (1975); Laurell and Jeppsson 

(1975); baboon: Kurachi et al. (1981); rat: Urban et al. (1982b); Roll and Glew (1981); human: 
Kurachi et al. (1982). 
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TABLE II (Continued) 

cHeimburger and Haupt (1965); Clamp (1975); Laurell and Jeppsson (1975). 
^Gauthier and Mouray (1976); Gordon (1976); Nieuwenhuizen etal. (1979); Okubo etal. (1981); 

Northemann et al. (1985); Schreiber et al. (1986). 
*Darcy (1964, 1966); Gordon and Louis (1969); Jeejeebhoy et al. (1977); John and Miller (1969); 

Urban et al. (1979, 1982a). 
P u t n a m (1975b). 
sGerbeck et al. (1967); Black et al. (1970); Yang et al. (1983). 
^Jamieson (1965); Ryden (1972); Poulik and Weiss (1975); Kingston et al. (1977); Cooper and 

Ward (1979); Frieden (1979); Noyer et al. (1980); Dwulet and Putnam (1981a,b). 
'Chasteen (1977); Aisen and Brown (1977); Aisen (1981); Schreiber et al. (1979, 1982); Morgan 

(1981, 1983); MacGillivray etal. (1982). 
^Mester and Szabados (1968); Doolittle (1975). 
^Muller-Eberhard and Nilsson (1960); Muller-Eberhard et al. (1960); Alper (1974); Bokisch et al. 

(1975); Edwards et al. (1977); Hodgson et al. (1977); Laurell (1979); Muller-Eberhard (1975a). 
'Schmid etal. (1973). 
"Oliveira et al. (1979); Kushner et al. (1981). 
"Levin et al. (1973); Rosenthal and Franklin (1975); Rosenthal et al. (1976); Sipe et al. (1976); 

Anders et al. (1977); Bausserman et al. (1980); Kushner et al. (1981); Gorevic and Franklin (1981). 
°Pepys et al. (1978, 1979a); Kushner et al. (1981). 
^ Mouse: Durnam et al. (1980); human: Karin and Richards (1982); rat: Mercer and Hudson 

(1982); Schreiber et al. (1986). 
^Morrow et al. (1981). 
'Peters (1975). 
'Kanda et al. (1974); Mita et al. (1984); Dickson (1985); Dickson et al. (1985b); Sundelin et al. 

(1985b). 
'Peterson (1971); Moody (1982); Sundelin et al. (1985a). 
"Schultze et al. (1962); Lebreton et al. (1979). 
vChader and Westphal (1968). 
"Dickson (1985). 
*Tu etal. (1985). 
^Increase is delayed by two to three days compared with other acute-phase proteins. 
2m R N A level in liver compared with that in the liver of healthy rats. 
0 0 Change in rate of protein synthesis. 

Other acute-phase proteins have a sa lvaging or scavenging function. T h u s , 

hemopex in and haptoglobin can b ind h e m e o r hemoglob in re leased in the area of 

destroyed t issue. 

Another p la sma protein involved in keep ing a very " p r e c i o u s " c o m p o u n d , 

i ron, within the bounds of the body is transferrin. T h e increase observed for the 

concentrat ion of transferrin in the b loods t ream dur ing the acute-phase response is 

delayed compared with that of o ther acute-phase pro te ins . T h e concentra t ion of 

transferrin in b lood p lasma starts to rise only w h e n other acute-phase p l a sma 

proteins have a l ready reached their m a x i m u m in the change of concentra t ion . 

T h e change in the concentra t ion of transferrin in p la sma dur ing the acute-phase 

response might be a secondary p h e n o m e n o n brought about by the decrease in 

p lasma iron concentra t ion dur ing inf lammat ion . Infect ions, t u m o r s , and turpen-

tine abscesses cause a decreased re lease of iron from stores in the b o d y , in 

part icular from the cells of the re t iculoendothel ia l sys tem, resul t ing in low serum 
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iron levels (see He i lmeyer and B e g e m a n n , 1955; Tie tz , 1976). The injection of 
partially purified leukocyt ic endogenous media tor (see Sect ion I I ,D ,1 ) leads also 
to a lowering of the concentra t ion of iron and zinc ions in p la sma as well as to the 
product ion of fever (Kampschmid t et al., 1973b) . It is well k n o w n that the 
transferrin concentra t ion in p l a sma increases in iron-deficiency anemia (Laurel l , 
1947). This increase in the concentra t ion of transferrin in the b lood p lasma is due 
to an increase in the rate of synthesis of transferrin (Awai and B r o w n , 1963; 
Masuya and Kozuru , 1963; C r o m w e l l , 1964; Mor ton etal., 1976). A nutri t ional 
iron deficiency also increases the rate of express ion of the transferrin gene 
(McKnigh t etal., 1980a ,b) . 

T h e function of some acute-phase proteins is not yet comple te ly unders tood . 
An example in this g roup is a , - a c i d g lycoprote in . It is the p la sma protein with 
the highest content of ca rbohydra te . This large carbohydra te port ion might be 
involved in the mechan i sm of its function, a , - A c i d glycoprote in has been re-
ported to influence the activity of var ious other cells in the b loods t ream (see 
Section I I , B , 4 , b ) . 

In contrast to the wel l -character ized antiproteolyt ic or scavenging act ion of 
some acute-phase pro te ins , the interpretat ion of the functional significance of the 
decrease in p lasma concent ra t ion , observed for several other p lasma pro te ins , is 
largely based on speculat ion. O n e explanat ion offered for the unders tanding of 
the changes in synthesis rates of these so-cal led negat ive acute-phase proteins is 
that of metabol ic adaptat ion (Schreiber et al., 1982; Dickson et al., 1982; 
Schreiber and Howle t t , 1983). A decrease in the d e m a n d for aminoacy l - tRNA 
and A T P , caused by the decrease in synthesis rates of negat ive acute-phase 
prote ins , can compensa te for the increase in the demand caused by the accelera-
tion in the rates of synthesis of posi t ive acute-phase prote ins . A lbumin , with its 
high rate of synthes is , large body pool , s low turnover , and without a function 
absolutely indispensable for heal thy survival (Bennhold et al., 1954; B o m a n et 

al., 1976; D a m m a c c o et al., 1980) , would be part icularly appropriate for such a 
role of a metabol ic adapter . A more detai led quanti tat ive discussion of this aspect 
can be found e l sewhere (Schreiber and Howle t t , 1983). 

B. Positive Acute-Phase Proteins 

1. Proteinase Inhibitors 

A. OLι - A N T I T R Y P S I N , a , -An t i t ryps in consis ts of one polypept ide cha in , has a 
molecular weight of 5 4 , 0 0 0 , and contains 1 2 . 4 % carbohydra te (data for the 
protein in h u m a n s ) . c^-Ant i t ryps in , ova lbumin , angio tens inogen, and ant i throm-
bin III form a superfamily of proteins related by similari t ies in amino acid 
sequence (Carrell et al., 1979, 1980; Hunt and Dayhoff, 1980; Kurachi et al., 
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1982; Leicht et αι., 1982; Dool i t t le , 1983 , 1984; Tanaka et al., 1984). T h e 
untranslated 5 ' - f lanking regions of the genes for a!-ant i t rypsin, a ,-acid g lyco-
protein, and haptoglobin share a c o m m o n consensus sequence which could be of 
regulatory significance (see Sect ion I I , B , 4 , b ) . a , -Ant i t ryps in concentra t ions in-
crease on ly very modera te ly after induct ion of an acute inf lammat ion. Genet ic 
variants are of clinical s ignificance (see Sect ion VI ) . a , -Ant i t ryps in has a fairly 
broad specificity concern ing the inhibit ion of prote inases (He imburger , 1972). 
Tryps in , chymot ryps in , p lasmin , and pancreat ic kall ikrein are all inhibited by 
a,-ant i t rypsin. Of par t icular impor tance is the inhibitory effect of a!-anti trypsin 
for e las tase . 

Complemen ta ry c D N A clones from baboons (Kurachi et al., 1981) and h u m a n 
genomic D N A clones (Kurachi et al., 1982) for a , -ant i t rypsin have been iso-
lated. T h e h u m a n a!-anti trypsin gene was about 5 kb in size and conta ined three 
intervening sequences in the 3 ' end of the cod ing region . Recombinan t h u m a n 
a,-ant i t rypsin c D N A was expressed in both Escherichia coli (Cour tney et al., 

1984) and in the yeast Saccharomyces cerevisiae (Cabezon et al., 1984). This 
led to the deve lopment of a , -ant i t rypsin c D N A variants coding for α , - an t ip ro -
teinase inhibitors wh ich , in addi t ion , were oxidant-res is tant (Rosenberg et al., 

1984; Travis et al., 1985; Cour tney et al., 1985) , which could be impor tant , 
poss ib ly , for appl icat ions in the t rea tment of e m p h y s e m a and th rombos i s . 

A very interest ing observat ion is the recent d iscovery of a regulatory muta t ion 
for the express ion of the a , -ant i t rypsin gene in wild mice (Berger and B a u m a n n , 
1985) caus ing abundant express ion of a , -ant i t rypsin in the k idney . Norma l ly , 
the α 1-ant i t rypsin gene is expressed only in the liver. 

Several recent rev iews on the s t ructure , function, and clinical impor tance of 
a,-ant i t rypsin are avai lable ( Jeppsson , 1978; Travis and Sa lvesen , 1983; Janoff, 
1985). 

B . OL ι - A N T I C H Y M O T R Y P S I N . Ant ichymot ryps in also consis ts of one poly-
pept ide chain . H u m a n ant ichymotryps in has a molecu la r weight of 6 8 , 0 0 0 and a 
carbohydrate content of 2 6 . 8 % . Its levels in the p lasma increase up to about 
fivefold after injury and remain e levated for a protracted per iod (Daniels et al., 

1974). Ant ichymot ryps in inhibits chymot ryps in (He imburger , 1972), ca thepsin 
C , and chymase (for r ev iew, see Travis and Sa lvesen , 1983). 

c . a2-MACROGLOBULiN. a 2-Mac rog lobu l i n is a te t ramer wi th a molecu la r 
weight of 7 6 0 , 0 0 0 and conta ins 8 . 2 % carbohydra te . In the rat its p lasma con-
centration increases 320-fold dur ing acute exper imenta l inf lammation (Schreiber 
et al., 1982). T h e increase of a 2-mac rog lobu l in levels in rat p lasma dur ing the 
acute-phase response depends on the presence of cort icosteroid ho rmones 
(Weimer and Benjamin , 1965). In h u m a n s , a 2-mac rog lobu l in p la sma concentra-
tions do not increase dur ing acute t issue d a m a g e and infections (Schumacher and 
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Schlumberger , 1963) , but increases of the p lasma level are seen during pregnan-
cy, administrat ion of es t rogens , and in pat ients suffering from nephrot ic syn-
drome (Ganrot and Bjerre , 1967; Hous ley , 1968; H o m e etal., 1971). ^ - M a c r o -
globulin is an unspecific inhibitor of prote inases . The inhibited proteinases are 
transiently bound to a specific sect ion of the polypept ide chain of the inhibi tor , 
the so-called " b a i t " region (Mor tensen et al., 1981 ; see also Chapter 4 of this 
vo lume) . 

The implicat ions of the fact that a 2- m a c r o g l o b u l i n is an acute-phase protein 
only in the rat are not clear . Cer ta in parasi tes can release prote inases which 
cleave immunoglobu l ins produced by the host , thus prevent ing the bui ldup of an 
immunologica l defense . If a 2- m a c r o g l o b u l i n inhibits such paras i te-produced 
proteinases it might improve the resis tance of rats to parasi te infect ions. T h e 
c D N A for rat a 2- m a c r o g l o b u l i n has been c loned and a section of the nucleot ide 
sequence has been de te rmined (Nor themann et al., 1985). 

D . M A J O R A C U T E - P H A S E a , - P R O T E I N O F T H E R A T ( = T H I O S T A T I N = τ -

K I N I N O G E N ) . T h e major acute-phase a , - p r o t e i n of the rat consis ts of one poly-
peptide chain and has a molecular weight of 5 6 , 0 0 0 and a carbohydra te content 
of 19%. An increase in the concentra t ion of an a , - g l o b u l i n in p lasma dur ing the 
acute-phase response of the rat was first descr ibed by Darcy (1957 , 1964, 1966) , 
Gordon and Darcy (1967) , and Gordon and Louis (1969) . Also the protein 
described by Jee jeebhoy et al. (1977) and the α x -acid glycoprote in of John and 
Miller (1969) are probably identical with the major acute-phase α x -protein. T h e 
protein was analyzed in detail by Urban et al. (1979) . It is synthesized in the liver 
via a precursor protein (Urban et al., 1982a) . It inhibits cysteine prote inases 
released from lysosomes dur ing inf lammation (Esnard and Gauth ie r , 1983) , such 
as ca thepsins . Not surpr is ingly, it a lso inhibits papa in , whose amino acid se-
quence is partially homologous to that of cathepsin Η and Β (Takio et al., 1983). 
Therefore , the n a m e " t h i o s t a t i n " has been suggested for the protein to indicate 
the inhibitory effect on cysteine prote inases (Cole et al., 1985a; Esnard , 1985). 
A similar prote inase inhibitor is a lso found in h u m a n serum (Pagano et al., 

1984b). 
Molecular c loning and the amino acid sequence der ived from the nucleot ide 

sequence analysis (Fig. 4 A ) of the c D N A for major acute-phase a , - p ro t e i n of the 
rat showed a h o m o l o g y of 7 0 % with bovine and h u m a n k in inogens (Fig. 4 B ) . In 
part icular , major acute-phase a , - p r o t e i n conta ined the sequence for T-bra-
dykinin , i . e . , I l e -Ser -Arg-Pro-Pro-Gly-Phe-Ser -Pro-Phe-Arg , be tween amino 
acid posi t ions 358 and 368 and the sequence for bradykinin be tween posi t ions 
360 and 368 (box in F ig . 4 A and longest box in second to last row of F ig . 4 B ) . 
These observat ions and the data of O k a m o t o and G r e e n b a u m (1983c) and Barlas 
et al. (1985) suggest that , in addi t ion to the inhibitory effect on cyste ine pro-
te inases , major acute-phase a , - p r o t e i n can b e a substrate for the proteolyt ic 
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Λ " 10 -1 1 10 

Μ Leu Leu Cys Ser Arg Leu Leu Pro Ser Leu Ala Gin Glu Glu Gly Ala Gin Glu Lew A M C M A M Asa Glu Thr Val 
GGGGGGGGGGGGGGTG CTC CTC TGC TCC AGG CTC CTG CCA AGT TTA GCG CAG GAA GAA GGC 6CC CAG GAA TT6 AAC TGC AAT GAT GAG ACT GTA 

10 20 30 40 50 60 70 80 90 
20 30 40 

Phe Gin Ala Val Asp Thr Ala Leu Lys Lys Tyr Asn Ala Glu Leu Glu Ser Gly Asn Gin Phe Val Leu Tyr Arg Val Thr Glu Gly Thr 
TTT CAG GCT GTG GAT ACT GCT CTG AAG AAA TAT AAC GCT GAG TTA GAA AGC GGC AAC CAG TTT GTG TTG TAC CGA GTG ACT GAG GGC ACT 

10* 11* 124 134 144 154 164 174 184 
50 60 70 

Lys Lys Asp Gly Ala Glu Thr Leu Tyr Ser Phe Lys Tyr Gin He Lys Glu Gly Asn Cys Ser Val Gin Ser Gly Leu Thr Trp Gin Asp 
AAG AAG GAT GGC GCT GAA ACA TTG TAT TCC TTC AAG TAT CAA ATC AAG GAG GGC AAC TGC TCT GTT CAG AGT GGC CTC ACC TGG CAG GAC 

194 204 214 224 234 244 254 264 274 

80 90 100 
Cys Asp Phe Lys Asp Ala Glu Glu Ala Ala Thr Gly Glu Cys Thr Thr Thr Leu Gly Lys Lys Glu Asn Lys Phe Ser Val Ala Thr Gin 
TGT GAC TTC AAG GAC GCT GAG GAA GCC GCT ACT GGC GAA TGC ACA ACA ACT TTG GGG AAG AAA 6AA AAT AAA TTC TCC GTA 6CC ACC CAG 

284 294 304 314 324 JR 3*1 " i M 337 

110 120 130 
He Cys Asn lie Thr Pro Gly Lys Gly Pro Lys Lys Thr Glu Glu Asp Leu Cys Val Gly Cys Phe Gin Pro He Pro Met A M Ser Ser 
ATC T6C AAT ATT ACT CCA GGT AAG GGT CCT AAG AAG ACA GAG GAG GAC CTC T6T GTC GGG TGT TTC CAA CCC ATA CCG ATG GAT AGC TCA 

jn 38i 39i ιοί m τα τα τα 
140 150 160 

Asp Leu Lys Pro Val Leu Lys His Ala Val Glu His Phe Asn Asn Asn Thr Lys His Thr His Leu Phe Ala Leu Arg Glu Val Lys Ser 
GAC CT6 AAG CCT GTT CTG AAA CAC 6CT GTG GAG CAT TTC AAC AAC AAC ACG AAG CAC ACC CAC CTC TTT 6CT CTC AGA 6AA 6TA AAG AGT 

4 6 4 4 7 * 484 494 504 5Π 55? 53? ^Pff 

170 180 190 
Ala His Ser Gin Val Val Ala Gly Net Asn Tyr Lys He He Tyr Ser He Val Gin Thr Asn Cys Ser Lys Glu Asp Phe Pro Ser Leu 
GCC CAC TCA CAG GTG GTG GCT GGC ATG AAT TAT AAA ATT ATC TAC TCC ATT GTG CAA ACA AAT TGT TCA AA6 6A6 GAT TTT CCT TCC CTC 

551 551 571 581 59l 501 δΠ δ2ΐ SW 

200 210 220 
His Glu Asp Cys Val Pro Leu Pro Tyr Gly Asp His Gly Glu Cys Thr Gly His Thr His Val Asp He His Asn Thr He Ala Gly Phe 
CAT GAA «AC TGT GTA CCC CTT CCC TAT GGC GAT CAT GGT GAG TGT ACG GGT CAT ACC CAC GTG GAT ATT CAT AAC ACA ATT GCC GGC TTC 

54l S5l 881 67* 684 694 704 714 724 

230 240 250 
Ser Gin Ser Cys Asp Leu Tyr Pro Gly Asp Asp Leu Phe Glu Leu Leu Pro Lys Asn Cys Arg Gly Cys Pro Arg Glu He Pro Val Asp 
TCA CAG AGC TGT GAC CTT TAT CCA GGA GAT GAT TTG TTT GAA CTA CTT CCC AAG AAT TGC CGT GGC TGC CCC AGG GAG ATA CCT GTA GAC 

734 744 754 764 774 784 794 804 814 

260 270 280 
Ser Pro Glu Leu Lys Glu Ala Leu Gly His Ser He Ala Arg Leu Asn Ala Gin His Asn His He Phe Tyr Phe Lys He Asp Thr Val 
AGC CCG GAG CTG AAG GAG GCA CTT GGT CAT TCC ATT GCG AGA CTT AAT GCA CAG CAT AAC CAT ATT TTC TAT TTC AAG ATT GAC ACC GTG 

824 834 844 854 864 874 884 894 904 

290 300 310 
Lys Lys Ala Thr Ser Gin Val Val Ala Gly Val He Tyr Val He Glu Phe He Ala Arg Glu Thr Asn Cys Ser Lys Gin Ser Lys Thr 
AAA AAG GCA ACA TCA CAG GTG GTT GCT GGA GTA ATA TAT GTG ATT GAG TTC ATA GCC AGA GAA ACT AAC TGT TCC AAS CAA AGT AAA ACA 

914 924 934 944 954 964 974 984 994 

320 330 340 
Glu Leu Thr Ala Asp Cys Glu Thr Lys His Leu Gly Gin Ser Leu Asn Cys Asn Ala Asn Val Tyr Net Arg Pro Trp Glu Asn Lys Val 
GAA CTG ACA GCG GAT TGT GAG ACC AAA CAC CTC GGT CAA AGC CTC AAC TGC AAT GCT AAC GTG TAC ATG AGA CCT TGG GAG AAC AAA GTC 

1004 1014 1024 1034 1044 1054 Π5δ4 1074 1084 

350 Γ " 3 6 0 Ι 370 
Val Pro Thr Val Arg Cys Gin Ala Leu Asp Net Net'He Ser Arg Pro Pro Gly Phe Ser Pro Phe Arg Leu Val Arg Val Gin Glu Thr 
GTC CCG ACT GTC AGA TGC CAA GCA CTA GAT ATG ATG ΪΑΤΤ TCT AGG CCT CCA GGA TTT TCA CCT TTC CGG CTG GTG CGA GTA CAA GAA ACT 

Ϊ094 ΪΤ04 ΓΤΪ4 ? 1124 1134 1144 | U64 1174 

380 390 400 
Lys Glu Gly Thr Thr Arg Leu Leu Asn Ser Cys Glu Tyr Lys Gly Arg Leu Ser Lys Ala Gly Ala Gly Pro Ala Pro Glu Arg Gin Ala 
AAA GAA GGA^ACG ACT AGG^CTC CTA AACJCA TGT GAG TAC^AAG GGC AGA^CTC TCA AAG^GCA GGG GCA GGC^CCA GCA CCT^GAG CGT CAG^GCA 

410 412 

GAA GCT TCA ACC GTG ACA CCA TAGCCCMCAAAGACCCGGAGTGGAAGGACCAGAAGACTCCTGGGATGTGTGCAGCATGGAAGCATGTnCTTCATCACCTGATCCTGMT 
1274 1284 1294 1304 1314 1324 1334 1344 1354 1364 1374 

(^T^JTC^CJ35JCWGTT5JJ2AAAAAAJJJJAAAC 1426 1436 

Fig. 4. A. Nucleotide sequence of major acute-phase α ι-protein cDNA and amino acid sequence 
of major acute-phase αj-protein. The nucleotide sequence derived from independent sequencing of 
both strands is indicated by underlining. Amino acid sequences derived from both nucleotide se-
quencing and direct analysis of major acute-phase α j-protein fragments are indicated by bold letters. 
Numbering of amino acids begins at the N-terminus of the mature protein. The sequence of bra-
dykinin is indicated by a solid box and that of T-kinin by a dotted extension of the box. Adapted from 
Cole et al. (1985b), with permission. 
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generat ion of vasodi la t ing and pa in- inducing o l igopept ides . This leads to the 
" c a l o r " (hea t ) , the " r u b o r " ( redness ) , the " d o l o r " (pain) , and the " t u m o r " 
(swell ing) , i . e . , the four cardinal local s y m p t o m s of an acute inf lammation 
(Celsus , 1713; see a lso V i r c h o w , 1860; Buchner , 1956; Robbins and Cot ran , 
1979; Hur ley , 1983). Both high- and low-molecular -weight k in inogens in both 
humans (for amino acid sequences , see Lot tspeich et al., 1984, and the Appen-
dix to this vo lume) and bov ines (for p r imary structures of prote ins and m R N A s , 
see N a w a et al., 1983) have been found recently to be thiol prote inase inhibitors 
(Miiller-Esterl et al., 1985; Sueyoshi et al., 1985) , but they are not acute-phase 
proteins (Pagano et al., 1984a) . 

A sequence arginylbradykinin and the l iberation of bradykinin by glandular 
kall ikreins from h igh-molecu la r -weight k in inogen have been descr ibed by Ka to 
etal. (1985) . 

A total of 12 independent genomic c lones for the major acute-phase a ! -p ro te in 
of the rat has been isolated from a rat genomic D N A library of 2 x 1 0 6 indepen-
dent recombinants (Fung et al., 1986). T h e size of the gene for the major acute-
phase a , - p r o t e i n of the rat is about 2 0 kb and conta ins ten introns. A single gene 
exists for both h igh-molecular -weight and low-molecular -weight k in inogens in 
bovines (Ki tamura et al., 1983). A compara t ive nucleot ide sequence analysis of 
the flanking region for the acute-phase kininogen ( i . e . , major acute-phase a , -
protein of the rat = T-kin inogen) and the non-acute-phase k in inogens (human 
and bovine k in inogens) will be of interest in the further invest igat ion of the 
mechanism of the general acute-phase response (see also Section I I , B , 4 , b ) . 

2. Proteins with Transport or Binding Function 

A . H E M O P E X I N . H e m o p e x i n , a m o n o m e r , has a molecular weight of 5 7 , 0 0 0 
in the h u m a n and a carbohydra te content of 2 2 . 6 % . Hemopex in increases up to 
10-fold dur ing the acute-phase response in the rat and less s trongly in h u m a n s 
during var ious diseases (Cleve et al., 1968) and inf lammation (Kushner et al., 

1972). It forms a complex with h e m e released by in vivo hemolys i s . The h e m o -
p e x i n - h e m e complex is taken up by endocytos is in the liver, where h e m e is 
metabol ized further. T h u s , int ravascular hemolys is can lead to a decrease of the 
p lasma concentra t ion of h e m o p e x i n , mask ing the effect of an increased rate of 
synthesis of hemopex in due to an acute-phase react ion (see Sect ion V I , C ) . The 
propert ies and the metabo l i sm of hemopex in have been rev iewed e l sewhere by 
other authors (Mul le r -Eberhard and L i e m , 1974; P u t n a m , 1975b; Keyser , 1983). 
The pr imary structure of h u m a n hemopex in was de te rmined directly (Takahashi 
et al., 1985; see the Append ix to this vo lume) and was also deduced from the 
nucleotide sequence in c loned c D N A (Alt ruda et al., 1985). 
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Β . H A P T O G L O B I N . Haptog lob in , a te t ramer with the structure α 2 β 2 and a 
molecular weight in the h u m a n of 103 ,772 with a carbohydra te content of 1 6 % , 
increases only modera te ly dur ing the acute-phase response . Matu re haptoglobin 
is synthesized by proteolyt ic process ing of a larger precursor protein conta ining 
two different subuni ts in one cont inuous polypept ide chain (Haugen et al., 

1981). Haptoglobin has been separated by starch gel e lectrophoresis into the 
three phenotypes H p l - 1 , H p 2 - 1 , and Hp2-2 (Smi th ies , 1965; Schul tze and Here-
m a n s , 1966). T h e difference be tween the pheno types is due to a variat ion in the 
composi t ion of the α chains (Sut ton, 1970). Haptoglobin has been rev iewed in 
greater detail by other authors ( e . g . , Sut ton , 1970; Giblet t , 1974; P u t n a m , 
1975a). Complemen ta ry D N A clones have been isolated for both h u m a n (Yang 
et al., 1983) and rat prohaptoglobin (Goldstein and Hea th , 1984) and charac-
terized, including the sequence cod ing for the region jo in ing the α and the β 
subunit (see Chapte r 1). T h e untranslated 5 ' f lanking region of the genes for α Γ 

anti trypsin, a , - a c i d g lycoprote in , and haptoglobin share a homologous section 
(Dente et al, 1985) (see Sect ion I I , B , 4 , b ) . 

c . C E R U L O P L A S M I N . Ceru lop lasmin , a s ingle-chain molecule with a m o -
lecular weight of 135 ,000 and a carbohydra te content of 7 % in the h u m a n , 
increases only very slightly dur ing the acute-phase response . Ceru loplasmin has 
been the subject of numerous rev iews (see references in Table II and Gut te r idge , 
1978). Its comple te amino acid sequence was e lucidated recently (Takahashi et 

al, 1984). In addit ion to its function in the t ransport of copper (Hsieh and 
Fr ieden, 1975) , ceru loplasmin can act as a ferrooxidase (Osaki et al, 1966) , 
oxidizing ferrous to ferric ions which are then bound to apotransferr in. T h u s , 
ceruloplasmin might be involved indirectly in the t ransport of i ron. Ceru loplas-
min and coagulat ion factors V and VIII const i tute a family of structurally related 
proteins (Church et al., 1984). A model for the structure of h u m a n ceruloplasmin 
has been deve loped , based on internal t r ipl icat ion, hydrophi l ic /hydrophobic 
character , and secondary structure of domains (Ortel et al, 1984). 

D . T R A N S F E R R I N . Transferrin consis ts of one polypept ide cha in , conta ins 
6% carbohydrate (human) , and has a molecular weight of 7 9 , 6 0 0 in the h u m a n 
and 7 6 , 5 0 0 in the rat . It is synthesized via a precursor protein with an N- terminal 
p resegment , but without a p rosegmen t (Schreiber et al, 1979; Aldred et al, 

1984). It has been the subject of numerous reviews (see references in Tab le II) . 
Probably , it is not involved directly in the early acute-phase response , and the 
delayed increase in its concentra t ion in the p la sma after inducing an inf lamma-
tion ocurs more likely in response to lowered serum iron levels (see Sect ion 
I I ,A) . Genet ic atransferr inemia is not compat ib le with survival to adul thood 
(Hei lmeyer et al., 1961). 

The comple te amino acid sequence of h u m a n transferrin has been establ ished 
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(MacGil l ivray et al, 1982). Molecu la r c loning has been reported for the c D N A 
for part of the transferrin m R N A from both h u m a n (Uzan et al., 1984; Yang et 

al., 1984) and rat l iver (Aldred et al., 1984) . Using the h u m a n transferrin c D N A 
as a probe for hybr id iza t ion , the c h r o m o s o m a l location of the transferrin gene 
was found to be 3q21 3qter (Huerre et al., 1984; see also Chapte r 1). A 
genomic library of rat D N A of 2 x 1 0 6 independent recombinants was found to 
contain 25 independent transferrin c lones . T h e size of the transferrin gene in the 
rat is at least 16 kb and the gene conta ins more than seven introns (Fung and 
Schreiber , 1986). 

The role of the change in the rate of t ranscript ion of the transferrin gene dur ing 
the acute-phase response has been d iscussed in Sect ion Ι Ι , Α . Nonhepa t ic sites of 
transferrin synthesis of functional impor tance are the yolk sac (see Sect ion 
I I I , C ) , the choroid p lexus (see Sect ion V ) , and the Sertoli cells in the testis 
( W r i g h t s al., 1981). 

3. Proteins Involved in "Structural 

Protection": Fibrinogen 

Fibr inogen, a hexamer of the structure ( Α α ) 2( Β β ) 27 2 with a molecular weight 
in the h u m a n of 3 4 0 , 0 0 0 and a carbohydra te content of 3 . 7 % , is one of the acute-
phase proteins modera te ly increasing in concent ra t ion . A n increased d e m a n d for 
fibrinogen occurs wheneve r t issue d a m a g e has led to an opening of b lood ves-
sels. After sever ing blood vesse ls , a c losed circulatory sys tem is quickly re-
established by a complex m e c h a n i s m involving both contract ion of musc les in 
the vessel wall (one of the effects of bradykinin) and formation of b lood clots . 
Larger losses of f ibrinogen can occur dur ing fibrinous exudat ion , leading to 
deposi t ion of fibrin in body cavit ies such as the pericardial or pleural cavity 
( e . g . , dur ing rheumat ic pericardi t is or pneumococca l pneumon ia ) . 

T h e compl ica ted a r rangement of the six subuni ts of three different types in the 
fibrinogen molecule poses the r iddle of h o w such an intricate structure is formed 
in the cell . A n early concept (Dool i t t le , 1973) suggested that all three of the 
fibrinogen subunits were coded by a single m R N A species . Similar ly to the 
formation of the tertiary structure of insulin from proinsul in , the f ibrinogen 
subunits were thought to be genera ted from one large polypept ide precursor by 
proteolyt ic p rocess ing . H o w e v e r , in an analysis of the sedimenta t ion pat tern of 
po lyr ibosomes involved in f ibr inogen synthesis dur ing centrifugation through a 
sucrose gradient , the size of po ly r ibosomes synthesiz ing f ibrinogen subuni ts did 
not suggest the presence of a s ingle large f ibr inogen m R N A species ( B o u m a et 

al, 1975). Other studies (Yu et al, 1980; Crabt ree and Kan t , 1981 ; Nickerson 
and Fuller , 1981) demons t ra ted that each of the f ibrinogen subunits possesses its 
own m R N A species with a section cod ing for a separate p resegment . T h e iso-
lated m R N A could be t ranslated into f ibrinogen subuni ts in an in vitro sys tem 
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(Crabtree and Kant , 1981) and individual c loning of the c D N A for the var ious 
chains of fibrinogen was possible (Chung et al., 1981). There is a single copy of 
each gene for the Α α , Β β , and 7 chain of f ibrinogen in humans (Kant et al., 

1985). A coordinate accumula t ion of the messenger R N A for the Α α , Β β , and 7 

chains of fibrinogen has been observed in rat liver under condi t ions p roduc ing an 
increase in the rate of synthesis of f ibrinogen (Crabtree and Kant , 1982b) . T h e 
assembly of f ibrinogen c o m m e n c e s whi le nascent incomple te Β β chains are still 
at tached to po ly r ibosomes . Previously formed Α α and 7 cha ins , d rawn from 
their intracellular poo ls , combine independent ly with the g rowing Β β chains (Yu 
et al., 1984). A homology in sect ions of the 5 ' f lanking regions of the genes for 
the fibrinogen chains was considered to be a potential structural basis for regula-
tion leading to the coordinate express ion of the genes for the three subunits 
(Fowlkes et al., 1984). 

Numerous rev iews of the li terature on various aspects of the chemis t ry and 
biochemistry of fibrinogen are available (see Dool i t t le , 1973 , 1975, 1984; Full-
er, 1983). 

4. Proteins Influencing the Activity of Other Cells 

A . T H E C O M P L E M E N T S Y S T E M . T h e complemen t sys tem is thought to 
" c o m p l e m e n t " the function of the ant ibody sys tem in the defense of the orga-
nism against foreign cells and their p roduc ts . It consists of 11 different prote ins . 
Several of these are of monomer i c structure and others are composed of several 
subunits . Thei r molecular weights range from 7 5 , 0 0 0 to 4 1 0 , 0 0 0 . S o m e of the 
components of the complemen t sys tem, in part icular componen t C 3 , are acute-
phase proteins modera te ly increasing in h u m a n p lasma dur ing acute inf lamma-
tion. Activat ion of the sys tem occurs in a complex sequence of events including 
numerous specific proteolyt ic c leavages of its componen t s . The act ivated system 
lyses foreign cel ls , such as invading mic roorgan i sms , attracts phagocyt ic leuko-
cytes to the site of an t igens , s t imulates ingest ion and degradat ion of ant igens by 
phagocytes , and causes mast cells to release h is tamine , one of the local medi -
ators of inf lammation. T h e complemen t sys tem is the subject of several detai led 
reviews (see references in Tab le II and Mul le r -Eberhard and L i em, 1974; Muller-
Eberhard , 1975b; Porter and Reid , 1979; Kerr , 1981; Reid and Porter , 1981). 
The nucleotide sequences of the c D N A coding for the α chain of mur ine comple -
ment componen t C 3 (Wetsel et al., 1984) and the c D N A and genomic D N A for 
the murine β chain (Lundwal l et al., 1984) have both been reported. A l so , the 
pr imary structure of h u m a n complemen t componen t C 3 has been der ived re-
cently from the coding sequence of its c D N A (de Bruijn and Fey , 1985) (see 
Appendix) . C o m p l e m e n t componen t s C 3 and C 4 and a 2- m a c r o g l o b u l i n have a 
c o m m o n evolut ionary origin (Sot t rup-Jensen et al., 1985) (see Chapte r 4 ) . 
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B . α , - A c i D G L Y C O P R O T E I N . a r A c i d g lycoprote in is a m o n o m e r of 3 9 , 5 0 0 
Da and conta ins 4 5 % carbohydra te (for r ev iew, see Schmid , 1975). α , - A c i d 
glycoprotein levels increase slightly in h u m a n p l a sma and strongly in rat p l a sma 
during the acute-phase response . T h e function of a ! - a c i d glycoprote in is not 
unders tood yet . It has been repor ted to inhibit the interaction of malar ia parasi tes 
with the surface of red b lood cells (F r i edman , 1983) . In vitro, a r a c i d g lycopro-
tein also inhibits the aggregat ion of platelets (Snyder and Cood ley , 1976) , the 
t ransformation of l ymphocy te s , and the phagocyt ic activity of macrophages 
(Chiu et al., 1977). T h e carbohydra te moie ty seems to be impor tant in the 
interaction of α j -ac id g lycoprote in with the lymphoid cell surface (Bennet t and 
Schmid , 1980) leading to nonspecif ic i m m u n e suppress ion (Cheresh et al., 

1984). Carc inoembryon ic ant igen and α j -ac id g lycoprote in possess immunolog i -
cal similarity (Ochi et al., 1982a ,b) . a r A c i d g lycoprote in also has some s im-
ilarity in amino acid sequence with ep idermal g rowth factor (Toh et al., 1985) . 
The synthesis of α {- ac id g lycoprote in has been studied in pr imary cultures of rat 
hepatocytes which d isp layed changes in rates of synthesis s imilar to those ob -
served for the liver in vivo dur ing the acute-phase response (Howlet t et al., 1981 ; 
Andus et al., 1983). T h e c D N A has been c loned for both rat (Ricca and Taylor , 
1981; Ricca et al., 1981 ; Birch et al., 1983) and h u m a n a r a c i d glycoprote in 
(Board et al., 1985). A n α j -ac id glycoprote in- l ike protein was synthesized by E. 

coli conta ining a recombinan t p lasmid (Birch et al., 1983) . There are at least t w o 
genes coding for a , - a c i d g lycoprote in in the h u m a n g e n o m e (Dente et al., 1985). 
The α j - ac id g lycoprote in gene is c o m p o s e d of six exons and five int rons . A 
consensus sequence exists in the untranslated 5 ' f lanking region for α j - ac id 
glycoprotein (Dente et al., 1985) , a , - an t i t ryps in (Baumann et al., 1983) , and 
haptoglobin (Bensi et al., 1985) . 

c . C - R E A C T I V E P R O T E I N . C - r e a c t i v e protein (for r ev iew, see Kushne r et al., 

1981) was detected initially in the se rum of pat ients suffering from pneumococc i 
infections. It precipi ta ted with the C-po lysaccha r ide from the pneumococca l cell 
walls in the presence of ca lc ium ions (Tillett and Franc i s , 1930). C-react ive 
protein is c o m p o s e d of five identical subunits of 2 1 , 0 0 0 D a each , which are 
noncovalent ly bound . It does not conta in carbohydra te and cannot be found in 
the rat. Partial amino acid sequence h o m o l o g y suggests that it is a m e m b e r of a 
superfamily of prote ins together with se rum amylo id P-component - re la ted p ro -
tein ( O s m a n d et al., 1977; Ol ivei ra et al., 1979). T h e level of C-react ive protein 
in the p la sma of heal thy individuals is ex t remely low and , therefore , more than 
1000-fold increases in p l a sma concent ra t ion can be observed dur ing the acute-
phase response . C-react ive protein b inds to receptors on mononuc lea r pha-
gocytes and lymphocy tes . It s t imulates phagocytos is and inhibits the aggregat ion 
of platelets . Dur ing the course of the acute-phase response the secretion of 
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C-reactive protein becomes more efficient (Macin tyre et al., 1985). Using c D N A 
prepared for h u m a n C-react ive protein as a hybridizat ion p robe , its gene could be 
located on c h r o m o s o m e 1 (Whi tehead et al., 1983). 

D . S E R U M A M Y L O I D Α - R E L A T E D P R O T E I N . Se rum amyloid Α-related protein 
(Levin et al., 1973; for r ev iews , see Kushner et al., 1981 ; Gorev ic and Frankl in , 
1981) is probably the precursor protein for amylo id A protein which is found in 
the form of extracel lular deposi ts at var ious sites of the body dur ing certain 
diseases (see Sect ion V I , E ) . E th ion ine , which inhibits the synthesis of protein 
specifically in the l iver by compet ing with S-adenosylmeth ionine , p roduces a 
decrease of both the synthesis of se rum amylo id Α-related protein in the liver and 
the appearance of amylo id in t issue (Kis i levesky et al., 1979). Se rum amyloid A-
related protein consis ts of a large complex with a molecula r weight of be tween 
100,000 and 2 0 0 , 0 0 0 . It is c o m p o s e d of subuni ts of 12 ,000 to 14 ,000 Da . 

The subunit of amylo id A protein has been comple te ly sequenced for h u m a n s 
(Levin et al., 1972). T h e sequence of its 76 amino acids is identical to that of the 
amino- terminal port ion of se rum amylo id Α-related protein but it lacks about 30 
to 4 0 more amino acids at the carboxyl te rminus if compared with serum amylo id 
Α-related prote in . Its molecular weight is about 8400 . 

Serum amyloid Α-related protein is found in h u m a n s , m i c e , and guinea p igs , 
but not in rats . It can be obta ined from the high-densi ty l ipoprotein fraction of the 
serum proteins (Bendit t and Er iksen , 1977) . Produc ing an acute-phase response 
by applicat ion of endotoxin or casein led to an increase in the product ion of 
serum amyloid Α-related protein in mice (Benson et al., 1977). E t iocholanolone 
had a similar effect in h u m a n s ( M c A d a m et al., 1978). T h e increase in the 
p lasma levels of serum amyloid Α-rela ted protein seemed to depend on a sub-
stance der ived from macrophages and could be prevented by the appl icat ion of 
protein synthesis inhibitors (S ipe , 1978; Sipe et al., 1979). I m m u -
nohis tochemical ly , the serum amylo id Α-rela ted protein was detected mainly in 
hepatocytes (Sipe et al, 1978). 

A genetical ly deficient m o u s e strain, C 3 H / H E J , lacks se rum amyloid A-
related prote in . Se rum amyloid Α-related protein has been descr ibed to suppress 
the ant ibody response of m o u s e spleen cells in vitro (Benson et al., 1975; Benson 
and Aldo-Benson , 1979). T h e biosynthes is and the process ing of the precursor 
protein for h u m a n se rum amylo id Α-rela ted protein has been studied and struc-
tural variants were defined us ing complemen ta ry D N A (Sipe et al., 1985). 

E . S E R U M A M Y L O I D P - C O M P O N E N T - R E L A T E D P R O T E I N . Se rum amyloid P-
component- re la ted protein is part ial ly homologous to C-react ive protein (see 
Section I I , B , 4 , c ) , but does not cross-react immunologica l ly with se rum amyloid 
A protein. It b inds to polysacchar ides and amyloid fibrils (Pepys et al., 1979b) 
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and is a const i tuent of the g lomeru la r basement m e m b r a n e (Dyck et al., 1980). It 
leads to the agglut inat ion of complemen t -coa ted erythrocytes (Hutchcraft et al., 

1981). An increase in its concentra t ion dur ing the acute-phase response has been 
reported only in mice (see Kushne r et al., 1981). In h u m a n s it is not an acute-
phase reactant (Pepys et al., 1978) . P robab ly , it g ives rise to the " P - c o m p o -
n e n t , " which amoun t s to about 5 - 1 0 % of the dry weight of all amyloid . 

5. Intracellular Acute-Phase Proteins 

Several intracellular prote ins are found in increased amoun t s in hepatocytes 
dur ing the acute-phase response . Example s are metal lo thionein (Schreiber et al., 

1986) and actin (Mor row et al., 1981) . Act in might part icipate in the intra-
cellular t ransport sys tem for the expor t of p l a sma prote ins . T h e function of 
metal lothionein is related to the t ransport of copper , but is not fully unders tood 
(for r ev iew, see Kagi and N o r d b e r g , 1979; Brady , 1982). T h e induct ion of its 
m R N A in the m o u s e by bacterial endotoxin is independent of meta ls and 
glucocort icoid ho rmones ( D u r n a m et al., 1984) . T h e role of var ious specific 
sections (consensus sequences) of the p romote r regions of h u m a n and m o u s e 
metal lothionein genes could be identified (Durnam et al., 1984; Kar in et al., 

1984; Stuart et al., 1984). 

C. Negative Acute-Phase Proteins 

Plasma proteins whose concent ra t ions decrease dur ing the acute-phase re-
sponse are cal led negat ive acu te -phase prote ins ( lower part of Table I I ) . A n 
interpretation for the role of a lbumin dur ing the acute-phase response (metabol ic 
adapter) has been offered in Sect ion Ι Ι ,Α . T h e functional impl icat ions of the 
decrease in the concentra t ion of the o ther negat ive acute-phase proteins listed in 
Table II are not yet unders tood . It is poss ib le that they s imply share their 
regulatory mechan i sm with that of a lbumin . It is also not k n o w n whe ther the 
structural homolog ies observed be tween transthyret in (p rea lbumin) , gastroin-
testinal h o r m o n e s , and other prote ins (Jornvall et al., 1981) have any regulatory 
impl icat ions . 

In the case of re t inol-binding pro te in , a 10-fold increase in the rate of excret ion 
in the urine has been observed after surgical t r auma (Ramsden et al., 1978) . 
Such an increase in excret ion could be the reason for the low level of ret inol-
binding protein in p la sma observed dur ing the acute-phase response . Binding to 
transthyretin (Tragardh et al., 1980) is be l ieved to prevent the loss of ret inol-
binding protein into the ur ine . M o r e re t inol-binding protein will be lost from the 
blood if not enough transthyret in is avai lable for b ind ing . T h e measuremen t of 
the levels of m R N A for re t inol-binding protein in l iver extracts is required to 
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decide whether or not the rate of synthesis of re t inol-binding protein changes 
during the acute-phase response . 

D. Factors Involved in Initiating or Mediating the 

Acute-Phase Response of the Plasma Protein 

Synthesizing System in the Liver 

The concept that a humora l agent , p roduced by or related to whi te b lood cel ls , 
induces the general response of the o rgan ism to t r auma, acute d iseases , and 
experimental inf lammation is relat ively old. In most early studies the increase in 
body temperature and the concentra t ion of leukocytes in the b lood were the 
parameters used to moni tor the effect of such an agent . T h u s , Billroth (1875) 
produced fever by injecting filtrates of pus . Menk in (1936) tried to identify 
organic substances other than h is tamine from inf lammatory exuda tes , p roduced 
by injection of turpent ine , which could increase vascular permeabi l i ty . A factor 
influencing leukocytes direct ly, leukotoxin (Menk in , 1937), was dis t inguished 
from a leukocytos is -promot ing factor (Net t leship , 1938; M e n k i n , 1940) and a 
fever-inducing factor, pyrexin (Menk in , 1945). Bennet t and Beeson (1953a ,b) 
extracted and tried to character ize a fever- inducing substance from granulocytes 
obtained from b lood , peri toneal exuda tes , or the sites of dermal lesions produced 
by Schwar tzman and Arthus react ions . Atkins and W o o d (1955) demonst ra ted a 
transferable pyrogenic substance which appeared in the circulat ion of rabbits 
during the course of exper imenta l fever induced by injecting typhoid vacc ine . 
The earlier literature has been summar ized by Menk in (1956) , Lawrence and 
Landy (1969) , and Atkins and Bodel (1972) . M o r e recent summar iz ing discus-
sions of the field were publ ished by Dinarel lo and Wolff (1978) , Dinare l lo 
(1979 , 1981), Larsen and Henson (1983) , Mor imo to etal. (1984) , Kampschmid t 
(1984) , and Blatteis (1984) . A n endogenous pyrogen activity has been reported 
to appear in h u m a n p lasma even after as small an irritation as exercise (Cannon 
and Kluger , 1983). 

Studies on the agents initiating the acute-phase response of p lasma protein 
synthesis in the liver are compl ica ted by the fact that these agents occur and are 
active in only minimal amounts and possess a half- t ime of only minutes in the 
circulat ion (Lorber et al., 1971; Kampschmid t and Upchurch , 1980). Isolation to 
homogene i ty , proof of puri ty , and elucidat ion of the pr imary structure of the 
proteins are therefore very difficult to achieve . In this regard , the deve lopment of 
a rad io immunoassay (Dinarel lo et al., 1977) , an in vitro b ioassay (Ritchie and 
Fuller , 1981), and the recently reported molecular c loning of the c D N A for 
interleukin-1 (Lomedico et al., 1984; March et al., 1985) const i tute considerable 
progress . 

It is possible that a family of related media tors of the general acute-phase 
response exists (Dinarel lo et al., 1974; Farrar and Hilfiker, 1982; Nurmi and 
Largen , 1982; Oppenhe im et al., 1982; Darl ington and L a c h m a n , 1984; for 
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rev iew, see K a m p s c h m i d t , 1984). Assessment of the full array of features in-
volved in the general acute-phase response for a media tor preparat ion conta ining 
only one molecular species would be des i rable . In most s tudies the effects of a 
media tor preparat ion on the metabo l i sm of only a few p lasma prote ins , or on the 
changes in p la sma concentra t ion of iron and copper , or on body tempera ture are 
repor ted. It seems that p ro te ins , or protein prepara t ions , des ignated endogenous 
py rogen , leukocyt ic endogenous media tor , or interleukin-1 can all induce the 
synthesis of acute-phase proteins in the l iver, but it has also been c la imed that 
another protein , hepatocyte-s t imulat ing factor, and not interleukin-1 induces the 
synthesis of f ibrinogen in hepatocytes (Ritchie and Ful ler , 1983; Wolowsk i and 
Ful ler , 1985). 

1. Leukocytic Endogenous Mediator 

T h e term leukocyt ic endogenous media to r ( L E M ) was in t roduced by Pekarek 
et al. (1972a) . Release of leukocyt ic endogenous media tor into the b loods t ream 
was thought to lead to a decrease of p l a sma iron and zinc dur ing the acute-phase 
response (Kampschmid t and Upchurch , 1962, 1968; Pekarek and Biesel , 1971). 
Leukocyt ic endogenous media tor was be l ieved to be related to the so-cal led 
endogenous pyrogen (Kampschmid t and Upchurch , 1969, 1970a ,b) , a small 
l ipoprotein with a molecular weight of about 13 ,000 , possess ing S H groups 
essential for its function (Kozak et al., 1968) . Increased levels , after appl icat ion 
of media tor prepara t ions , were reported for the fol lowing p lasma proteins: 
g lycoprote ins (Jamieson et al., 1983) , f ibrinogen (Homburge r , 1945; K a m p -
schmidt and Upchurch , 1974; Mer r iman etal., 1975 , 1977, 1978; W a n n e m a c h e r 
et al., 1975; Bornstein and W a l s h , 1978; G o r d o n and L i m a o s , 1979; R u p p and 
Ful ler , 1979a ,b ; Weidne r et al., 1979) , a r a c i d glycoprote in ( = se romucoid) 
( W a n n e m a c h e r et al., 1975) , a , - and a 2- m a c r o f e t o p r o t e i n ( = a 2- m a c r o g l o b u l i n ) 
(Eddington et al., 1 9 7 1 , 1972; K a m p s c h m i d t et al., 1973b; T h o m p s o n et al., 

1976; Gordon and L i m a o s , 1979; W a n n e m a c h e r et al., 1975) , ceru loplasmin 
(Pekarek et al., 1972b; W a n n e m a c h e r et al., 1975; Bornste in and Wa l sh , 1978) , 
hemopex in (Mer r iman et al., 1978) , C-react ive protein (Mer r iman et al., 1975; 
Bornstein and W a l s h , 1978; Mor ley and Kushner , 1982), haptoglobin 
(Kampschmid t and Upchurch , 1974; W a n n e m a c h e r et al., 1975; Pa lmer , 1976; 
Bornste in and W a l s h , 1978; Gordon and L i m a o s , 1979; Hoope r et al., 1981) , 
and serum amylo id Α-related protein (Sipe et al., 1979, 1982; M c A d a m and 
Dinare l lo , 1980; Sztein et al., 1981 ; M c A d a m et al., 1982; Phong et al., 1982; 
Luger etal., 1983). 

2. lnterleukin-1 

The so-cal led lymphocyte-ac t iva t ing factor (Gery et al., 1 9 7 1 , 1972; Ge ry and 
W a k s m a n , 1972) , later cal led inter leukin-1 (Mizel and Farrar , 1979) , was found 
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to be very similar to leukocyt ic endogenous media tor (Rosenwasse r et al., 1979; 
Murphy et al., 1980) and behaved similarly to leukocyt ic endogenous media tor 
dur ing purification (Kampschmid t et al., 1982). Its molecular weight is be tween 
11,000 and 15 ,000 (Lachman , 1982; Nurmi and Largen , 1982; O p p e n h e i m et 

al., 1982). H o w e v e r , dur ing gel filtration, activity peaks of 3 0 , 0 0 0 to 4 0 , 0 0 0 
D a , and even larger than 7 0 , 0 0 0 D a , were also obta ined (Nurmi and Largen , 
1982). Interleukin-1 had many of the effects previously demons t ra ted for leuko-
cytic endogenous media tor (Merr iman et al., 1977; Borns te in , 1982; M c A d a m et 

al., 1982). In part icular , it s t imulated the synthesis of se rum amyloid A-rela ted 
protein (Sztein et al., 1981; M c A d a m etal, 1982; Sipe et al, 1982; Staruch and 
W o o d , 1982) , a , - a c i d g lycoprote in , and fibrinogen (Darl ington and L a c h m a n , 
1984). It induces stable Ε rosette formation and the synthesis of the T-cell g rowth 
factor inter leukin-2 by peripheral Τ lymphocytes (Oppenhe im et al, 1982). The 
pyrogenic and the mitogenic act ions of interleukin-1 seem to be connected (Duff 
and D u r u m , 1983) and there also seems to be a relat ionship be tween interleu-
kin-1 and a h o m o g e n e o u s interferon-inducing factor of 2 2 , 0 0 0 Da (Van D a m m e 
et al, 1985). In the brain , interleukin-1 has been reported to s t imulate the 
proliferation of astroglial cells after injury (Giul ian and L a c h m a n , 1985). In the 
musc le , interleukin is involved in the control of protein degrada t ion , together 
with prostaglandins and C a 2 + ions (Goldberg et al, 1984). Full- length c D N A 
clones have been reported for interleukin-1 (Lomed ico et al., 1984; March et al., 

1985). 

3 . Hepatocyte-Stimulating Factor 

Recent ly , a so-called hepatocyte-s t imulat ing factor has been partially purified 
and shown to induce the synthesis of f ibrinogen in hepatocytes in culture (Ritchie 
and Fuller , 1983; Wolowsk i and Fuller , 1985). Inter leukin-1 had no s t imulat ing 
effect on the synthesis of f ibrinogen in this sys tem. On the other hand , hepato-
cyte-s t imulat ing factor did not s t imulate the growth of f ibroblasts , which would 
have been characterist ic for in te r leukin-1 . 

4. Hormones 

T r a u m a and inf lammation induce a change in the hormonal status of the body 
(for r ev iews , see Beise l , 1981; Schade et al, 1982). Effects of ho rmones on the 
synthesis of p lasma proteins have been shown in both the isolated liver perfusion 
sys tem (Griffin and Mil ler , 1973 , 1974; for r ev iew, see Mil ler and Griffin, 1975; 
Mil ler , 1976) and cul tures of hepa toma cells (Fuller et al., 1979; Feinberg et al., 

1983) or of hepatocytes (Jeejeebhoy al, 1977; Gr ien inger et al, 1978, 1983; 
Chen and Feige lson , 1978; L iang and Gr ien inger , 1981). H o w e v e r , most of the 
effects of leukocytic endogenous media tor occur also in adrenalec tomized or 
hypophysec tomized rats (Thompson et al, 1976; K a m p s c h m i d t et al, 1973a; 
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W a n n e m a c h e r et al., 1975). A s out l ined above (Sect ion I I , B , 5 ) , the site of the 
regulat ion of mouse metal lo thionein-I m R N A synthesis by bacterial endotoxin 
differs from that by metals and glucocor t icoid ho rmones (Durnam et al., 1984). 
T h e presence of cort icosteroid ho rmones is an absolute prerequis i te for the induc-
tion of a 2- m a c r o g l o b u l i n in the rat ( W e i m e r and Benjamin , 1965; He im and 
El lenson, 1967; Mil ler and Griffin, 1975) . Glucocor t ico id ho rmones have also 
been shown to play a role in the induct ion of a , - a c i d glycoprote in (Jeejeebhoy et 

al., 1977; Vannice et al., 1984; Re inke and Fe ige lson , 1985) and fibrinogen 
( G r i e n i n g e r e i α / . , 1978, 1983; R u p p and Ful ler , 1979a; Her tzberg etal., 1981). 
The synthesis of a 2 u- g l o b u l i n is under the control of several ho rmones (Kurtz 
and Feige lson , 1977; Kur tz , 1981 ; Antak ly et al., 1982) , including thyroid 
ho rmones (Kurtz et al., 1976) as wel l as g lucocor t icoid and sexual h o r m o n e s 
(Kurtz etal., 1978). 

III. Perinatal Development of the Plasma Protein 
Synthesizing System 

A. Concentrations of Plasma Proteins 

in Rats during Development 

T h e pattern of concentra t ions of prote ins in the b lood p lasma of young m a m -
mals is qui te different from that found in adul ts . T h e concentra t ions of six 
different proteins measured in the b lood p lasma of very young rats are plot ted 
against t ime after birth in F ig . 5 . T h e concentra t ion of a 2- m a c r o g l o b u l i n is much 
higher than normal ly observed in heal thy adult rats ( W e i m e r et al., 1967; Van 
Gool and Lad iges , 1969; Hudig and Sel l , 1978) , whereas a lbumin , transferrin, 
t ransthyret in ( = p r e a l b u m i n ) , and a , - a c i d glycoprote in all have lower levels after 
birth than those observed in adult an imals . T h e concentra t ions of a lbumin and 
transferrin rise steadily after bir th , overshoot ing adult levels after about 14 to 15 
days . T h e t ime course for the p l a sma concent ra t ions of t ransthyret in and a , - a c i d 
glycoprote in is interest ing. These two proteins start to rise in concentrat ion 
sharply at the t ime of wean ing , when the levels of thyroxine and cor t icosterone 
increase and the diet changes drast ical ly (see Henn ing , 1981). 

S. The Acute-Phase Response of Plasma Protein 

Synthesis in the Developing Rat Liver 

Because of the high p lasma level of a 2- m a c r o g l o b u l i n after bir th , the quest ion 
arises as to whether the p lasma protein synthesiz ing sys tem in neonatal rat liver is 
in the acute-phase m o d e . It is conce ivable that the t rauma of birth creates the first 
acute-phase response in life and that the pat tern of p lasma concentra t ion of 
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Fig. 5. Changes in the concentration of plasma proteins during development. Each time point 
represents six rats. Error bars indicate ± 1 standard error interval. The concentrations measured in 
healthy adult rats are indicated by a broken line. From Thomas and Schreiber (1985), with permis-
sion. 

proteins observed after birth (Fig. 5) is a "pe r ina ta l acute-phase r e s p o n s e . " T o 
answer this quest ion an acute exper imenta l inf lammation was induced in four-
day-old rats and the levels of proteins in blood p lasma were measured (Fig. 6 ) . A 
typical acute-phase response pattern similar to that found in adult rats was ob -
tained, indicating that an " i m m a t u r e " acute-phase response system in the liver 
of neonates is not the explanat ion for the part icular pattern of concentrat ion of 
proteins in p lasma observed after bir th. 

C. Expression of Plasma Protein Genes 

in the Yolk Sac and Placenta 

Certain precaut ions are required if the synthesis of p lasma proteins in t issues 
other than liver is to be invest igated. The incorporat ion of radioact ive amino 
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Fig. 6. Changes in the concentration of plasma proteins in neonatal rats during acute experimen-
tal inflammation. Each time point represents six rats. Mean values ± 1 standard error are given. For 
comparison, the concentrations which would have been measured under healthy conditions (such as 
those in Fig. 5) are indicated by a broken line. From Thomas and Schreiber (1985), with permission. 

acids into proteins is one of the me thods to s tudy the site of synthesis in vivo of 
p lasma proteins in the body . This me thod is compl ica ted by the fact that , after 
injection of radioact ive amino ac ids , radioact ively labeled p lasma protein is 
synthesized and secreted by the l iver and dis t r ibuted throughout the body . There -
fore, t issues must be r emoved within the so-cal led " sec re t i on t i m e " (Schreiber 
etal., 1971) or " m i n i m u m transit t i m e " (Peters and Peters , 1972) , i . e . , the t ime 
be tween injection of radioact ive amino acid and first appearance of labeled 
protein in the b loods t ream. H o w e v e r , when specific c D N A probes are avai lable , 
it is possible to de te rmine intracellular levels of specific m R N A s by hybridiza-
t ion. In this w a y , the express ion of p l a sma protein genes in var ious nonhepat ic 
t issues can be invest igated wi thout interference by p la sma proteins m a d e and 
secreted by the liver. T h e s tudy of nonhepat ic p l a sma protein synthesis is of 
part icular interest for t issues o r o rgans which might be involved in the control of 
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the extracel lular " m i l i e u " in areas of the body which are separated from the 
general circulation by structures that do not al low free permeat ion of pro te ins . 

As discussed above , t ransport and communica t ion be tween t issues and cells of 
the body are important functions of the l iver /b lood p l a sma sys tem. T h e quest ion 
arises of how p lasma proteins are involved in the communica t ion be tween fetus 
and mother . There is no open connect ion be tween fetal and maternal circulatory 
sys tems . The passage of c o m p o u n d s from mother to fetus and from fetus to 
mother has to occur across one or several layers of cel ls . In the rat , this passage 
can occur at two si tes , the chorioal lantoic p lacenta and the yolk sac (vitellinic 
placenta) (Rowet t , 1960; R a m s e y , 1975). Obv ious ly , it is important for proper 
growth of the fetus that iron is t ransported from the mother in sufficient amoun t s 
to the growing organ ism. It m a y be expected that the usual protein carrier for 
i ron, transferrin, will be involved in this t ransport . It is an intr iguing quest ion 
whether this transferrin is der ived from p lasma transferrin provided by the mater-
nal liver and whether and how this maternal transferrin interacts perhaps with a 
transcellular iron transport protein a n d / o r transferrin or iginat ing in the fetal l iver. 

TABLE III 

Expression of Plasma Protein Genes by 
Fetal Membranes" 

Level of mRNA 
in tissue 

(percentage of value 
found in livers from 

65-day-old male rats^) 
Name of protein Yolk sac Placenta 

Albumin < 0 . 0 3 < 0 . 0 3 
Transferrin 4 2 
Ceruloplasmin 8 < 0 . 1 
Transthyretin < 0 . 5 9 
Retinol-binding protein 1 6 
Major acute-phase a!-protein 0.5 0.2 
Fibrinogen < 0 . 2 < 0 . 2 
a!-Acid glycoprotein 11 12 
a2-Macroglobulin 3600 2200 
Apolipoprotein A-I 24 82 
Apolipoprotein A-IV 6 98 
Apolipoprotein Ε 14 8 

"Total RNA was prepared from homogenates from yolk sac 
and placenta from 19 days pregnant inbred Buffalo rats and 
hybridized on nitrocellulose filters with 3 2P-labeled cDNA 
probes for various plasma proteins. From Thomas and 
Schreiber (1986), with permission. 

^About 200 gm body weight. 
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Dancis et al. (1957) descr ibed the incorporat ion of 2 - [ 1 4C ] g l y c i n e by h u m a n 
placenta into proteins immunolog ica l ly related to p l a sma g lobul ins , whereas 
a lbumin did not b e c o m e radioact ive . Yeoh and M o r g a n (1974) reported the 
incorporat ion of [ 1 4C ] leucine into both transferrin and a lbumin in the rat yolk 
sac , but a lack of such incorporat ion in p lacenta . Miu ra et al. (1979) isolated a -
fetoprotein messenger R N A from m o u s e yolk sac . Mugl ia and Locker (1984) 
detected m R N A for α-fe toprote in , and to a m u c h lesser extent for a lbumin , in the 
yolk sac of rats using specific c D N A probes for the respect ive prote ins . Using 
specific c D N A probes for a n u m b e r of p l a sma pro te ins , the express ion of p lasma 
protein genes in both p lacenta and yolk sac was s tudied in the rat . T h e results are 
summar ized in Table III ( T h o m a s and Schre iber , 1986) . Apparen t ly , the yolk sac 
is an impor tant site of p l a sma protein synthes is . A considerable amoun t of a 2-
macroglobul in m R N A is found in extracts from rat p lacenta . 

IV. Molecular Mechanisms of the Regulation of 
Plasma Protein Synthesis in the Liver 

The changes in the pat tern of concent ra t ions of p lasma proteins observed 
during the acute-phase response (F igs . 2 and 3) can result from changes in the 
dis t r ibut ion, the rate of degrada t ion , o r the rate of synthesis of p lasma prote ins . 

Al though certain changes occur in the equi l ibrat ion be tween extra- and intra-
vascular space for p lasma proteins dur ing the acute-phase response (Schreiber et 

al., 1982) , the increase o r decrease in concentra t ion of proteins in the b lood 
p lasma dur ing acute inf lammation canno t be expla ined by a change of distr ibu-
t ion. It has been shown for a lbumin , the major acute-phase a , - p r o t e i n of the rat , 
t ransferrin, a r a c i d glycoprote in (Schre iber et al., 1982) , and transthyret in 
( = p r e a l b u m i n ) (Dickson et al., 1982) that the total body pools show similar 
changes after inducing an acute inf lammat ion to the concentra t ions of p lasma 
proteins in the b loods t ream (Figs . 7A and 7B) . 

Theore t ica l ly , it wou ld be poss ib le that an increase in the concentra t ion in 
p lasma of a part icular protein is caused by a decrease in the rate of its degrada-
t ion , and , v ice versa , a decrease of the p l a sma concentra t ion of a protein might 
be caused by an increase in the rate of degradat ion wi thout rates of synthesis 
be ing changed . H o w e v e r , no changes were observed when the rate of degrada-
t ion of transferrin (Schre iber et al., 1982) and transthyret in (Dickson et al., 

1982) were measured dur ing exper imenta l inf lammation (Figs . 8A and 8B) . 
In contras t to the lack of an effect of acute exper imenta l inf lammation on the 

rate of degradat ion of p l a sma pro te ins , dist inct changes are observed in the 
pattern of rates of incorporat ion of a m i n o acids into p l a sma prote ins dur ing acute 
inf lammation (Fig. 9 ) . T h e changes in the rates of incorporat ion of amino acids 
into proteins occur in the s ame direct ion as the changes of concentra t ions in the 
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Fig. 7. (A) Total body pools of albumin (Alb), major acute-phase α ι-protein ( a ! MAP), transfer-
rin (Tf), and α ι-acid glycoprotein (a jAGP) during acute inflammation produced by subcutaneous 
injection of 0.5 ml of mineral turpentine per 100 gm body weight into the back of male Buffalo rats. 
From Schreiber et al. (1982), with permission. (B) Effect of acute inflammation on the total body 
pool of transthyretin (prealbumin) in rats. From Dickson et al. (1982), with permission. 

b loods t ream, however , the m a x i m a of the changes in incorporat ion rates p recede 
the max ima of the changes in p lasma concentra t ions by about 24 hr . For al-
bumin , transferrin, major acute-phase a , - p r o t e i n , and a , - a c i d g lycoprote in , it 
was shown that these prote ins are synthesized from a c o m m o n amino acid pre-
cursor pool in the liver (Schreiber et al., 1982). Therefore , a me thod could be 
developed for the calculat ion of the synthesis rates of the four proteins and the 
changes in the rates of synthesis dur ing the acute-phase response based on 
measur ing incorporat ion of radioact ive amino acids into prote in . T h e obta ined 
values are summar ized in Table IV . 

A change in the rate of synthesis of a part icular protein can be brought about 

Days after Tu rpen t i ne In jec t ion DAYS A F T E R T U R P E N T I N E I N J E C T I O N 
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by a change in the rate of t ranslat ion or t ranscript ion of its m R N A . As out l ined 

above (Section I I I ,C) , intracellular levels of specific m R N A s can be measured 

convenient ly by hybridizat ion if appropr ia te c D N A probes are avai lable . T h e 

influence of an acute exper imenta l inf lammation on the levels of m R N A s for 

various p lasma proteins in the l iver is summar i zed in F igs . 10A and 10B. T h e 

changes in intracellular m R N A levels for p l a sma prote ins dur ing acute inf lamma-

0 2 0 AO 6 0 8 0 

H O U R S 

Fig. 8 . (A) Disappearance of 1 2 5I - labeled transferrin (Tf) from a healthy male Buffalo rat 
(normal, 260 gm body weight), and from a rat (acute phase, 255 gm body weight) injected sub-
cutaneously with 1.3 ml of turpentine into four different sites 2 days after the injection of 1 2 5I - labeled 
transferrin. Radiation was detected by two Nal detectors on opposite sides of the animal. The 
deviation from the straight line in the semilogarithmic plot for the acute-phase rat is caused by the 
transient accumulation of fluid containing plasma proteins in the inflamed area. This increases the 
efficiency with which , 2 5I radiation is detected, since the half-thickness for , 2 5I radiation in the rat 
tissue was only 2 cm. With permission from Schreiber et al. (1982). (B) Rate of removal of 1 2 5I -
labeled transthyretin ( , 2 5I - labe led prealbumin) from the bloodstream of healthy rats and rats suffering 
from an acute inflammation. With permission from Dickson et al. (1982). 
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t ion reflect closely the changes in incorporat ion rates of radioact ive amino acids 
into the proteins: only slight deviat ions from average are obta ined if the rate of 
incorporation of amino acid into a protein divided by the m R N A level is plotted 
against the t ime after inducing inf lammation (Fig. 11). Apparen t ly , the m R N A 
for a part icular protein is t ranslated with the s ame speed independent ly of 
whether the absolute rates of synthesis increase or decrease compared with 
normal va lues . 

Changes in m R N A levels might be brought about by changes in the rate of 
transcript ion or in messenger R N A stabili ty. At present it is not poss ible to 
ascertain the contr ibut ion of each of these two poss ible mechan i sms to the 
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Fig. 9. Incorporation of L-[1-1 4C]leucine into plasma proteins in the bloodstream during acute 
experimental inflammation. Adapted from Schreiber et al. (1982), with permission. 
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TABLE IV 

Synthesis Rates of Plasma Proteins in Rats" 

Albumin Transferrin 

Major 
acute-phase 
α j-protein 

α j-Acid 
glycoprotein 

Rate of incorporation in % of that 
into total plasma protein 

Factor by which the rate of 
synthesis changes 24 hr after 
inducing inflammation 

Rate of synthesis in healthy rats in 
mg/100 gm body weight/day 

Rate of synthesis 24 hr after 
inducing inflammation in mg/100 
gm body weight/day 

41 (H) 
9.2 (I) 
0.37 

91 

32 

5.1 
3.1 
1.0 

19 

19 

(H) 
(I) 

0.53 
9.0 

42 

2.3 

(H) 
(I) 

0.24 
3.2 

22 

1.0 

(H) 
(I) 

97 22 

"Healthy rats on a diet containing 20% protein (H) and rats 24 hr after inducing an inflammation 
plus fasting (I). Each value is the mean from four animals. From Schreiber et al. (1982), with 
permission (modified). 

changes in m R N A levels observed in the l iver dur ing the acute-phase response . 
For prote ins induced by ho rmones in the oviduct , it has been shown recently that 
actively expressed genes are found to be enr iched in the nuclear matr ix-associ -
ated D N A (Ciejek et al, 1983; But tyan et al., 1983; Robinson et al, 1983). A 
similar re la t ionship be tween gene express ion and associat ion of the gene with a 
nuclear matr ix can also exist for p l a s m a protein g e n e s , as indicated in studies 
with the genes for a lbumin and α x- a c i d glycoprote in (Fig . 12). T issue or cell 
specificity of the express ion of the genes for a lbumin and α-fetoprotein was 
shown to be related to a differential sensit ivity of the chromat in for the t w o genes 
toward digest ion with deoxyr ibonuc lease I (Nahon et al, 1984). 

Wi th more information becoming avai lable on the pr imary structure of the 
genomic D N A for p la sma prote ins (Chapte r 1, and Append ix ) and on protein 
factors initiating the acute-phase r e sponse , as well as the deve lopment of t rans-
fection and t ransgenic animal sys tems (see Sect ion I I , D ) , a bet ter unders tanding 
of the m e c h a n i s m leading to changes in the rates of t ranscript ion of p l a sma 
protein genes dur ing the acute-phase response is to be expec ted in the near 
future. T h e molecula r c loning of the c D N A for m a n y p lasma prote ins has p ro-
vided the means to de te rmine the concent ra t ions of specific m R N A s by hybrid-
ization in l iquid phase or on solid suppor ts . These techniques combined with the 
applicat ion of inhibitors specific for R N A po lymerase II (see Ked inger et al., 

1970; Wie l and , 1972) , the e n z y m e involved in the synthesis of m R N A in eu-
karyot ic ce l l s , should a l low insight into the stabili ty of m R N A , the second 
possible site for pretranslat ional regulat ion of protein synthes is . 
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Fig. 11 . Relationship between rates of incorporation of radioactive leucine into plasma proteins 
and levels of corresponding messenger ribonucleic acids in the liver. Rates of incorporation of L 
-[ l -1 4C]leucine into plasma proteins, obtained from Fig. 9, were divided by the levels of mRNA 
given in Fig. 10A. The average of all ratios obtained in this way for a particular protein was calculated 
and considered to be 100% for comparison with the ratios for individual time points. From Schreiber 
et al. (1986), with permission. 

V. Plasma Protein Synthesis in the Choroid Plexus 

The brain is separated from the body mechanica l ly by be ing suspended in the 

cerebrospinal fluid ( reducing the weight of the h u m a n brain from more than 1 kg 

to about 50 g m ) and chemica l ly by the b lood /b ra in barr ier and the b lood /choro id 

p lexus /cerebrosp ina l fluid barr ier . T h e cerebrospinal fluid is secreted by the 

Fig. 10. Levels of mRNA in the liver of rats suffering for different lengths of time from an acute 
inflammation induced by subcutaneous injection of turpentine. Each point is the mean ± 1 standard 
error for eight rats. (A) mRNA levels for plasma proteins; (B) mRNA levels for apolipoproteins. 
From Schreiber et al. (1986) and Tu et al. (1986), with permission. 
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Fig. 12. Association of the genes for α ι-acid glycoprotein (upper panel) and albumin (lower 
panel) with the nuclear matrix in the liver of healthy rats and of rats with an acute experimental 
inflammation. Two micrograms of matrix DNA (M) and supernatant DNA (S) isolated from nuclei 
from both normal and acute-phase liver, together with various amounts of £c<?RI-cleaved total DNA 
(1,3,6,12, and 24 μg) , was separated by electrophoresis through 0 .8% agarose, transferred to Zeta-
probe membrane (Bio-Rad), and hybridized with a 3 2P-labeled α ι-acid glycoprotein cDNA probe 
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TABLE V 

Protein Concentrations in Blood Plasma and Cerebrospinal Fluid 
(CSF) in Humans" 

Concentration 

Protein 
MW 

( Χ Ι Ο " 3) 
CSF 

(mg/liter) 
Plasma 

(mg/liter) 

Ratio 
CSF/plasma 

(X10 4) 

β2-Μίΰπ^1οοιιΗη 12 1.1 2 5,500 
Transthyretin 55 17.3 250 690 
Transferrin 77 14 2,600 54 
Albumin 66 155 40,000 39 
a!-Acid glycoprotein 40 3.5 980 36 
a 2- H S protein 49 1.7 600 28 
Ceruloplasmin 151 0.9 370 24 
a!-Antitrypsin 45 7 3,000 23 
a2-Macroglobulin 800 4.6 3,000 15 
IgG 160 15 10,000 15 

f 100 
Haptoglobin | 200 2.24 4,800 5 

I 400 
Plasminogen 140 0.25 700 3.6 
Fibrinogen 350 0.6 2,600 2.3 

"Compiled from Geigy Scientific Tables (Diem, 1960; Lentner, 1981). 

choroid p lexus in the lateral and third and fourth ventr icles (for r ev iew, see 
Cserr , 1971). It par t ic ipates in provid ing the humora l env i ronment of the cel ls of 
the central nervous sys tem. T h e protein concentra t ions in p lasma and cere-
brospinal fluid are summar i zed in Tab le V . Al though the total concentra t ion of 
protein in cerebrospinal fluid is very low, the propor t ion of t ransthyret in ( = p r e -
a lbumin) to a lbumin is much h igher in cerebrospinal fluid than in p lasma (Table 
V; see also Wei sne r and K a u e r z , 1983; W e i s n e r and Ro th ig , 1983). 

T h e proteins of the cerebrospinal fluid were bel ieved to or iginate from the 
blood p lasma by t ranscel lular transfer through the choroid p lexus (M0l lgard et 

al, 1979; Dz ieg ie lewska et al., 1981) . A functional leak (Br igh tman , 1975) or 
the selective intracellular d igest ion (Hurley et al., 1981) of prote ins dur ing their 

(upper panel) or an albumin cDNA probe (lower panel). The difference in the relative intensities of 
the bands in the autoradiograph indicates that the two α ι -acid glycoprotein gene fragments (7.7 and 
7.4 kb) are preferentially associated with the nuclear matrix (M) fraction to a far greater extent in the 
acute phase than in the normal liver. This matrix association of the DNA for the α j-acid glycoprotein 
and albumin genes is in direct correlation with the level of expression of these genes in normal and 
acute-phase liver. From Birch and Schreiber (1986), with permission. 
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passage from the b loods t ream to the ventr icles through the choroid p lexus were 
believed to p roduce a relat ive enr ichment in the cerebrospinal fluid for certain 
p lasma pro te ins , such as t ransthyret in and transferrin. H o w e v e r , synthesis de 

novo of t ransthyret in (prea lbumin) in the choroid p lexus was a lso discussed as an 
explanat ion for the occur rence of t ransthyret in (prea lbumin) in both choroid 
plexus t issue and the cerebrospinal fluid (Agnew et al., 1980; Aleshi re et al., 

1983; Wei sne r and K a u e r z , 1983) . Analys i s of the compos i t ion of m R N A in 
choroid p lexus by hybridizat ion to specific c D N A probes showed very high 
levels of m R N A for t ransthyret in (prea lbumin) and transferrin in choroid p lexus 
(Figs. 13 , 14, and 15). N o m R N A could be detected in choroid p lexus for the Β β 
subunit of f ibrinogen, for major acute-phase a , - p r o t e i n , for a lbumin , for retinol-
binding protein , and for a , - a c i d g lycoprote in . Other regions of the brain were 
found to contain low levels of transferrin m R N A but no transthyretin m R N A 
(Fig. 14). Within the choroid p l exus , t ransthyret in m R N A seems to be located 
only in the choroid epithelial cel ls . T h e s t roma of the choroid villi or the epen-
dyma of the ventr icles do not contain t ransthyret in m R N A (Figs . 16A and 16B). 
The transthyretin m R N A in choroid p lexus is very s imilar if not identical in 
structure with that in l iver (Fig. 17). T h e relat ive levels of m R N A for transferrin 
and transthyretin in choroid p lexus , brain without choroid p lexus , and liver are 
summar ized in Table VI . 

The ext remely high levels of transthyretin m R N A (prealbumin m R N A ) in 
choroid p lexus t issue sugges t very act ive synthesis of t ransthyret in (prea lbumin) 
in the choroid p lexus . Therefore , protein synthesis was invest igated directly in 
choroid plexus by incubat ing choroid p lexus pieces in vitro with radioact ive 
leucine in a med ium opt imized for protein synthesis (Schreiber and Schre iber , 

A . T R A N S F E R R I N B. PREALBUMIN C. A L B U M I N 

( T R A N S T H Y R E T I N ) 

* R N a s e - T r e a t e d Contro ls 

Fig. 13 . Determination of mRNA for transferrin (A), prealbumin (B), and albumin (C) by 
hybridization to specific cDNA. Row 1, cytoplasmic extracts corresponding to 2500, 1000, 500, 
250, 100, 50, 25, and 10 μg liver, wet weight, per spot. The extracts used in rows 2 to 5 were 
prepared from the tissue of seven individual animals and processed separately. Rows 2 and 3 , 
cytoplasmic extracts corresponding to 2500 μg of brain tissue, wet weight, per spot, excluding 
choroid plexus. Rows 4 and 5, cytoplasmic extracts corresponding to 500 μg choroid plexus per spot. 
Rows 2 and 4, cytoplasmic extracts incubated with ribonuclease prior to processing for hybridization. 
From Dickson et al. (1985a), with permission. 
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Fig. 14. Distribution of the mRNA for transferrin and prealbumin in the central nervous system 
analyzed by hybridization to the corresponding specific cDNAs on nitrocellulose filters. 

Key to spotting patterns: Rows 1 and 2 are serial dilutions of liver extracts from two rats, amounts 
of tissue as in Fig. 13. Row 4 , tissue pooled from three rats: 4A and B, extract derived from 250 and 
25 μg of choroid plexus, respectively, from lateral and third ventricles; 4C and D, extract derived 
from 250 and 25 μg choroid plexus, respectively, from fourth ventricle; 4E, pia mater from ventral 
brain surface (extract from 500 μg tissue); 4F and G, cervical spinal cord tissue free of pia mater, F 
without central canal ependyma (derived from 2500 μg tissue) and G with central canal ependyma 
(derived from 2500 μg tissue). Rows 6, 8, and 10 correspond to 2500 μg tissue per spot, tissue 
dissected free of pia mater and ventricular ependyma from three separate rats; 6A,B,C, thalamus; 
6D,E,F, hypothalamus; 8A,B,C, pituitary; 8D,E,F , cerebral cortex; 10A,B,C, cerebellum; 10D, 
E,F, medulla. Spots 3 A - C , E , F , G , 5 A - F , 7 A - F , and 9 A - F contain material similar to the spots 
immediately below them, but extracts were incubated with ribonuclease. 3H and 4H are ribo-
nuclease-treated controls for the liver samples in 1A and 2A, respectively. Positions not identified 
above were not used. From Dickson et al. (1985a), with permission. 

1973). T h e results of such studies are shown in F igs . 18 and 19. Very act ive 

incorporat ion of radioact ive leucine into t ransthyret in (prea lbumin) was ob -

tained. Abou t 2 0 % of total radioact ive protein in choroid p lexus was t rans-

thyretin. T h e synthesized transthyret in was secreted with a typical delay ( 4' s e c r e -

tion t i m e " ) into the m e d i u m . Abou t 5 0 % of the radioact ive protein in the 

med ium was t ransthyret in . 

In contrast to the l iver, t ransthyret in (prea lbumin) m R N A levels did not 

change in choroid p lexus dur ing an acute-phase response induced by injection of 

turpentine or t a lcum or by superficial b u r n s , indicat ing an independent regulat ion 

of the express ion of the t ransthyret in (prea lbumin) genes in the two t issues (Table 

VII) . 
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Fig. 15 . Computerized densitometry of a coronal section through rat brain hybridized in situ with 
transthyretin cDNA labeled with 3 5S . The bar to the right is a calibration bar. The choroid plexus 
tissue gives a bright, positive signal, whereas the rest of the brain shows no radioactivity. 

The functional significance of the high rate of synthesis of t ransthyret in in the 
choroid p lexus is not yet fully unders tood . Transthyret in is the main thyroid 
hormone- t ranspor t ing protein in the b loods t ream of rats (Davis et al., 1970; 
Sutherland and Brandon , 1976) . It might also t ransport thyroid ho rmones in the 
cerebrospinal fluid f lowing from the lateral and third and fourth ventr icles to 
other areas of the brain and the spinal cord . In the h u m a n , thyroxine-binding 
globulin is the mos t important thyroid h o r m o n e carr ier ( W o e b e r and Ingbar , 
1968; for r ev iews , see Ingbar and W o e b e r , 1981 ; Hoffenberg and R a m s d e n , 
1983). Howeve r , it is possible that the relat ive impor tance of thyroid h o r m o n e -
carrying proteins differs in b lood and cerebrospinal fluid. H u m a n thyroxine-
binding globulin and transthyret in (prea lbumin) from rabbi t s , ra t s , and h u m a n s 
are part ly homologous in sequence (Sundel in et al., 1985b) . 
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Fig. 16. In situ hybridization followed by autoradiography of a section of rat choroid plexus in 
which mRNA was hybridized in situ to transthyretin cDNA labeled with 3 5S . (B) is a higher 
magnification of a central region of (A). Silver grains are seen only above the epithelial cells. 
Ependyma and stroma of the choroid villi, in particular vascular endothelial cells, are free of silver 
grains. 
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H o w is blood transthyret in related then to transthyret in in the cerebrospinal 

fluid? T h e 4' f ree thyroid h o r m o n e ' ' hypothes is c la ims that free, but not protein-

bound , thyroid h o r m o n e de termines the characteris t ics of thyroid ho rmone action 

on cells (for rev iew, see Ingbar and W o e b e r , 1981). T h e main target organs for 

thyroid ho rmones , indicated, for e x a m p l e , by s t imulat ion of uptake or s t imula-

tion of other metabol ic act ivi t ies , are the l iver, the k idney , and the adrenal 

g lands . W h e n 1 2 5I - l a b e l e d transthyret in was injected into the b loods t ream, a 

pattern was obtained for the b inding of t ransthyret in to var ious t i ssues , wh ich 

• Ε 

ι 1 ι — 
P s t l A v a i l Ava i l 

• 590 base pairs 

ORIGIN- -ORIGIN 

LIVER BRAIN LIVER BRAIN LIVER BRAIN LIVER BRAIN 
TESTIS TESTIS TESTIS TESTIS 

Fig. 17. Northern blot analysis of transthyretin mRNA ( = prealbumin mRNA) from liver and 
brain. Polyadenylated RNA from liver, brain, and testes, 7 μg per track, was subjected to elec-
trophoresis in 1.4% agarose gel containing formaldehyde. Panel A shows the result obtained when 
3 2P-labeled transthyretin cDNA containing the whole coding region plus some flanking regions was 
used for hybridization. Panels B , C, and D show the results obtained when subfragments of trans-
thyretin cDNA, representing different sections of transthyretin cDNA, as indicated at the top of the 
figure, were used for hybridization. The horizontal bar in the upper part of the figure represents the 
insert of transthyretin cDNA in bacteriophage Xgtl 1 Amp3 used for cloning; the sites of cleavage by 
restriction enzymes are also shown. The mRNAs, separated by electrophoresis, which hybridized to 
any cDNA probe containing a part of the coding sequence for transthyretin were found to be identical 
in size. From Dickson et al. (1985b), with permission. 
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TABLE VI 

Relative Levels of mRNA for Transferrin and 
Transthyretin (=Prealbumin) in Choroid Plexus, 
Brain Tissue Free of Choroid Plexus ("Rest of 
Brain"), and Liver as Determined by Hybridization 
to Specific cDNA Probes0 

Tissue 

mRNA for 

Tissue Transferrin Transthyretin 

Choroid plexus 100 12,000 
"Rest of bra in" 0.01 0 
Liver 100 100 

"Ribonuclease-treated samples gave values similar to 
background. A transferrin cDNA of 1540 base pairs (Aldred 
et al, 1984) and a transthyretin cDNA of 600 base pairs 
(Dickson et al., 1985b) were used for preparation of 3 2P -
labeled cDNA probes. From Dickson et al. (1985a), with 
permission. 

was similar to the pattern of thyroid h o r m o n e respons iveness of t issues (Fig . 20) . 
Interest ingly, the fourth highest amoun t of b inding of t ransthyret in was seen in 
choroid p lexus . T h e quest ion of specific b ind ing of t ransthyret in to cell surface 
sites of target or uptake o rgans for thyroid ho rmones seems to deserve further 
invest igat ion. Crude m e m b r a n e fractions from rat l iver were found indeed to 
exhibit specific b inding of t ransthyret in (P . W . Dickson and G. Schre iber , un-
publ ished, 1985). 

For transferrin, receptors have been found on the endothe l ium of brain capil-
laries (Jefferies et al, 1984) . Special condi t ions , beyond the scope of this re-
v iew, exist for the t ransport and synthesis of p l a sma proteins in the deve lop ing 
brain. 

VI. Human Acute-Phase Proteins and Their 
Physiopathological Role and Clinical Significance. 
Modulation of the Acute-Phase Response 

A. General Remarks. Role of Malnutrition 

and Liver Damage 

T h e acute-phase response consis ts of a n u m b e r of wel l - integrated react ions 
initiated by one or several related signal prote ins re leased from monocy te s . It 
occurs in pr incipal ly s imilar ways wheneve r monocy tes or monocyte -der ived 
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cells are act ivated, e . g . , dur ing destruct ion and degradat ion of t issue (Table VI I ) . 
Moni tor ing the acute-phase response by one of the var ious methods avai lable 
(measur ing of the sedimenta t ion rates of e ry throcytes , e lectrophoret ic separat ion 
and quanti tat ion of se rum pro te ins , immunochemica l de terminat ion of specific 
proteins in b lood p l a sma , e tc . ) will therefore provide an indicat ion for the pres -
ence of a disease of an organic nature as opposed to psychosomat ic d is turbances 
(Werner and C o h n e n , 1967; Werne r , 1969; Coope r and W a r d , 1979). T h e effect 
on p lasma protein concentra t ions has been demons t ra ted , for e x a m p l e , for inju-
ries ( O w e n , 1967; Clarke et al., 1971) , burned pat ients (Zeineh and Kukra l , 
1970), surgical t r auma (Aronsen et al., 1971) , myocardia l infarction (Johann-
sson et al., 1972) , ca rc inomatous diseases (Cooper and S tone , 1979; Baskies et 

al., 1979), infection dur ing leukemia (Mackie etal., 1979) , inoculat ion hepati t is 

I n c u b a t i o n T i m e ( m i n ) 

Fig. 18 . Incorporation of L-[U-1 4C]leucine into proteins secreted by choroid plexus incubated in 

vitro. Upper figure: [1 4C]leucine incorporated into transthyretin and total protein in choroid plexus 
cells. Lower figure: [1 4C]leucine incorporated into transthyretin and total protein in the incubation 
medium. Abscissa, incubation time; ordinate, [1 4C]leucine incorporated into protein. Incubation 
conditions were as described by Schreiber and Schreiber (1972). Choroid plexus from two rats was 
used per time point. In control incubations 20 μΜ cycloheximide inhibited incorporation into total 
protein by 97% (curve not shown). Transthyretin was measured after isolation by immunoprecipita-
tion. From Dickson et al. (1986a), with permission. 
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Fig. 19. Synthesis and secretion of proteins by isolated choroid plexus incubated for 180 min 
with L - [ U , 4C ] l e u c i n e . Electrophoresis of proteins in 15% polyacrylamide gel containing 0 . 1 % so-
dium dodecyl sulfate was followed by fluorography. Lanes 1 and 8, cell homogenate and medium, 
respectively, of choroid plexus incubated with 20 μΜ cycloheximide. Lanes 2 and 7, protein isolated 
by immunoprecipitation from cell homogenate and medium, respectively, with 7-conglutinin anti-
serum after previous addition of 24 μg 7-conglutinin. Lanes 3 and 6, proteins isolated from tissue 
homogenate and medium, respectively. Lanes 4 and 5, immunoprecipitation of tissue homogenate 
and medium, respectively, with transthyretin antiserum after adding 75 μΐ rat serum as carrier. The 
positions of authentic transthyretin (TTR) from rat serum and molecular weight standards are indi-
cated. From Dickson et al. (1986a), with permission. 

(Kindmark and Laure l l , 1972) , rheumat ic disorders ( D e n k o and Gabr ie l , 1979) , 

gingivit is (Norman et al., 1979) , and C r o h n ' s d isease and ulcerat ive colitis 

(Weeke and J a r n u m , 1971) . 

Despi te the general ly uni form nature of the acute-phase r e sponse , certain 

variat ions will be observed w h e n one or m o r e of the componen t s of the sys tem 
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are subjected to addit ional interfering inf luences. Since the acute-phase prote ins 
of the b lood p lasma are synthesized and secreted by the l iver, an impai rment of 
the function of the l iver will p roduce a modif ied acute-phase response . T h e 
underlying base for an observed hypoa lbuminemia , for e x a m p l e , could be a 
chronic liver d isease (Zilva and Pannal l , 1979). Alcohol has a lso been shown to 
lead to a decreased rate of synthesis of a lbumin (Rothschi ld et al., 1971) . T h e 
rate of synthesis of p l a sma proteins in the liver is , of course , dependent on the 
supply of amino acids der ived from the diet . P l a sma levels of several p ro te ins , in 
part icular transferrin and transthyret in (prea lbumin) , have been observed to de-
crease dur ing malnutr i t ion (Antia et al., 1968; McFar l ane et al., 1969; G a b r et 

al., 1971; Ingenbleek et al., 1972; Grant et al., 1973; M a s a w e and R w a b w o g o -
Atenyi , 1973). T h e concentra t ions of proteins with a relat ively fast turnover in 
the b loods t ream might be affected faster and more strongly by a decrease in their 
rate of synthesis in the liver than those of prote ins with a relat ively low turnover 
in the b loods t ream. T h u s , the p la sma level of t ransthyret in (prea lbumin) , a lone 
or complexed to re t inol-binding prote in , has been cons idered to be a more 
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Fig. 20 . Binding of transthyretin by various tissues. Eight rats were anaesthetized with 1 ml per 
animal of intraperitoneally injected equithesin. The abdominal cavity was opened and either 1 2 5I -
labeled transthyretin or 1 2 5I - labeled albumin (2.5 x 10 6 cpm in 0.5 ml 0 .9% NaCl per rat) was 
injected into the caval vein. After 10 min, 4 ml of blood was withdrawn into 1 ml of 3.5% trisodium 
citrate. The tissues indicated in the figure were removed immediately thereafter and homogenized. 
The amount of 1 2 5I - labeled albumin in each sample was used to calculate the blood content in tissues. 
Tissue-bound 1 2 5I- labeled transthyretin was obtained after correcting for the , 2 5I - labeled trans-
thyretin originating from blood in the tissue sample. 
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TABLE VII 

Levels of mRNAs for Transthyretin, Albumin, a!-Acid Glycoprotein, and Major Acute-
Phase a!-Protein in Liver and Choroid Plexus during the Acute-Phase Response to 
Inflammation" 

Liver Choroid plexus 
Protein and 
condition cpm/g % cpm/mg 

Transthyretin 
Healthy 
Burn 
Talc 
Turpentine 

Albumin 
Healthy 
Burn 
Talc 
Turpentine 

a!-Acid Glycoprotein 
Healthy 
Burn 
Talc 
Turpentine 

Major Acute-Phase a!-Protein 
Healthy 
Burn 
Talc 
Turpentine 

295 ± 45 100 
245 ± 19 83 
170 ± 6 58 
80 ± 20 27 

2,921 ± 119 100 
2,275 ± 150 78 
1,628 ± 146 56 
1,662 ± 128 57 

681 ± 93 100 
5,853 ± 249 859 

15,266 ± 775 2,241 
21,770 ± 8 5 1 3,196 

72 ± 17 100 
1,432 ± 60 1,998 
1,759 ± 122 2,454 
2,364 ± 81 3,297 

8,926 ± 605 100 
8,448 ± 903 95 
9,203 ± 742 103 
7,660 ± 277 86 

Not detected 

Not detected 

Not detected 

"For five rats per group mRNA was measured in tissue extracts by dot hybridization of specific 
[ 3 2P]cDNA to mRNAs. Backgrounds were subtracted before calculation. Means ± standard errors 
are given. Inflammation was induced by subcutaneous injection of mineral turpentine or intra-
peritoneal injection of a suspension of talcum in physiological saline or by producing limited super-
ficial burns 24 hr before sacrifice. From Dickson et al. (1986a,b), with permission. 

sensit ive indicator for the assessment of malnutr i t ion than the p l a sma concent ra-
tion of a lbumin ( Ingenbleek et al., 1972, 1975a ,b ; Smi th et al., 1973; Gofferje, 
1978; Schwand t e r a / . , 1979; Shet ty etal., 1979; Ingenbleek , 1982) . A n interest-
ing recent addi t ion to the spec t rum of acute-phase prote ins are some of the 
apol ipoprote ins . Apol ipopro te ins are also synthesized in t issues other than the 
l iver, e . g . , in the intest ine. A m o u n t of food and compos i t ion of diet influence the 
concentrat ion of apol ipoprote ins in p l a sma . A discuss ion of the clinical impor-
tance of p l a sma l ipoprotein levels is beyond the scope of this chapter (for re-
v iews , see E isenberg and L e v y , 1975; B l u m et al., 1977; Gordon et al., 1977; 
Osborne and Brewer , 1977; Smi th et al, 1978; O w e n and M c l n t y r e , 1982; 
Schwandt , 1982). Apol ipopro te ins are the subject of Chap te r 3 . 



342 Gerhard Schreiber 

S. Nephrotic Syndrome, Protein-Losing Enteropathy, 

and Genetic Analbuminemia 

Another clinical condi t ion leading to hypopro te inemia , which could m a s k or 
modula te certain features of the pattern of p lasma protein concentra t ions dur ing 
the acute-phase response , is the nephrot ic synd rome . A l b u m i n , a , - a c i d g lyco-
protein, t ransferrin, and a , - an t i t ryps in m a y all be excre ted in the u r ine , whereas 
proteins of larger size tend to be re ta ined in the b loods t ream (Schul tze and 
He remans , 1966) . A lbumin losses dur ing the nephrot ic syndrome can be c o m -
pensated part ly by an increased synthesis of a lbumin in the l iver (Marsh and 
Drabkin , 1958) . A large increase in the loss of p lasma proteins into the gast roin-
testinal tract can occur dur ing s tomach and intestinal disorders ( "p ro te in - los ing 
e n t e r o p a t h y " ) , with ensu ing hypopro te inemia (Rothschi ld et al., 1969b; W a l d -
mann etal., 1969; Yss ing etal., 1969; Bea thard , 1982). F inal ly , ana lbuminemia 
can be caused by a genet ic deficiency in the express ion of the a lbumin gene . 
Howeve r , this does not lead to any severe consequences for heal th ( D a m m a c c o et 

al., 1980). A n ana lbuminemic strain of rats was analyzed in greater detai l . A 
seven-base-pair delet ion in an intron of the a lbumin gene in those rats (Esumi et 

al., 1983) led to the product ion of an a lbumin precursor m R N A which was not 
processed and t ransported into the cy top lasm of the l iver cells (Esumi et al., 

1982). T h e concentra t ion of total protein in the p la sma of the ana lbuminemic rats 
was about the same as that in heal thy rats (Esumi et al., 1979). A n increase in the 
concentrat ion of o ther p l a sma pro te ins , such as transferrin and immunoglobu l in 
G, compensa ted for the absence of a lbumin . Injected 3H - l a b e l e d a lbumin was 
cleared from the b loods t ream of ana lbuminemic rats with a half-life of 8 .0 days 
compared with a va lue of about 3 .5 days measured for heal thy rats . 

C. Disseminated Intravascular Coagulation 
and Hemolysis 

Disseminated intravascular coagula t ion can be the cause of an acute decrease 
in the p l a sma concentra t ion of f ibrinogen despi te a s imul taneous increase in the 
rate of f ibrinogen synthesis in the l iver due to an acute-phase response . 

Similar ly , hemopex in and haptoglobin both increase in p lasma concentra t ion 
during the acute-phase response (see Tab le II and Sect ion I I , B , 2 , a , b ) . H o w e v e r , 
the two prote ins bind h e m e and hemog lob in , respect ively , dur ing intravascular 
hemolysis (Fink et al., 1967; Danie l s , 1975) . If t issue d a m a g e or inf lammation is 
compl ica ted by intravascular hemolys i s , an acute-phase- type increase in the 
p lasma level of haptoglobin or hemopex in might be prevented by formation of 
h a p t o g l o b i n - h e m o g l o b i n and h e m o p e x i n - h e m e complexes and their r emova l 
from the b loods t ream by ret iculoendothel ia l and l iver ce l ls , respect ively . 
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D. Consequences of Insufficient Plasma 

Concentrations or of Molecular Modifications of 

Antiproteinases 

Various muta t ions in the gene for a , - an t i t ryps in can lead to an impa i rment of 
the synthesis and secret ion of a , - an t i t ryps in by the l iver, resul t ing in severe 
lowering of the p l a sma concent ra t ion (for r ev i ews , see N o r u m et al., 1977; 
Mor se , 1978; Jeppsson , 1978) . Cl inical consequences of the deficiency of α Γ 

antitrypsin in p l a sma are chronic obs t ruct ive bronchi t is and e m p h y s e m a (Guente r 
etal., 1968; Meiers et al., 1968; Stein et al, 1971 ; S tevens et al, 1971;Janoff , 
1985). T h e pa thogenet ic m e c h a n i s m of the d isease m a y be insufficient inhibit ion 
of prote inases re leased from leukocytes dur ing minor inf lammat ion in the lung 
with ensuing destruct ion of lung t issue (Er iksson , 1965; Kueppers and B e a m , 
1966). A second clinical feature in s o m e pat ients suffering from a , -an t i t ryps in 
deficiency is the deve lopment of hepat ic cirrhosis (Sharp et al., 1969) . Abnorma l 
a , -an t i t ryps in accumula tes intracellularly in the l iver (Gordon et al, 1972; 
Lieberman et al, 1972). Th i s accumula t ing a , - an t i t ryps in has an abnormal 
carbohydrate moie ty (Bell and Carre l l , 1973; Jeppsson et al, 1975). 

An interest ing variant of a , - an t i t ryps in is a , - an t i t ryps in Pi t tsburgh (Lewis et 

al, 1978). A change in one a m i n o acid (Owen et al, 1983) conver ts the 
proteolyt ic specificity of a , - an t i t ryps in from the normal anti-elastase specificity 
to ant i thrombin specificity. T h e result is a thrombin- inhibi t ing protein wi th the 
regulatory character is t ics of an acu te-phase prote in . Therefore , the cl inical p ic-
ture is character ized by severe , repet i t ive hemoly t ic at tacks in si tuations where 
an acute-phase response occu r s . 

Ε Extracellular Deposition of Plasma 

Protein-Derived Fibrous Proteins: 

Amyloidosis and Alzheimer's Disease 

In var ious protracted d i seases , such as rheumato id arthri t is , mul t ip le m y -
e lomas , os teomyel i t i s , and o thers , an extracel lular deposi t ion of fibrous protein 
is found in one or m o r e sites of the b o d y . T h e deposi ted fibrous protein is 
character ized h is tochemical ly by s taining with C o n g o red , b i refr ingence, and 
crystal violet me tachromas ia . T h e latter is due to mucopolysacchar ides associ-
ated with the protein fibrils (Cooper , 1974) . T h e fibrous protein , cal led amylo id , 
is probably der ived from p l a sma prote ins as precursors (Glenner , 1980) . T h e 
protein is p redominant ly in the β-plea ted sheet conformat ion (Eanes and Glen-
ner, 1968; Te rmine et al., 1972) . T h e accumula ted protein masses can eventual ly 
interfere with the function of pa renchyma tous o rgans , usual ly the k idney and the 
liver (see Gorev ic and Frankl in , 1981 ; C o h e n , 1983). T h e major cause of death 
in general ized amyloidos is is renal fai lure. 
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A correlat ion be tween the protein deposi t ion and aging is well documented 
(Wright et al., 1969). In part icular , wi thout except ion such deposi t ion was found 
in the choroid p lexus of older pat ients (Zalka , 1928). Also the uptake of amino 
acids and pept ides by the choroid p lexus has been shown to change in aging rats 
(Huang , 1984). 

In A lzhe imer ' s d i sease , the so-cal led " s e n i l e p l a q u e s , " which are associated 
with the neurofibril lary tangles (see Schoene , 1979) , consist of a central extra-
cellular core of fibrous protein sur rounded by an accumula t ion of cellular p ro-
cesses and enlarged presynapt ic axon terminals (Gonatas et al., 1967). Alz-
he imer ' s disease is the mos t c o m m o n cause of adult-onset dement ia (for r ev iew, 
see Price et al., 1985). T h e senile p laques are found in small numbers in the 
brains of apparent ly heal thy aged m o n k e y s and h u m a n s , but they are abundant in 
patients suffering from A l z h e i m e r ' s d i sease , part icularly in the cor tex , the h ippo-
campus , and the amygda la . There is a clear correlat ion be tween the abundance of 
plaques and the severi ty of dement ia (Toml inson et al., 1970). 

Based on the precursor p la sma prote in , one can dis t inguish five types of 
amyloid prote ins . In pr imary and myeloma-assoc ia ted amyloidos is the deposi ted 
protein has similari t ies with the light chains of immunog lobu l ins . A second type 
of amyloid protein is der ived from p roho rmones , e . g . , for insul in, g lucagon , and 
thyrocalci tonin (Sletten et al., 1976). 

The other three amyloid proteins are related to proteins discussed in this 
chapter . In chronic infections or inf lammatory diseases and the so-called Fami l -
ial Medi ter ranean Fever , the deposi ted amyloid is probably produced from serum 
amyloid Α-related protein by proteolyt ic removal of the carboxy- terminal port ion 
of the serum amyloid A protein , s ince the first 76 amino acids from the N -
terminus are identical for the t w o proteins (cf. also Section I I , B , 4 , d and Gorev ic 
and Frankl in , 1981). 

Amyloid P-component (see Sect ion I I , B , 4 , e ) , related in structure to C-react ive 
protein, but inducible dur ing the acute-phase response only in mice , is found in 
an amount of about 5 to 10% of all amylo id deposi ts in both h u m a n s and m i c e . 

Variants of t ransthyret in (prea lbumin) have been found in the amyloid fibril 
protein isolated from pat ients with familial amyloidot ic po lyneuropathy (Costa et 

al., 1978), originally observed in Portugal (Saraiva et al., 1984) but a lso in 
patients of Swedish (Dwule t and Benson , 1984) and Jewish origin (Pras et al., 

1983). Transthyret in (prea lbumin) has also been reported to be the major consti t-
uent in the neurit ic p laques associated with the neurofibril lary tangles and lesions 
in the brains of pat ients suffering from Alzhe imer ' s disease (Shi rahama et al., 

1982). 
The demonst ra t ion that the synthesis of t ransthyret in amounts to 5 0 % of total 

protein secreted and 2 0 % of total protein synthesized by the choroid p lexus (see 
Section V) suggests that the choroid p lexus plays a role in providing transthyret in 
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(prealbumin) for the extracel lular space in the bra in . T h e invest igat ion of protein 
synthesis in the choroid p lexus dur ing condi t ions leading to the deposi t ion of 
amyloid protein s e e m s , therefore , to be des i rable . 

VII. Concluding Remarks 

T h e c o m m o n functional denomina to r of p l a sma prote ins is to provide and 
maintain a t ransport and commun ica t i on sys tem creat ing an extracel lular humor -
al env i ronment of appropr ia te compos i t ion in the body . It is fitting that , wi th the 
except ion of the immunog lobu l ins and certain apol ipoprote ins , most of the plas-
ma proteins of the b loods t ream are synthesized in the l iver, the general control 
organ for the concentra t ion of m a n y o ther c o m p o u n d s in the b lood . Three main 
functional g roups can be dis t inguished a m o n g p l a sma pro te ins . T h e first is that of 
the transport p ro te ins . It includes a lbumin , transferrin, ce ru lop lasmin , h e m o p e x -
in, haptoglobin , t ransthyret in , re t inol-binding prote in , t ranscort in , t ranscobal-
amin , and o thers . T h e function of the second main g roup is to mainta in and 
protect the circulatory sys tem. Th is g roup conta ins the prote ins involved in b lood 
coagula t ion , which seal off d is rupted sect ions of b lood vesse ls , and the ant ipro-
te inases , which neutral ize the effect of prote inases l iberated, for e x a m p l e , in 
damaged t issue undergo ing proteolyt ic degrada t ion . T h e third g roup of p l a sma 
proteins made in the l iver conta ins prote ins which are precursor substrates for the 
generat ion of 4' s i g n a l " c o m p o u n d s of lower molecu la r we igh t , such as angioten-
sin and kinins . Angio tens in and kinins are formed by partial specific proteolysis 
from precursor pro te ins , ang io tens inogen , and k in inogens . 

T h e destruct ion of a part of the b o d y , for e x a m p l e , by inflicting a w o u n d or 
inducing an inf lammat ion , poses a severe cha l lenge to the sys tem mainta in ing 
homeos tas i s . T h e body responds with a wel l -coordinated set of c h a n g e s , the so-
called general acute-phase react ion . Part of this is a rea r rangement in the pat tern 
of concentra t ions of prote ins in the b loods t ream. T h e mechan i sm leading to the 
change in the pat tern of concent ra t ions of p l a sma prote ins is a change in their 
rates of synthesis in the l iver. 

T h e stability of p l a sma prote ins seems to remain unaffected by the acute-phase 
response . T h u s , inducing an exper imenta l inf lammat ion is a convenient and 
reproducible w a y to p rov ide al terat ions in the synthesis rates of p l a sma prote ins 
for studies of the control of gene express ion . T h e immedia te cause for the change 
in p lasma protein synthesis rates in the l iver in response to t r auma or inf lamma-
tion e l sewhere in the body is a change in the levels of m R N A s . Whe the r this is a 
consequence of altered gene t ranscript ion or whe ther and h o w far the altered 
stability of m R N A s contr ibutes is an open ques t ion . 

S o m e areas in the body have their o w n extracel lular env i ronment of special 
composi t ion . O n e of these areas is the bra in . It is separated from the body by the 



346 Gerhard Schreiber 

blood/bra in barr ier and the b lood /choro id p lexus /cerebrosp ina l fluid barr ier . A n 
extracellular env i ronment with a compos i t ion closely similar to that of b lood 
p lasma would be incompat ib le with the p roper functioning of the central nervous 
sys tem. For e x a m p l e , it is manda tory that the neurons of the central nervous 
system are protected from the large changes in concentra t ion of amino acids such 
as g lu tamate , aspar ta te , and g lyc ine , or of the h o r m o n e s adrenal ine and nor-
adrenal ine , which can occur in the b loods t ream. 

Another area of the body with special requi rements for the compos i t ion of the 
extracel lular mil ieu is the g rowing fetus. Supply of substrates and control by 
hormones have to be adjusted to the qui te different needs in the materna l and the 
fetal o rgan i sms . It is unders tandable then that both brain and fetus are separated 
from the main body by a sys tem of one or more cell l ayers , a l though several 
logistic p rob lems such as the t ransport of sparely water-soluble c o m p o u n d s by 
carrier proteins are clearly s imilar in cerebrospinal fluid and in maternal and fetal 
blood p lasma. T h u s , s imilar protein species are found in the three extracel lular 
fluids. 

Recent ly , a large n u m b e r of specific c D N A probes for var ious p l a sma prote ins 
have b e c o m e avai lable . These p robes a l low the very sensi t ive analysis of the 
tissue distr ibution of specific p l a sma protein m R N A s and the s tudy of gene 
express ion. Both choroid p lexus and yolk sac , t issues interfacing different extra-
cellular compar tmen t s , express p la sma protein genes very act ively and , in some 
cases , even more s trongly than the l iver. T h e functional impl icat ions of this 
synthesis of p l a sma prote ins in the interfacing t issues are intr iguing. Receptor -
mediated contact be tween p lasma prote ins in the b loods t ream and cells of the 
interfacing t issue would int roduce both specificity and an oppor tuni ty for control 
in the chemica l communica t ion be tween the extracel lular sys tems . It is a fas-
cinating p rob lem for future research to e lucidate h o w the same p l a sma protein 
genes are expressed at such different sites as l iver, choro id p l exus , and yolk sac , 
where similar logistic p rob lems have to be solved by the o rgan i sm. 
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I. Introductory Remarks 

In the Append ix to 4T h e P la sma P r o t e i n s , " V o l u m e I V , the sequences of 56 
p lasma prote ins were spelled out , mos t of t h e m comple te sequences of mature 
h u m a n prote ins . S o m e of the sequences represented comple te precursors ; only a 
few were fragmentary or der ived from another m a m m a l . These data had accumu-
lated in the scientific l i terature over a span of about twenty years and were 
de te rmined mainly by direct pept ide sequenc ing . In this Append ix to the current 
vo lume , 28 p la sma protein sequences are presen ted , fully half of which are 
comple te precursors translated from nucleot ide sequences . Only a third of these 
recently de termined sequences are pr incipal ly der ived by protein sequencing 
me thods . Six of the sequences are from other m a m m a l s ; four are large fragments 
or one chain of a larger molecu le . Four that were f ragmentary in V o l u m e IV are 
now comple ted and shown here . Others (see Tab le I) that have been revised 
slightly are not spelled out again . Mos t of the sequences were abstracted from the 
Protein Sequence Database of Augus t 1985 , main ta ined at the Protein Identifica-
tion Resource of the Nat ional Biomedica l Research Founda t ion at George town 
Universi ty in Wash ing ton , D . C . , under the sponsorsh ip of the Divis ion of Re-
search Resources of the Nat ional Insti tutes of Heal th . 
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TABLE I 

Revisions to Sequences since Volume IV 

No. of 
added No. of 

Protein residues differences References0 

α ι - Antitrypsin precursor 24 3 Bollen etal. (1983) 
β2-ΜίθΌ§1οώιΗη precursor 20 1 deleted Rosa et al. (1983); Suggs et al. 

(1981) 
Proapolipoprotein A-I precursor 24 3 Shoulders et al. (1983); Cheung 

and Chan (1983); Law and 
Brewer (1984) 

Apolipoprotein Ε precursor 18 0 Paik et al. (1985); McLean et al. 

(1984) 
Apolipoprotein C-II 1 4 Hospattankar et al. (1984) 
Fibrinogen α chain precursor 19 5 Rixon et al. (1984) 
Fibrinogen β chain precursor 30 5 Chung etal. (1983a) 
Fibrinogen y chain precursor 26 0 Chung etal. (1983b) 
Retinol-binding protein precursor 17 1 Colantuoni etal. (1983) 
Connective-tissue activating 4 0 Castor etal. (1983) 

peptide III (was 
β-thromboglobulin) 

Cystatin C (was post-7-globulin) 0 0 Turk et al. (1983) 

°Key to references: Bollen, Α. , Herzog, Α. , Cravador, Α. , Herion, P . , Chuchana, P . , Vander 
Straten, Α. , Loriau, R., Jacobs, P . , and Van Elsen, A. (1983). DNA 2, 255-264 . Castor, C. W. , 
Miller, J. W. , and Walz, D. A. (1983). Proc. Natl. Acad. Sci. U.S.A. 80, 765-769 . Cheung, P . , and 
Chan, L. (1983). Nucleic Acids Res. 11, 3703-3715. Chung, D. W. , Que, B. G., Rixon, M. W. , 
Mace, M. , Jr., and Davie, E. W. (1983a). Biochemistry 22, 3244-3250. Chung, D. W. , Chan, W.-
Y. , and Davie, E. W. (1983b). Biochemistry 22, 3250-3256. Colantuoni, V. , Romano, V. , Bensi, 
G., Santoro, C , Costanzo, F . , Raugei, G., and Cortese, R. (1983). Nucleic Acids Res. 11, 7 7 6 9 -
7776. Hospattankar, Α. V. , Fairwell, T . , Ronan, R., and Brewer, Η. B . , Jr. (1984). J. Biol. Chem. 
259, 318-322 . Law, S. W. , and Brewer, Η. B . , Jr. (1984). Proc. Natl. Acad. Sci. U.S.A. 81 , 6 6 -
70. McLean, J. W. , Elshourbagy, Ν. Α. , Chang, D. J. , Mahley, R. W. , and Taylor, J. M. (1984). J. 
Biol. Chem. 259, 6498-6504. Paik, Y.-K., Chang, D. J. , Reardon, C. Α. , Davies, G. E. , Mahley, 
R. W. , and Taylor, J. M. (1985). Proc. Natl. Acad. Sci. U.S.A. 82, 3445-3449. Rixon, M. W. , 
Chan, W.-Y. , Davie, E. W. , and Chung, D. W. (1983). Biochemistry 22, 3237-3244. Rosa, F . , 
Berissi, H. , Weissenbach, J. , Maroteaux, L. , Fellous, M. , and Revel, M. (1983). EMBOJ. 2, 2 3 9 -
243. Shoulders, C. C , Kornblihtt, A. R., Munro, B. S., and Baralle, F. E. (1983). Nucleic Acids 
Res. 11, 2827-2837. Suggs, S. V. , Wallace, R. B . , Hirose, T. , Kawashima, Ε. H. , and Itakura, K. 
(1981). Proc. Natl. Acad. Sci. U.S.A. 78, 6613-6617. Turk, V. , Brzin, J. , Longer, M. , Ritonja, Α. , 
Eropkin, M. , Borchart, U. , and Machleidt, W. (1983). Hoppe-Seyler's Z. Physiol. Chem. 364, 
1487-1496. 

T h e sequences are presented in the one-let ter amino acid code shown in Tab le 

II , and the molecular weights of the unmodif ied protein chains are calculated 

automatical ly from the amino acid molecular weights shown there . A slash at the 

beginning or end of the sequence indicates that there are unsequenced segments 

at the amino or carboxyl end , respect ively. Othe rwise , wi th one except ion , the 

sequences shown here have been comple te ly de te rmined . Principal references to 
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the l i terature repor t ing the sequence de terminat ions are given in the text of each 
sequence entry . M i n o r d iscrepancies be tween the sequences repor ted from differ-
ent laboratories are not noted; m o r e comple t e documenta t ion is avai lable from 
the Protein Identification Resource . Cova len t modif icat ions to the sequences , 
such as disulfide b o n d s , bound ca rbohydra te , and c leavages dur ing act ivat ion, 
are no ted , as are active-si te res idues . Mos t of this information appears in feature 
tab les , which also include internal dupl ica t ions , functional d o m a i n s , and homol -
ogies with other pro te ins . 

In the Protein Sequence Da tabase , sequences that can be shown to be related to 
one another are g rouped into superfamil ies . M a n y recent ly de te rmined sequences 
represent large molecules with several functional d o m a i n s . These complex pro-
teins are encoded by mul t iexonic genes that appear to have formed from fusions 

TABLE II 

One-Letter Amino Acid Abbreviations 
and Molecular Weights 

Molecular 
Abbreviation Amino acid weight" 

A Alanine 89.09 
C Cysteine 121.15 
D Aspartic acid 133.10 
Ε Glutamic acid 147.13 
F Phenylalanine 165.19 
G Glycine 75.07 
Η Histidine 155.16 
I Isoleucine 131.17 
Κ Lysine 146.19 
L Leucine 131.17 
Μ Methionine 149.21 
Ν Asparagine 132.12 
Ρ Proline 115.13 

Q Glutamine 146.15 
R Arginine 174.20 
S Serine 105.09 
Τ Threonine 119.12 
V Valine 117.15 
w Tryptophan 204.23 
Y Tyrosine 181.19 
Β Aspartic acid or asparagine 132.61 
Ζ Glutamic acid or glutamine 146.64 
Χ Undetermined amino acid 128.16 

Water molecule 18.015 

"Based on C = 12.011, Η = 1.0079, Ο = 15.9994, 
Ν = 14.0067, and S = 32.06. 
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of separate genes or gene segments . Thus a protein m a y contain sequence seg-

ments that are respect ively related to several unrelated prote ins . For such pro-

te ins , the sequence segment upon which the principal superfamily classification 

is based is indicated; homolog ies with proteins in other superfamil ies are noted in 

the feature tables . A list of proteins whose sequences are included in Sect ion II of 

this Appendix is g iven in Table III . Unless no ted , the comple te h u m a n sequence 

is shown. Sequences in the s ame superfamily are grouped together . 

E lsewhere in this vo lume appear sequences of several proteins that are not 

listed in this Append ix or that of V o l u m e IV: h u m a n vi tamin D-binding protein 

G c 2 (Chapter 1, F ig . 24) ; h u m a n secretory componen t , which cor responds to the 

TABLE III 

Protein Sequences 

List of sequences Source Identifier" Page 

Coagulation factor VIII precursor Human EZHU 370 
Complement subcomponent C l r Human C1HURB 372 

(EC 3.4.21.41), b chain 
Haptoglobin-2 precursor Human HPHU2 373 
Factor X (EC 3.4.21.6) precursor Human (fragment) EXHU 374 
Protein Ζ Bovine KXBOZ 375 
Complement factor D Human DBHU 376 
Complement factor Β (in EC 3.4.21.47) Human BBHU 377 
Factor XII (EC 3.4.21.38) Human KFHU12 378 
Inter-a-trypsin inhibitor (BPI type) Human TIHUBI 379 
a j -Antichymotrypsin precursor Human ITHUC 380 
Angiotensinogen precursor Human ANHU 381 
Complement C3 precursor Human C3HU 382 
Complement C4A Human C4HU 384 
Complement C5 Human (fragment) C5HU 386 
Complement C9 precursor Human (fragment) C9HU 387 
Fibronectin Human FNHU 388 
Kininogen, HMW I precursor Bovine KGBOH1 391 
Kininogen, HMW II precursor Bovine KGBOH2 392 
Kininogen, LMW I precursor Human KGHUL1 393 
Kininogen, LMW II precursor Bovine KGBOL2 394 
Apolipoprotein A-IV precursor Rat LPRTA4 395 
Serum amyloid P-component Human YLHUP 396 
a2 u-Globul in precursor Rat UART 397 
Leucine-rich a2-glycoprotein Human GPHUA2 398 
a2-HS-glycoprotein Β chain Human WOHUB 399 
α-Fetoprotein precursor Human FPHU 400 
Hemopexin Human OQHU 401 
Erythropoietin precursor Human ZUHU 402 

"The identifier is an arbitrary 4- to 6-character identification code for purposes of computer 
retrieval. 



Appendix/Sequences of Plasma Proteins 369 

extracel lular port ion of the poly-Ig receptor (Chapter 2 , F ig . 32) ; h u m a n ap-
ol ipoprotein IV (Chapter 3 , F ig . 4 ) ; the carboxyl end of h u m a n apol ipoprotein Β 
(Chapter 3 , F ig . 6) ; a partial sequence of h u m a n p regnancy zone protein (Chapter 
4 , F ig . 4 ) ; and rat major acute-phase prote in , a lso cal led T-kin inogen (Chapter 5 , 
F ig . 4 ) . 
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EZHU 

C o a g u l a t i o n f a c t o r V I I I p r e c u r s o r - H u m a n 

W o o d , W . I . , C a p o n , D . J . , S i m o n s e n , C . C . , E a t o n , D . L . , 
G i t s c h i e r , J . , K e y t , Β . , S e e b u r g , P . H . , S m i t h , D . H . , 
H o l l i n g s h e a d , P . , W i o n , K . L . , D e l w a r t , Ε . , T u d d e n h a m , 
E . G . D . , V e h a r , G . A . , a n d L a w n , R . M . , N a t u r e 3 1 2 , 3 3 0 - 3 3 7 , 
1 9 8 4 ( S e q u e n c e t r a n s l a t e d f r o m t h e mRNA a n d DNA 
s e q u e n c e s ) 

F a c t o r V i l l a , a l o n g w i t h c a l c i u m a n d p h o s p h o l i p i d , a c t s a s a 
c o f a c t o r f o r f a c t o r I X a w h e n i t c o n v e r t s f a c t o r X t o t h e 
a c t i v a t e d f o r m , f a c t o r X a . 

S u p e r f a m i l y : 1 - 7 3 9 , 1 7 1 3 - 2 0 4 6 / c e r u l o p l a s m i n 

R e s i d u e s F e a t u r e 

1 - 1 9 D o m a i n : s i g n a l s e q u e n c e 
2 0 - 7 4 0 , 1 6 6 8 - 2 3 5 1 P r o t e i n : f a c t o r V i l l a 
2 0 - 3 5 6 D o m a i n : A l 
3 5 7 - 7 4 0 D o m a i n : A 2 
7 4 1 - 1 6 6 7 D o m a i n : Β 
1 6 6 8 - 2 0 4 6 D o m a i n : A 3 
2 0 4 7 - 2 2 0 0 D o m a i n : C I 

2 2 0 1 - 2 3 5 1 D o m a i n : C 2 
2 0 - 3 5 6 , 3 9 9 - 7 3 9 , D u p l i c a t i o n : h o m o l o g y w i t h c e r u l o p l a s m i n 

1 7 1 3 - 2 0 4 6 d o m a i n s 

M o l . w t . u n m o d . c h a i n = 2 6 7 , 0 0 7 N u m b e r o f r e s i d u e s = 2 3 5 1 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ Q I Ε L S Τ C F F L C L L R F C F S Α Τ R R Υ Υ L G Α V Ε 

3 1 L S w D Y Μ Q S D L G Ε L Ρ V D Α R F Ρ Ρ R V Ρ Κ S F Ρ F Ν 

6 1 Τ S ν V Y Κ Κ Τ L F V Ε F Τ D Η L F Ν I Α Κ Ρ R Ρ Ρ W Μ G L 

9 1 L G Ρ Τ I Q Α Ε V Υ D Τ ν ν I Τ L Κ Ν Μ Α S Η Ρ V S L Η Α V 
1 2 1 G V s Υ w κ Α S Ε G Α Ε Υ D D Q Τ S Q R Ε Κ Ε D D Κ V F Ρ G 
1 5 1 G S Η Τ Y ν W Q ν L Κ Ε Ν G Ρ Μ Α S D Ρ L C L Τ Υ S Υ L S Η 

1 8 1 V D L V κ D L Ν S G L I G Α L L V C R Ε G S L Α Κ Ε Κ Τ Q Τ 
2 1 1 L Η Κ F I L L F Α ν F D Ε G Κ S W Η S Ε Τ Κ Ν S L Μ Q D R D 

2 4 1 A A S A R Α W Ρ Κ Μ Η Τ ν Ν G Υ V Ν R S L Ρ G L I G C Η R Κ 
2 7 1 S V Y W Η V I G Μ G Τ Τ Ρ Ε V Η S I F L Ε G Η Τ F L V R Ν Η 
3 0 1 R Q A S L Ε I S Ρ I Τ F L Τ Α Q Τ L L Μ D L G Q F L L F C Η 

3 3 1 I S S Η Q Η D G Μ Ε Α Υ ν Κ V D S C Ρ Ε Ε Ρ Q L R Μ Κ Ν Ν Ε 

3 6 1 Ε A Ε D Y D D D L Τ D S Ε Μ D V V R F D D D Ν S Ρ S F I Q I 
3 9 1 R S V A Κ Κ Η Ρ Κ Τ W ν Η Υ I Α Α Ε Ε Ε D W D Υ Α Ρ L V L Α 

4 2 1 Ρ D D R s Υ Κ S Q Υ L Ν Ν G Ρ Q R I G R Κ Υ Κ Κ V R F Μ Α Υ 
4 5 1 Τ D Ε Τ F Κ Τ R Ε Α I Q Η Ε S G I L G Ρ L L Υ G Ε V G D Τ L 

4 8 1 L I I F Κ Ν Q Α S R Ρ Υ Ν I Υ Ρ Η G I Τ D V R Ρ L Υ S R R L 
5 1 1 Ρ Κ G V Κ Η L Κ D F Ρ I L Ρ G Ε I F Κ Υ Κ W Τ V Τ V Ε D G Ρ 
5 4 1 Τ κ S D Ρ R C L Τ R Υ Υ S S F V Ν Μ Ε R D L Α S G L I G Ρ L 
5 7 1 L I C Y Κ Ε S ν D Q R G Ν Q I Μ S D Κ R Ν V I L F S V F D Ε 
6 0 1 Ν R S W Υ L Τ Ε Ν I Q R F L Ρ Ν Ρ Α G V Q L Ε D Ρ Ε F Q Α S 
6 3 1 Ν I Μ Η S I Ν G Υ V F D S L Q L S V C L Η Ε V Α Υ W Υ I L S 

II. Amino Acid Sequences 
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6 6 1 I G Α Q Τ D F L S V F F S 
6 9 1 Ρ F S G Ε Τ V F Μ S Μ Ε Ν 
7 2 1 Μ Τ Α L L Κ V S S C D Κ Ν 
7 5 1 S Κ Ν Ν Α I Ε Ρ R S F S Q 
7 8 1 Ρ Ε Ν D I Ε Κ Τ D Ρ W F Α 
8 1 1 Μ L L R Q S Ρ Τ Ρ Η G L S 
8 4 1 Ρ G Α I D S Ν Ν S L S Ε Μ 
8 7 1 Ε S G L Q L R L Ν Ε Κ L G 
9 0 1 S Ν Ν L I S Τ I Ρ S D Ν L 
9 3 1 Η Υ D S Q L D Τ Τ L F G Κ 

9 6 1 Ν Ν D S Κ L L Ε S G L Μ Ν 
9 9 1 L F Κ G κ R Α Η G Ρ Α L L 

1 0 2 1 Κ Τ S Ν Ν S Α Τ Ν R Κ Τ Η 
1 0 5 1 I L Ε S D Τ Ε F Κ Κ V Τ Ρ 
1 0 8 1 Ν Η Μ S Ν Κ Τ Τ S S Κ Ν Μ 
1 1 1 1 Ρ D Μ S F F Κ Μ L F L Ρ Ε 
1 1 4 1 Q G Ρ S Ρ Κ Q L V S L G Ρ 
1 1 7 1 V G Κ G Ε F τ Κ D V G L Κ 
1 2 0 1 L Η Ε Ν Ν Τ Η Ν Q Ε Κ Κ I 
1 2 3 1 Ρ Q I Η Τ V Τ G Τ Κ Ν F Μ 
1 2 6 1 G Α Υ Α Ρ V L Q D F R S L 
1 2 9 1 G Ε Ε Ε Ν L Ε G L G Ν Q Τ 
1 3 2 1 S Q Q Ν F V Τ Q R S Κ R Α 
1 3 5 1 I V D D Τ S Τ Q W S Κ Ν Μ 

1 3 8 1 Κ G Α I Τ Q S Ρ L S D C L 

1 4 1 1 κ V S S F Ρ S I R Ρ I Υ L 
1 4 4 1 R Κ Κ D S G V Q Ε S S Η F 
1 4 7 1 Μ Τ G D Q R Ε V G S L G Τ 
1 5 0 1 Κ Ρ D L Ρ Κ Τ S G Κ V Ε L 
1 5 3 1 Ν G S Ρ G Η L D L V Ε G S 
1 5 6 1 G Κ V Ρ F L R V Α Τ Ε S S 
1 5 9 1 G Τ Q I Ρ Κ Ε Ε W Κ S Q Ε 
1 6 2 1 Ν Α C Ε S Ν Η Α I Α Α I Ν 
1 6 5 1 Τ Ε R L C S Q Ν Ρ Ρ V L Κ 

1 6 8 1 I D Υ D D Τ I S V Ε Μ Κ Κ 
1 7 1 1 Q Κ Κ Τ R Η Υ F I Α Α V Ε 
1 7 4 1 Α Q S G S V Ρ Q F Κ Κ V V 

1 7 7 1 L Ν Ε Η L G L L G Ρ Υ I R 
1 8 0 1 Ρ Υ S F Υ S S L I S Υ Ε Ε 
1 8 3 1 Τ Κ Τ Υ F W Κ V Q Η Η Μ Α 

1 8 6 1 D L Ε Κ D V Η S G L I G Ρ 
1 8 9 1 Τ V Q Ε F Α L F F Τ I F D 

1 9 2 1 Ρ Ν I Q Μ Ε D Ρ Τ F Κ Ε 
1 9 5 1 L ν Μ Α Q D Q R I R W Υ L 
1 9 8 1 V F Τ V R Κ Κ Ε Ε Υ Κ Μ Α 
2 0 1 1 Κ Α G I W R V Ε C L I G Ε 
2 0 4 1 Q Τ Ρ L G Μ Α S G Η I R D 
2 0 7 1 R L Η Υ S G S I Ν Α W S Τ 
2 1 0 1 Η G I Κ Τ Q G Α R Q κ F S 
2 1 3 1 W Q Τ Υ R G Ν S Τ G τ L Μ 

2 1 6 1 Ρ Ρ I I Α R Υ I R L Η Ρ Τ 
2 1 9 1 Ν S C S Μ Ρ L G Μ Ε S Κ Α 

2 2 2 1 Τ W S Ρ S Κ Α R L Η L Q G 
2 2 5 1 V D F Q Κ Τ Μ Κ V Τ G V Τ 

2 2 8 1 I S S S Q D G Η Q W Τ L F 

2 3 1 1 Ρ V V Ν S L D Ρ Ρ L L Τ R 
2 3 4 1 Ε V L G C Ε Α Q D L Υ 

G Υ Τ F Κ Η κ Μ V Υ Ε D Τ L Τ L F 
Ρ G L W I L G C Η Ν S D F R Ν R G 
Τ G D Υ Υ Ε D S Υ Ε D I S Α Υ L L 
Ν S R Η Ρ S Τ R Q Κ Q F Ν Α Τ Τ I 
Η R Τ Ρ Μ Ρ Κ I Q Ν V S S S D L L 
L S D L Q Ε Α Κ Υ Ε Τ F S D D Ρ S 

Τ Η F R Ρ Q L Η Η S G D Μ V F Τ Ρ 
Τ Τ Α Α Τ Ε L Κ Κ L D F Κ V S S Τ 

Α Α G Τ D Ν Τ S S L G Ρ Ρ S Μ Ρ V 
Κ S S Ρ L Τ Ε S G G Ρ L S L S Ε Ε 

S Q Ε S S W G Κ Ν V S S Τ Ε S G R 
Τ Κ D Ν Α L F Κ V S I S L L Κ Τ Ν 
I D G Ρ S L L I Ε Ν S Ρ S V W Q Ν 
L I Η D R Μ L Μ D Κ Ν Α Τ Α L R L 
Ε Μ V Q Q Κ Κ Ε G Ρ I Ρ Ρ D Α Q Ν 
S Α R W I Q R Τ Η G Κ Ν S L Ν S G 
Ε Κ S V Ε G Q Ν F L S Ε κ Ν Κ V V 
Ε Μ V F Ρ S S R Ν L F L τ Ν L D Ν 

Q Ε Ε I Ε Κ Κ Ε Τ L I Q Ε Ν V V L 
Κ Ν L F L L S Τ R Q Ν V Ε G S Υ D 
Ν D S Τ Ν R Τ Κ Κ Η Τ Α Η F S Κ Κ 
Κ Q I V Ε Κ Υ Α C Τ Τ R I S Ρ Ν Τ 
L Κ Q F R L Ρ L Ε Ε Τ Ε L Ε Κ R I 
Κ Η L Τ Ρ S Τ L Τ Q I D Υ Ν Ε Κ Ε 
Τ R S Η S I Ρ Q Α Ν R S Ρ L Ρ I Α 
Τ R V L F Q D Ν S S Η L Ρ Α Α S Υ 
L Q G Α Κ κ Ν Ν L S L Α I L Τ L Ε 
S Α Τ Ν S ν Τ Υ Κ Κ V Ε Ν Τ V L Ρ 
L Ρ Κ V Η I Υ Q Κ D L F Ρ Τ Ε Τ S 
L L Q G Τ Ε G Α I Κ W Ν Ε Α Ν R Ρ 
Α Κ Τ Ρ S Κ L L D Ρ L Α W D Ν Η Υ 
Κ S Ρ Ε Κ Τ Α F Κ Κ Κ D Τ I L S L 
Ε G Q Ν Κ Ρ Ε I Ε V Τ W Α Κ Q G R 
R Η Q R Ε I Τ R Τ Τ L Q S D Q Ε Ε 

Ε D F D I Υ D Ε D Ε Ν Q S Ρ R S F 
R L W D Υ G Μ S S S Ρ Η V L R Ν R 
F Q Ε F τ D G S F Τ Q Ρ L Υ R G Ε 
Α Ε V Ε D Ν I Μ V Τ F R Ν Q Α S R 

D Q R Q G Α Ε Ρ R Κ Ν F V Κ Ρ Ν Ε 
Ρ Τ Κ D Ε F D C Κ Α W Α Υ F S D V 

L L V C Η Τ Ν Τ L Ν Ρ Α Η G R Q V 
Ε Τ Κ S W Υ F Τ Ε Ν Μ Ε R Ν C R Α 

Ν Υ R F Η Α I Ν G Υ I Μ D Τ L Ρ G 
L S Μ G S Ν Ε Ν I Η S I Η F S G Η 
L Υ Ν L Υ Ρ G V F Ε τ V Ε Μ L Ρ S 
Η L Η Α G Μ S Τ L F L ν Υ S Ν Κ C 
F Q I Τ Α S G Q Υ G Q W Α Ρ Κ L Α 
Κ Ε Ρ F S W I Κ V D L L Α Ρ Μ I I 
S L Υ I S Q F I I Μ Υ S L D G Κ Κ 
V F F G Ν V D S S G I Κ Η Ν I F Ν 
Η Υ S I R S Τ L R Μ Ε L Μ G C D L 
I S D Α Q I Τ Α S S Υ F Τ Ν Μ F Α 

R S Ν Α W R Ρ Q V Ν Ν Ρ Κ Ε W L Q 
Τ Q G V Κ S L L Τ S Μ Υ V Κ Ε F L 
F Q Ν G Κ V Κ V F Q G Ν Q D S F Τ 

Υ L R I Η Ρ Q S W V Η Q I Α L R Μ 
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C 1 H U R B 

C o m p l e m e n t s u b c o m p o n e n t C l r ( E C 3 . 4 . 2 1 . 4 1 ) , b c h a i n - H u m a n 

A r l a u d , G . J . , a n d G a g n o n , J . , B i o c h e m i s t r y 2 2 , 1 7 5 3 - 1 7 6 4 , 

1 9 8 3 

C l r i s a d i m e r o f i d e n t i c a l c h a i n s , e a c h o f w h i c h i s 

a c t i v a t e d b y c l e a v a g e i n t o t w o c h a i n s , a a n d b , c o n n e c t e d 
b y d i s u l f i d e b o n d s . 

T h i s p r o t e i n i s a s e r i n e p r o t e a s e t h a t c o m b i n e s w i t h C l q a n d 
C l s t o f o r m C I , t h e f i r s t c o m p o n e n t o f t h e c l a s s i c a l 
p a t h w a y o f t h e c o m p l e m e n t s y s t e m . C l r a c t i v a t e s C l s s o 
t h a t i t c a n , i n t u r n , a c t i v a t e C 2 a n d C 4 . 

S u p e r f a m i l y : t r y p s i n 

R e s i d u e s 
5 1 , 1 1 8 
3 9 
9 4 
1 9 1 

1 5 7 - 1 7 6 , 1 8 7 - 2 1 7 
1 1 4 

F e a t u r e 
B i n d i n g s i t e 
A c t i v e s i t e : 
A c t i v e s i t e : 
A c t i v e s i t e : 
D i s u l f i d e b o n d s 
D i s u l f i d e b o n d s 

M o l . w t . u n m o d . c h a i n = 2 7 , 0 9 5 

c a r b o h y d r a t e ( A s n ) 
H i s 
A s p 
S e r 

: ( b y h o m o l o g y ) 
: t o a c h a i n ( p u t a t i v e ) 

N u m b e r o f r e s i d u e s = 2 4 2 

1 0 1 5 2 0 2 5 3 0 
1 I I G G Q K A K M G N F P W Q V F T N I H G R G G G A L L G 

3 1 D R W I L 
ί V Ε Ε 
] G D I 

6 1 
9 1 

1 2 1 

1 5 1 V A N 

1 8 1 S L Κ 

2 1 1 V 

2 4 1 Ε 

W 

Τ A A 
L Μ Κ 
A L 
L Μ 

A C 
A C D 

I G C 

Η Τ 
L G 
Ε L 

G D 

R G 

L Y 
Ν Η 
Ε Ν 

Υ V S G F 

Ν W L R G 

S G G 

Y G F 

Κ E H 
I R R 
V Τ L 
G V Μ 
Κ Ν R 
V F A 
Υ Τ Κ 

Q S 
V Η 

S L 
Y R 
I C 
D L 
Ν Μ 
D R 

D W I 

D V F 
Q D Ε 
L Ρ D 
R F V 
F C A 

L 
S 
Ν 
R 
G 

W V A Τ 
Κ Κ Ε Μ 
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H P H U 2 

H a p t o g l o b i n - 2 p r e c u r s o r - H u m a n 

M a e d a , Ν . , J . B i o l . C h e m . 2 6 0 , 6 6 9 8 - 6 7 0 9 , 1 9 8 5 ( S e q u e n c e 
t r a n s l a t e d f r o m t h e DNA s e q u e n c e ) 

Y a n g , F . , B r u n e , J . L . , B a l d w i n , W . D . , B a r n e t t , D . R . , a n d 
B o w m a n , B . H . , P r o c . N a t . A c a d . S c i . USA 8 0 , 5 8 7 5 - 5 8 7 9 , 
1 9 8 3 ( S e q u e n c e t r a n s l a t e d f r o m t h e mRNA s e q u e n c e ) 

R a u g e i , G . , B e n s i , G . , C o l a n t u o n i , V . , R o m a n o , V . , S a n t o r o , 
C , C o s t a n z o , F . , a n d C o r t e s e , R . , N u c l . A c i d s R e s . 1 1 , 
5 8 1 1 - 5 8 1 9 , 1 9 8 3 ( S e q u e n c e o f r e s i d u e s 3 - 4 0 6 t r a n s l a t e d 
f r o m t h e mRNA s e q u e n c e ) 

K u r o s k y , Α . , B a r n e t t , D . R . , L e e , T . - H . , T o u c h s t o n e , Β . , H a y , 
R . E . , A r n o t t , M . S . , B o w m a n , B . H . , a n d F i t c h , W . M . , P r o c . 
N a t . A c a d . S c i . USA 7 7 , 3 3 8 8 - 3 3 9 2 , 1 9 8 0 

I f p o s i t i o n 7 1 i s L y s , t h e n p o s i t i o n 1 3 0 i s G l u , a n d v i c e 
v e r s a , i n t h e f - s c h a i n s h o w n . 

S u p e r f a m i l y : 1 6 2 - 4 0 6 / t r y p s i n 

R e s i d u e s F e a t u r e 

1 - 1 8 D o m a i n : s i g n a l s e q u e n c e 

1 9 - 1 6 0 , 1 6 2 - 4 0 6 P r o t e i n : h a p t o g l o b i n - 2 , a l p h a - 2 a n d b e t a 

c h a i n s 

2 9 - 8 8 , 8 9 - 1 4 6 D u p l i c a t i o n : 

5 2 - 8 6 , 1 1 1 - 1 4 5 D i s u l f i d e b o n d s : i n t r a - a l p h a c h a i n 

3 3 , 9 2 D i s u l f i d e b o n d s : i n t e r - a l p h a c h a i n 

M o l . w t . u n m o d . c h a i n = 4 5 , 2 0 5 N u m b e r o f r e s i d u e s = 4 0 6 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ S A L G Α V I Α L L L W G Q L F Α V D S G Ν D V Τ D I Α D 

3 1 D G C Ρ Κ Ρ Ρ Ε I Α Η G Υ V Ε Η S V R Υ Q C Κ Ν Υ Υ Κ L R Τ 
6 1 Ε G D G V Υ Τ L Ν D Κ Κ Q W I Ν Κ Α V G D Κ L Ρ Ε C Ε Α D D 

9 1 G r* Ρ Κ Ρ Ρ Ε I Α Η G Υ V Ε Η S V R Υ Q C κ Ν Υ Υ κ L R Τ Ε 

1 2 1 G D G V Υ Τ L Ν Ν Ε Κ Q W I Ν Κ Α V G D Κ L Ρ Ε C Ε Α V C G 

1 5 1 Κ Ρ Κ Ν Ρ Α Ν Ρ V Q R I L G G Η L D Α Κ G S F Ρ W Q Α Κ Μ V 

1 8 1 S Η Η Ν L Τ Τ G Α Τ L I Ν Ε Q W L L Τ Τ Α Κ Ν L F L Ν Η S Ε 

2 1 1 Ν A Τ A Κ D I Α Ρ τ L τ L Υ V G Κ Κ Q L V Ε I Ε Κ V V L Η Ρ 
2 4 1 Ν Y s Q V D I G L I Κ L Κ Q Κ V S V Ν Ε R V Μ Ρ I C L Ρ S Κ 
2 7 1 D Y A Ε V G R V G Υ V S G W G R Ν Α Ν F Κ F Τ D Η L Κ Υ V Μ 

3 0 1 L Ρ V A D Q D Q C I R Η Υ Ε G S Τ V Ρ Ε Κ Κ Τ Ρ Κ S Ρ V G V 

3 3 1 Q Ρ I L Ν Ε Η Τ F C Α G Μ S Κ Υ Q Ε D Τ C Υ G D Α G S Α F Α 

3 6 1 V Η D L Ε Ε D Τ W Υ Α Τ G I L S F D Κ S C Α V Α Ε Υ G V Υ V 

3 9 1 Κ V Τ S I Q D W V Q Κ Τ I Α Ε Ν 
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EXHU 
F a c t o r X (EC 3 . 4 . 2 1 . 6 ) p r e c u r s o r - H u m a n ( f r a g m e n t ) 

A l t e r n a t e n a m e s : S t u a r t f a c t o r 

F u n g , M . R . , H a y , C . W . , a n d M a c G i l l i v r a y , R . T . A . , P r o c . N a t . 

A c a d . S c i . USA 8 2 , 3 5 9 1 - 3 5 9 5 , 1 9 8 5 ( S e q u e n c e t r a n s l a t e d 

f r o m t h e mRNA s e q u e n c e ) 

L e y t u s , S . P . , C h u n g , D . W . , K i s i e l , W . , K u r a c h i , Κ . , a n d 

D a v i e , E . W . , P r o c . N a t . A c a d . S c i . USA 8 1 , 3 6 9 9 - 3 7 0 2 , 

1 9 8 4 ( S e q u e n c e o f r e s i d u e s 1 0 3 - 4 7 6 t r a n s l a t e d f r o m t h e 

mRNA s e q u e n c e ) 

F a c t o r Xa i s a v i t a m i n K - d e p e n d e n t g l y c o p r o t e i n t h a t c o n v e r t s 
p r o t h r o m b i n t o t h r o m b i n i n t h e p r e s e n c e o f f a c t o r V a , 
C a + + , a n d p h o s p h o l i p i d d u r i n g b l o o d c l o t t i n g . 

S u p e r f a m i l y : 2 2 3 - 4 7 6 / t r y p s i n 

R e s i d u e s F e a t u r e 

1 - 2 8 D o m a i n : c a r b o x y l e n d o f s i g n a l s e q u e n c e 
2 9 - 1 6 7 , 1 7 1 - 4 7 6 P r o t e i n : f a c t o r X , l i g h t a n d h e a v y c h a i n s 
2 9 - 7 3 D o m a i n : c a l c i u m - b i n d i n g 
2 9 - 1 6 7 , 2 2 3 - 4 7 6 P r o t e i n : f a c t o r X a 
3 4 , 3 5 , 4 2 , 4 4 , 4 7 , M o d i f i e d r e s i d u e : g a m m a - c a r b o x y g l u t a m i c 

4 8 , 5 3 , 5 4 , 5 7 , a c i d 
6 0 , 6 7 

9 1 M o d i f i e d r e s i d u e : b e t a - h y d r o x y a s p a r t i c 
a c i d 

7 8 - 1 0 9 D o m a i n : t y p e A h o m o l o g y w i t h EGF 
1 1 7 - 1 5 2 D o m a i n : t y p e Β h o m o l o g y w i t h EGF 
2 0 9 , 2 1 9 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 

( p o s s i b l e ) 
2 6 4 A c t i v e s i t e : H i s 
3 1 0 A c t i v e s i t e : A s p 
4 0 7 A c t i v e s i t e : S e r 
2 2 3 - 4 7 6 D o m a i n : s e r i n e p r o t e a s e 

M o l . w t . u n m o d . c h a i n = 5 3 , 4 7 3 N u m b e r o f r e s i d u e s = 4 7 6 

5 1 0 1 5 2 0 2 5 3 0 
1 / S L A G L L L L G Ε S L F I R R Ε Q Α Ν Ν I L Α R V Τ R Α Ν 

3 1 S F L Ε Ε Μ Κ Κ G Η L Ε R Ε C Μ Ε Ε Τ C S Υ Ε Ε Α R Ε V F Ε 
6 1 D S D Κ Τ Ν Ε F W Ν Κ Υ Κ D G D Q £ Ε Τ S Ρ C Q Ν Q G Κ C Κ 

9 1 D G L G Ε Υ Τ C Τ C L Ε G F Ε G Κ Ν C Ε L F Τ R Κ L C S L D 
1 2 1 Ν G D C D Q F C Η Ε Ε Q Ν S V V C S C Α R G Υ Τ L Α D Ν G Κ 

1 5 1 A C I Ρ Τ G Ρ Υ Ρ C G Κ Q Τ L Ε R R Κ R S V Α Q Α Τ S S S G 
1 8 1 Ε A Ρ D s I Τ W Κ Ρ Υ D Α Α D L D Ρ Τ Ε Ν Ρ F D L L D F Ν Q 
2 1 1 Τ Q Ρ Ε R G D Ν Ν L Τ R I V G G Q Ε C Κ D G Ε C Ρ W Q Α L L 
2 4 1 I Ν Ε Ε Ν Ε G F C G G Τ I L S Ε F Υ I L Τ Α Α Η C L Υ Q Α Κ 

2 7 1 R F Κ V R V G D R Ν Τ Ε Q Ε Ε G G Ε Α V Η Ε V Ε V V I Κ Η Ν 
3 0 1 R F Τ Κ Ε Τ Υ D F D I Α V L R L Κ Τ Ρ I Τ F R Μ Ν V Α Ρ Α C 

3 3 1 L Ρ Ε R D W Α Ε S Τ L Μ Τ 0 Κ Τ G I V S G F G R Τ Η Ε Κ G R 
3 6 1 Q s Τ R L κ Μ L Ε V Ρ Υ ν D R Ν S C Κ L S S S F I I Τ Q Ν Μ 

3 9 1 F c Α G Υ D Τ Κ Q Ε D Α C Q G D S G G Ρ Η V Τ R F Κ D τ Υ F 
4 2 1 V τ G I V S W G Ε S C Α R Κ G Κ Υ G I Υ Τ Κ V Τ Α F L κ W I 

4 5 1 D R s Μ Κ Τ R G L Ρ Κ Α Κ S Η Α Ρ Ε V I Τ S S Ρ L Κ 
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KXBOZ 

P r o t e i n Ζ - B o v i n e 

H o j r u p , P . , J e n s e n , M . S . , a n d P e t e r s e n , T . E . , F E B S L e t t . 
3 3 3 - 3 3 8 , 1 9 8 5 

1 8 4 , 

P r o t e i n Ζ i s a s i n g l e - c h a i n p l a s m a g l y c o p r o t e i n o f u n k n o w n 
f u n c t i o n . A l t h o u g h h o m o l o g o u s w i t h t h e v i t a m i n In-
d e p e n d e n t c l o t t i n g f a c t o r s , i t h a s l o s t t w o o f t h e 
e s s e n t i a l c a t a l y t i c r e s i d u e s a n d h a s n o e n z y m a t i c 
a c t i v i t y . 

S u p e r f a m i l y : 1 4 3 - 3 9 6 / t r y p s i n 

R e s i d u e s 
1 - 4 6 

7 , 8 , 1 1 , 1 5 , 1 7 , 
2 0 , 2 1 , 2 6 , 2 7 , 
3 0 , 3 3 , 3 6 , 4 0 

5 1 - 8 2 

8 9 - 1 2 5 
6 4 
5 9 , 1 9 1 , 2 8 9 
3 8 8 
1 4 3 - 3 9 6 

F e a t u r e 

D o m a i n : c a l c i u m - b i n d i n g 

M o d i f i e d s i t e : g a m m a - c a r b o x y g l u t a m i c a c i d 

D o m a i n : t y p e A h o m o l o g y w i t h EGF 
D o m a i n : t y p e Β h o m o l o g y w i t h EGF 
M o d i f i e d s i t e : b e t a - h y d r o x y a s p a r t i c a c i d 
B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 
B i n d i n g s i t e : c a r b o h y d r a t e ( T h r ) 
D o m a i n : h o m o l o g y w i t h t r y p s i n 

M o l w t . u n m o d , . c h a i η = = 4 3 , . 1 1 2 N u m b e r o f r e s i d u e s = 3 9 6 

5 1 0 1 5 2 0 2 5 3 0 
1 A G S Y L L Ε Ε L F Ε G Η L Ε Κ Ε C W Ε Ε I C V Y Ε Ε A R Ε 

3 1 V F Ε D D Ε Τ Τ D Ε F W R Τ Y Μ G G S Ρ C A S Q Ρ C L Ν Ν G 

6 1 S C Q D S I R G Y A C Τ C A Ρ G Υ Ε G Ρ Ν C A F A Ε S Ε C Η 

9 1 Ρ L R L D G C Q Η F C Y Ρ G Ρ Ε S Υ Τ C S C A R G Η Κ L G Q 

1 2 1 D R R S C L Ρ Η D R C A C G Τ L G Ρ Ε C C Q R Ρ Q G S Q Q Ν 

1 5 1 L L Ρ F Ρ W Q V Κ L Τ Ν S Ε G Κ D F C G G V L I Q D Ν F V L 

1 8 1 Τ Τ A Τ C S L L Y A Ν I S V Κ Τ R S Η F R L Η V R G V Η V Η 

2 1 1 Τ R F Ε A D Τ G Η Ν D V A L L D L Α R Ρ V R C Ρ D A G R Ρ V 

2 4 1 C Τ A D A D F A D S V L L Ρ Q Ρ G V L G G W Τ L R G R Ε Μ V 

2 7 1 Ρ L R L R V Τ Η V Ε Ρ A Ε C G R Α L Ν Α Τ V τ Τ R Τ S C Ε R 

3 0 1 G A A A G A A R W V A G G A V V R Ε Η R G A w F L Τ G L L G 

3 3 1 A A Ρ Ρ Ε G Ρ G Ρ L L L I Κ V Ρ R Υ Α L W L R Q V Τ Q Q Ρ S 

3 6 1 R A S Ρ R G D R G Q G R D G Ε Ρ V Ρ G D R G G R W A Ρ Τ A L 
3 9 1 Ρ Ρ G Ρ L V 
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DBHU 

C o m p l e m e n t f a c t o r D - H u m a n 

A l t e r n a t e n a m e s : C 3 c o n v e r t a s e a c t i v a t o r 

N i e m a n n , M . A . , B h o w n , A . S . , B e n n e t t , J . C . , a n d V o l a n a k i s , 

J . E . , B i o c h e m i s t r y 2 3 , 2 4 8 2 - 2 4 8 6 , 1 9 8 4 

F a c t o r D c l e a v e s f a c t o r Β w h e n t h e l a t t e r i s c o m p l e x e d w i t h 

f a c t o r C 3 b , a c t i v a t i n g t h e C 3 b B b c o m p l e x , w h i c h t h e n 

b e c o m e s t h e C 3 c o n v e r t a s e o f t h e a l t e r n a t e p a t h w a y . 

S u p e r f a m i l y : t r y p s i n 

R e s i d u e s F e a t u r e 

2 6 - 4 2 , 1 2 4 - 1 8 4 , D i s u l f i d e b o n d s : ( b y h o m o l o g y ) 
1 5 5 - 1 6 5 , 1 7 4 - 1 9 9 

4 1 A c t i v e s i t e : H i s 
8 8 A c t i v e s i t e : A s p 
1 7 8 A c t i v e s i t e : S e r 

M o l . w t . u n m o d . c h a i n = 2 3 , 8 1 7 

5 1 0 1 5 
1 I L G G R E A E A H A R P Y M 

3 1 V A E Q W V L S A A H C L E D 
6 1 P Q P E P X X X I T I E V L R 
9 1 L L L L Q L S E K A T L G P A 

1 2 1 G T L C D V A G W G I V N H A 
1 5 1 D R A T C R L Y D V L R L M C 
1 8 1 P L V C G G V L E G V V T S G 
2 1 1 V A T Y A A W I D H V L 

N u m b e r o f r e s i d u e s = 2 2 2 

2 0 2 5 3 0 
A S V Q L N G A H L C G G V L 
A A D G K V Q V L L G A T H L 
A V P H P D S Q P D T I D H D 
V R P L P W Q R V D R D V A P 
G R R P D S L Q H V L L P V L 
A E S N R R D S C K G D S G G 
S R V C G N R K K P G I Y T R 
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BBHU 

C o m p l e m e n t f a c t o r Β ( i n EC 3 . 4 . 2 1 . 4 7 ) - Human 

A l t e r n a t e n a m e s : C3 p r o a c t i v a t o r 

I n c l u d e s : Bb f r a g m e n t o f C 3 / C 5 c o n v e r t a s e 

M o l e , J . E . , A n d e r s o n , J . K . , D a v i s o n , E . A . , and W o o d s , D . E . , 
J . B i o l . Chem. 2 5 9 , 3 4 0 7 - 3 4 1 2 , 1 9 8 4 

C h r i s t i e , D . L . , and G a g n o n , J . , B i o c h e m . J . 2 0 9 , 6 1 - 7 0 , 1 9 8 3 
( S e q u e n c e o f r e s i d u e s 2 3 5 - 7 3 9 ) 

C a m p b e l l , R . D . , and P o r t e r , R . R . , P r o c . N a t . A c a d . S c i . USA 
8 0 , 4 4 6 4 - 4 4 6 8 , 1 9 8 3 ( S e q u e n c e o f r e s i d u e s 3 2 1 - 7 3 9 
t r a n s l a t e d f r o m t h e DNA s e q u e n c e ) 

F a c t o r Β i s c l e a v e d b y f a c t o r D i n t o t w o f r a g m e n t s , Ba and 
B b . B b , a s e r i n e p r o t e a s e , t h e n c o m b i n e s w i t h c o m p l e m e n t 
f a c t o r 3 b t o g e n e r a t e t h e C3 o r C5 c o n v e r t a s e . T h i s i s 
p a r t o f t h e a l t e r n a t e p a t h w a y o f t h e c o m p l e m e n t s y s t e m . 

S u p e r f a m i l y : 2 3 5 - 7 3 9 / t r y p s i n 

R e s i d u e s F e a t u r e 
1 - 2 3 4 P e p t i d e : Ba f r a g m e n t 
9 - 7 4 , 7 5 - 1 3 4 , D u p l i c a t i o n : h o m o l o g y w i t h d o m a i n s o f 

1 3 7 - 1 9 4 b e t a - 2 - g l y c o p r o t e i n I 
9 7 , 1 1 7 , 2 6 0 , 3 5 3 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 
2 3 5 - 7 3 9 P e p t i d e : Bb f r a g m e n t , s e r i n e p r o t e a s e 
5 0 1 A c t i v e s i t e : H i s 
5 5 1 A c t i v e s i t e : A s p 
6 7 4 A c t i v e s i t e : S e r 

M o l . w t . u n m o d . c h a i n = 8 3 , 0 0 0 Number o f r e s i d u e s = 7 3 9 

5 1 0 1 5 2 0 2 5 3 0 

1 Τ Ρ W S L A R Ρ Q G S C S L Ε G V Ε I Κ G G S F R L L Q Ε G 

3 1 Q A L Ε Y V C Ρ S G F Υ Ρ Υ Ρ V Q Τ R Τ C R S Τ G S W S Τ L 

6 1 Κ Τ Q D Q Κ Τ V R Κ A Ε C R Α I Η Γ Ρ R Ρ Η D F Ε Ν G Ε Υ W 

9 1 Ρ R S Ρ Y Y Μ V S D Ε I S F Η C Υ Ό G Υ Τ L R G S Α Ν R Τ C 
1 2 1 Q V Ν G R W S G Q Τ A I C D Ν G Α G Υ C S Ν Ρ G I Ρ I G τ R 
1 5 1 Κ V G S Q Y R L Ε D S ν Τ Υ Η C S R G L Τ L R G S Q R R τ C 
1 8 1 Q Ε G G S w S G Τ Ε Ρ S C Q D S F Μ Υ D Τ Ρ Q Ε ν Α Ε Α F L 

2 1 1 S S L Τ Ε τ I Ε G V D Α Ε D G Η G Ρ G Ε Q Q Κ R κ I V L D Ρ 

2 4 1 S G S Μ Ν I Y L V L D G S D S I G Α S Ν F τ G Α κ Κ C L V Ν 
2 7 1 L I Ε Κ V A s Y G V Κ Ρ R Υ G L V Τ Υ Α Τ Υ Ρ Κ I W V Κ V S 

3 0 1 Ε A D S S Ν A D W V Τ Κ Q L Ν Ε I Ν Υ Ε D Η Κ L κ S G Τ Ν Τ 
3 3 1 Κ Κ A L Q A V Y S Μ Μ S W Ρ D D V Ρ Ρ Ε G W Ν R τ R Η V I I 
3 6 1 L Μ Τ D G L Η Ν Μ G G D Ρ I Τ V I D Ε I R D L L Υ I G Κ D R 
3 9 1 Κ Ν Ρ R Ε D Y L D V Υ V F G V G Ρ L V Ν Q V Ν I Ν Α L Α S Κ 
4 2 1 Κ D Ν Ε Q Η V F Κ V Κ D Μ Ε Ν L Ε D V F Υ Q Μ I D Ε S Q S L 

4 5 1 S L C G Μ V W Ε Η R Κ G Τ D Υ Η Κ Q Ρ W Q Α Κ I S V I R Ρ S 

4 8 1 Κ G Η Ε S Μ G A V V S Ε Υ F V L Τ Α Α Η C F τ V D D Κ Ε Η 

5 1 1 S I Κ V S V G G Ε Κ R D L Ε I Ε V V L F Η Ρ Ν Υ Ν I Ν G Κ Κ 
5 4 1 Ε A G I Ρ Ε F Y D Υ D V Α L I Κ L Κ Ν Κ L Κ Υ G Q Τ I R Ρ I 

5 7 1 C L Ρ C τ Ε G Τ Τ R Α L R L Ρ Ρ Τ Τ Τ C Q Q Q Κ Ε Ε L L Ρ Α 

6 0 1 Q D I Κ A L F V S Ε Ε Ε Κ Κ L Τ R Κ Ε V Υ I κ Ν G D Κ Κ G S 
6 3 1 C Ε R D A Q Y A Ρ G Υ D Κ V Κ D I S Ε V V τ Ρ R F L C Τ G G 

6 6 1 V S Ρ Y A D Ρ Ν Τ C R G D S G G Ρ L I V Η κ R S R F I Q V G 

6 9 1 V I S W G V V D V C Κ Ν Q Κ R Q κ Q V Ρ Α Η Α R D F Η I Ν L 

7 2 1 F Q V L Ρ W L Κ Ε Κ L Q D Ε D L G F L 
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K F H U 1 2 

F a c t o r X I I (EC 3 . 4 . 2 1 . 3 8 ) - H u m a n 

A l t e r n a t e n a m e s : H a g e m a n f a c t o r 

M c M u l l e n , B . A . , a n d F u j i k a w a , Κ . , J . B i o l . C h e m . 2 6 0 , 5 3 2 8 -

5 3 4 1 , 1 9 8 5 ( S e q u e n c e o f r e s i d u e s 1 - 3 6 0 ) 

F u j i k a w a , Κ . , a n d M c M u l l e n , B . A . , J . B i o l . C h e m . 2 5 8 , 1 0 9 2 4 -
1 0 9 3 3 , 1 9 8 3 ( S e q u e n c e s o f r e s i d u e s 3 3 5 - 3 4 3 a n d 3 5 4 - 5 9 6 ) 

F a c t o r X I I i s a s e r u m g l y c o p r o t e i n t h a t p a r t i c i p a t e s i n t h e 
i n i t i a t i o n o f b l o o d c o a g u l a t i o n , f i b r i n o l y s i s , a n d t h e 
g e n e r a t i o n o f b r a d y k i n i n a n d a n g i o t e n s i n . 

F a c t o r X I I , p r e k a 1 1 i k r e i n , a n d HMW k i n i n o g e n f o r m a c o m p l e x 
b o u n d t o a n a n i o n i c s u r f a c e . P r e k a l 1 i k r e i n i s c l e a v e d b y 
f a c t o r X I I t o f o r m k a l l i k r e i n , w h i c h t h e n c l e a v e s f a c t o r 
X I I f i r s t t o a l p h a - f a c t o r X l l a a n d t h e n t o b e t a - f a c t o r 
X l l a . A l p h a - f a c t o r X l l a a c t i v a t e s f a c t o r X I t o f a c t o r 
X I a . 

S u p e r f a m i l y : 3 5 4 - 3 9 6 / t r y p s i n 

R e s i d u e s 

1 - 3 5 3 , 3 5 4 - 5 9 6 

2 8 - 6 9 

7 9 - 1 1 1 

1 1 6 - 1 5 1 

1 5 9 - 1 9 0 

1 9 8 - 2 7 6 

2 3 0 
2 8 0 , 2 8 6 , 3 0 9 , 

3 1 0 , 3 1 8 
2 8 9 

3 5 4 - 5 9 6 
3 3 5 - 3 4 3 , 3 5 4 - 5 9 6 

F e a t u r e 
P r o t e i n 
D o m a i n : 
D o m a i n : 
D o m a i n : 
D o m a i n : 
D o m a i n : 
B i n d i n g 
B i n d i n g s i t e 

( p o s s i b l e ) 
B i n d i n g s i t e 

( p o s s i b l e ) 
D o m a i n : s e r i n e 
P r o t e i n : b e t a -

a l p h a - f a c t o r X l l a 

t y p e I I h o m o l o g y w i t h f i b r o n e c t i n 

t y p e A h o m o l o g y w i t h EGF 

t y p e I h o m o l o g y w i t h f i b r o n e c t i n 

t y p e A h o m o l o g y w i t h EGF 

k r i n g l e 

s i t e : c a r b o h y d r a t e ( A s n ) 

c a r b o h y d r a t e ( T h r ) 

c a r b o h y d r a t e ( S e r ) 

p r o t e a s e 
f a c t o r X l l a 

M o l . w t . u n m o d . c h a i n = 6 5 , 7 5 9 

5 1 0 1 5 
1 I Ρ Ρ W Ε A Ρ Κ Ε Η Κ Υ Κ Α Ε 

3 1 Ρ F Q Y Η R Q L Υ Η Κ C Τ Η Κ 
6 1 D Q D Q R W G Υ C L Ε Ρ Κ Κ V 
9 1 C V Ν Μ Ρ S G Ρ Η C L C Ρ Q Η 

1 2 1 L L R F F Η Κ Ν Ε I W Υ R Τ Ε 

1 5 1 C Q R L A S Q Α C R Τ Ν Ρ C L 
1 8 1 C Ρ V G Y Τ G Ρ F C D V D Τ Κ 
2 1 1 R Τ Τ L S G A Ρ C Q Ρ W Α S Ε 
2 4 1 L G G Η A F C R Ν Ρ D Ν D I R 
2 7 1 C D L A Q C Q Τ Ρ Τ Q Α Α Ρ Ρ 
3 0 1 Ρ A Ρ Ρ Κ Ρ Q Ρ Τ Τ R Τ Ρ Ρ Q 
3 3 1 S L Τ R Ν G Ρ L S C G Q R L R 
3 6 1 L R G A Η Ρ Y I Α Α L Υ W G Η 
3 9 1 A A Η C L Q D R Ρ Α Ρ Ε D L Τ 
4 2 1 Q Τ L A V R S Υ R L Η Ε Α F S 
4 5 1 D A D G S C A L L S Ρ Υ V Q Ρ 
4 8 1 C Q V A G W G Η Q F Ε G Α Ε Ε 
5 1 1 Ε R C S A Ρ D V Η G S S I L Ρ 
5 4 1 Q G D S G G Ρ L V C Ε D Q Α Α 
5 7 1 C G D R Ν Κ Ρ G V Υ Τ D V Α Υ 

N u m b e r o f r e s i d u e s = 5 9 6 

2 0 2 5 3 0 
Ε Η Τ V V L Τ V Τ G Ε Ρ C Η F 

G R Ρ G Ρ Q Ρ W C Α Τ Τ Ρ Ν F 
Κ D Η ^ S κ Η S Ρ C Q Κ G G Τ 

L Τ G Ν Η C Q Κ Ε Κ C F Ε Ρ Q 
Q Α Α V Α R C Q C Κ G Ρ D Α Η 
Η G G R C L Ε V Ε G Η R L C Η 
A S C Υ D G R G L S Υ R G L Α 
A Τ Υ R Ν V Τ Α Ε Q Α R Ν W G 
Ρ W C F V L Ν R D R L S W Ε Υ 
Τ Ρ V S Ρ R L Η V Ρ L Μ Ρ Α Q 
S Q Τ Ρ G Α L Ρ Α Κ R Ε Q Ρ Ρ 
Κ S L S S Μ Τ R V ν G G L V Α 
S F C Α G S L I Α Ρ C W V L Τ 
V V L G Q Ε R R Ν Η S C Ε Ρ C 
Ρ V S Υ Q Η D L Α L L R L Q Ε 

V C L Ρ S G Α Α R Ρ S Ε Τ Τ L 
Υ Α S F L Q Ε Α Q V Ρ F L S L 

G Μ L C Α G F L Ε G G Τ D Α C 
Ε R R L Τ L Q G I I S W G S G 
Υ L Α W I R Ε Η Τ V S 
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T I H U B I 

I n t e r - a l p h a - t r y p s i n i n h i b i t o r ( B P I t y p e ) - H u m a n 

W a c h t e r , Ε . , a n d H o c h s t r a s s e r , Κ . , H o p p e - S e y l e r ' s Z . P h y s i o l . 

C h e m . 3 6 2 , 1 3 5 1 - 1 3 5 5 , 1 9 8 1 

S u p e r f a m i l y : b a s i c p r o t e a s e i n h i b i t o r 

R e s i d u e s F e a t u r e 

1 - 2 1 D o m a i n : g l y c o p e p t i d e 
2 2 - 7 7 D o m a i n : i n a c t i v e 
7 8 - 1 4 3 D o m a i n : a c t i v e 
2 6 - 7 6 , 3 5 - 5 9 , D i s u l f i d e b o n d s : 

5 1 - 7 2 , 8 2 - 1 3 2 , 
9 1 - 1 1 5 , 1 0 7 - 1 2 8 

2 2 - 7 7 , 7 8 - 1 3 3 D u p l i c a t i o n : h o m o l o g y w i t h b a s i c p r o t e a s e 
i n h i b i t o r 

9 2 R e a c t i v e s i t e : A r g ( t r y p s i n ) 
1 0 B i n d i n g s i t e : c a r b o h y d r a t e ( S e r ) 
4 5 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 

M o l . w t . u n m o d . c h a i n = 1 5 , 5 4 1 N u m b e r o f r e s i d u e s = 1 4 3 

5 1 0 1 5 2 0 2 5 3 0 

1 A V L P Q E E E G S G G G Q L V T E V T K K E D S C Q L G Y 
3 1 S A G P C M G M T S R Y F Y N G T S M A C E T F Q Y G G C M 
6 1 G N G N N F V T E K E C L Q T C R T V A A C N L P V I R G P 
9 1 C R A F I Q L W A F D A V K G K C V L F P Y G G C Q G N G N 

1 2 1 K F Y S E K E C R E Y C G V P G D E D E E L L 
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R e s i d u e s F e a t u r e 
1 - 2 5 D o m a i n : s i g n a l s e q u e n c e 
3 8 3 R e a c t i v e s i t e : L e u ( c h y m o t r y p s i n ) 

M o l . w t . u n m o d . c h a i n = 4 8 , 6 3 6 N u m b e r o f r e s i d u e s = 4 3 3 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ Ε R Μ L Ρ L L Α L G L L Α Α G F C Ρ Α V L C Η Ρ Ν S Ρ L D 

3 1 Ε Ε Ν L Τ Q Ε Ν Q D R G Τ Η V D L G L Α S Α Ν V D F Α F S L 
6 1 Υ Κ Q L V L Κ Α L D Κ Ν V I F S Ρ L S I S Τ Α L Α F L S L G 
9 1 A Η Ν Τ Τ L Τ Ε I L Κ Α S S S Ρ Η G D L L R Q Κ F Τ Q S F Q 

1 2 1 Η L R Α Ρ S I S S S D Ε L Q L S Μ G Ν Α Μ F V Κ Ε Q L S L L 
1 5 1 D R F Τ Ε D Α Κ R L Υ G S Ε Α F Α Τ D F Q D S Α Α Α Κ Κ L I 

1 8 1 Ν D Υ V Κ Ν G Τ R G Κ I Τ D L I Κ D Ρ D S Q Τ Μ Μ V L V Ν Υ 

2 1 1 I F F Κ Α Κ W Ε Μ Ρ F D Ρ Q D Τ Η Q S R F Υ L S Κ Κ Κ W V Μ 

2 4 1 V Ρ Μ Μ S L Η Η L Τ I Ρ Υ F R D Ε Ε L S C Τ V V Ε L Κ Υ Τ G 
2 7 1 Ν Α S Α L F I L Ρ D Q D Κ Μ Ε Ε V Ε Α Μ L L Ρ Ε Τ L Κ R W R 
3 0 1 D S L Ε F R Ε I G Ε L Υ L Ρ Κ F S I S R D Υ Ν L Ν D I L L Q 
3 3 1 L G I Ε Ε Α F Τ S Κ Α D L S G I Τ G Α R Ν L Α V S Q V V Η Κ 

3 6 1 V V S D V F Ε Ε G Τ Ε Α S Α Α Τ Α V Κ I Τ L L S Α L ν Ε Τ R 
3 9 1 Τ I ν R F Ν R Ρ F L Μ I I V Ρ Τ D Τ Q Ν I F F Μ S Κ ν Τ Ν Ρ 
4 2 1 S Κ Ρ R Α C I Κ Q W G S Q 

I T H U C 
A l p h a - l - a n t i c h y m o t r y p s i n p r e c u r s o r - H u m a n 

C h a n d r a , T . , S t a c k h o u s e , R . , K i d d , V . J . , R o b s o n , K . J . H . , a n d 
W o o , S . L . C . , B i o c h e m i s t r y 2 2 , 5 0 5 5 - 5 0 6 1 , 1 9 8 3 ( S e q u e n c e 
t r a n s l a t e d f r o m t h e mRNA s e q u e n c e ) 
I t i s u n c e r t a i n w h e t h e r M e t - 1 o r M e t - 4 i s t h e i n i t i a t o r . 

T h e c o n c e n t r a t i o n o f t h i s p l a s m a p r o t e a s e i n h i b i t o r , w h i c h i s 
s y n t h e s i z e d i n t h e l i v e r , i n c r e a s e s i n t h e a c u t e p h a s e o f 
i n f l a m m a t i o n o r i n f e c t i o n . I t c a n i n h i b i t n e u t r o p h i l 
c a t h e p s i n G a n d m a s t c e l l c h y m a s e , b o t h o f w h i c h c a n 
c o n v e r t a n g i o t e n s i n I t o t h e a c t i v e a n g i o t e n s i n I I . 

S u p e r f a m i l y : a n t i t h r o m b i n - 1 1 1 
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ANHU 

A n g i o t e n s i n o g e n p r e c u r s o r - H u m a n 

I n c l u d e s : a n g i o t e n s i n I ; a n g i o t e n s i n I I 

K a g e y a m a , R . , O h k u b o , Η . , a n d N a k a n i s h i , S . , B i o c h e m i s t r y 2 3 , 
3 6 0 3 - 3 6 0 9 , 1 9 8 4 ( S e q u e n c e t r a n s l a t e d f r o m t h e mRNA 
s e q u e n c e ) 

I t i s u n c e r t a i n w h e t h e r M e t - 1 o r M e t - 1 0 i s t h e i n i t i a t o r . 

S u p e r f a m i l y : a n t i t h r o m b i n - I I I 

R e s i d u e s F e a t u r e 

1 - 3 3 D o m a i n : s i g n a l s e q u e n c e 
3 4 - 4 3 P e p t i d e : a n g i o t e n s i n I 
3 4 - 4 1 P e p t i d e : a n g i o t e n s i n I I 
4 7 , 1 7 0 , 3 0 4 , 3 2 8 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 

( p o s s i b l e ) 

M o l . w t . u n m o d . c h a i n = 5 3 , 1 5 4 N u m b e r o f r e s i d u e s = 4 8 5 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ R Κ R A Ρ Q S Ε Μ A Ρ A G V S L R Α Τ I L C L L Α W Α G L 

3 1 A A G D R V Y I Η Ρ F Η L V I Η Ν Ε S Τ C Ε Q L Α Κ Α Ν Α G 

6 1 Κ Ρ Κ D Ρ Τ F I Ρ A Ρ I Q A Κ Τ S Ρ V D Ε Κ Α L Q D Q L V L 

9 1 V A A Κ L D Τ Ε D Κ L R A A Μ V G Μ L Α Ν F L G F R I Υ G Μ 
1 2 1 Η S Ε L W G V V Η G A Τ V L S Ρ Τ A V F G Τ L Α S L Υ L G Α 

1 5 1 L D Η Τ A D R L Q A I L G V Ρ W Κ D Κ Ν C Τ S R L D Α Η Κ V 

1 8 1 L S A L Q A V Q G L L V A Q G R A D S Q Α Q L L L S Τ V V G 

2 1 1 V F Τ A Ρ G L Η L Κ Q Ρ F V Q G L A L Υ Τ Ρ V V L Ρ R S L D 

2 4 1 F Τ Ε L D V A A Ε Κ I D R F Μ Q A V Τ G W Κ Τ G C S L Μ G Α 

2 7 1 S V D S Τ L A F Ν Τ Y V Η F Q G Κ Μ Κ G F S L L Α Ε Ρ Q Ε F 

3 0 1 W V D Ν S Τ S V S V Ρ Μ L S G Μ G Τ F Q Η W S D I Q D Ν F S 

3 3 1 V Τ Q V Ρ F Τ Ε S A c L L L I Q Ρ Η Υ Α S D L D Κ V Ε G L Τ 

3 6 1 F Q Q Ν S L Ν W Μ Κ κ L S Ρ R τ I Η L Τ Μ Ρ Q L ν L Q G S Υ 
3 9 1 D L Q D L L A Q A Ε L Ρ A I L Η Τ Ε L Ν L Q Κ L S Ν D R I R 

4 2 1 V G Ε V L Ν S I F F Ε L Ε A D Ε R Ε Ρ Τ Ε S Τ Q Q L Ν Κ Ρ Ε 

4 5 1 V L Ε V Τ L Ν R Ρ F L F A V Y D Q S Α Τ Α L Η F L G R V Α Ν 

4 8 1 Ρ L S Τ Α 
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C 3 H U 

C o m p l e m e n t C 3 p r e c u r s o r - H u m a n 

I n c l u d e s : c o m p l e m e n t C 3 a a n a p h y l a t o x i n ; C 3 d k 

d e B r u i j n , M . H . L . , a n d F e y , G . H . , P r o c . N a t . A c a d . S c i . USA 

8 2 , 7 0 8 - 7 1 2 , 1 9 8 5 ( S e q u e n c e t r a n s l a t e d f r o m t h e mRNA 

s e q u e n c e ) 

C o m p l e m e n t C 3 c o n t a i n s t w o c h a i n s , f o r m e d b y r e m o v a l o f 
r e s i d u e s 6 6 8 - 6 7 1 a n d l i n k e d b y a d i s u l f i d e b o n d . I t s 
a c t i v a t i o n b y a C 3 c o n v e r t a s e , w h i c h i s t h e c e n t r a l 
r e a c t i o n i n b o t h c l a s s i c a l a n d a l t e r n a t i v e c o m p l e m e n t 
p a t h w a y s , r e l e a s e s t h e a n a p h y l a t o x i n C 3 a f r o m t h e a m i n o 
e n d o f t h e a l p h a c h a i n a n d g e n e r a t e s C 3 b . 

C 3 a i s a v a s o a c t i v e p e p t i d e a n d a m e d i a t o r o f i n f l a m m a t i o n . 
C 3 b , w i t h i t s h i g h l y r e a c t i v e t h i o l g r o u p , b i n d s t o t h e 
s u r f a c e o f f o r e i g n p a r t i c l e s w h e r e i t i s a c o f a c t o r i n 
t h e f o r m a t i o n o f C 5 c o n v e r t a s e a n d f a c i l i t a t e s 
p h a g o c y t o s i s . T h e a c t i v i t y o f C 3 b i s r e g u l a t e d b y 
p r o t e o l y t i c c l e a v a g e i n v o l v i n g f a c t o r s Η a n d I . I t s 
d e g r a d a t i o n p r o d u c t s c a n a l s o b e b i o l o g i c a l l y a c t i v e . 

S u p e r f a m i l y : a l p h a - 2 - m a c r o g l o b u l i n 

R e s i d u e s 

1 - 2 2 
2 3 - 6 6 7 , 6 7 2 - 1 6 6 3 

8 5 , 9 3 9 
6 7 2 - 7 4 8 
2 3 - 6 6 7 , 7 4 9 - 1 6 6 3 
1 6 1 7 

1 0 1 0 , 1 0 1 3 
9 4 6 - 1 3 0 3 
9 5 5 - 1 3 0 3 
9 5 5 - 1 0 0 1 
1 0 0 2 - 1 3 0 3 

F e a t u r e 

D o m a i n : s i g n a l s e q u e n c e 
P r o t e i n : c o m p l e m e n t C 3 , b e t a a n d a l p h a 

c h a i n s 
B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 
P e p t i d e : C 3 a a n a p h y l a t o x i n 
P r o t e i n : C 3 b 

B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 
( p u t a t i v e ) 

T h i o l e s t e r b o n d s : 
P e p t i d e : C 3 d k f r a g m e n t 
P e p t i d e : C 3 d g f r a g m e n t 
P e p t i d e : C 3 g f r a g m e n t 
P e p t i d e : C 3 d f r a g m e n t 

M o l . w t . u n m o d . c h a i n = 1 8 7 , 1 6 3 N u m b e r o f r e s i d u e s = 1 6 6 3 

1 0 1 5 2 0 2 5 
1 Μ G Ρ Τ S G Ρ S L L L L L L Τ Η L Ρ L Α L G S Ρ Μ Υ S I I 

3 1 Ρ Ν I L R L Ε S Ε Ε Τ Μ V L Ε Α Η D Α Q G D V Ρ V τ V Τ ν 
6 1 D F Ρ G Κ Κ L V L S S Ε Κ Τ V L Τ Ρ Α Τ Ν Η Μ G Ν ν Τ F Τ 
9 1 Ρ Α Ν R Ε F Κ S Ε Κ G R Ν Κ F V Τ V Q Α Τ F G Τ Q ν V Ε κ 

1 2 1 V L V S L Q S G Υ L F I Q τ D Κ Τ I Υ Τ Ρ G S Τ V L Υ R I 
1 5 1 Τ V Ν Η Κ L L Ρ V G R Τ V Μ V Ν I Ε Ν Ρ Ε G I Ρ V Κ Q D S 
1 8 1 S S Q Ν Q L G V L Ρ L S W D I Ρ Ε L V Ν Μ G Q W Κ I R Α Υ 
2 1 1 Ε Ν S Ρ Q Q V F S Τ Ε F Ε V Κ Ε Υ V L Ρ S F Ε ν I ν Ε Ρ τ 
2 4 1 Κ F Υ Υ I Υ Ν Ε Κ G L Ε V Τ I Τ Α R F L Υ G Κ κ V Ε G Τ Α 
2 7 1 V I F G I Q D G Ε Q R I S L Ρ Ε S L Κ R I Ρ I Ε D G S G Ε 
3 0 1 V L S R κ V L L D G V Q Ν L R Α Ε D L V G Κ S L Υ V S Α Τ 
3 3 1 I L Η S G S D Μ V Q Α Ε R S G I Ρ I V Τ S Ρ Υ Q I Η F Τ Κ 
3 6 1 Ρ Κ Υ F Κ Ρ G Μ Ρ F D L Μ V F V Τ Ν Ρ D G S Ρ Α Υ R V Ρ V 
3 9 1 ν Q G Ε D Τ V Q S L Τ Q G D G ν Α Κ L S I Ν Τ Η Ρ S Q Κ Ρ 
4 2 1 S I Τ V R τ Κ Κ Q Ε L S Ε Α Ε Q Α Τ R Τ Μ Q Α L Ρ Υ S Τ V 

3 0 
Τ 
Η 
I 
V 
F 
L 
Υ 
Ε 
F 
V 
V 
Τ 
Α 
L 
G 
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4 5 1 Ν S Ν Ν Υ L Η L S V L R Τ 

4 8 1 R Α Η Ε Α Κ I R Υ Υ Τ Υ L 
5 1 1 G Q D L V V L Ρ L S I Τ Τ 
5 4 1 S G Q R Ε V V Α D S ν W V 
5 7 1 Ε D R Q Ρ V Ρ G Q Q Μ Τ L 
6 0 1 G V F V L Ν Κ Κ Ν Κ L Τ Q 
6 3 1 S G Κ D Υ Α G V F S D Α G 
6 6 1 Q C Ρ Q Ρ Α Α R R R R S V 

6 9 1 R Κ C C Ε D G Μ R Ε Ν Ρ Μ 

7 2 1 Κ Κ V F L D C C Ν Υ I Τ Ε 
7 5 1 L D Ε D I I Α Ε Ε Ν I V S 

7 8 1 Ρ Ρ Κ Ν G I S Τ Κ L Μ Ν I 

8 1 1 D Κ Κ G I C V Α D Ρ F Ε V 

8 4 1 R Ν Ε Q V Ε I R Α V L Υ Ν 
8 7 1 A F C S L Α Τ Τ Κ R R Η Q 
9 0 1 V Ρ L Κ Τ G L Q Ε V Ε V Κ 

9 3 1 V V Ρ Ε G I R Μ Ν Κ Τ V Α 
9 6 1 D I Ρ Ρ Α D L S D Q V Ρ D 

9 9 1 Τ Ε D Α V D Α Ε R L Κ Η L 
1 0 2 1 Τ V I Α V Η Υ L D Ε Τ Ε Q 
1 0 5 1 Κ G Υ Τ Q Q L Α F R Q Ρ S 

1 0 8 1 Υ V V Κ V F S L Α V Ν L I 

1 1 1 1 Κ Q Κ Ρ D G V F Q Ε D Α Ρ 
1 1 4 1 Μ Α L Τ Α F V L I S L Q Ε 
1 1 7 1 Κ Α G D F L Ε Α Ν Υ Μ Ν L 

1 2 0 1 R L Κ G Ρ L L Ν Κ F L Τ Τ 
1 2 3 1 Ε Α Τ S Υ Α L L Α L L Q L 

1 2 6 1 Υ Υ G G G Υ G S Τ Q Α Τ F 
1 2 9 1 Ε L Ν L D V S L Q L Ρ S R 
1 3 2 1 S Ε Ε Τ Κ Ε Ν Ε G F Τ V Τ 

1 3 5 1 Κ Α Κ D Q L Τ C Ν Κ F D L 

1 3 8 1 Κ Ν Τ Μ I L Ε I C Τ R Υ R 
1 4 1 1 F Α Ρ D Τ D D L Κ Q L Α Ν 

1 4 4 1 R Ν τ L I I Υ L D κ V S Η 

1 4 7 1 L I 0 Ρ G Α V Κ V Υ Α Υ Υ 
1 5 0 1 Κ L Ν Κ L c R D Ε L C R C 

1 5 3 1 Ε R L D Κ Α C Ε Ρ G V D Υ 

1 5 6 1 Υ I Μ Α I Ε Q Τ I Κ S G S 

1 5 9 1 R Ε Α L Κ L Ε Ε Κ Κ Η Υ L 

1 6 2 1 I I G Κ D Τ W V Ε Η W Ρ Ε 
1 6 5 1 Α F Τ Ε S Μ V V F G C Ρ Ν 

Ε L R Ρ G Ε Τ L Ν V Ν F L L R Μ D 

I Μ Ν Κ G R L L Κ Α G R Q V R Ε Ρ 
D F I Ρ S F R L V Α Υ Υ τ L I G Α 
D V Κ D S C V G S L V V κ S G Q S 
Κ I Ε G D Η G Α R V V L ν Α V D Κ 

S Κ I W D V V Ε Κ Α D I G C Τ Ρ G 
L τ F Τ S S S G Q Q Τ Α Q R Α Ε L 

Q L Τ Ε Κ R Μ D Κ V G Κ Υ Ρ Κ Ε L 
R F S C Q R R Τ R F I S L G Ε Α C 
L R R Q Η Α R Α S Η L G L Α R S Ν 
R S Ε F Ρ Ε S W L W Ν V Ε D L Κ Ε 
F L Κ D S I Τ Τ W Ε I L Α V S Μ S 
Τ V Μ Q D F F I D L R L Ρ Υ S V V 
Υ R Q Ν Q Ε L Κ V R V Ε L L Η Ν Ρ 

Q Τ V Τ I Ρ Ρ Κ S S L S V Ρ Υ V I 
Α Α V Υ Η Η F I S D G V R Κ S L Κ 

V R Τ L D Ρ Ε R L G R Ε G V Q Κ Ε 
Τ Ε S Ε Τ .R I L L Q G Τ Ρ V Α Q Μ 
I V τ Ρ S G C G Ε Q Ν Μ I G Μ Τ Ρ 

W Ε κ F G L Ε Κ R Q G Α L Ε L I Κ 

S Α F Α Α F V Κ R Α Ρ S Τ W L τ Α 
Α I D S Q V L C G Α V Κ W L I L Ε 

V I Η Q Ε Μ I G G L R Ν Ν Ν Ε Κ D 

Α κ D I C Ε Ε Q V Ν S L Ρ G S I Τ 

Q R S Υ Τ V Α I Α G Υ Α L Α Q Μ G 

Α Κ D κ Ν R W Ε D Ρ G Κ Q L Υ Ν V 
Κ D F D F V Ρ Ρ V V R W L Ν Ε Q R 

Μ V F Q Α L Α Q Υ Q Κ D Α Ρ D Η Q 
S S Κ I Τ Η R I Η W Ε S Α S L L R 
Α Ε G Κ G Q G τ L S V V Τ Μ Υ Η Α 
Κ V Τ I Κ Ρ Α Ρ Ε Τ Ε Κ R Ρ Q D Α 
G D Q D Α Τ Μ S I L D I S Μ Μ Τ G 
G V D R Υ I S Κ Υ Ε L D Κ Α F S D 

S Ε D D C L Α F κ V Η Q Υ F Ν V Ε 
Ν L Ε Ε S C Τ R F Υ Η Ρ Ε Κ Ε D G 
Α Ε Ε Ν C F I Q Κ S D D Κ V Τ L Ε 

V Υ Κ Τ R L V Κ V Q L S Ν D F D Ε 

D Ε V Q V G Q Q R Τ F I S Ρ I Κ η 

Μ W G L S S D F W G Ε Κ Ρ Ν L S Υ 
Ε D Ε C Q D Ε Ε Ν Q Κ Q C Q D L G 
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C4HU 
Comp lement C4A - Human 

I n c l u d e s : c o m p l e m e n t C4a a n a p h y l a t o x i n 

B e l t , K . T . , C a r r o l l , M . C . , and P o r t e r , R . R . , C e l l 36 , 9 0 7 -
9 1 4 , 1984 ( S e q u e n c e t r a n s l a t e d f rom t h e mRNA s e q u e n c e ) 

G l n - 9 9 1 i s d e a m i d a t e d a f t e r t r a n s l a t i o n . 

Complement C4 i s c l e a v e d a f t e r t r a n s l a t i o n i n t o t h r e e c h a i n s : 
b e t a , a l p h a , and gamma. R e s i d u e s 1424 o r 1427 may b e t h e 
c a r b o x y l end o f t h e a l p h a c h a i n . 

T h e r e a r e a t l e a s t two g e n e s c o d i n g f o r C 4 , C4A and C4B . Each 
g e n e ha s many a l l e l e s . 

S u p e r f a m i l y : a l p h a - 2 - m a c r o g l o b u l i n 

R e s i d u e s F e a t u r e 

1 - 6 5 6 , 6 6 1 - 1 4 2 4 , P r o t e i n : c o m p l e m e n t C 4 , b e t a , a l p h a , and 
1 4 3 2 - 1 7 2 2 gamma c h a i n s 

9 9 1 - 9 9 4 T h i o l e s t e r b o n d s : 
6 6 1 - 7 3 7 P e p t i d e : C4a a n a p h y l a t o x i n 

M o l . w t . unmod. c h a i n = 1 9 0 , 0 8 3 Number o f r e s i d u e s = 1722 

5 1 0 1 5 2 0 2 5 3 0 
1 Κ Ρ R L L L F S Ρ S V V Η L G V Ρ L S V G V Q L Q D V Ρ R G 

3 1 Q V V Κ G S V F L R Ν Ρ S R Ν Ν V Ρ C S Ρ Κ V D F Τ L S S Ε 
6 1 R D F A L L S L Q V Ρ L Κ D Α Κ S C G L Η Q L L R G Ρ Ε V Q 
9 1 L V A Η S Ρ W L Κ D S L S R Τ Τ Ν I Q G I Ν L L F S S R R G 

1 2 1 Η L F L Q Τ D Q Ρ I Υ Ν Ρ G Q R V R Υ R V F Α L D Q Κ Μ R Ρ 
1 5 1 S Τ D Τ I Τ V Μ V Ε Ν S Η G L R V R Κ Κ Ε V Υ Μ Ρ S S I F Q 
1 8 1 D D F V I Ρ D I S Ε Ρ G Τ W Κ I S Α R F S D G L Ε S Ν S S Τ 
2 1 1 Q F Ε V κ κ Υ V L Ρ Ν F Ε V Κ I τ Ρ G Κ Ρ Υ I L Τ V Ρ G Η L 

2 4 1 D Ε Μ Q L D I Q Α R Υ I Υ G Κ Ρ ν Q G V Α Υ V R F G L L D Ε 
2 7 1 D G Κ Κ Τ F F R G L Ε S Q Τ Κ L ν Ν G Q S Η I S L S Κ Α Ε F 

3 0 1 Q D A L Ε Κ L Ν Μ G I Τ D L Q G L R L Υ V Α Α Α I I Ε S Ρ G 

3 3 1 G Ε Μ Ε Ε Α Ε L Τ S W Υ F V S S Ρ F S L D L S Κ Τ Κ R Η L V 

3 6 1 Ρ G A Ρ F L L Q Α L ν R Ε Μ S G S Ρ Α S G I Ρ V Κ V S Α Τ V 
3 9 1 S S Ρ G S V Ρ Ε Α Q D I Q Q Ν Τ D G S G Q V S I Ρ I I I Ρ Q 
4 2 1 Τ I S Ε L Q L S V S Α G S Ρ Η Ρ Α I Α R L Τ V Α Α Ρ Ρ S G G 
4 5 1 Ρ G F L S I Ε R Ρ D S R Ρ Ρ R ν G D Τ L Ν L Ν L R Α ν G S G 
4 8 1 A Τ F S Η Υ Υ Υ Μ I L S R G Q I V F Μ Ν R Ε Ρ Κ R Τ L Τ S V 
5 1 1 S V F V D Η Η L Α Ρ S F Υ F V Α F Υ Υ Η G D Η Ρ V Α Ν S L R 
5 4 1 V D V Q A G Α C Ε G Κ L Ε L S V D G Α Κ Q Υ R Ν G Ε S V Κ L 
5 7 1 Η L Ε Τ D S L Α L V Α L G Α L D Τ Α L Υ Α Α G S Κ S Η Κ Ρ L 
6 0 1 Ν Μ G κ V F Ε Α Μ Ν S Υ D L G C G Ρ G G G D S Α L Q V F Q Α 
6 3 1 A G L A F S D G D Q W Τ L S R Κ R L S C Ρ Κ Ε Κ Τ τ R Κ Κ R 
6 6 1 Ν V Ν F Q Κ Α I Ν Ε Κ L G Q Υ Α S Ρ Τ Α Κ R C C Q D G ν Τ R 
6 9 1 L Ρ Μ Μ R S C Ε Q R Α Α R V Q Q Ρ D C R Ε Ρ F L S C C Q F Α 
7 2 1 Ε S L R Κ Κ S R D Κ G Q Α G L Q R Α L Ε I L Q Ε Ε D L I D Ε 
7 5 1 D D I Ρ V R S F F Ρ Ε Ν W L W R V Ε Τ V D R F Q I L τ L W L 

7 8 1 Ρ D S L Τ Τ W Ε I Η G L S L S Κ Τ Κ G L C V Α Τ Ρ V Q L R V 
8 1 1 F R Ε F Η L Η L R L Ρ Μ S V R R F Ε Q L Ε L R Ρ ν L Υ Ν Υ L 
8 4 1 D Κ Ν L Τ V S V Η V S Ρ V Ε G L C L Α G G G G L Α Q Q V L V 
8 7 1 Ρ A G S A R Ρ V Α F S V V Ρ Τ Α Α Α Α V S L Κ V V Α R G S F 
9 0 1 Ε F Ρ V G D Α V S Κ V L Q I Ε Κ Ε G Α I Η R Ε Ε L V Υ Ε L Ν 
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9 3 1 Ρ L D Η R G R τ L Ε I Ρ G 

9 6 1 V Τ A S D Ρ L D Τ L G S Ε 
9 9 1 C G Ε Q Τ Μ I Υ L A Ρ Τ L 

1 0 2 1 Ε Τ Κ D Η A V D L I Q κ G 
1 0 5 1 L S R D S S τ W L Τ A F V 

1 0 8 1 L Q Ε Τ S Ν w L L s Q Q Q 
1 1 1 1 G G L V G Ν D Ε Τ V A L Τ 
1 1 4 1 G A Ε Ρ L Κ Q R V Ε A S I 
1 1 7 1 A Η A A A I Τ A Y A L S L 

1 2 0 1 Μ A Q Ε Τ G D Ν L Y W G S 

1 2 3 1 Ρ S D Ρ Μ Ρ Q A Ρ A L W I 

1 2 6 1 Ε Μ A D Q A S A W L Τ R Q 
1 2 9 1 D A L S A Y W I A S Η Τ Τ 

1 3 2 1 Κ S Η A L Q L Ν Ν R Q I R 
1 3 5 1 V G G Ν S κ G Τ L Κ V L R 

1 3 8 1 Ε V Τ V Κ G Η V Ε Y Τ Μ Ε 
1 4 1 1 A Ρ L Q Ρ V Τ Ρ L Q L F Ε 
1 4 4 1 Ε S R V Η Y Τ V C I W R Ν 
1 4 7 1 G F Η A L R A D L Ε Κ L Τ 

1 5 0 1 L L Y F D S V Ρ Τ S R Ε C 
1 5 3 1 S A Τ L Y D Υ Υ Ν Ρ Ε R R 

1 5 6 1 C S A Ε V C Q C A Ε G Κ C 

1 5 9 1 R Μ Κ F A C Υ Υ Ρ R V Ε Y 

1 6 2 1 F Ε Τ Κ I Τ Q V L Η F Τ Κ 

1 6 5 1 C R L R L Ε Ρ G Κ Ε Y L I 

1 6 8 1 L D S Ν S W I Ε Ε Μ Ρ S Ε 

1 7 1 1 F L Q Ε Y G τ Q G C Q V 

Ν S D Ρ Ν Μ I Ρ D G D F Ν S Υ V R 

G A L S Ρ G G V Α S L L R L Ρ R G 
A A S R Υ L D Κ Τ Ε Q W S Τ L Ρ Ρ 
Y Μ R I Q Q F R Κ Α D G S Υ Α Α W 
L Κ V L S L Α Q Ε Q V G G S Ρ Ε Κ 

A D G S F Q D Ρ C Ρ V L D R S Μ Q 
A F V Τ I Α L Η Η G L Α V F Q D Ε 
S Κ Α Ν S F L G Ε Κ Α S Α G L L G 
Τ Κ Α Ρ ν D L L G V Α Η Ν Ν L Μ Α 

V Τ G S Q S Ν Α V S Ρ Τ Ρ Α Ρ R Ν 
Ε Τ Τ Α Υ Α L L Η L L L Η Ε G Κ Α 
G S F Q G G F R S Τ Q D Τ V I Α L 
Ε Ε R G L Ν V Τ L S S Τ G R Ν G F 

G L Ε Ε Ε L Q F S L G S Κ I Ν V Κ 
Τ Υ Ν V L D Μ Κ Ν Τ Τ C Q D L Q I 
A Ν Ε D Υ Ε Υ D Ε L Ρ Α Κ D D Ρ D 
G R R Ν R R R R Ε Α Ρ Κ V V Ε Ε Q 
G Κ V G L S G Μ Α I Α D V Τ L L S 
S L S D R Υ V S Η F Ε Τ Ε G Ρ Η V 

V G F Ε Α V Q Ε V Ρ V G L V Q Ρ Α 
C S V F Υ G Α Ρ S Κ S R L L Α Τ L 
Ρ R Q R R Α L Ε R G L Q D Ε D G Υ 

G F Q V Κ V L R Ε D S R Α Α F R L 

D V Κ Α Α Α Ν Q Μ R Ν F L V R Α S 
Μ G L D G Α Τ Υ D L Ε G Η Ρ Q Υ L 

R L C R S Τ R Q R Α Α C Α Q L Ν D 



386 Winona C. Barker 

C 5 H U 

C o m p l e m e n t C 5 - H u m a n ( f r a g m e n t ) 

I n c l u d e s : c o m p l e m e n t C 5 a a n a p h y l a t o x i n 

L u n d w a l l , A . B . , W e t s e l , R . A . , K r i s t e n s e n , Τ . , W h i t e h e a d , 

A . S . , W o o d s , D . E . , O g d e n , R . C . , C o l t e n , H . R . , a n d T a c k , 

B . F . , J . B i o l . C h e m . 2 6 0 , 2 1 0 8 - 2 1 1 2 , 1 9 8 5 ( S e q u e n c e 

t r a n s l a t e d f r o m t h e mRNA s e q u e n c e ) 

A c t i v a t i o n o f C 5 b y a C 5 c o n v e r t a s e i n i t i a t e s t h e s p o n t a n e o u s 
a s s e m b l y o f t h e l a t e c o m p l e m e n t c o m p o n e n t s , C 5 - 9 , i n t o 
t h e m e m b r a n e a t t a c k , o r l y t i c , c o m p l e x . T h e c o n v e r t a s e 
a l s o r e l e a s e s t h e a n a p h y l a t o x i n C 5 a f r o m t h e a m i n o e n d o f 
t h e a l p h a c h a i n a n d g e n e r a t e s C 5 b . C 5 a h a s p o t e n t 
s p a s m o g e n i c a n d c h e m o t a c t i c a c t i v i t y . C 5 b h a s a t r a n s i e n t 
b i n d i n g s i t e f o r C 6 . T h e C 5 b , 6 c o m p l e x i s t h e f o u n d a t i o n 
u p o n w h i c h t h e l y t i c c o m p l e x i s a s s e m b l e d . 

S u p e r f a m i l y : a l p h a - 2 - m a c r o g l o b i n 

R e s i d u e s F e a t u r e 

1 - 2 6 2 , 2 6 7 - 4 9 1 P r o t e i n : c o m p l e m e n t C 5 ( f r a g m e n t ) , b e t a 

c h a i n ( c a r b o x y l e n d ) a n d a l p h a c h a i n 

( a m i n o e n d ) 

3 3 0 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 
2 6 7 - 3 4 0 P e p t i d e : C 5 a a n a p h y l a t o x i n 
1 - 2 6 2 , 3 4 1 - 4 9 1 P r o t e i n : C 5 b ( f r a g m e n t ) 

M o l . w t . u n m o d . c h a i n = 5 4 , 2 8 0 N u m b e r o f r e s i d u e s = 4 9 1 

5 1 0 1 5 2 0 2 5 3 0 
1 / R V D D G V Α S F V L Ν L Ρ S G V Τ V L Ε F Ν V Κ Τ D Α Ρ D 

3 1 L Ρ Ε Ε Ν Q Α R Ε G Υ R Α I Α Υ S S L S Q S Υ L Υ I D W τ D 
6 1 Ν Η Κ Α L L V G Ε Η L Ν I I V τ Ρ Κ S Ρ Υ I D Κ I Τ Η Υ Ν Υ 
9 1 L I L S Κ G Κ I I Η F G Τ R Ε Κ F S D Α S Υ Q S I Ν I Ρ V Τ 

1 2 1 Q Ν Μ V Ρ S S R L L V Υ Υ I V τ G Ε Q Τ Α Ε L V S D S V W L 
1 5 1 Ν I Ε Ε Κ C G Ν Q L Q V Η L S Ρ D Α D Α Υ S Ρ G Q Τ ν S L Ν 
1 8 1 Μ A Τ G Μ D S W V Α L Α Α V D S Α V Υ G V Q R G Α Κ κ Ρ L Ε 
2 1 1 R V F Q F L Ε Κ S D L G C G Α G G G L Ν Ν Α Ν V F Η L Α G L 
2 4 1 Τ F L Τ Ν Α Ν Α D D S Q Ε Ν D Ε Ρ C Κ Ε I L R Ρ R R Τ L Q Κ 
2 7 1 Κ I Ε Ε I Α Α Κ Υ Κ Η S V V Κ Κ C C Υ D G Α Γ> V Ν Ν D Ε Τ C 
3 0 1 Ε Q R Α Α R I S L G Ρ R C I Κ Α F Τ Ε C C V V Α S Q L R Α Ν 
3 3 1 I S Η Κ D Μ Q L G R L Η Μ Κ τ L L Ρ V S Κ Ρ Ε I R S Υ F Ρ Ε 
3 6 1 S W L W Ε V Η L V Ρ R R Κ Q L Q F Α L Ρ D S L Τ Τ W Ε I Q G 
3 9 1 I G I S Ν Τ G I Γ» V Α D Τ V Κ Α Κ V F Κ D V F L Ε Μ Ν I Ρ Υ 
4 2 1 S V V R G Ε Q I Q L Κ G τ V Υ Ν Υ R Τ S G Μ Q S L Α L S Ρ R 
4 5 1 L Ε C Ν G Κ I S G Η C Κ L R L Ρ G S S D S Ρ Α S Α S Q ν Α G 
4 8 1 I Τ G Τ Η Η Η Α Q Ρ Τ / 
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C 9 H U 
C o m p l e m e n t C 9 p r e c u r s o r - H u m a n ( f r a g m e n t ) 

S t a n l e y , K . K . , K o c h e r , h . - P . , L u z i o , J . P . , J a c k s o n , P . , a n d 

T s c h o p p , J . , EMBO J . 4 , 3 7 5 - 3 8 2 , 1 9 8 5 ( S e q u e n c e 

t r a n s l a t e d f r o m t h e mRNA s e q u e n c e ) 

D i S c i p i o , R . G . , G e h r i n g , M . R . , P o d a c k , E . R . , K a n , C . C . , 
H u g l i , T . E . , a n d F e y , G . H . , P r o c . N a t . A c a d . S c i . USA 8 1 , 
7 2 9 8 - 7 3 0 2 , 1 9 8 4 ( S e q u e n c e o f r e s i d u e s 3 - 5 5 9 t r a n s l a t e d 
f r o m t h e mRNA s e q u e n c e ) 

T h r o m b i n c l e a v e s f a c t o r C 9 b e t w e e n H i s - 2 6 6 a n d G l y - 2 6 7 t o 
p r o d u c e C 9 a a n d C 9 b . 

C 9 i s t h e f i n a l c o m p o n e n t o f t h e c o m p l e m e n t s y s t e m t o b e 
a d d e d i n t h e a s s e m b l y o f t h e m e m b r a n e a t t a c k c o m p l e x . I t 
i s a b l e t o e n t e r l i p i d b i l a y e r s , f o r m i n g t r a n s m e m b r a n e 
c h a n n e l s . 

S u p e r f a m i l y : c o m p l e m e n t C 9 

R e s i d u e s F e a t u r e 

1 - 2 6 6 P r o t e i n : c a r b o x y l e n d o f C 9 a 

2 6 7 - 5 5 9 P r o t e i n : C 9 b 

2 7 8 , 4 1 5 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 
( p r o b a b l e ) 

5 1 3 - 5 4 6 D o m a i n : t y p e A h o m o l o g y w i t h EGF 

N u m b e r o f r e s i d u e s = 5 5 9 

5 1 0 1 5 2 0 2 5 3 0 
1 / S Μ s A C R s F A V Α I C I L Ε I S I L Τ Α Q Υ Τ Τ S Υ D Ρ 

3 1 Ε L τ Ε S S G S A S Η I D C R Μ S Ρ W S Ε W S Q C D Ρ C L R 

6 1 Q Μ F R S R S I Ε V F G Q F Ν G Κ R C Τ D Α V G D R R Q C V 

9 1 Ρ Τ Ε Ρ C Ε D A Ε D D C G Ν D F Q C S Τ G R C I Κ Μ R L R C 

1 2 1 Ν G D Ν D Q G D F S D Ε D D C Ε S Ε Ρ R Ρ Ρ C R D R V V Ε Ε 

1 5 1 S Ε L A R Τ A G Υ G I Ν I L G Μ D Ρ L S Τ Ρ F D Ν Ε F Υ Ν G 

1 8 1 L C Ν R D R D G Ν Τ L Τ Υ Υ R R Ρ W Ν V Α S L I Υ Ε Τ Κ G Ε 

2 1 1 Κ Ν F R Τ Ε Η Y Ε Ε Q I Ε Α F Κ S I I Q Ε Κ Τ S Ν F Ν Α Α I 

2 4 1 S L Κ F Τ Ρ Τ Ε Τ Ν Κ Α Ε Q C C Ε Ε Τ Α S S I S L Η G Κ G S 

2 7 1 F R F S Υ S Κ Ν Ε Τ Υ Q L F L S Υ S S Κ Κ Ε Κ Μ F L Η V Κ G 

3 0 1 Ε I Η L G R F V Μ R Ν R D V L Τ Τ Τ F V D D I Κ Α L Ρ Τ Τ Υ 

3 3 1 Ε Κ G Ε Υ F A F L Ε Τ Υ G Τ Η Υ S S S G S L G G L Υ Ε L I Υ 

3 6 1 V L D Κ A S Μ Κ R Κ G V Ε L Κ D I Κ R C L G Υ Η L D V S L Α 

3 9 1 F S Ε I S V G A Ε F Ν Κ D D C. V Κ R G Ε G R Α V Ν I Τ S Ε Ν 

4 2 1 L I D D V V S L I R G G Τ R Κ Υ Α F Ε L Κ Ε Κ L L R G Τ V I 

4 5 1 D V Τ D F V Ν W Α S S I Ν D Α Ρ V L I S Q Κ L S Ρ I Υ Ν L V 

4 8 1 Ρ V Κ Μ Κ Ν A Η L Κ Κ Q Ν L Ε R Α I Ε D Υ I Ν Ε F S V R Κ C 

5 1 1 Η Τ C Q Ν G G Τ V I L Μ D G Κ C L C Α C Ρ F Κ F Ε G I Α C Ε 

5 4 1 I s Κ Q Κ I S Ε G L Ρ Α L Ε F Ρ Ν Ε Κ 
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FNHU 
F i b r o n e c t i n - Human 

K o r n b l i h t t , A . R . , Umezawa , Κ . , V i b e - P e d e r s e n , Κ . , and 
B a r a l l e , F . E . , EMBO J . 4 , 1 7 5 5 - 1 7 5 9 , 1985 ( S e q u e n c e s o f 
r e s i d u e s 1 -2050 and 2 0 8 2 - 2 3 5 5 t r a n s l a t e d f rom t h e mRNA 
s e q u e n c e ) 
T h i s s e q u e n c e d i f f e r s f rom t h a t shown in l a c k i n g r e s i d u e 
1305 . The n u c l e o t i d e s e q u e n c e i s no t g i v e n in t h i s p a p e r . 

K o r n b l i h t t , A . R . , V i b e - P e d e r s e n , Κ . , and B a r a l l e , F . E . , N u c l . 
A c i d s R e s . 1 2 , 5 8 5 3 - 5 8 6 8 , 1984 ( S e q u e n c e s o f r e s i d u e s 
9 4 2 - 2 0 5 0 and 2 0 8 2 - 2 3 5 5 t r a n s l a t e d f rom t h e mRNA s e q u e n c e ) 

B e r n a r d , M . P . , K o l b e , M . , W e i l , D . , and Chu , M . - L . , 
B i o c h e m i s t r y 24 , 2 6 9 8 - 2 7 0 4 , 1985 ( S e q u e n c e o f r e s i d u e s 
1 5 6 3 - 2 3 5 5 t r a n s l a t e d f rom t h e mRNA s e q u e n c e ) 

Each o f the " e x t r a d o m a i n " and the c o n n e c t i n g s t r a n d 3 a r e 
p r e s e n t in some f o r m s o f f i b r o n e c t i n and a b s e n t in 
o t h e r s . T h e s e d i f f e r e n c e s a r e p r o b a b l y due to a l t e r n a t e 
s p l i c i n g o f t h e mRNA. 

S u p e r f a m i l y : f i b r o n e c t i n 

R e s i d u e s F e a t u r e 
1 M o d i f i e d r e s i d u e : p y r r o l i d o n e c a r b o x y l i c 

a c i d 
2 1 - 2 4 1 D o m a i n : f i b r i n - and h e p a r i n - b i n d i n g 

r e g i o n 
2 7 7 - 5 7 7 D o m a i n : c o l l a g e n - b i n d i n g r e g i o n 
7 7 9 - 1 0 5 4 Doma in : D N A - b i n d i n g r e g i o n 
1 4 1 0 - 1 5 1 7 D o m a i n : c e l l - a t t a c h m e n t doma in 
1 6 0 0 - 1 6 8 9 D o m a i n : e x t r a d o m a i n 
1 6 9 0 - 1 9 6 0 D o m a i n : s e c o n d h e p a r i n - b i n d i n g r e g i o n 
1 9 6 1 - 2 0 7 1 D o m a i n : c o n n e c t i n g s t r a n d 3 
2 1 7 5 - 2 3 0 6 D o m a i n : s e c o n d f i b r i n - b i n d i n g 
2 1 - 6 5 , 6 6 - 1 0 9 , D u p l i c a t i o n : t y p e I h o m o l o g y r e g i o n s 

1 1 0 - 1 5 4 , 1 5 5 - 1 9 9 , ( " f i n g e r s " ) 
2 0 0 - 2 4 1 , 2 7 7 - 3 1 3 , 
4 3 9 - 4 8 6 , 4 8 7 - 5 2 9 , 
5 3 0 - 5 7 7 , 2 1 7 5 - 2 2 1 9 , 
2 2 2 0 - 2 2 6 3 , 2 2 6 4 - 2 3 0 6 

3 1 4 - 3 7 3 , 3 7 4 - 4 3 8 D u p l i c a t i o n : t y p e I I h o m o l o g y r e g i o n s 
5 7 8 - 6 6 9 , 6 8 8 - 7 7 8 , D u p l i c a t i o n : t y p e I I I h o m o l o g y r e g i o n s 

7 7 9 - 8 7 4 , 8 7 5 - 9 6 4 , 
9 6 5 - 1 0 5 4 , 1 0 5 5 - 1 1 4 1 , 
1 1 4 2 - 1 2 3 4 , 1 2 3 5 - 1 3 2 5 , 
1 3 2 6 - 1 4 1 5 , 1 4 1 6 - 1 5 0 9 , 
1 5 1 0 - 1 5 9 9 , 1 6 0 0 - 1 6 8 9 , 
1 6 9 0 - 1 7 8 1 , 1 7 8 2 - 1 8 7 0 , 
1 8 7 1 - 1 9 6 0 , 2 0 7 2 - 2 1 5 1 

M o l . w t . unmod . c h a i n = 2 5 9 , 6 2 1 Number o f r e s i d u e s = 2355 

5 10 15 20 25 30 
1 Q A Q Q M V Q P Q S P V A V S Q S K P G C Y D N G K H Y Q I 

3 1 N Q Q W E R T Y L G N V L V C T C Y G G S R G F N C E S K P 
6 1 E A E E T C F D K Y T G N T Y R V G D T Y E R P K D S M I W 



9 1 D c Τ C I G Α G R G R I S C τ I Α Ν R C Η Ε G G Q S Υ Κ I G 
1 2 1 D τ W R R Ρ Η Ε Τ G G Υ Μ L Ε C V C L G Ν G Κ G Ε W Τ C Κ Ρ 
1 5 1 I A Ε Κ C F D Η Α Α G τ S Υ V ν G Ε Τ W Ε Κ Ρ Υ Q G W Μ Μ V 
1 8 1 D C Τ C L G Ε G S G R I Τ C Τ S R Ν R C Ν D Q D Τ R Τ S Υ R 
2 1 1 I G D Τ W S Κ Κ D Ν R G Ν L L Q C I C Τ G Ν G R G Ε W Κ C Ε 
2 4 1 R Η Τ S ν Q Τ Τ S S G S G Ρ F τ D V R Α Α V Υ Q Ρ Q Ρ Η Ρ Q 
2 7 1 Ρ Ρ Ρ Υ G Η C V Τ D S G V V Υ S V G Μ Q W L Κ Τ Q G Ν Κ Q Μ 
3 0 1 L C Τ C L G Ν G ν S C Q Ε Τ Α ν Τ Q Τ Υ G G Ν S Ν G Ε Ρ C V 
3 3 1 L Ρ F Τ Υ Ν G R τ F Υ S C Τ Τ Ε G R Q D G Η L W C S Τ Τ S Ν 
3 6 1 Y Ε Q D Q Κ Υ S F C Τ D Η Τ V L V Q Τ Q G G Ν S Ν G Α L C Η 
3 9 1 F Ρ F L Υ Ν Ν Η Ν Υ Τ D C Τ S Ε G R R D Ν Μ Κ W C G Τ Τ Q Ν 
4 2 1 Y D Α D Q Κ F G F C Ρ Μ Α Α Η Ε Ε I C Τ Τ Ν Ε G V Μ Υ R I G 
4 5 1 D Q W D κ Q Η D Μ G Η Μ Μ R C Τ C V G Ν G R G Ε W Τ C Υ Α Υ 
4 8 1 S Q L R D Q C I V D D I Τ Υ Ν V Ν D Τ F Η Κ R Η Ε Ε G Η Μ L 
5 1 1 Ν C Τ C F G Q G R G R W Κ C D Ρ V D Q C Q D S Ε Τ G Τ F Υ Q 
5 4 1 I G D S W Ε Κ Υ V Η G ν R Υ Q C Υ C Υ G R G I G Ε W Η Γ> 

\— Q Ρ 
5 7 1 L Q Τ Υ Ρ S S S G Ρ V Ε V F I Τ Ε Τ Ρ S Q Ρ Ν S Η Ρ I Q W Ν 
6 0 1 A Ρ Q Ρ S Η I S Κ Υ I L R W R Ρ Κ Ν S V G R W Κ Ε Α Τ I Ρ G 
6 3 1 Η L Ν S Υ Τ I Κ G L Κ Ρ G V V Υ Ε G Q L I S I Q Q Υ G Η Q Ε 
6 6 1 V Τ R F D F τ Τ Τ S Τ S Τ Ρ V Τ S Ν Τ V Τ G Ε Τ Τ Ρ F S Ρ L 
6 9 1 V A Τ S Ε S ν Τ Ε I Τ Α S S F ν V S W V S Α S D Τ V S G F R 
7 2 1 V Ε Υ Ε L S Ε Ε G D Ε Ρ Q Υ L D L Ρ S Τ Α Τ S V Ν I Ρ D L L 
7 5 1 Ρ G R Κ Υ I V Ν V Υ Q I S Ε D G Ε Q S L I L S Τ S Q Τ Τ Α Ρ 
7 8 1 D A Ρ Ρ D Ρ Τ V D Q V D D Τ S I V V R W S R Ρ Q Α Ρ I Τ G Υ 
8 1 1 R I V Υ S Ρ S V Ε G S S Τ Ε L Ν L Ρ Ε Τ Α Ν S V Τ L S D L Q 
8 4 1 Ρ G V Q Υ Ν I Τ I Υ Α V Ε Ε Ν Q Ε S Τ Ρ V V I Q Q Ε τ Τ G Τ 
8 7 1 Ρ R S D Τ V Ρ S Ρ R D L Q F V Ε V Τ D V Κ V τ I Μ W τ Ρ Ρ Ε 
9 0 1 S A V Τ G Υ R V D V I Ρ V Ν L Ρ G Ε Η G Q R L Ρ I S R Ν Τ F 
9 3 1 A Ε V Τ G L S Ρ G V Τ Υ Υ F Κ V F Α V S Η G R Ε S Κ Ρ L Τ Α 
9 6 1 Q Q Τ Τ Κ L D Α Ρ Τ Ν L Q F V Ν Ε Τ D S Τ V L V R W Τ Ρ Ρ R 
9 9 1 A Q I Τ G Υ R L Τ V G L Τ R R G Q Ρ R Q Υ Ν V G Ρ S V S Κ Υ 

1 0 2 1 Ρ L R Ν L Q Ρ Α S Ε Υ Τ ν S L V Α I Κ G Ν Q Ε S Ρ Κ Α Τ G V 

1 0 5 1 F Τ Τ L Q Ρ G S S I Ρ Ρ Υ Ν Τ Ε V τ Ε Τ Τ I V I Τ W Τ Ρ Α Ρ 
1 0 8 1 R I G F Κ L G V R Ρ S Q G G Ε Α Ρ R Ε V Τ S D S G S I V V S 

1 1 1 1 G L Τ Ρ G V Ε Υ V Υ Τ I Q V L R D G Q Ε R D Α Ρ I ν Ν Κ V V 
1 1 4 1 Τ Ρ L S Ρ Ρ Τ Ν L Η L Ε Α Ν Ρ D Τ G V L Τ V S W Ε R S Τ Τ Ρ 
1 1 7 1 D I Τ G Υ R I Τ Τ Τ Ρ Τ Ν G Q Q G Ν S L Ε Ε V ν Η Α D Q S S 

1 2 0 1 C Τ F D Ν L S Ρ G L Ε Υ Ν V S V Υ Τ V Κ D D Κ Ε S V Ρ I S D 

1 2 3 1 Τ I I Ρ Α V Ρ Ρ Ρ Τ D L R F Τ Ν I G Ρ D Τ Μ R V Τ W Α Ρ Ρ Ρ 
1 2 6 1 S I D L Τ Ν F L V R Υ S Ρ V Κ Ν Ε Ε D V Α Ε L S I S Ρ S D Ν 
1 2 9 1 A V V L Τ Μ L L Ρ G Τ Ε Υ V V S V S S V Υ Ε Q Η Ε S Τ Ρ L R 
1 3 2 1 G R Q Κ Τ G L D S Ρ Τ G I D F S D I Τ Α Ν S F Τ V Η W I Α Ρ 
1 3 5 1 R A Τ I Τ G Υ R I R Η Η Ρ Ε Η F S G R Ρ R Ε D R V Ρ Η S R Ν 
1 3 8 1 S I Τ L Τ Ν L Τ Ρ G Τ Ε Υ V V S I V Α L Ν G R Ε Ε S Ρ L L I 

1 4 1 1 G Q Q S Τ V S D ν Ρ R D L Ε V V Α Α Τ Ρ Τ S L L I S W D Α Ρ 
1 4 4 1 A V Τ V R Υ Υ R I Τ Υ G Ε Τ G G Ν S Ρ V Q Ε F Τ V Ρ G S Κ S 

1 4 7 1 Τ A τ I S G L Κ Ρ G V D Υ Τ I Τ V Υ Α V τ G R G D S Ρ Α S S 

1 5 0 1 Κ Ρ I S I Ν Υ R τ Ε I D Κ Ρ S Q Μ Q V Τ D V Q D Ν S I S V κ 

1 5 3 1 W L Ρ S S S Ρ V τ G Υ R V Τ τ Τ Ρ Κ Ν G Ρ G Ρ Τ Κ τ κ Τ Α G 

1 5 6 1 Ρ D Q τ Ε Μ Τ I Ε G L Q Ρ Τ ν Ε Υ V V S V Υ Α Q Ν Ρ S G Ε S 

1 5 9 1 Q Ρ L ν Q Τ Α V Τ Ν I D R Ρ κ G L Α F Τ D V D V D S I Κ I Α 
1 6 2 1 W Ε S Ρ Q G Q ν S R Υ R V Τ Υ S S Ρ Ε D G I Η Ε L F Ρ Α Ρ D 

1 6 5 1 G Ε Ε D Τ Α Ε L Q G L R Ρ G S Ε Υ Τ V S V V Α L Η D D Μ Ε S 

1 6 8 1 Q Ρ L I G Τ Q S Τ Α I Ρ Α Ρ τ D L Κ F Τ Q ν Τ Ρ Τ S L S Α Q 
1 7 1 1 W Τ Ρ Ρ Ν V Q L τ G Υ R V R ν Τ Ρ Κ Ε Κ Τ G Ρ Μ Κ Ε I Ν L Α 
1 7 4 1 Ρ D S S S V V V S G L Μ V Α τ Κ Υ Ε V S V Υ Α L Κ D Τ L Τ S 

1 7 7 1 R Ρ Α Q G V V Τ τ L Ε Ν V S Ρ Ρ R R Α R V Τ D Α Τ Ε Τ Τ I Τ 

1 8 0 1 I S W R Τ Κ Τ Ε τ I Τ G F Q ν D Α V Ρ Α Ν G Q Τ Ρ I Q R Τ I 
1 8 3 1 Κ Ρ D V R S Υ Τ I Τ G L Q Ρ G Τ D Υ Κ I Υ L Υ Τ L Ν D Ν Α R 
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1 8 6 1 S S Ρ V V I D Α S Τ Α I D Α Ρ S Ν L R F L Α Τ Τ Ρ Ν S L L V 
1 8 9 1 S W Q Ρ Ρ R Α R I Τ G Υ I I Κ Υ Ε Κ Ρ G S Ρ Ρ R Ε V V Ρ R Ρ 

1 9 2 1 R Ρ G V Τ Ε Α Τ I Τ G L Ε Ρ G Τ Ε Υ Τ I Υ V I Α L Κ Ν Ν Q Κ 

1 9 5 1 S Ε Ρ L I G R Κ Κ Τ D Ε L Ρ Q L V Τ L Ρ Η Ρ Ν L Η G Ρ Ε I L 

1 9 8 1 D V Ρ S τ V Q Κ Τ Ρ F V Τ Η Ρ G Υ D Τ G Ν G I Q L Ρ G Τ S G 
2 0 1 1 Q Q Ρ S ν G Q Q Μ I F Ε Ε Η G F R R Τ Τ Ρ Ρ Τ Τ Α Τ Ρ I R Η 
2 0 4 1 R Ρ R Ρ Υ Ρ Ρ Ν V G Ε Ε I Q I G Η I Ρ R Ε D ν D Υ Η L Υ Ρ Η 
2 0 7 1 G Ρ G L Ν Ρ Ν Α S Τ G Q Ε Α L S Q Τ Τ I S W Α Ρ F Q D τ S Ε 

2 1 0 1 Y I I S Η Ρ V G Τ D Ε Ε Ρ L Q F R V Ρ G Τ S Τ S Α Τ L Τ G 
2 1 3 1 L τ R G Α Τ Υ Ν I I V Ε Α L Κ D Q Q R Η Κ V R Ε Ε V V Τ V G 
2 1 6 1 Ν s V Ν Ε G L Ν Q Ρ Τ D D S C F D Ρ Υ Τ V S Η Υ Α V G D Ε W 
2 1 9 1 Ε R Μ S Ε S G F κ L L C Q C L G F G S G Η F R C D S S R W C 

2 2 2 1 Η D Ν G V Ν Υ Κ I G Ε Κ W D R Q G Ε Ν G Q Μ Μ S C Τ C L G Ν 
2 2 5 1 G Κ G Ε F Κ C D Ρ Η Ε Α Τ C Υ D D G Κ Τ Υ Η V G Ε Q W Q Κ Ε 

2 2 8 1 Υ L G Α I C S C τ C F G G Q R G W R Q D Ν C R R Ρ G G Ε Ρ S 

2 3 1 1 Ρ Ε G Τ Τ G Q S Υ Ν Q Υ S Q R Υ Η Q R Τ Ν Τ Ν V Ν C Ρ I Ε C 

2 3 4 1 F Μ Ρ L D V Q Α D R Ε D S R Ε 
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KGB OH 1 

Kininogen, HMW I precursor - Bovine 

Includes: bradykinin (kallidin I) 

Kitamura, Ν., Takagaki, Υ., Furuto, S. , Tanaka, Τ. , Nawa, Η., 
and Nakanishi, S., Nature 3 0 5 , 5 4 5 - 5 4 9 , 1 9 8 3 (Sequence 
translated from the mRNA sequence) 

Bradykinin is released from kininogen by kallikrein. 

Superfamily: cystatin 

Residues Feature 
1 - 2 2 Domain: signal sequence (probable) 
1 9 - 1 3 5 , 1 3 6 - 2 5 7 , Duplication: homology with cystatin 

2 5 8 - 3 7 9 
3 8 0 - 3 8 8 Peptide: bradykinin 

Mol. wt. unmod. chain = 6 8 , 8 9 0 Number of residues = 6 2 1 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ Κ L I Τ I L F L C S R L L Ρ S L Τ Q Ε S S Q Ε I D C Ν D Q 

31 D V F Κ Α V D Α Α L Τ Κ Υ Ν S Ε Ν Κ S G Ν Q F V L Υ R I Τ Ε 
6 1 V A R Μ D Ν Ρ D Τ F Υ S L Κ Υ Q I Κ Ε G D c Ρ F Q S Ν Κ Τ W 
9 1 Q D C D Υ Κ D S Α Q Α Α Τ G Ε C Τ Α Τ V Α Κ R G Ν Μ Κ F S V 

1 2 1 A I Q Τ C L I Τ Ρ Α Ε G Ρ V V Τ Α Q Υ Ε C L G C V Η Ρ I S Τ 
1 5 1 Κ S Ρ D L Ε Ρ ν L R Υ Α I Q Υ F Ν Ν Ν Τ S Η S Η L F D L Κ Ε 
1 8 1 V Κ R A Q R Q ν V S G W Ν Υ Ε V Ν Υ S I Α Q Τ Ν C S Κ Ε Ε F 
2 1 1 S F L Τ Ρ D C κ S L S S G D Τ G Ε C Τ D Κ Α Η V D V Κ L R I 
2 4 1 S S F S Q Κ C D L Υ Ρ V Κ D F V Q Ρ Ρ Τ R L C Α G C Ρ Κ Ρ I 
2 7 1 Ρ V D S Ρ D L Ε Ε Ρ L S Η S I Α Κ L Ν Α Ε Η D G Α F Υ F Κ I 
3 0 1 D Τ V Κ κ Α Τ V Q V V Α G L Κ Υ S I V F I Α R Ε Τ Τ C S Κ G 
3 3 1 S Ν Ε Ε L Τ Κ S C Ε I Ν I Η G Q I L Η C D Α Ν V Υ V ν Ρ W Ε 
3 6 1 Ε Κ V Υ Ρ Τ ν Ν C Q Ρ L G Q Τ S L Μ Κ R Ρ Ρ G F S Ρ F R S V 
3 9 1 Q V Μ Κ Τ Ε G S Τ Τ ν S L Ρ Η S Α Μ S Ρ V Q D Ε Ε R D S G Κ 
4 2 1 Ε Q G Ρ Τ Η G Η G W D Η G Κ Q I Κ L Η G L G L G Η Κ Η Κ Η D 
4 5 1 Q G Η G Η Η G S Η G L G Η G Η Q Κ Q Η G L G Η G Η Κ Η G Η G 
4 8 1 Η G Κ Η Κ Ν Κ G Κ Ν Ν G Κ Η Υ D W R Τ Ρ Υ L Α S S Υ Ε D S Τ 
5 1 1 Τ S S Α Q Τ Q Ε Κ Τ Ε Ε Τ Τ L S S L Α Q Ρ G V Α I Τ F Ρ D F 
5 4 1 Q D S D L I Α Τ V Μ Ρ Ν Τ L Ρ Ρ Η Τ Ε S D D D W I Ρ D I Q Τ 
5 7 1 Ε Ρ Ν S L Α F κ L I S D F Ρ Ε Τ Τ S Ρ Κ C Ρ S R Ρ W Κ Ρ V Ν 
6 0 1 G V Ν Ρ Τ V Ε Μ Κ Ε S Η D F D L V D Α L L 
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KGBOH2 

Kininogen, HMW II precursor - Bovine 

Includes: bradykinin (kallidin I) 

Kitamura, Ν., Takagaki, Υ., Furuto, S., Tanaka, Τ., Nawa, Η., 
and Nakanishi, S., Nature 3 0 5 , 5 4 5 - 5 4 9 , 1 9 8 3 (Sequence 
translated from the mRNA sequence) 

Bradykinin is released from kininogen by kallikrein. 

Superfamily: cystatin 

Residues Feature 
1 - 2 2 Domain: signal sequence (probable) 
1 9 - 1 3 5 , 1 3 6 - 2 5 6 , Duplication: homology with cystatin 

2 5 7 - 3 7 7 
3 7 8 - 3 8 6 Peptide: bradykinin 

4 0 0 Binding site: carbohydrate (Ser) 

Mol. wt. unmod. chain = 6 8 , 7 1 0 Number of residues = 6 1 9 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ Κ L I Τ I L F L C S R L L Ρ S L Τ Q Ε S S Q Ε I D C Ν D Q 

3 1 D V F Κ Α V D Α Α L Τ Κ Υ Ν S Ε Ν Κ S G Ν Q F V L Υ R I Τ Ε 
6 1 V A R Μ D Ν Ρ D Τ F Υ S L Κ Υ Q I Κ Ε G D C Ρ F Q S Ν Κ Τ W 

9 1 Q D C D Υ Κ D S Α Q Α Α Τ G Q C Τ Α Τ V Α Κ R G Ν Μ Κ F S V 
1 2 1 A I Q Τ C L I Τ Ρ Α Ε G Ρ V ν Τ Α Q Υ Ε C L G C V Η Ρ Ι S Τ 
1 5 1 Κ S Ρ D L Ε Ρ V L R Υ Α I Q Υ F Ν Ν Ν Τ S Η S Η L F D L κ Ε 
1 8 1 V Κ R Α Q Κ Q V V S G W Ν Υ Ε V Ν Υ S I Α Q Τ Ν C S Κ Ε Ε F 
2 1 1 S F L Τ Ρ D C Κ S L S S G D Τ G Ε C Τ D Κ Α Η V D V Κ L R I 
2 4 1 S S F S Q Κ C D L Υ Ρ G Ε D F L Ρ Ρ Μ V C V G C Ρ Κ Ρ I Ρ V 
2 7 1 D S Ρ D L Ε Ε Α L Ν Η S I Α Κ L Ν Α Ε Η D G Τ F Υ F Κ I D τ 

3 0 1 V Κ Κ Α Τ V Q V V G G L Κ Υ S I V F I Α R Ε Τ Τ C S Κ G S Ν 
3 3 1 Ε Ε L Τ Κ S C Ε I Ν I Η G Q I L Η C D Α Ν V Υ V V Ρ W Ε Ε Κ 
3 6 1 V Υ Ρ Τ V Ν C Q Ρ L G Q Τ S L Μ Κ R Ρ Ρ G F S Ρ F R S V Q V 

3 9 1 Μ Κ Τ Ε G S Τ Τ ν S L Ρ Η S Α Μ S Ρ V Q D Ε Ε R D S G Κ Ε Q 
4 2 1 G Ρ Τ Η G Η G W D Η G Κ Q I Κ L Η G L G L G Η Κ Η Κ Η D Q G 

4 5 1 Η G Η Η R S Η G L G Η G Η Q Κ Q Η G L G Η G Η Κ Η G Η G Η G 

4 8 1 Κ Η Κ Ν Κ G Κ Ν Ν G Κ Η Υ D W R Τ Ρ Υ L Α S S Υ Ε D S Τ Τ S 
5 1 1 S Α Q Τ Q Ε Κ Τ Ε Ε Τ Τ L S S L Α Q Ρ G V Α I Τ F Ρ D F Q D 

5 4 1 S D L I Α Τ V Μ Ρ Ν Τ L Ρ Ρ Η Τ Ε S D D D W I Ρ D I Q Τ Ε Ρ 
5 7 1 Ν S L Α F Κ L I S D F Ρ Ε Τ Τ S Ρ Κ C Ρ S R Ρ W Κ Ρ V Ν G V 
6 0 1 Ν Ρ Τ V Ε Μ Κ Ε S Η D F D L V D Α L L 
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K G H U L l 

K i n i n o g e n , LMW I p r e c u r s o r - H u m a n 

A l t e r n a t e n a m e s : a l p h a - 2 - t h i o l p r o t e i n a s e i n h i b i t o r 

I n c l u d e s : b r a d y k i n i n 

O h k u b o , I . , K u r a c h i , Κ . , T a k a s a w a , Τ . , S h i o k a w a , Η . , a n d 

S a s a k i , Μ . , B i o c h e m i s t r y 2 3 , 5 6 9 1 - 5 6 9 7 , 1 9 8 4 ( S e q u e n c e 

t r a n s l a t e d f r o m t h e mRNA s e q u e n c e ) 

I n t h e p r e s e n c e o f k a l l i k r e i n t h i s p r o t e i n i s c o n v e r t e d i n t o 

t w o c h a i n s , h e a v y a n d l i g h t , h e l d t o g e t h e r b y a d i s u l f i d e 

b o n d a n d b r a d y k i n i n i s r e l e a s e d . 

S u p e r f a m i l y : c y s t a t i n 

R e s i d u e s F e a t u r e 

1 - 1 8 D o m a i n : s i g n a l s e q u e n c e 
1 9 M o d i f i e d s i t e : p y r r o l i d o n e 

a c i d 
3 8 1 - 3 8 9 P e p t i d e : b r a d y k i n i n 
4 8 , 1 6 9 , 2 0 5 , 2 9 4 B i n d i n g s i t e : c a r b o h y d r a t e 

( p u t a t i v e ) 
1 9 - 1 3 6 , 1 3 7 - 2 5 8 , D u p l i c a t i o n : h o m o l o g y w i t h 

2 5 9 - 3 8 0 

M o l . w t . u n m o d . c h a i n = 4 7 , 8 8 3 N u m b e r o f r e s i d u e s = 4 2 7 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ Κ L I Τ I L F L C S R L L L S L Τ Q Ε S Q S Ε Ε I D C Ν D 

3 1 Κ D L F Κ Α V D Α Α L Κ Κ Υ Ν S Q Ν Q S Ν Ν Q F V L Υ R I Τ 
6 1 Ε A Τ Κ Τ V G S D Τ F Υ S F Κ Υ Ε I Κ Ε G D C Ρ V Q S G Κ Τ 

9 1 W Q D c Ε Υ Κ D Α Α Κ Α Α Τ G Ε C Τ Α Τ V G Κ R S S Τ Κ F S 
1 2 1 V A Τ Q Τ C Q I Τ Ρ Α Ε G Ρ V V Τ Α Q Υ D C L G C V Η Ρ I S 

1 5 1 Τ Q S Ρ D L Ε Ρ I L R Η G I Q Υ F Ν Ν Ν Τ Q Η S S L F Μ L Ν 

1 8 1 Ε V Κ R Α Q R Q V V Α G L Ν F R I Τ Υ S I V Q Τ Ν C S Κ Ε Ν 
2 1 1 F L F L Τ Ρ D C κ S L W Ν G D Τ G Ε C Τ D Ν Α Υ I D I Q L R 
2 4 1 I A S F S Q Ν C D I Υ Ρ G Κ D F V Q Ρ Ρ Τ Κ I C V G C Ρ R D 
2 7 1 I Ρ Τ Ν S Ρ Ε L Ε Ε Τ L Τ Η Τ I Τ Κ L Ν Α Ε Ν Ν Α Τ F Υ F Κ 

3 0 1 I D Ν V Κ Κ Α R V Q V V Α G Κ Κ Υ F I D F V Α R Ε Τ Τ C S Κ 

3 3 1 Ε S Ν Ε Ε L Τ Ε S C Ε Τ Κ Κ L G Q S L D C Ν Α Ε V Υ V ν Ρ W 

3 6 1 Ε Κ Κ I Υ Ρ Τ V Ν C Q Ρ L G Μ I S L Μ Κ R Ρ Ρ G F S Ρ F R S 

3 9 1 S R I G Ε I Κ Ε Ε Τ Τ S Η L R S C Ε Υ Κ G R Ρ Ρ Κ Α G Α Ε Ρ 

4 2 1 A S Ε R Ε V S 

c a r b o x y l i c 

( A s n ) 

c y s t a t i n 
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K G B 0 L 2 

K i n i n o g e n , LMW I I p r e c u r s o r - B o v i n e 

N a w a , H . , K i t a m u r a , N . , H i r o s e , T . , A s a i , Μ . , I n a y a m a , S . , 
a n d N a k a n i s h i , S . , P r o c . N a t . A c a d . S c i . USA 8 0 , 9 0 - 9 4 , 

1 9 8 3 ( S e q u e n c e t r a n s l a t e d f r o m t h e mRNA s e q u e n c e ) 
N i n e d i s u l f i d e b o n d s a r e p r e s e n t . 

P o t e n t i a l c a r b o h y d r a t e - b i n d i n g s i t e s a r e A s n - 4 7 , A s n - 8 7 , 
A s n - 1 6 8 , A s n - 1 6 9 , A s n - 1 9 7 , A s n - 2 0 4 , a n d A s n - 2 8 0 . 

S u p e r f a m i l y : c y s t a t i n 

R e s i d u e s F e a t u r e 

1 - 2 2 D o m a i n : s i g n a l s e q u e n c e ( p r o b a b l e ) 
1 9 - 1 3 5 , 1 3 6 - 2 5 6 , D u p l i c a t i o n : h o m o l o g y w i t h c y s t a t i n 

2 5 7 - 3 7 7 
3 7 8 - 3 8 6 P e p t i d e : b r a d y k i n i n 

M o l . w t . u n m o d . c h a i n = 4 8 , 1 4 8 

5 1 0 1 5 
1 Μ Κ L I Τ I L F L C S R L L Ρ 

3 1 D V F κ Α V D Α Α L Τ Κ Υ Ν S 

6 1 V A R Μ D Ν Ρ D Τ F Υ S L Κ Υ 

9 1 Q D C D Υ Κ D S Α Q Α Α Τ G Q 
1 2 1 A I Q Τ ζ L I Τ Ρ Α Ε G Ρ V ν 
1 5 1 Κ S Ρ D L Ε Ρ V L R Υ Α I Q Υ 
1 8 1 V Κ R Α Q Κ Q V V S G W Ν Υ Ε 
2 1 1 S F L Τ Ρ D C Κ S L S S G D Τ 
2 4 1 S S F S Q Κ C D L Υ Ρ G Ε D F 
2 7 1 D S Ρ D L Ε Ε Α L Ν Η S I Α Κ 
3 0 1 V Κ Κ Α Τ V Q V V G G L Κ Υ S 
3 3 1 Ε Ε L Τ κ S C Ε I Ν I Η G Q I 
3 6 1 V Υ Ρ Τ ν Ν C Q Ρ L G Q Τ S L 
3 9 1 Μ Κ Τ Ε G S Τ Τ τ Η V Κ S C Ε 
4 2 1 G Ε V S L Ρ Α Ε S Ρ Q L Α R 

N u m b e r o f r e s i d u e s = 4 3 4 

2 0 2 5 3 0 
s L Τ Q Ε S S Q Ε I D C Ν D Q 
Ε Ν Κ S G Ν Q F V L Υ R I Τ Ε 

Q I κ Ε G D C Ρ F Q S Ν Κ Τ W 

C Τ Α Τ V Α Κ R G Ν Μ Κ F S V 
Τ A Q Υ Ε C L G C V Η Ρ I S Τ 
F Ν Ν Ν Τ S Η S Η L F D L κ Ε 
V Ν Υ S I Α Q Τ Ν C S Κ Ε Ε F 
G Ε C Τ D Κ Α Η V D V Κ L R I 
L Ρ Ρ Μ V C V G η Ρ Κ Ρ I Ρ V 
L Ν Α Ε Η D G Τ F Υ F Κ I D τ 
I V F I Α R Ε Τ Τ C S Κ G S Ν 
L Η C D Α Ν V Υ V V Ρ W Ε Ε Κ 
Μ Κ R Ρ Ρ G F S Ρ F R S V Q V 
Y Κ G R Ρ Q Ε Α G Α Ε Ρ Α Ρ Q 
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L P R T A 4 

A p o l i p o p r o t e i n A - I V p r e c u r s o r - R a t 

B o g u s k i , M . S . , E l s h o u r b a g y , N . , T a y l o r , J . M . , a n d G o r d o n , 

J . I . , P r o c . N a t . A c a d . S c i . USA 8 1 , 5 0 2 1 - 5 0 2 5 , 1 9 8 4 

( S e q u e n c e t r a n s l a t e d f r o m t h e mRNA s e q u e n c e ) 

T h i s a p o p r o t e i n i s a m a j o r c o m p o n e n t o f HDL a n d c h y l o m i c r o n s , 
b u t u n l i k e o t h e r a p o p r o t e i n s , a p p r o x i m a t e l y 50% o f t h e 
p l a s m a a p o A - I V i s n o t a s s o c i a t e d w i t h t h e c l a s s i c a l 
l i p o p r o t e i n s . 

N i n e o f t h e t h i r t e e n 2 2 - a m i n o a c i d t a n d e m r e p e a t s ( e a c h 2 2 -
m e r i s a c t u a l l y a t a n d e m a r r a y o f t w o , A a n d B , r e l a t e d 
1 1 - m e r s ) o c c u r r i n g i n t h i s s e q u e n c e a r e p r e d i c t e d t o b e 
h i g h l y a l p h a - h e l i c a l , a n d m a n y o f t h e s e h e l i c e s a r e 
a m p h i p a t h i c . T h e y m a y t h e r e f o r e s e r v e a s 1 i p i d - b i n d i n g 
d o m a i n s w i t h l e c i t h i n . c h o l e s t e r o l a c y l t r a n s f e r a s e ( L C A T ) 
a c t i v a t i n g a b i l i t i e s . 

S u p e r f a m i l y : a p o l i p o p r o t e i n 

R e s i d u e s F e a t u r e 

1 - 2 0 D o m a i n : s i g n a l s e q u e n c e 
3 3 - 5 4 , 6 0 - 8 1 , D u p l i c a t i o n : t a n d e m r e p e a t s o f 2 2 - a m i n o 

8 2 - 1 0 3 , 1 1 5 - 1 3 6 , a c i d u n i t 
1 3 7 - 1 5 8 , 1 5 9 - 1 8 0 , 
1 8 1 - 2 0 2 , 2 0 3 - 2 2 4 , 
2 2 5 - 2 4 6 , 2 4 7 - 2 6 8 , 
2 6 9 - 2 8 6 , 2 8 7 - 3 0 8 , 
3 0 9 - 3 3 0 

1 0 4 - 1 1 4 D u p l i c a t i o n : a t a n d e m r e p e a t o f t h e Β 

g r o u p o f 1 1 - m e r s 

M o l . w t . u n m o d . c h a i n = 4 4 , 4 6 5 N u m b e r o f r e s i d u e s = 3 9 1 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ F L Κ A V V L Τ V Α L ν Α I Τ G Τ Q Α Ε V Τ S D Q V Α Ν V 

3 1 Μ W D Y F Τ Q L S Ν Ν Α Κ Ε Α ν Ε Q L Q Κ Τ D V Τ Q Q L Ν Τ 

6 1 L F Q D Κ L G Ν I Ν Τ Υ Α D D L Q Ν Κ L V Ρ F Α V Q L S G Η 

9 1 L Τ Κ Ε Τ Ε R V R Ε Ε I Q Κ Ε L Ε D L R Α Ν Μ Μ Ρ Η Α Ν Κ V 

1 2 1 S Q Μ F G D Ν V Q Κ L Q Ε Η L R Ρ Υ Α Τ D L Q Α Q I Ν Α Q Τ 

1 5 1 Q D Μ Κ R Q L Τ Ρ Υ I Q R Μ Q Τ Τ I Q D Ν V Ε Ν L Q S S Μ V 

1 8 1 Ρ F A Ν Ε L Κ Ε Κ F Ν Q Ν Μ Ε G L Κ G Q L Τ Ρ R Α Ν Ε L Κ Α 

2 1 1 Τ I D Q Ν L Ε D L R S R L Α Ρ L Α Ε G V Q Ε Κ L Ν Η Q Μ Ε G 

2 4 1 L A F Q Μ Κ Κ Ν Α Ε Ε L Η Τ Κ V S Τ Ν I D Q L Q Κ Ν L Α Ρ L 

2 7 1 V Ε D V Q S Κ L Κ G Ν Τ Ε G L Q Κ S L Ε D L Ν Κ Q L D Q Q V 

3 0 1 Ε V F R R A V Ε Ρ L G D Κ F Ν Μ Α L V Q Q Μ Ε Κ F R Q Q L G 

3 3 1 S D S G D V Ε S Η L S F L Ε Κ Ν L R Ε Κ V S S F Μ S Τ L Q Κ 

3 6 1 Κ G S Ρ D Q Ρ L Α L Ρ L Ρ Ε Q V Q Ε Q ν Q Ε Q V Q Ρ κ Ρ L Ε 

3 9 1 S 
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YLHUP 

S e r u m a m y l o i d P - c o m p o n e n t - H u m a n 

A l t e r n a t e n a m e s : 9 . 5 S a l p h a - l - g l y c o p r o t e i n 

F r a n g i o n e , Β . , s u b m i t t e d t o t h e P r o t e i n S e q u e n c e D a t a b a s e , 

J u n e 1 9 8 5 

A n d e r s o n , J . K . , a n d M o l e , J . E . , A n n . N . Y . A c a d . S c i . 3 8 9 , 

2 1 6 - 2 3 4 , 1 9 8 2 

T h i s s e q u e n c e d i f f e r s c o n s i d e r a b l y f r o m t h a t s h o w n . 

S u p e r f a m i l y : C - r e a c t i v e p r o t e i n 

R e s i d u e s F e a t u r e 

3 6 - 9 5 D i s u l f i d e b o n d s : 

M o l . w t . u n m o d . c h a i n = 2 3 , 2 6 8 N u m b e r o f r e s i d u e s = 2 0 4 

5 1 0 1 5 2 0 2 5 3 0 
1 H T D L S G K V F V F P R E S V T D H V N L I T P L E K P L 

3 1 Q N F T L C F R A Y S D L S R A Y S L F S Y N T Q G R D N E 
6 1 L L V Y K E R V G E Y S L Y I G R H K V T P K V I E K F P A 
9 1 Ρ V Η I C V S W E S S S G I A E F W I N G T P L V K K G L R 

1 2 1 Q G Y F V E A Q P K I V L G Q E Q D S Y G G K F D R S Q S F 
1 5 1 V G Ε I G D L Y M W D S V L P P E N I L S A Y Q G T P L P A 
1 8 1 Ν I L D W Q A L N Y E I R G Y V I I K P L V W V 



Appendix/Sequences of Plasma Proteins 3 9 7 

UART 
A l p h a - 2 u - g l o b u l i n p r e c u r s o r - R a t 

D o l a n , K . P . , U n t e r m a n , R . , M c L a u g h l i n , Μ . , N a k h a s i , H . L . , 

L y n c h , K . R . , a n d F e i g e l s o n , P . , J . B i o l . C h e m . 2 5 7 , 

1 3 5 2 7 - 1 3 5 3 4 , 1 9 8 2 ( S e q u e n c e o f r e s i d u e s 3 4 - 1 8 1 t r a n s l a t e d 

f r o m t h e mRNA s e q u e n c e ) 

D r i c k a m e r , Κ . , K w o h , T . J . , a n d K u r t z , D . T . , J . B i o l . C h e m . 
2 5 6 , 3 6 3 4 - 3 6 3 6 , 1 9 8 1 ( S e q u e n c e o f r e s i d u e s 1 - 6 5 
t r a n s l a t e d f r o m t h e mRNA s e q u e n c e ) 

S u p e r f a m i l y : a l p h a - 2 u - g l o b u l i n 

R e s i d u e s F e a t u r e 
1 - 1 9 D o m a i n : s i g n a l s e q u e n c e ( p r o b a b l e ) 
5 4 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 

( p r o b a b l e ) 

M o l . w t . u n m o d . c h a i n = 2 0 , 7 3 7 N u m b e r o f r e s i d u e s = 1 8 1 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ Κ L L L L L L C L G L Τ L V C G Η Α Ε Ε Α S S Τ R G Ν L Ό 

3 1 V Α Κ L Ν G D W F S I V ν Α S Ν Κ R Ε Κ I Ε Ε Ν G S Μ R V F 

6 1 Μ Q Η I D V L Ε Ν S L G F Κ F R I Κ Ε Ν G Ε C R Ε L Υ L V Α 

9 1 Υ Κ Τ Ρ Ε D G Ε Υ F V Ε Υ D G G Ν Τ F Τ I L Κ Τ D Υ D R Υ V 

1 2 1 Μ F Η L I Ν F Κ Ν G Ε Τ F Q L Μ V L Υ G R Τ Κ D L S S D I Κ 

1 5 1 Ε Κ F Α Κ L C Ε Α Η G I Τ R D Ν I I D L Τ Κ Τ D R C L Q Α R 

1 8 1 G 
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G P H U A 2 

L e u c i n e - r i c h a l p h a - 2 - g l y c o p r o t e i n - H u m a n 

T a k a h a s h i , Ν . , T a k a h a s h i , Υ. , a n d P u t n a m , F . W . , P r o c . N a t . 
A c a d . S c i . USA 8 2 , 1 9 0 6 - 1 9 1 0 , 1 9 8 5 

T h i s s e q u e n c e c o n t a i n s e i g h t 2 4 - r e s i d u e s e g m e n t s t h a t 
s t r o n g l y r e s e m b l e t h e c o n s e n s u s s e q u e n c e 

P P G L L Q G L P Q L R X L D L S G N X L E S L a n d f i v e s e g m e n t s t h a t a r e m u c h 
l e s s s i m i l a r t o t h i s p a t t e r n . 

T h e f u n c t i o n o f t h i s p l a s m a p r o t e i n i s n o t k n o w n . 

S u p e r f a m i l y : l e u c i n e - r i c h a l p h a - 2 - g l y c o p r o t e i n 

R e s i d u e s F e a t u r e 

2 B i n d i n g s i t e : c a r b o h y d r a t e ( T h r ) 

4 4 , 1 5 1 , 2 3 4 , 2 9 0 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 
2 7 1 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 

( p o s s i b l e ) 
8 - 2 1 , 2 6 8 - 2 9 4 D i s u l f i d e b o n d s : 

M o l . w t . u n m o d . c h a i n = 3 4 , 3 4 6 N u m b e r o f r e s i d u e s = 3 1 2 

5 1 0 1 5 2 0 2 5 3 0 
1 V Τ L S Ρ Κ D C Q V F R S D Η G S S I S C Q Ρ Ρ Α Ε I Ρ G Υ 

3 1 L Ρ Α D Τ V Η L Α V Ε F F Ν L Τ Η L Ρ Α Ν L L Q G Α S Κ L Q 
6 1 Ε L Η L S S Ν G L Ε S L S Ρ Ε F L R Ρ V Ρ Q L R V L D L Τ R 
9 1 Ν Α L Τ G L Ρ Ρ G L F Q Α S Α Τ L D τ L V L Κ Ε Ν Q L Ε V L 

1 2 1 Ε V S W L Η G L Κ Α L G Η L D L S G Ν R L R Κ L Ρ Ρ G L L Α 

1 5 1 Ν F Τ L L R Τ L D L G Ε Ν Q L Ε Τ L Ρ Ρ D L L R G Ρ L Q L Ε 
1 8 1 R L Η L Ε G Ν Κ L Q V L G Κ D L L L Ρ Q Ρ D L R Υ L F L Ν G 
2 1 1 Ν Κ L Α R V Α Α G Α F Q G L R Q L D Μ L D L S Ν Ν S L Α S V 
2 4 1 Ρ Ε G L W Α S L G Q Ρ Ν W D Μ R D G F D I S G Ν Ρ W I C D Q 
2 7 1 Ν L S D L Υ R W L Q Α Q Κ D Κ Μ F S Q Ν D Τ R C Α G Ρ Ε Α V 
3 0 1 Κ G Q Τ L L Α V Α Κ S Q 
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WOHUB 
A l p h a - 2 - H S - g l y c o p r o t e i n Β c h a i n - H u m a n 

G e j y o , F . , C h a n g , J . - L . , B u r g i , W . , S c h m i d , Κ . , O f f n e r , G . D . , 

T r o x l e r , R . F . , V a n H a l b e e k , Η . , D o r l a n d , L . , G e r w i g , 

G . J . , a n d V I i e g e n t h a r t , F . G . , J . B i o l . C h e m . 2 5 8 , 4 9 6 6 -

4 9 7 1 , 1 9 8 3 

S u p e r f a m i l y : a 1 p h a - 2 - H S - g l y c o p r o t e i n 

R e s i d u e s F e a t u r e 
6 B i n d i n g s i t e : c a r b o h y d r a t e ( S e r ) 
1 8 D i s u l f i d e b o n d s : t o A c h a i n 

M o l . w t . u n m o d . c h a i n = 2 , 7 4 0 N u m b e r o f r e s i d u e s = 2 7 

5 1 0 1 5 2 0 2 5 
1 T V V Q P S V G A A A G P V V P P C P G R I R H F K V 
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FPHU 

A l p h a - f e t o p r o t e i n p r e c u r s o r - H u m a n 

M o r i n a g a , T . , S a k a i , Μ . , W e g m a n n , T . G . , a n d T a m a o k i , T . f 

P r o c . N a t . A c a d . S c i . USA 8 0 , 4 6 0 4 - 4 6 0 8 , . 1 9 8 3 ( S e q u e n c e 
t r a n s l a t e d f r o m t h e mRNA s e q u e n c e ) 

S u p e r f a m i l y : s e r u m a l b u m i n 

R e s i d u e s F e a t u r e 
1 - 1 8 D o m a i n : s i g n a l s e q u e n c e ( p r o b a b l e ) 

2 5 - 2 1 7 , 2 1 8 - 4 0 9 , D u p l i c a t i o n : 
4 1 0 - 6 0 9 

M o l . w t . u n m o d . c h a i n = 6 8 , 6 7 7 N u m b e r o f r e s i d u e s = 6 0 9 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ κ W V Ε S I F L I F L L Ν F Τ Ε S R Τ L Η R Ν Ε Υ G I Α S 

3 1 I L D S Υ Q C Τ Α Ε I S L Α D L Α Τ I F F Α Q F V Q Ε Α Τ Υ 
6 1 Κ Ε V S Κ Μ ν Κ D Α L Τ Α I Ε Κ Ρ Τ G D Ε Q S S G r» L Ε Ν Q 
9 1 L Ρ Α F L Ε Ε L C Η Ε Κ Ε I L Ε Κ Υ G Η S D C C S Q S Ε Ε G 

1 2 1 R Η Ν C F L Α Η Κ Κ Ρ Τ Ρ Α S I Ρ L F Q V Ρ Ε Ρ V Τ S C Ε Α 
1 5 1 Y Ε Ε D R Ε Τ F Μ Ν Κ F I Υ Ε I Α R R Η Ρ F L Υ Α Ρ Τ I L L 
1 8 1 W A Α R Υ D Κ I I Ρ S C C Κ Α Ε Μ Α V Ε C F Q Τ Κ Α Α Τ V Τ 
2 1 1 Κ Ε L R Ε S S L L Ν Q Η Α c Α V Μ Κ Ν F G Τ R τ F Q Α I Τ V 
2 4 1 Τ Κ L S Q Κ F Τ Κ V Ν F Τ Ε I Q Κ L V L D V Α Η V Η Ε Η η C 
2 7 1 R G D V L D C L Q D G Ε Κ I Μ S Υ I C S Q Q D Τ L S Ν Κ Ϊ Τ 

3 0 1 Ε C C Κ L Τ Τ L Ε R G Q C I I Η Α Ε Ν D Ε Κ Ρ Ε G L S Ρ Ν L 
3 3 1 Ν R F L G D R D F Ν Q F S S G Ε Κ Ν I F L Α S F V Η Ε Υ S R 
3 6 1 R Η Ρ Q L Α V S V I L R V Α Κ G Υ Q Ε L L Ε Κ C F Q Τ Ε Ν Ρ 
3 9 1 L Ε C Q D Κ G Ε Ε Ε L Q Κ Υ I Q Ε S Q Α L Α Κ R S C G L F Q 
4 2 1 Κ L G Ε Υ Υ L Q Ν Α F L ν Α Υ Τ Κ Κ Α Ρ Q L Τ S S Ε L Μ Α I 
4 5 1 Τ R Κ Μ Α Α Τ Α Α Τ C C Q L S Ε D Κ L L Α C G Ε G Α Α D I I 
4 8 1 I G Η L r I R Η Ε Μ Τ Ρ ν Ν Ρ G V G Q C C Τ S S Υ Α Ν R R Ρ 
5 1 1 c F S S L V V D Ε Τ Υ V Ρ Ρ Α F S D D Κ F I F Η Κ D L C Q Α 
5 4 1 Q G V Α L Q Τ Μ Κ Q Ε F L I Ν L V Κ Q Κ Ρ Q I Τ Ε Ε Q L Ε Α 
5 7 1 V I Α D F S G L L Ε Κ C C Q G Q Ε Q Ε V C F Α Ε Ε G Q Κ L I 
6 0 1 s Κ Τ R Α Α L G V 
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OQHU 
H e m o p e x i n - H u m a n 

A l t e r n a t e n a m e s : b e t a - l B - g l y c o p r o t e i n 

T a k a h a s h i , Ν . , T a k a h a s h i , Υ . , a n d P u t n a m , F . W . , P r o c . N a t . 

A c a d . S c i . USA 8 2 , 7 3 - 7 7 , 1 9 8 5 

F r a n t i k o v a , V . , B o r v a k , J . , K l u h , I . , a n d M o r a v e k , L . , F E B S 

L e t t . 1 7 8 , 2 1 3 - 2 1 6 , 1 9 8 4 ( S e q u e n c e o f r e s i d u e s 1 - 2 3 2 ) 

H e m o p e x i n i s a s e r u m g l y c o p r o t e i n t h a t b i n d s h e m e a n d 

t r a n s p o r t s i t t o t h e l i v e r f o r b r e a k d o w n , a f t e r w h i c h t h e 

f r e e h e m o p e x i n r e t u r n s t o t h e c i r c u l a t i o n . 

S u p e r f a m i l y : h e m o p e x i n 

R e s i d u e s F e a t u r e 

9 - 2 1 0 , 2 1 7 - 4 3 9 D u p l i c a t i o n : 
2 7 - 2 0 8 , 1 2 6 - 1 3 1 , D i s u l f i d e b o n d s : 

1 6 5 - 1 7 7 , 2 3 4 - 4 3 7 , 
3 4 3 - 3 8 5 , 3 9 5 - 4 1 2 

1 B i n d i n g s i t e : c a r b o h y d r a t e ( T h r ) 
4 1 , 1 6 4 , 2 1 7 , 2 2 3 , 4 3 0 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 

M o l . w t . u n m o d . c h a i n = 4 9 , 2 9 5 N u m b e r o f r e s i d u e s = 4 3 9 

5 1 0 1 5 2 0 2 5 3 0 
1 Τ Ρ L Ρ Ρ Τ S A Η G Ν V Α Ε G Ε Τ Κ Ρ D Ρ D V Τ Ε R C S D G 

3 1 W S F D A Τ Τ L D D Ν G Τ Μ L F F Κ G Ε F V W Κ S Η Κ W D R 

6 1 Ε L I S Ε R W Κ Ν F Ρ S Ρ V D Α Α F R Q G Η Ν S V F L I Κ G 
9 1 D Κ V W V Y Ρ Ρ Ε Κ Κ Ε Κ G Υ Ρ Κ L L Q D Ε F Ρ G I Ρ S Ρ L 

1 2 1 D A A V Ε C Η R G Ε C Q Α Ε G V L F F Q G D R Ε W F W D L Α 

1 5 1 Τ G Τ Μ Κ Ε R S W Ρ Α V G Ν C S S Α L R W L G R Υ Υ C F Q G 
1 8 1 Ν Q F L R F D Ρ V R G Ε V Ρ Ρ R Υ Ρ R D V R D Υ F Μ Ρ C Ρ G 
2 1 1 R G Η G Η R Ν G Τ G Η G Ν S Τ Η Η G Ρ Ε Υ Μ R C S Ρ Η L V L 

2 4 1 S A L Τ S D Ν Η G A Τ Υ Α F S G Τ Η Υ W R L D Τ S R D G W Η 
2 7 1 S W Ρ I A Η Q W Ρ Q G Ρ S Α V D Α Α F S W Ε Ε Κ L Υ L V Q G 
3 0 1 Τ Q V Y V F L Τ Κ G G Υ Τ L V S G Υ Ρ Κ R L Ε κ Ε V G Τ Ρ Η 

3 3 1 G I I L D S V D A A F I C Ρ G S S R L Η I Μ Α G R R L W W L 

3 6 1 D L Κ S G A Q A Τ W Τ Ε L Ρ W Ρ Η Ε Κ V D G Α L C Μ Ε Κ S L 

3 9 1 G Ρ Ν S C S A Ν G Ρ G L Υ L I Η G Ρ Ν L Υ C Υ S D V Ε Κ L Ν 

4 2 1 A A Κ A L Ρ Q Ρ Q Ν V Τ S L L G C Τ Η 
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ZUHU 
E r y t h r o p o i e t i n p r e c u r s o r - H u m a n 

J a c o b s , Κ . , S h o e m a k e r , C , R u d e r s d o r f , R . , N e i l l , S . D . , 
K a u f m a n , R . J . , M u f s o n , Α . , S e e h r a , J . , J o n e s , S . S . , 
H e w i c k , R . , F r i t s c h , E . F . , K a w a k i t a , Μ . , S h i m i z u , T . , a n d 
M i y a k e , Τ . , N a t u r e 3 1 3 , 8 0 6 - 8 1 0 , 1 9 8 5 ( S e q u e n c e 
t r a n s l a t e d f r o m t h e mRNA a n d DNA s e q u e n c e s ) 

T h e c a r b o x y l - t e r m i n a l f o u r a m i n o a c i d s ( T - G - D - R ) m a y b e 
r e m o v e d i n p r o c e s s i n g e r y t h r o p o i e t i n . 

A t l e a s t o n e d i s u l f i d e b o n d i s p r e s e n t . 

E r y t h r o p o i e t i n i s p r o d u c e d b y k i d n e y o r l i v e r o f a d u l t m a m m a l s 
a n d b y l i v e r o f f e t a l o r n e o n a t a l m a m m a l s . 

S u p e r f a m i l y : e r y t h r o p o i e t i n 

R e s i d u e s F e a t u r e 

1 - 2 7 D o m a i n : s i g n a l s e q u e n c e 
5 1 , 1 1 0 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 
6 5 B i n d i n g s i t e : c a r b o h y d r a t e ( A s n ) 

( p o s s i b l e ) 

M o l . w t . u n m o d . c h a i n = 2 1 , 3 0 7 N u m b e r o f r e s i d u e s = 1 9 3 

5 1 0 1 5 2 0 2 5 3 0 
1 Μ G V Η Ε C Ρ A w L W L L L S L L S L Ρ L G L Ρ V L G A Ρ Ρ 

3 1 R L I C D s R V L Ε R Y L L Ε A Κ Ε A Ε Ν I Τ τ G C A Ε Η C 

6 1 S L Ν Ε Ν I Τ V Ρ D Τ Κ V Ν F Y A W Κ R Μ Ε V G Q Q A V Ε ν 
9 1 W Q G L A L L S Ε A V L R G Q A L L V Ν S S Q Ρ W Ε Ρ L Q L 

1 2 1 Η V D Κ A V S G L R S L Τ Τ L L R A L G A Q Κ Ε A I S Ρ Ρ D 

1 5 1 A A S A A Ρ L R Τ I Τ A D Τ F R Κ L F R V Y s Ν F L R G Κ L 
1 8 1 Κ L Y Τ G Ε A C R Τ G D R 



Index 

A 

Abdominal wall muscle, transthyretin binding, 
340 

Abetalipoproteinemia, 182-183 
α ι-Acid glycoprotein 

amino acid sequence, 296 
cerebrospinal fluid concentration, 331 
in inflammation, 302, 304, 313, 319, 323, 

324, 326, 327, 328, 329 
mRNA, 341 
serum concentration, 300 

interleukin-1 and, 318 
leukocyte endogenous mediator and, 317 

α j-Acid glycoprotein gene, 313 
expression 

in inflammation, 327, 330 
in placenta, 322 
in yolk sac, 322 

Actin, in plasma protein intracellular transport, 
315 

Acute-phase reaction, see Inflammation, acute-
phase 

Adipocyte, a 2 - m a c r° g l ° D u nn receptors, 263, 
264 

Adrenal gland, transthyretin binding, 340 
Aging, extracellular fibrous protein deposition, 

344 
Albumin 

amino acid sequence, 3 2 - 3 4 , 35, 296 
blood plasma concentration, 297 
cerebrospinal fluid concentration, 331 
group-specific component homology, 3 2 -

34, 3 5 - 3 9 
in inflammation, 300, 302, 323, 324, 326, 

327, 328 
perinatal concentration, 319, 320, 321 
in protein-losing enteropathy, 342 
mRNA, 41 
plasma protein presegment, 295, 296 
synthesis 

alcohol effects, 340 
hepatic rate, 297-298 

mRNA, 341 
vitamin D binding protein gene homology, 4 

Albumin gene 
chromosome mapping, 8 

duplicated genes, 6 
deoxyribonucleic acid polymorphisms, 40 
duplication, 6, 12 
evolution, 11-12 , 37, 39 
expression, 40-41 

in inflammation, 322, 327, 330 
in placenta, 322 
in yolk sac, 322 

group-specific component gene linkage, 3 9 -
40 

Alcohol, albumin synthesis effects, 340 
Allelic exclusion, 60-61 
Allotype 

definition, 61 
of immunoglobulins, 6 1 - 6 3 

Alzheimer's disease, senile plaques, 344 
Amino acid sequences, 365-402 

angiotensinogen precursor, 381 
α,-antichymotrypsin precursor, 380 
apolipoprotein(s), 296 

A-I, 143-146 
A l l , 148, 149 
A-IV, 151, 152-155 
A-IV precursor, 395 
B-100, 160-163 
C-I, 165, 166 
C-II, 167-168 
C-III, 169, 170 
E, 172, 174-175, 177 

Bence-Jones proteins, 73 , 74, 75 
coagulation factor VIII precursor, 370-371 
coagulation factor X, 374 
coagulation factor XII, 378 
complement proteins 

Clr, b chain, 372 
C3 precursor, 382-383 
C4A, 384-385 
C5, 386 
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Amino acid sequences (cont.) 

complement proteins (cont.) 

factor B, 377 
factor D, 376 
factor XII, 378 
subcomponent Clr, 372 

erythropoietin precursor, 402 
Fc fragment, 89 -90 
α-fetoprotein precursor, 400 
fibrinogen, 296 
fibronectin, 388-390 
a2 u-globul in precursor, 397 
a2-HS-glycoprotein Β chain, 399 
haptoglobin-2 precursor, 373 
hemopexin, 401 
inter-alpha-trypsin inhibitor, 379 
kininogen, 391-394 

HMW I, 391 
HMW II, 392 
LMW I, 394 
LMW II, 394 

leucine-rich alpha-1-glycoprotein, 398 
light chain C regions, 9 2 - 9 3 
ovalbumin, 304 
protein Z, 375 
retinol-binding protein, 296 
secretory component, 126, 127 
serum amyloid P-component, 396 
transferrin, 296, 310-311 
transthyretin, 296 

Amyloid, 343, see also Serum amyloid A 
protein; Serum amyloid Α-related protein; 
Serum amyloid P-component; Serum 
amyloid ^-component gene; Serum 
amyloid P-component-related protein 

Amyloidosis, 343 
hereditary, 11 

Analbuminemia, 342 
Anemia, iron-deficiency, 304 
Angiotensin, formation, 345 
Angiotensinogen, 304 
Angiotensinogen precursor, 381 
Antibody, from hybridoma, 102 
"Antibody enigma", 59 
Antibody specificity, immunoglobulin structure 

and, 50, 52 
α ι - Antichymotrypsin 

in inflammation, 305 
plasma concentration, 302 

size, 193 

α ι-Antichymotrypsin precursor, 380 
Antigen-antibody complex, see also Immune 

complex 
three-dimensional structure, 102-106 

complement binding sites, 108-111 
a2-Antiplasmin, 193 
Antiproteinase, 343 
Antithrombin III, 304 

plasma concentration, 193 
size, 193 

Antithrombin III gene, 8 
a!-Antitrypsin 

amino acid sequence, 296 
cerebrospinal fluid concentration, 331 
cDNA clone, 305 
in inflammation, 304-305 , 326 

plasma concentration, 302 
serum concentration, 300 

α ι-Antitrypsin deficiency, 343 
α ι-Antitrypsin gene, 10 
a,-Antitrypsin Pittsburgh, 343 
Apolipoprotein(s) 

amino acid sequences, 296 
functions, 142 
α-helical amphiphilic repeats, 142 
in inflammation, 302 
phylogenetic relationships, 178-180 
plasma concentration, 341 

Apolipoprotein A-I, 143-147 
amino acid sequence, 143-146 
biosynthesis, 143 
cDNA clone, 143-146 
familial deficiency, 181-182 
genetic variants, 146-147, 180-182 
isoelectric point, 144 
lipoprotein association, 144 
molecular weight, 144 
physiological role, 144 
plasma content, 144 
processing, 144 
properties, 143, 144 
structural homology, 178, 179-180 

Apolipoprotein A-I gene, 146 
Apolipoprotein A-II, 147-150 

amino acid sequence, 148, 149 
biosynthesis, 147-148 
cDNA clone, 148, 149 
genetic variants, 150 
isoelectric point, 144 
lipoprotein association, 144 
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rrolecular weight, 144 
physiological role, 144 
plasma concentration, 144 
processing, 147-148 
properties, 144, 147-148 

Apolipoprotein A-II gene, 148-150, 178 
Apolipoprotein A-IV, 150-155 

amino acid sequence, 151, 152-155 
biosynthesis, 150 
cDNA clone, 151, 152 
genetic variants, 153 
isoelectric point, 144 
lipoprotein association, 144 
molecular weight, 144 
physiological role, 144 
plasma concentration, 144 
processing, 150-151 
properties, 143, 150-151 
structural homology, 178, 179, 180 

Apolipoprotein A-IV gene, 151, 153, 178 
Apolipoprotein A-IV precursor, 395 
Apolipoprotein B, 153-163 

biosynthesis, 156-157 
cDNA clone, 157-158, 186 
genetic variants, 158, 159, 164, 182-183 
processing, 156 
properties, 144, 153, 156 

Apolipoprotein Β gene, 158, 178 
Apolipoprotein B-48 

biosynthesis, 156 
lipoprotein association, 144 
molecular weight, 144 

Apolipoprotein B-100 
amino acid sequence, 160-163 
biosynthesis, 156 
lipoprotein association, 144 
molecular weight, 144 
physiological role, 144 
plasma concentration, 43 

Apolipoprotein C, genetic variants, 183 
Apolipoprotein C-I 

amino acid sequence, 165, 166 
biosynthesis, 165 
cDNA clone, 165, 166 
isoelectric point, 144 
lipoprotein association, 144 
molecular weight, 144 
physiological role, 144 
plasma concentration, 144 
processing, 165 

properties, 144, 165 
structural homology, 178 

Apolipoprotein C-I gene, 166, 178 
Apolipoprotein C-II 

amino acid sequence, 167-168 
biosynthesis, 166 
cDNA clone, 166-168 
genetic variants, 168 
isoelectric point, 144 
lipoprotein association, 144 
molecular weight, 144 
physiological role, 144 
plasma concentration, 144 
processing, 166 
properties, 144, 166 
structural homology, 178, 179-180 

Apolipoprotein C-II deficiency, 11 
Apolipoprotein C-II gene, 168, 178 
Apolipoprotein C-III 

amino acid sequence, 169, 170 
biosynthesis, 169 
cDNA clone, 169, 170 
familial deficiency, 181-182 
isoelectric point, 144 
lipoprotein association, 144 
molecular weight, 144 
physiological role, 144 
plasma concentration, 144 
processing, 169 
properties, 144, 169 
structural homology, 178, 179-180 

Apolipoprotein C-III gene, 169, 171, 178 
Apolipoprotein Ε 

alleles, 172, 173-177 
amino acid sequences, 172, 174-175, 177 
biosynthesis, 171 
cDNA clone, 172-175, 185 
genetic variants, 184-185 
isoelectric point, 144 
lipoprotein association, 144 
molecular weight, 144 
physiological role, 144 
plasma concentration, 144 
processing, 171 
properties, 144, 171 
structural homology, 178, 180 

Apolipoprotein Ε gene, 173, 178 
polymorphisms, 173-177 

Apolipoprotein genes 
chromosome mapping, 7, 8 
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Apolipoprotein genes (cont.) 

expression, 
in placenta, 322 
in yolk sac, 322 

Apolipoprotein H, 186 
Autosome, plasma protein chromosome map-

ping, 4 

Β 

Β cell 
antigen receptor, 112-114 
Epstein-Barr virus receptor, 268 
a2-macroglobulin-proteinase complex activa-

tion, 265 
p23 peptide interaction, 119 

Β cell clone, heavy chain gene class switch-
ing, 80, 81 

Β cell tumor, immunoglobulin chromosome 
translocations, 82 

Basophil, immunoglobulin Ε receptor, 116 
Bence-Jones protein 

amino acid sequences, 73 , 74, 75 
structure, 53 , 58 

crystallographic analysis, 102 
Bradykinin 

release, 309 
thiostatin and, 301 

Burkitt's lymphoma, chromosomal transloca-
tions, 82 

Burn patients, plasma protein concentrations, 
338 

C 

C region gene 
evolution, 121, 122-123 
organization, 87 -88 

C K region gene, 85, 86 
C x region gene, 85 -86 
Carbohydrate 

biological roles, 100-102 
structure, 96 -97 

in immunoglobulin G, 100 
Carcinoembryonic antigen, 313 
Carcinomatous disease, plasma protein con-

centrations, 338 
Cell surface recognition molecules, 126-131 , 

see also names of specific cell surface 
recognition molecules 

Cerebellum, transthyretin binding, 340 
Cerebrospinal fluid, plasma protein concentra-

tions, 329, 331-332 , 334 
Ceruloplasmin 

cerebrospinal fluid concentration, 331 
factor VIII homology, 4 
in inflammation, 302, 310 
leukocytic endogenous mediator and, 317 

Ceruloplasmin gene 
chromosome mapping, 8, 29 
duplication, 12 
expression 

in placenta, 322 
in yolk sac, 322 

Choroid plexus 
extracellular fibrous protein deposition, 

344-345 
plasma protein gene expression, 294 
plasma protein synthesis, 329-337 
transthyretin 

binding, 340 
synthesis, 311, 338, 339, 344-345 

Chromosomal translocations, heavy chain dis-
ease proteins and, 8 2 - 8 3 

Chromosome banding, with in situ hybridiza-
tion, 5 - 6 

Chromosome mapping 
autosomes, 4 
coagulation factor(s) 

III, 8 
VII, 7, 8 
VIII C, 9 
VIII VWF, 9 
IX, 7, 9 
X, 7, 9 
XII, 9 
XIIIA, 7 
F12, 7 
F13A, 7 

complement genes, 6 - 7 , 8 
C-reactive protein, 9 
duplicated genes, 6 - 7 
ferritin, 8, 9 
α-fetoprotein, 6 
ot2-fetoprotein, 8 
fibrinogen, 8, 9 
fibronectin, 9 
group-specific component, 3 9 - 4 0 
haptoglobin, 6, 7, 9 
in situ hybridization, 5 -7 
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somatic cell hybrid analysis, 4 - 5 
transferrin, 6, 10, 2 7 - 2 9 , 311 

Chymotrypsinogen Β gene, 7 
Citrullinemia gene, 11 
Class switching, of heavy chain genes, 81 -82 
Coagulation factor(s) 

III gene, 8 
V, 310 
VII gene, 7, 8 
VIII, 310 
VIIIC gene, 9 
VIII deficiency, 4 
VIII precursor, 370-371 
VIII VWF gene, 9 
IX gene, 7, 9 
X gene, 7, 9 
X precursor, 374 
Xa, 264 
XII, 9, 378 
XII gene, 9 
XIIIA, 7 
XHIa, 220 
XIIIA gene, 9 
F12 gene, 7 
F13 gene, 7 

Cobra venom factor, 202 
Complement protein(s) 

cellular interactions, 265-269 
a2-macroglobulin relationship 

activation cleavage regions, 217-220 
conformational state changes, 239-247 
β-cysteinyl-a-glutamyl thiol ester, 7, 192, 

2 2 0 - 2 2 1 , 231-239 
distinctive features, 215-217 
nucleotide sequences, 207-215 
partial sequences, 214 

Complement protein Clq subcomponent, 109— 
111 

Complement protein Clr, b subcomponent, 372 
Complement protein C 3 , 202-203 

activation cleavage regions, 217-220 
activation pathway, 193-194 
conformational changes, 239, 2 4 0 - 2 4 1 , 

242-244 , 246-247 
β-cysteinyl-a-glutamyl thiol ester structure, 

231-236 
functional properties, 196, 197, 198 
α-helix, 215 
inactivation cleavage sites, 221-222 
in inflammation, 302, 312 

nucleotide sequence, 207-214 
pro-, 205, 207, 2 0 8 - 2 1 1 , 235-236 
proteolytic activation, 204-205 
receptors, 199-200 
structure, 193 

distinctive features, 215, 216-217 
nucleotide sequences, 204-205 
shape, 230 

synthesis, 205, 223 
thiol ester site, 220, 221 

Complement protein C3 deficiency, 223 
Complement protein C3 gene, 222-223 
Complement protein C3 precursor, 382-383 
Complement protein C3a, fragment, 204 
Complement C3b, fragment 

activation pathway, 194 
in phagocytosis, 266-267 
receptors, 266-267 
shape, 230 

Complement protein C3d, fragment, 266 
Complement protein C4, 202-203 

activation cleavage regions, 217-220 
activation pathway, 194 
coding sequence, 205 
conformational changes, 239, 240, 2 4 2 -

244, 245, 246-247 
β-cysteinyl-a-glutamyl thiol ester structure, 

231-239 
functional properties, 196, 197-198 
inactivation cleavage sites, 221-222 
nucleotide sequence, 207-214 
pro-, 209-212 , 213 
receptors, 199-200 
structure, 193 

distinctive features, 215-217 
shape, 230 

synthesis, 225 
thiol ester site, 220, 221 

Complement protein C4 deficiency, 225 
Complement protein C4 gene, 223-225 
Complement protein C4A, 384-385 
Complement protein C4b, fragment 

antigen-antibody binding, 109 
shape, 230 

Complement protein C4d, fragment, 205 
Complement protein C5 , 202-203 

activation cleavage regions, 217-220 
amino acid sequence, 386 
complement C6 interaction, 200 
α-helix, 215 
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Complement protein C5 (cont.) 

nucleotide sequence, 208-209 
partial, 214 

pro-, 206 
proteolytic activation site, 206 
structural homology, 200 
structure, 193 

shape, 230 
thiol ester site, 220-221 

Complement protein C5 deficiency, 225 
Complement protein C5 gene, 225 
Complement fragment C5a, 206 
Complement fragment C5b 

assembly, 194 
shape, 230 

Complement protein C6, 200 
Complement protein C9 precursor, 387 
Complement protein factor B, 377 
Complement protein factor D, 376 
Complement protein genes, chromosome map-

ping, 6 - 7 , 8 
Complement protein subcomponent Clr, 372 
Complement protein system, in inflammation, 

302, 312 
Computer program, for C region amino acid 

sequence comparison, 9 2 - 9 3 
CI esterase inactivator, 193 
C-reactive protein, 302, 313-314 

leukocyte endogenous protein and, 317 
C-reactive protein gene, 9 
Crohn's disease, plasma protein concentration, 

339 
Crystallographic analysis, of immunoglobulin 

structure, 102-112 
Cysteine proteinase, 306 
β-Cysteinyl-oi-glutamyl thiol ester, in a 2-mac -

roglobulin and complement proteins, 7, 
192, 2 2 0 - 2 2 1 , 231-239 

biosynthesis, 234-236 
reactivity, 236-239 
structure, 236-239 

Cystic fibrosis 
a2-macroglobulin-proteinase complex endo-

cytosis, 265 
mucin abnormality, 32 

D 

Decay-accelerating factor, 267 
Dentinogenesis imperfecta, 39 

Deoxyribonucleic acid polymorphism 
albumin, 40 
apolipoprotein A-I, 146-147, 180-182 
apolipoprotein A-II, 150 
apolipoprotein A-IV, 57 
apolipoprotein B, 158, 159, 164, 182-183 
apolipoprotein C, 183 
apolipoprotein C-II, 168 
apolipoprotein C-III, 171 
apolipoprotein E, 173-177, 184-185 
genetic disease and, 4, 7, 11 
in genetic linkage analysis, 7 , 1 1 
group-specificity component, 39, 40 
haptoglobin, 21 -22 
for prenatal diagnosis, 4, 7, 11 
transferrin, 29 

Deoxyribonucleic acid sequences, see also 

Amino acid sequences 
group-specific component, 31-41 
haptoglobin, 12-23 
haptoglobin-related protein, 16-17 
immunoglobulins, 51 -52 

cDNA clone 
a,-antitrypsin, 305 
apolipoprotein A-I, 143-146 
apolipoprotein A-II, 148, 149 
apolipoprotein A-IV, 151, 152 
apolipoprotein B, 157-158, 186 
apolipoprotein C-I, 165, 166 
apolipoprotein C-II, 166-168 
apolipoprotein C-III, 169, 170 
apolipoprotein E, 172-175, 185 
group-specific component, 32-41 
haptoglobin, 13 -23 , 310 
in situ hybridization, 5 - 7 
somatic cell hybrid analysis, 4 - 5 
transferrin, 2 4 - 3 0 

Disseminated intravascular coagulation, 342 
Duplication, of genes, 6 - 7 , 12 

group-specific component, 6, 12 
haptoglobin, 6, 12, 13-17 
transferrin, 6, 2 4 - 2 7 , 42 

Ε 

Elastase, α j-antitrypsin inhibition, 305 
Emphysema, α ι-antitrypsin deficiency and, 

343 
Endocytosis, of a2-macroglobulin-proteinase 

complexes, 262-265 
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Epidermal growth factor, 313 
Epididymal epithelial cell, ot2-macroglobulin 

receptors, 263 
Epstein-Barr virus, receptors, 268 
Erythrocyte sedimentation rate, during acute-

phase inflammation, 299, 338 
Erythropoietin precursor, amino acid sequence, 

402 

F 

Fab fragment 
antibody specificity and, 54, 57 
biological effector activity, 108-109 
crystallographic analysis, 104-106 
formation, 57 
hinge region, 5 5 - 5 7 , 6 6 - 7 2 , 106-107, 

121-123 
of immunoglobulin A myeloma protein, 111 

Factor H, complement protein cleavage by, 
221, 222 

Factor I, complement protein cleavage by, 
221-222 

Familial amyloidotic polyneuropathy, 344 
Familial Mediterranean fever, 344 
Fat, transthyretin binding, 340 
Fc fragment 

amino acid sequences, 8 9 - 9 0 
antigen-antibody sites, 108-111 
biologically active peptides derived from, 

118-120 
C region heavy chains, 88 -92 
crystallographic analysis, 107-108 
cytotropic functions, 112-120 
formation, 57 
hinge region, 5 5 - 5 7 , 6 6 - 7 2 , 106-107, 

121-123 
immunoglobulin G, 111 

Fc receptor, 115-118 
complement protein C3b, 266 
immunoglobulin E, 116-117 
immunoglobulin G, 115-116 

binding sites, 116 
Ferritin Η gene, chromosome mapping, 8 
Ferritin L gene, chromosome mapping, 9 
α-Fetoprotein 

group-specific component homology, 3 4 - 3 9 
yolk sac, 323 

α-Fetoprotein gene 
chromosome mapping, 6 

duplication, 12 
evolution, 11-12, 37, 39 
expression, 41 

a2-Fetoprotein gene, chromosome mapping, 8 
α-Fetoprotein precursor, amino acid sequence, 

400 
Fibrinogen 

amino acid sequence, 296 
cerebrospinal fluid concentration, 331 
in inflammation, 300, 302, 311-312 
interleukin-1 and, 318 
leukocytic endogenous mediator and, 317 
mRNA, 311-312 
structure, 311 
synthesis, 317 

Fibrinogen gene 
chromosome mapping, 9 

duplicated, 6 
expression 

in placenta, 322 
in yolk sac, 322 

Fibroblast, a2-macroglobulin receptors, 262, 
263-264 

Fibronectin, amino acid sequence, 388-390 
Fibronectin gene, chromosome mapping, 9 
Fibrous protein, extracellular deposition, 343 
Fish-eye disease, 182 

G 

Galactosamine 
C region attachment site, 58, 97, 99 
structure, 96 

Gene(s), see also names of specific genes 
duplicated, 6 - 7 , 12, 13-17 
triplicated, 12, 16, 32 -35 

Gene mapping, see Chromosome mapping 
Genetic disease 

deoxyribonucleic acid polymorphism and, 4, 
7, 11 

plasma protein cDNA probes, 4, 11, 42 
Genome, plasma protein gene distribution, 2 - 3 
Gingivitis, plasma protein concentration, 339 
a 2 u-Globul in , amino acid sequence, 296, 397 
Glucosamine 

C region attachment site, 58, 97 -100 
structure, 96 

α ^-Glycoprotein , 126 
a2-Glycoprotein, leucine-rich, 398 
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a2-HS-Glycoprotein 
cerebrospinal fluid concentration, 331 
in inflammation, 302 

a2-HS-Glycoprotein Β chain, 399 
a2-HS-Glycoprotein gene, chromosome map-

ping, 29 
Group-specific component 

albumin homology, 3 2 - 3 4 , 35 -39 
α-fetoprotein homology, 3 4 - 3 9 
molecular weight, 31 
posttranslational variations, 31 -32 

Group-specific component gene, 31-41 
albumin gene linkage, 3 9 - 4 0 
chromosome mapping, 4, 5, 9, 3 9 - 4 0 

duplicated genes, 6 
deoxyribonucleic acid polymorphisms, 39, 

40 
deoxyribonucleic acid sequence, 31-41 
duplication, 6, 12 
evolution, 11-12, 37, 39 
expression, 40-41 
genetic variations, 31 -32 
triplication, 12, 32 -35 

Growth hormone deficiency, 11 

Η 

Hageman factor, see Coagulation factor(s), XII 
Haptoglobin 

cerebrospinal fluid concentration, 331 
in inflammation, 302, 303, 310, 342 
posttranslational processing, 4 

Haptoglobin gene, 12-23 
chromosome mapping, 7, 9, 21 -22 

in situ hybridization, 6 
deoxyribonucleic acid polymorphisms, 2 1 -

22 
cDNA, 13 -23 , 310 
duplication, 12, 13-17 
evolution, 11-12 
expression, 23 
point mutations, 13 
posttranslational processing, 18-19 
reverse transcription, 20-21 
mRNA, 19, 23 
serine protease homology, 17-18 
site replacements, 13 
triplication, 12, 16, 22 

Haptoglobin-2 precursor, amino acid sequence, 
373 

Haptoglobin-related gene 
chromosome mapping, 9 
deoxyribonucleic acid sequence, 16-17 

Heart, transthyretin binding, 340 
Heavy chain disease proteins, 8 2 - 8 3 
Heavy chain gene, 7 9 - 8 3 , see also Immu-

noglobulin structure, heavy chains 
aberrant combinations, 8 2 - 8 3 
class switching, 81 -82 
organization, 87 -88 
rearrangement, 79-81 
structure, 79-81 

Hemolysis, intravascular, 342 
Hemopexin 

amino acid sequence, 401 
in inflammation, 302, 303, 309, 342 
duplication, 12 

Hemophilia A gene, 4 
Hepatitis, plasma protein concentration, 338— 

339 
Hepatocyte 

a2-macroglobulin-proteinase receptors, 262, 
264 

plasma protein synthesis, 294 
Hepatocyte-stimulating factor, 317, 318 
Hormones, inflammation and, 318-319 
Humoral factors, in inflammation, 316-319 
Humoral immune response, antibody biological 

effector functions and, 108-111 
Huntington's disease gene, 11 
Hybridoma, antibodies, 102 
Hypercholesterolemia, familial, 183 
Hyperlipoproteinemia, familial type III, 184-

185 
Hypertriglyceridemia, apolipoprotein C-II defi-

ciency-associated, 183 
Hypoalbuminemia, chronic liver disease and, 

340 
Hypobetalipoproteinemia, homozygous, 182 
Hypoproteinemia, 342 

Idiotype 
definition, 61 
of immunoglobulins, 63 

Immune complex, complement-mediated cir-
culatory clearance, 267 

Immunoglobulin(s), 4 9 - 1 4 0 
antibody specificity, 50, 52, 54, 57 
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biological effector functions, 50 
definition, 53 
deoxyribonucleic acid sequences, 5 1 -

52 
evolution, 120-123 
homogeneous, 53 
membrane-bound, as antigen receptors, 

112-114 
poly-Ig 

receptors, 123 
secretory component, 71 

mRNA, 77 
Immunoglobulin A 

allotypes, 62, 63 
C regions, 62 
covalent polymer formation, 7 1 , 73 
deoxyribonucleic acid class switching, 80, 

81 
disulfide bridges, 6 5 - 6 6 
heavy chain, carbohydrate attachment site, 

98 
hinge region, 67, 68 
isotypes, 60 
J chain, 73 
properties, 5 5 - 5 6 
proteolytic fragments, 70 
secretory, 125, 126 
in serum, 53, 54 

Immunoglobulin A myeloma protein, Fab frag-
ment, 111 

Immunoglobulin D 
amino acid sequence, 64 
as antigen receptor, 112-113 
disulfide bridges, 65 
Fab fragment, 70 
Fc fragment, 9 1 , 92 
heavy chain, carbohydrate attachment sites, 

98 
hinge region, 67, 68, 69, 70 

proteolytic cleavage, 57 
properties, 55 -56 
in serum, 53 

Immunoglobulin Ε 
disulfide bridges, 65 
heavy chain, carbohydrate attachment sites, 

98 
properties, 5 5 - 5 6 
receptor, 116-117 
in serum, 53 

Immunoglobulin Ε-binding factor, 117 
"Immunoglobulin fold," 63 , 66 

Immunoglobulin G 
carbohydrate moieties, 100, 101 
cerebrospinal fluid concentration, 331 
characteristics, 53 
disulfide bridges, 65 
Fc fragment, 107, 108, 111 

biologically active peptides, 118-120 
crystallographic analysis, 109 

Fc receptor, 115-116 
genomic structure, 81 
hinge region, 67, 68 

proteolytic cleavage, 57 
isotypes, 60-61 
in plasma, 53 
properties, 5 5 - 5 6 
proteolytic fragments, 57, 70 
structural model, 65 

Immunoglobulin G l , 110, 111 
Immunoglobulin G2, 110 
Immunoglobulin G 3 , 110 
Immunoglobulin G4, 110 
Immunoglobulin genes 

C region, see C region gene 
chromosome mapping, 7, 9 
evolution, 121-123 
J minigene, 77 
light chain, 7 5 - 7 8 
V region, see V region gene 

Immunoglobulin Μ 
as antigen receptor, 112 
carbohydrate moieties, 100, 101, 102 
covalent polymer formation, 7 1 , 73 
deoxyribonucleic acid class switching, 80, 

81 
disulfide bridges, 66 
heavy chain, carbohydrate attachment sites, 

98 
J chain, 73 
properties, 5 5 - 5 6 
proteolytic fragments, 70, 7 1 , 72 
in serum, 53, 54 

Immunoglobulin receptor, poly-IgR 
domains, 7 1 , 125-126 
secretory component, 125, 127 

Immunoglobulin structure, 53-131 
allotypes, 6 1 - 6 3 
amino acid sequences, 5 1 - 5 2 
antibody specificity, 50, 52 
characteristic structural features, 6 3 - 7 3 

domain structure, 57, 6 3 - 6 5 
classes, 5 3 - 5 4 



412 Index 

Immunoglobulin structure {cont.) 

constant (C) region, 54, 57, 58 -60 , 63 , 8 5 -
94, 95 

biological functions, 86 -87 
genes, 85 -86 
heavy chain(s), 87 -94 
heavy chain evolution, 121, 122 
heavy chain gene organization, 87 -88 
heavy chain homology, 8 8 - 9 2 , 94, 95 
heavy chain primary structure, 88 -92 
heavy chain-light chain sequence com-

parison, 9 2 - 9 3 
light chains, 85-87 
proteins, 85 -86 

crystallographic analysis, 102-112 
disulfide bridges, 59, 63 , 6 5 - 6 6 
domain structural characteristics, 63 
Fab fragment 

antibody specificity and, 54, 57 
biological effector activity, 108-109 
crystallographic analysis, 104-106 
hinge region, 5 5 - 5 7 , 6 6 - 7 2 , 106-107, 

121-123 
Fc fragment 

amino acid sequences, 89 -90 
antigen-antibody sites, 108-111 
biologically active peptides derived from, 

118-120 
C region heavy chains, 88 -92 
crystallographic analysis, 107-108 
cytotropic functions, 112-120 
formation, 57 
hinge region, 5 5 - 5 7 , 6 6 - 7 2 , 106-107, 

121-123 
heavy chains, 54, 57, 7 8 - 8 3 

types, 60 
variable (V) region, see Immunoglobulin 

structure, variable (V) region 
hinge region, 5 5 - 5 7 , 66 -72 

crystallographic analysis, 106-107 
evolution, 121-123 

idiotypes, 6 1 , 63 
isotypes, allelic exclusion, 60-61 
J (joining) chain, 7 1 , 73 , 124-125 
light chains, 54, 57, 73 -78 

amino acid sequence variability, 7 3 - 7 5 , 
76 

complementarity determining segments, 
75 

genes, 75 -78 
hypervariable regions, 75 

oligosaccharides, 57, 58, 94-102 
polymers, 57 

disulfide bridges, 6 5 - 6 6 
receptors, 72, 125-126, 127 

proteolytic fragments, 68, 7 0 - 7 2 , see also 

Immunoglobulin structure, Fab frag-
ment, Fc fragment 

prototype four-chain, 54, 57, 58 
secretory component, 7 1 , 124-126, 127 
variable (V) region, 54, 57, 5 8 - 6 0 , 73 -85 

antibody combining site, 83 -85 
genetic origin of variability, 83 -85 
heavy chain(s), 7 8 - 8 3 
heavy chain genes, 7 9 - 8 3 
hypervariable region, 54 

Immunoglobulin supergene family, 52, 123— 
131 

cell surface recognition molecules, 126-131 
evolution, 128 
a2-macroglobulin, 123-124 
polyimmunoglobulin receptor, 124-126 
secretory protein, 124-126 

In situ hybridization, of plasma protein genes, 
5 -7 

transferrin, 28 -30 
Inflammation, acute-phase, plasma protein 

synthesis in, 298-319 
erythrocyte sedimentation rate, 299, 338 
hormones and, 318-319 
humoral factors, 316-319 
molecular mechanisms of regulation, 3 2 3 -

329 
negative acute-phase proteins, 315-316 
perinatal, 319-320, 321 
physiology of response, 299-304 
positive acute-phase proteins, 304-315 

a,-Inhibitor III, 201, 202 
Injury, see Trauma 
Interferon-inducing factor, 318 
Interleukin-1, 317-318 
Interleukin-2, 318 
Inter-a-trypsin inhibitor 

amino acid sequence, 379 
plasma concentration, 193 
size, 193 

Intestine 
apolipoprotein A-IV biosynthesis, 150-151 
apolipoprotein Β biosynthesis, 156-157 
apolipoprotein Ε biosynthesis, 171 
transthyretin binding, 340 

Intracellular acute-phase protein, 302, 315 
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Iron deficiency, 24, 304 
inflammation-related, 303-304 

Isotype, allelic exclusion, 60-61 

Κ 

Kidney, transthyretin binding, 340 
Kinin, formation, 345 
Kininogen 

amino acid sequences, 308, 391-394 
as thiol proteinase inhibitor, 309 

L 

Lactotransferrin gene, 24, 25, 26, 27 
Lecithin-cholesterol acyltransferase, 143, 144, 

146, 150-151 
Lesch-Nyhan syndrome, 11 
Leucine-rich alpha-2-glycoprotein, 398 
Leukemia, plasma protein concentration, 338 
Leukocytic endogenous mediator, 317, 3 1 8 -

319 
Leukocytosis-promoting factor, 316 
Leukotoxin, 316 
Lipoprotein(s) 

high-density 
apoliprotein A-I, 143, 144, 146-147, 

180, 181, 182 
apolipoprotein A-II, 144, 147 
apolipoprotein A-IV, 144, 150, 151 
apolipoprotein C-I, 165 
apolipoprotein C-II, 166 
apolipoprotein E, 171 

low-density 
apolipoprotein A-I, 180, 181 
apolipoprotein B, 144, 155, 156, 182, 

183 
apolipoprotein E, 185 
lipoprotein(a), 159, 164 
receptor gene, 4, 9 

very-low-density 
apolipoprotein C, 183 
apolipoprotein C-II, 166 
apolipoprotein E, 171, 185 

Lipoprotein(a), 158, 159, 164 
Liver 

albumin synthesis, 297-298 
a2-macroglobulin synthesis, 226 

a2-macroglobulin-proteinase complex clear-
ance, 262 

plasma protein synthesis, in inflammation, 
298-319 

humoral factors and, 316-319 
negative acute-phase proteins, 315-316 
perinatal, 319-323 
postive acute-phase proteins, 304-315 
regulation, 297 
mRNA and, 311 , 315-316 , 321 , 323, 

325-327 , 332 -333 , 335, 336, 337, 
341, 345 

plasma protein synthesis, in trauma, 2 9 8 -
319 

Liver disease, hypoalbuminemia and, 340 
Lung, transthyretin binding, 340 
Lymphocyte 

deoxyribonucleic acid polymorphisms, 29, 
30 

immunoglobulin G binding, 115 
transformation inhibition, 313 

Lymphocyte-activating factor, see Interleukin-1 
Lyt-2 antigen, 123, 126, 128, 131 

Μ 

α,-Macrofetoprotein, 317 
a2-Macrofetoprotein , 3 1 7 
Macroglobulin, structure, 202 
a2-Macroglobulin, 191-291 

activation cleavage sites, 204 
cerebrospinal fluid concentration, 331 
as coagulation factor XHIa substrate, 220 
complement protein relationship 

activation cleavage regions, 217-220 
conformational state changes, 239-247 
β-cysteinyl-a-glutamyl thiol ester, 7, 192, 

2 2 0 - 2 2 1 , 231-239 
distinctive features, 215-217 
nucleotide sequence, 207-215 
partial sequence, 214 

functional properties, 196 
in inflammation, 300, 302, 305-306 , 319, 

326, 328, 329 
perinatal concentration, 319, 320, 321 
plasma concentration, 193 
size, 193 
structure, 192 

nucleotide sequence, 203-204 
SH groups, 198-199 
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a2-Macroglobulin (com.) 

structure (cont.) 

shape, 228-230 
three-dimensional, 123-124 

subgroup proteins, 200-202 
synthesis, 226-227 

a2-Macroglobulin deficiency, 226 
a2-Macroglobulin gene 

chromosome mapping, 7 , 8 , 225-226 
expression 

in placenta, 322 
in yolk sac, 322 

polymorphism, 226 
a2-Macroglobulin-proteinase complex 

cellular functions, 264-265 
clearance from circulation, 261-262 
endocytosis, 262-265 
fibroblast receptors, 262, 263-264 
formation, 192-193 

a2-Macroglobulin-related proteins, 200-206 
structure, 202-203 

a2-Macroglobulin-trypsin complex, 265 
Macroglobulinemia, 53 
Macrophage 

immunoglobulin G binding, 115 
inhibition, 313 
a2-macroglobulin receptors, 262, 264 
a2-macroglobulin-proteinase binding, 2 6 4 -

265 
a2-Macroglobulin-related thiol ester family, 

195, see also a2-Macroglobulin, comple-
ment protein relationship 

Major acute-phase α ι-protein, 302, 306-309 , 
323, 324, 327, 328 

function, 301 
nucleotide sequence, 307-308 
proteinase inhibition, 301 
mRNA, 341 

Major acute-phase a j -protein gene, 322 
Major histocompatibility complex class 1 anti-

gens, 123, 124 
Major histocompatibility complex class II anti-

gens, 123 
Malnutrition 

acute-phase plasma protein response and, 
337-341 

plasma protein concentration decrease dur-
ing, 340-341 

Mast cell, immunoglobulin Ε receptor, 116 
Melanoma antigen p97 gene, 6 

Megakaryocytopoiesis, abnormal, 29 
Melanoma antigen p97 gene, 28, 29 
Metallothionein, during inflammation, 302, 

315, 319 
a2-Microglobulin 

amino acid sequence, 296, 397 
cerebrospinal fluid concentration, 331 
chromosome mapping, 8 

Monoclonal antibody, as antibody structure 
model, 53 

Monocyte 
acute-phase inflammation response and, 

337-338 
complement C3b receptors, 266 
immunoglobulin G binding, 115 
a2-macroglobulin-proteinease complex stim-

ulation, 265 
Mucin, 32 
Multiple myeloma 

Bence-Jones proteins, 75 
extracellular fibrous protein deposition, 343 
immunoglobulin isotype synthesis, 60 
monoclonal immunoglobulin production, 53 

Murinoglobulin, 201 
Muscular dystrophy gene, 11 
Myeloma protein, see also Multiple myeloma 

as antibody structure model, 53 
three-dimensional structure, 102-104 

Myocardial infarction, plasma protein con-
centration, 338 

Ν 

Negative acute-phase protein, 315-316 
Nephrotic syndrome, plasma protein concentra-

tion, 342 
Neutrophil locomotion, 265 

Ο 

Oligosaccharides, carbohydrate structure, 9 4 -
100 

attachment sites, 57, 58, 96, 97 -100 
biological role, 100-102 
function, 100-102 

Orosomucoid gene, 9 
Osteomyelitis, extracellular fibrous protein de-

position in, 343 
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Ovalbumin, amino acid sequence, 304 
Ovomacroglobulin, 201 , 204, 229 
Ovostatin, 201 
Ovotransferrin gene, 26, 27 

Ρ 

Pancreas, transthyretin binding, 340 
Papain, inhibition, 301 , 306 
Phagocytosis 

complement-dependent, 265-267 
by polymorphonuclear leukocytes, 119 

Phenylketonuria gene, 11 
Pituitary gland, transthyretin binding, 340 
Placenta, plasma protein gene expression, 322, 

323 
Plasma protein(s) 

blood concentration, 297 
definition, 294 
extravascular versus intravascular, 294 
functional groups, 345 
presegments, 295, 296, 297 

Plasma protein genes 
chromosome mapping, 1-11 

autosomes, 4 
coagulation factors, 7, 8, 9 
complement, 6 - 7 , 8 
duplicated genes, 6 - 7 
ferritin, 8, 9 
α-fetoprotein, 6 
a2-fetoprotein, 8 
fibrinogen, 8, 9 
group-specific component, 3 9 - 4 0 
in situ hybridization, 5 - 7 
somatic cell hybrid analysis, 4 - 5 
transferrin, 6, 10, 2 7 - 2 9 , 311 

deoxyribonucleic acid sequences, 11-41 
group-specific component, 31-41 
haptoglobin, 12-23 
haptoglobin-related protein, 16-17 
immunoglobulins, 5 1 - 5 2 
transferrin, 23-31 

expression 
in placenta, 322, 323 
in yolk sac, 320-323 

Plasma protein synthesis, 293-363 
in choroid plexus, 329-337 

cerebrospinal fluid concentration, 329, 
331-332 , 334 

hepatic, in inflammation, 298-319 , 345 
gene expression, 322, 327, 330 
humoral factors, 316-319 
negative acute-phase proteins, 315-316 
perinatal, 319-323 
in physiopathological conditions, 337-345 
positive acute-phase proteins, 304-315 
regulation, 297, 323-329 
mRNA in, 311 , 315-316 , 321 , 323, 3 2 5 -

327, 329, 3 3 2 - 3 3 3 , 335, 336, 337, 
341, 345 

by polyribosomes, 295 
signal peptide recognition sites, 295, 296 

Plasminogen, cerebrospinal fluid concentra-
tion, 331 

Plasminogen activator gene 
chromosome mapping, 10 
posttranslational processing, 19, 20 

Plasminogen gene, 10 
Point mutation, haptoglobin gene, 13 
Polymorphonuclear leukocyte 

immunoglobulin G binding, 115 
phagocytosis, 119 

Polymorphism 
albumin, 40 
apolipoproteins 

A-I, 146-147, 180-182 
A-II, 150 
A-IV, 153 
B, 158, 159, 164, 182-183 
C, 183 
C-II, 168 
C-III, 171 
E, 173-177, 184-185 
pathological conditions and, 180-185 

genetic disease and, 4, 7, 11 
in genetic linkage analysis, 7 , 1 1 
group-specific component, 39, 40 
haptoglobin, 21 -22 
in prenatal diagnosis, 4 , 7, 11 
transferrin, 29 

Polyribosome, plasma protein synthesis by, 
295 

fibrinogen, 311 , 312 
Positive acute-phase protein, 304-315 
Pregnancy zone protein, 195, 200 

activation cleavage regions, 217-218 , 2 1 9 -
220 

circulation clearance, 264 
estrogen and, 227 
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Pregnancy zone protein (cont.) 

a2-macroglobulin antigenic relationship, 226 
amino acid sequence, 208-211 

partial, 214 
in pathophysiological conditions, 227-228 
structure, 200, 202 

distinctive features, 215, 216 
synthesis, 227-228 
thiol ester site, 220, 221 

Pregnancy-associated protein, 200 
Prenatal diagnosis, deoxyribonucleic acid poly-

morphisms and, 4, 7, 11 
Procathepsin Β enzyme, 148 
Properdin factor Β gene, 8 
Protease inhibitor gene, 10 
Protein(s), see names of specific proteins 
Protein A 

binding sites, 108-111 
fragment B, 109 

Protein C gene, 10 
Protein Z, amino acid sequence, 375 
Proteinase inhibitor 

acute-phase, 300-303 , 304-309 
plasma concentration, 193 
size, 193 
structure, 192 

Protein-losing enteropathy, 342 
Protochordata, transferrin gene, 24 -25 
p23 peptide, 119-120 
Pyrogen, endogenous, 316, 317 

R 

Restriction endonuclease, 7 
Restriction fragment length polymorphism, 11 
Retinol-binding protein 

amino acid sequence, 296 
expression 

in placenta, 322 
in yolk sac, 322 

in inflammation, 302 
in malnutrition, 340 
in trauma, 315-316 

Reverse transcription, of haptoglobin gene, 
20-21 

Rheumatic disorders, plasma protein con-
centration, 339 

Rheumatoid arthritis 
autoimmune component, 101 
extracellular fibrous protein deposition, 343 

mRNA 
α(-acid glycoprotein, 341 
albumin, 4 1 , 341 
fibrinogen, 311-312 
haptoglobin, 19, 23 
immunoglobulin, 77 
during inflammation, 311 , 315-316 , 321 , 

323, 325-327 , 329, 332 -333 , 335, 
336, 337, 341 , 345 

major acute-phase α ι-protein, 341 
transferrin, 2 9 - 3 0 , 3 1 , 311 

in choroid plexus, 332, 333, 337 
transthyretin, 341 

in choroid plexus, 332, 333, 336-337 

S 

Salivary gland, transthyretin binding, 340 
Secretory component, 7 1 , 124-126 

amino acid sequence, 126, 127 
Senile plaque, 344 
Serine protease gene 

chromosome mapping, 7 
haptoglobin gene homology, 17-18 

Serum amyloid A protein, 314 
Serum amyloid Α-related protein, 302, 314, 

317, 318, 344 
Serum amyloid P-component, 344, 396 
Serum amyloid P-component gene, 8 
Serum amyloid P-component-related protein, 

302, 314-315 
Sickle cell anemia gene, 11 
Somatic cell hybrid analysis, of plasma protein 

genes, 4 - 5 
transferrin, 27 -28 

Somatic mutation, 84 -85 
Spleen, transthyretin binding, 340 
Staphylococcus aureus protein A, fragment B, 

109 
Stomach, transthyretin binding, 340 
Surgical trauma, plasma protein concentration, 

338 
Syncytiotrophoblast, a2-macroglobulin con-

tent, 264 

Τ 

Τ cell, receptors, 123, 126, 128 
Tangier disease, 180-181 
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T8 antigen, 126, 128 
Tf gene, see Transferrin gene 
β-Thalassemia gene, 11 
Thiol proteinase inhibitor, 309 
a2-Thiol proteinase inhibitor, 193 
Thiostatin, see Major acute-phase α ι-protein 
Thrombocythemia, transferrin gene and, 29 
Thyroid hormone, transthyretin and, 334, 3 3 6 -

337 
Thyroxine-binding globulin, 334 
Thyroxine-binding globulin gene, 10 
Thy-1 antigen, 123, 126, 128 
T-kinin, 301 
T-kininogen, see Major acute-phase a,-protein 
Transcortin, 302 
Transferrin, 2 3 - 2 4 

amino acid sequence, 296, 310-311 
cerebrospinal fluid concentrations, 331 , 332, 

333 
choroid plexus concentration, 332, 333, 337 
in inflammation, 300, 302, 303-304 , 3 1 0 -

311, 323, 324, 325, 326, 328, 329 
iron transport function, 303-304 

maternal/fetal, 322-323 
in malnutrition, 340 
perinatal concentration, 319, 320, 321 
receptors, 24, 26 
synthesis sites, 311 

Transferrin gene, 24-31 
chromosome mapping, 10, 2 7 - 2 9 , 31 

duplicated genes, 6 
in situ hybridization, 28 -30 
somatic cell hybridization, 2 7 - 2 8 

cDNA, 2 4 - 3 0 , 311 
duplication, 6, 12, 2 4 - 2 7 , 42 
evolution, 11-12 , 24 -27 

gene duplication, 24 -27 
expression, 29-31 

in placenta, 322 
in yolk sac, 322 

low-density lipoprotein gene linkage, 4 
mRNA, 2 9 - 3 0 , 3 1 , 311 
triplication, 12 

Transferrin receptor gene, 10 
Transgenic mice, transferrin gene expression, 

30-31 
Transglutaminase, 234-236 
Transthyretin 

in Alzheimer's disease, 344 
amino acid sequence, 296 

cerebrospinal fluid concentration, 331 , 332, 
333-334 , 336-337 

choroid plexus concentration, 332-337 , 
338, 339, 344-345 

mRNA, 332, 333, 336-337 
in familial amyloidotic polyneuropathy, 344 
in inflammation, 301 , 302 

mRNA, 341 
structural homologies, 315 

in malnutrition, 340-341 
perinatal concentration, 319, 320, 321 
thyroid hormones and, 334, 336-337 
thyroxine-binding globulin homology, 334 
tissue binding, 340 

Transthyretin gene, 9, 322 
Trauma, plasma protein synthesis in, 298-319 , 

338 
erythrocyte sedimentation rate, 299, 338 
hormones and, 318-319 
humoral factors, 316-319 
molecular mechanisms of regulation, 3 2 3 -

329 
negative acute-phase proteins, 315-316 
perinatal, 319-320 , 321 
physiology of response, 299-304 
positive acute-phase proteins, 304-315 

Triplication, of genes 
group-specific components, 12, 3 2 - 3 5 
haptoglobin, 12, 16, 22 
transferrin, 12 

Tumor cell line, immunoglobulin Ε receptor, 
116 

U 

Ulcerative colitis, plasma protein concentra-
tion, 339 

V 

V region, see Immunoglobulin structure, vari-
able (V) region 

V region gene, 77, 78 
aberrant recombinations, 8 2 - 8 3 
C region recombinations, 5 9 - 6 0 
evolution, 121, 123 
recombination mechanism, 83 -84 
somatic mutation, 84 -85 
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V H region gene, 79, 8 0 - 8 1 , 82, 84 
Vitamin D binding protein gene, see Group-

specific component gene 

Υ 

Yolk sac 
plasma protein gene expression, 294, 3 2 0 -

323 
transferrin synthesis, 311 


