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PREFACE 

This book stems from an Advanced Study Institute on Chromo
somal Proteins and Gene Expression that was held in Sitges, 
Spain, on September 17-26, 1984. It would be misleading to call 
this volume a conference proceedings, however. The ASI was not 
a conference, but a course with diverse activities, only one of 
which was a set of major presentations by the lecturers. 
Indeed, the concept of lecturer was intentionally obscured as we 
all learned from each other through shorter presentations by 
other participants and through seminars, poster sessions, and 
small group discussions. Furthermore, many participants found 
that exchanging ideas outside organized sessions was among the 
most rewarding aspects of the course. Some even claimed to have 
profitably probed the intricacies of nucleosome structure and 
transcriptional regulation while basking in the sun on the 
beachl Obviously, it is difficult to catch the flavor of such 
varied proceedings in a book. (I cannot confirm the incident on 
the beach, never having found time to set foot there. Such is 
the fate of the director of a meeting.) 

The ASI was judged a success -- and enthusiastically so -
by most participants. Not only did we deepen our understanding 
of our scientific field, we made new friends and learned about 
scientific and nonscientific aspects of life in other countries 
and about issues that transcend international boundaries in our 
complex world. We hope that this volume will be as successful 
as the course was. From the outset, the organizing committee 
set a goal of producing a book that would be of true value to 
the broader scientific community and not simply a vehicle to 
help the participants recall what went on at the meeting. We 
settled on the idea of the contributions taking the form of 
reviews and, with one exception, that is what the reader will 
find in this volume. In many cases, the reviews relate nicely 
to each other, and the typical reader will find several in the 
book that are of interest. We believe that, in aggregate, the 
reviews provide a most valuable and timely overview of chromo
some structure, chromosomal proteins, and biological processes 
that involve chromosomes. The time lag between the meeting and 
the submission of manuscripts to the publisher has allowed the 
incorporation of some material into the book that had not been 
published at the time of the ASI. Besides contributions from 
lecturers, several chapters were prepared by others who partici
pated in the course. Their participation enriched the ASI and 
their chapters add greatly to the value of this book. 
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NUCLEOSOME STRUCTURE 

Gerald R. Reeck 

Department of Biochemistry 
Kansas State University 
Manhattan, Kansas 66506 

INTRODUCTION 

With the curious exception of dinoflagellates (1), the fun
damental architectural unit in eukaryotic chromosomes is the 
nucleosome (2). Because nearly all of the DNA in a nucleus 
occurs in nucleosomes, one cannot think intelligently about any 
structural aspect of chromatin or chromosomes or about any bio
logical process that occurs on chromosomes without taking into 
account the structure of the nucleosome. Athough the physical 
entity itself has been existence for several hundred million 
years, the concept of the nucleosome arose only about 12 years 
ago. We are thus in the early stages of unraveling the nucleo
some's structural details and their physiological significance. 
Nonetheless, a great deal of information has already been ob
tained, especially in structural terms. 

The makeup of the nucleosome corresponds closely to that 
formulated initially by R.D. Kornberg (3) for the "repeating 
unit of chromosome structure" in a remarkably prescient article 
in 1974. A nucleosome consists of from about 160 to 250 base 
pairs of DNA, 1 molecule of histone HI (or one of its homologs) 
and 2 molecules of each of the other histones (H2A, H2B, H3, and 
H4). The amount of DNA in a nucleosome varies among species and 
among cell types within a species (4). Furthermore, there 
apparently is variation in nucleosome DNA length within a given 
cell type (5). Another type of heterogeneity in nuc1eosome 



preparations, and one that is possibly related to the variation 

in nucleosome DNA length, stems from the fact that the HI family 

is heterogeneous (see chapter by Crane-Robinson, this volume). 

Much more highly conserved than the nucleosome itself is the 

nucleosome core - - 1.8 turns of duplex DNA wrapped around an 

octamer of histones. In this chapter I will deal with the 

structure of the nucleosome core and its constituents to draw 

attention to some recent maj or advances and to point out some 

important issues that remain open. 

STRUCTURE OF THE NUCLEOSOME CORE PARTICLE 

pespite a rather strict overall constancy in composition 

(145 base pairs of DNA and 2 molecules of each of the core 

histones -- H2A, H2B, H3, and H4), core particle preparations 

are not homogeneous. There is heterogeneity in both their 

protein and DNA components. There is more than one gene in a 

given organism for some histones, and the histones are subject 

to post-translational modifications (6). Then there is, of 

course, an enormous sequence heterogeneity in the DNA of core 

particle preparations (other than those reconstituted from 

cloned DNAs or synthetic polynucleotides). 

Despite such sources of heterogeneity, workers in Klug' s 

laboratory have obtained large, highly ordered crystals of 

rabbit kidney core particles (7). These crystals diffract to a 

a resolution of 5 A, which begins to approach atomic resolution. 

Richmond et al. (8) have now produced an electron density map at 

7 A resolution and proposed a structural model of the core 

particle based on that map. Because of the large unit cell, 

this structure determination was demanding just from the stand

point of data collection and calculation. The work of Richmond 

et al. (8) was, moreover, innovative from a technical stand

point. To generate useful isomorphous replacements, they used a 

rather new type of reagent that contains clusters of heavy atoms 

and hence gives especially large contributions to the diffrac

tion pattern. Perhaps even more important was an intentional 

variation in hexanediol concentration to obtain uniform unit 

cell dimensions from crystal to crystal by controlled dehy

dration. 
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In discussing the structure of the core particle, it is 

helpful to have a set of reference positions. The particle 

(actually, only most of it) has a 2-fo1d axis of rotational 

symmetry, and the site on the DNA on the 2-fo1d axis is a 

particularly useful landmark. K1ug et a1. (9) have labeled this 

position O. At each 10 bp along the DNA, moving up axis of the 

left-handed superhe1ix, the reference positions are incremented 

by +1. Conversely, at each 10 bp along the DNA, moving down the 

axis of the superhe1ix, the reference positions are incremented 

by -1. Thus, integral reference positions along the core par

ticle's 145 bp of DNA run from -7 to 7. The integral positions 

correspond approximately to sites of DNase I attack on DNA of 

the nuc1eosome core (10, 11). 

Perhaps the most interesting aspect revealed in the work at 

7 A resolution is the path of the DNA. At this level of resolu

tion, considerable detail can be discerned in double-stranded 

DNA, including identification of major and minor grooves. It 

was previously known that the DNA in the core particle forms 1.8 

superhe1ica1 turns around the histone octamer. Now it is clear 

that the path of the DNA is not a smooth curve. Rather, at 

several places (most prominently at positions -4, -1, +1, and 

+4) the DNA is kinked. It is most interesting that these posi

tions correspond to the DNase I sites in core particle DNA of 

lowest susceptibility to the enzyme (11). That relative resis

tance appears to not be due to direct blocking by histones of 

the enzyme's access to DNA but to a locally altered DNA con

formation caused by what are presumably especially strong 

interactions with histones H3 and H4. 

At 7 A resolution, the information that can be obtained 

about protein structure is still rather limited. One is quite 

far, for instance, from being able to successfully follow the 

entire path of a polypeptide chain. Assignments of regions of 

electron density to individual histone molecules have been 

proposed, relying heavily on the cross-linking studies of 

Mirzabekov (12). No detailed insight into histone/histone 

interactions has been obtained. Long rods of electron density 

are seen in the protein portion of the electron density map, and 

these are almost certainly helices, presumably a-helices. (Cir

cular dichroism measurements, as in reference 13, have indicated 
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clearly that histones contain large amounts of helix.) The 

helical segments are notable for their length. For instance, 

the authors attribute two rods of length 40 A to histone H4. 

Thus, this rather small protein molecule, in which about only 80 

residues are in the folded domain (see below), must be at least 

40 A in its longest dimension. Necessarily, then, it must be 

quite asymmetric. 

The generality that DNA is outside the protein in a core 

particle (14) is upheld in detail in the recent results (8). 

All of the histone/DNA contacts appear to occur on the inner 

surface of the DNA double helix. No electron density that can 

be assigned to protein occurs outside the DNA. There is no 

"cross-linking," by an individual histone molecule, of DNA at 

positions that are separated by one superhelical turn (e.g., DNA 

at positions -6 and +1.6) and that are thus brought into prox

imity by the formation of the superhelix. The lack of such 

crosslinks is presumably important to the dynamic behavior of 

nucleosomes in biological processes and to nucleosome assembly 

and disassembly. 

STRUCTURE OF THE HISTONE OCTAMER 

Another maj or contribution to our understanding of the 

structure of the nucleosome has recently been made by a group 

under the leadership of E. N. Moudrianakis. Burlingame et al. 

(15) have calculated an electron density map based on X-ray 

diffraction from crystals 

octamer (no DNA present). 

ammonium sulfate and a pH 

at a resolution of 3.3 A. 

of the chicken erythrocyte histone 

Crystallization was in 69% saturated 

of 6.5 (16). The map was calculated 

In several respects, the structural model advanced by 

Burlingame et al. (15) for the histone octamer strongly resem

bles the histone portion of the model of the nucleosome core 

particle proposed by Richmond et al. (8). Long helices are 

apparent within the histones in the octamer model. These are, 

of course, much more clearly identified at this higher level of 

resolution than they were in the core particle study. The high 

helix content in both models is consistent with solution studies 
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of the proteins' conformations in chromatin and when free of DNA 

and at elevated ionic strength (e.g., see reference 13). 

The spatial disposition of the individual polypeptides is 

similar in the two models. Thus, in each case there is a two

fold axis of rotational symmetry and the Cys 110 residues of H3 

lie near that axis and on the exterior of the protein mass. The 

H3 and H4 polypeptides are closely associated in each model and 

two H2A-H2B dimers lie on the surface of the H3-H4 tetramer, on 

either side of the two-fold axis. In each model, the H2A mole

cules lie on that part of the H3 molecules that approach or 

touch each other on the 2-fo1d axis. 

Despite these similarities, there is a large and most 

interesting difference between the models in overall dimensions 

and shape. If we approximate the shape of the protein portion of 

the core particle as a ,disk, its diameter would be 66 A on the 

average and the disk would be about 60 A thick (8). On the 

other hand, the model of Burlingame et a1. (15) for the octamer 

has the shape of a rugby ball (in the authors' terms). The end

to-end length of the rugby ball, 110 A, corresponds topologi

cally to the thickness (only 60 A) of the disk. The diameter 

through the midsection of the rugby-ba11-octamer is 65-70 A 
(15). This correponds topologically and is comparable in 

magnitude to the diameter of the histone portion of the core 

particle. See Figure 1 for a schematic depiction of the rela

tionship between the two models. 

Despite this major difference in shape and dimension, there 

is not irreconcilable disagreement between the two models if we 

recognize that they are not of the same entity: the histone 

portion of the core particle is tightly bound to 145 base pairs 

of DNA. We need only suppose that the histone octamer is more 

compact when bound to DNA than when free of DNA. In assessing 

the basis for differences between the models, I will assume that 

each model is correct at the level of detail at which it has 

been advanced. 

From a mechanical standpoint, a substantial compaction in 

the octamer structure proposed by Burlingame et al. (15) is 

feasible. Because of the large amount of solvent within the 
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Figure 1. Schematic depiction of the relationship between the 
models of Burlingame et al. (15) and Richmond et al. 
(8) for the histone octamer (top) and the histone 
portion of the nucleosome core particle (bottom). 
The crosses indicate the 2-fold axes, which are 
perpendicular to the plane of the paper. In the 
bottom portion, the approximate path of the DNA on 
the core particle is shown as a line. Positions -7, 
0, and +7 on the DNA are indicated. A fitting of 
double-helical DNA to grooves on the surface of the 
octamer also gives a left-handed superhelix (15). 

rugby ball shape -- a point that the authors stress the 

octamer would appear to be eminently compressible. A reconcil

iation of the two models would be provided by compression along 

the long axis of the rugby ball to form a compact disk with a 

thickness of 60 A. 

There is evidence that is consistent with the notion that 

the DNA of the nucleosome holds the polypeptide chains of the 

octamer in positions that, in the absence of DNA, are thermo

dynamically unstable. In solution, in the absence of DNA, 

formation of a disulfide bond between H3 molecules destabilizes 

the H3-H4 tetramer (17). That is, disulfide-linked H3 molecules 

will not participate in tetramer formation. They can, on the 

other hand, participate in core particle formation (18) and 
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thereby be forced into the tetramer configuration. Another 

relevant piece of evidence comes from the work of Walker et al. 

(See their chapter, this volume.) Their results indicate that 

rather small peptides, derived from histones by combined tryptic 

and chymotryptic attack, are held in position in a nucleosome

like structure by DNA whereas those peptides would otherwise not 

assume that arrangement. 

What might be the biological relevance of the proposed 

compression? If we are to look to one study or the other for a 

representation of the state of histones and DNA in a nucleosome, 

the core particle structure would seem to be the logical choice. 

Admittedly, a histone octamer bound to 145 bp of DNA is not the 

same as what exists in a nucleosome. On the other hand, in its 

composition it is a good deal closer than is a histone octamer 

with no DNA bound at all. Thus, I would postulate that in 

nucleosome assembly a major compaction occurs within the histone 

octamer upon binding to DNA. (This assumes that the dimensions 

of the octamer in the solvent from which it was crystallized are 

the same as the dimensions of the octamer at physiological ionic 

strength. This point is perhaps impossible to investigate, 

given the thermodynamic instability of the octamer at physio

logical ionic strength (19).) There is a large amount of energy 

released when the many ionic interactions are set up between a 

histone octamer and DNA (20). A sizable part of that energy 

could be used to impose conformational constraints on the DNA 

and the histone octamer and still have enough energy released to 

produce a very stable particle. 

SEQUENCE PREFERENCES IN NUCLEOSOMES 

Reconstitution studies have demonstrated that there can be 

strong sequence preference in the positioning of a nucleosome 

core on a DNA molecule (21, 22). This could conceivably have 

either a kinetic or thermodynamic basis, but I shall assume in 

the subsequent discussion that the basis is in fact thermo

dynamic -- that is, that nucleosomes (or core particles) con

structed with certain 145 base pair stretches of DNA are more 

stable than are core particles constructed on other 145 bp 

stretches. 
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Trifonov has presented a particularly cogent and stimu

lating analysis of a possible basis for such differences in 

stability (23, 24). His point is that nucleosomes formed on 

stretches of DNA that are more easily deformed into the confor

mation of the superhelical turns around the histone octamer will 

be more stable than are nucleosomes formed with DNA stretches 

less readily deformed into those superhelical turns. There is 

an inherent sequence-dependent tendency of double-stranded DNA 

molecules to bend (25). DNA sequences that have tendencies to 

bend as required in the superhelical turns of a nucleosome will 

require less energy for their deformation. 

The direct connection between deformation energy of DNA and 

nucleosome stability can be seen from a simple thermodynamic 

analysis of core particle formation (see Figure 2). The scheme 

ignores changes in protein conformation or in quaternary struc

ture that might accompany nucleosome formation, but those would 

be common to formation of all nucleosomes, assuming that the 

octamers involved were constructed from the same histone gene 

products and had the same level of post-translational modifica

tions. ~Go for core particle formation (reaction III) is simply 

the sum of the ~Go, s for reactions I and II. It seems rea

sonable to assume that ~Go will be invariant for reaction II 

145 BP OF DNA IN UNCONSTRAINED 
CONFORMATION 

145 BP OF DNA IN CONFORI'IATION 
OF CORE PARTI CLE 

145 BP OF DNA IN CONFORMATION + HISTONE OCTAMER ~ CORE PARTICLE 
OF CORE PARTI CLE 

145 BP OF DNA IN UNCONSTRAINED + HISTONE OCTAMER ' CORE PARTICLE 
CONFORMATION 

(RXN J) 

(RXN JJ) 

(RXN II J) 

Figure 2. A formal thermodynamic analysis of formation of 
nucleosomal core particle from a histone octamer and 
145 bp piece of DNA that is not constrained in its 
conformation. This simple scheme is not intended to 
portray the mechanism of core particle formation, but 
instead to show a theoretical two-step path for the 
process that emphasizes the direct transmission of 
differences in free energy for constraining 145 bp of 
DNA in the nucleosomal superhelical conformation into 
differences in stabilities of the nucleosomal core 
particles. 
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regardless of the sequence of the DNA involved. That is, a 

histone octamer may well bind equally strongly to any DNA se

quence that is in the correct superhelical conformation. On the 

other hand it seems quite clear that DNA sequences will differ 

significantly in 6Go for reaction I -- the free energy required 

to constrain them in the conformation of the superhelical turns 

of DNA in the nucleosome. 6Go for reaction I is expected to be 

large and positive for any DNA sequence, but could be sub

stantially smaller for some sequences than for others. Any 

difference in 6Go for reaction I between two DNA sequences will 

be transmitted directly into the values of 6Go for reaction III 

involving the two sequences -- i.e., into the stabilities of the 

nucleosomes formed with these two sequences. A IO-fold differ

ence in nucleosome stability would be caused by a difference of 

1.4 kcal/mole for 6Go for reaction I. A IOO-fold difference in 

nucleosome stability would be caused by a difference of 

2.8 kcal/mole for 6Go in reaction 1. At this time reliable 

estimates of 6Go for that reaction are not available, nor are 

reliable estimates of differences in 6Go for that reaction for 

different DNA sequences. Thus it is not possible to make quan

titative predictions of relative nucleosome stability, although 

Trifonov (23, 24) has attempted to determine the order of pref

erence for nucleosome formation among different sequences. 

Differences in nucleosome stability based on differences in 

the deformation energy for different DNA sequences could have a 

physiologically significant role in determining the positioning 

of nucleosomes, as has been emphasized by Trifonov (23, 24) and 

others (e. g., see reference 8). One could also imagine that 

competition for histones among potential nucleosome-forming 

sites on a DNA lattice could determine where nucleosomes are not 

found at all (24). Given the fact that 6Go for reaction II will 

be large and negative, most naturally occurring DNA sequences 

would be expected to have a large negative value of 6Go for 

reaction III (i.e., they will participate in the formation of 

stable nucleosomes). Thus differential stabilities of nucleo-

somes would be expected to explain nucleosome exclusion only if 

the amount of histones is not saturating with respect to DNA 

(and that equilibrium or near-equilibrium conditions hold in a 

nucleus). 
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THE CONCEPT OF MODULAR CONSTRUCTION OF PROTEINS AS APPLIED TO 

HIS TONES 

In an entirely different and very specific context I have 

recently used the term "modular" to describe the construction of 

certain proteins in the course of evolution (26). I want to now 

consider the structure and evolution of histones from that 

viewpoint. 

The notion that nature has genetic mechanisms for stitching 

together a protein molecule by combining DNA segments that code 

for individual stretches of polypeptide has been in circulation 

for some time. Gilbert, for instance, has discussed the idea in 

detail, with particular emphasis on the possible role of introns 

in the evolution of proteins (e. g., see reference 27). The 

emphasis of my ideas in this area is that quite different evolu

tionary constraints operate on fundamentally different sorts of 

polypeptide units. For reasons that will become apparent, I 

propose to call the individual units "modules." 

The type of module that we are most familiar with is the 

domain, which I take to be an independent folding unit with a 

globular conformation. (Operationally, a domain is frequently 

identified as a polypeptide fragment that is soluble under non

denaturing conditions and possesses a folded conformation.) 

Modules other than domains (i.e., sections of a polypeptide that 

are not folded into globular units) differ dramatically from 

domains not only in structural organization but in the con

straints to which they are subject in the course of evolution. 

Those differences can be emphasized by using a term other than 

"domain" to describe regions that are not globular. 

In the evolution of a domain, there is strong selective 

pressure on function (that is, on maintaining key residues 

directly involved in the biological activity of the domain) and 

strong pressure on the structural support for that function 

(that is, on maintaining the required spatial distribution of 

critical residues and the stability of the globular unit). In 

the evolution of a nonfolded module, such as a histone tail 

(28), there is evidently little constraint on the folding of the 

polypeptide chain, and constraints for the purpose of main-
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taining the function are much more relaxed than those acting on 
a domain. In nonfo1ded modules there is frequently such large 
variation in sequence that there is no recognizable sequence 
similarity between functionally analogous modules. It appears 
that the evolutionary constraint is at the level of composition 
rather than sequence. Thus, it is in domains where we generally 
see the greatest evolutionary constraints, and by a wide margin. 

The clearest case of modular construction in his tones is in 
the H1 family. The C terminal module in these proteins (the 
portion after the highly conserved globular domain) is similar 
in composition among different members of the family (e.g., H1, 
H1°, and H5) but is variable in length and not recognizably 
similar in sequence (Reeck and Teller, unpublished observa
tions) . (See the chapter by Crane-Robinson in this volume for 
details on the H1 family.) It appears that the function of this 
module requires a particular composition (rich in Lys, Ala, and 
Pro) but that a large number of sequences having that composi
tion may be able to serve the required function. 

We have presented evidence previously that the H2A, H2B, H3 
and H4 constitute a family of homo10gs (29), i.e., that they all 
diverged from a counnon ancestral protein. That conclusion was 
limited, however, to the C terminal portions of the molecules. 
We specifically refrained from claiming sequence similarity in 
the N terminal regions of the histones, in which the polypep
tides have peculiar compositions that are rich in Lys and/or Arg 
as well as in certain other amino acids. In the current context 
and in light of a good deal of work on the structural organi
zation of the core his tones (for example, see the chapter by 
Walker et a1. in this volume), I would advance the following 
interpretation. 'Each core histone has a 2-modu1e structure: 
the majority of the polypeptide in each case is a single domain 
(a globular, folded module) and the N terminal portion (roughly 
a quarter of each sequence) is a nonfo1ded module (a tail). 
Introducing the term "module" may seem to be simply a minor 
change in nomenclature, but I think it is in fact more substan
tial than that. By not calling a histone's tail a domain, we 
emphasize the differences in evolutionary pressures and in 
structural constraints in this region as contrasted to the those 
in domains. We also call attention to the possible evolutionary 
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origin of the histones. Our analysis of sequence similarities 
among the core his tones is consistent with a co-ancestral origin 
for the domains of the 4 proteins (29). The N-termina1 modules 
(i.e., the tails) may well not be co-ancestral but instead may 
be independent stretches of polypeptide of independent origin 
and similar compositions. To put this another way, if one says 
that two domains are related, one is postulating a co-ancestral 
relationship (i. e., homology). To say that two modules are 
similar, on the other hand, is merely an assertion of a composi
tional similarity that need not be due to co-ancestry. 

We have previously pointed out that members of the HMG-
14/17 family of proteins (see chapter by Goodwin et al., this 
volume) are similar in composition and, over limited regions, in 
sequence to the tails of core histones and histone H1 (30). The 
architecture of members of the HMG-14/17 family is that of a 
single, nonfo1ded module. That module is apparently func
tionally similar in at least a crude sense to the histone tails: 
they all bind relatively weakly to DNA and achieve a charge 
neutralization in the process. Recent results of Walker (20) 
emphasize the relatively weak binding of the histone tails to 
DNA in chromatin. Those tails dissociate from DNA over an ionic 
strength range comparable to that required for dissociation of 
HMG-14 or 17. The functional characteristics of the HMG-14/17 
module or a histone tail module apparently requires a amino acid 
composition that is rich in Lys and/or Arg, amino acids with 
small side chains, and (usually) Pro. The weakness of binding 
of these modules to DNA is interesting, in light of their very 
high contents of Lys and/or Arg. We have argued that the weak
ness of the interaction is due to the enormous configurational 
entropy available to these polypeptide modules in their unbound 
states (30). (These modules appear to be unstructured in a 3-
dimensional sense when not bound to DNA). We have further 
postulated that the relatively high Pro content in such modules 
serves to limit the configurational freedom of the polypeptide 
in the dissociated state and thus lessens to a certain extent 
the entropy factor favoring dissocation. We would predict that 
substitution of G1y or Ala for each Pro in such a module would 
significantly weaken the interaction with DNA because of greater 
configurational freedom in the dissociated state. 
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The precise roles of the histones tails are still not 
known. They are not needed for nuc1eosome formation (31). 
There is evidence that they are required for formation of higher 
order chromatin structure (32). It is clear that in chromatin 
they are not mobile. They are almost certainly bound to DNA, 
from which they can be dissociated at modest ionic strengths 
(20) . It is likely that in core particles and in the histone 
octamer the histone tails are not in fixed conformations. They 
would therefore not contribute to the diffraction pattern and 
would not be represented in the electron density maps. We 
would, therefore, learn nothing about the conformations or 
interactions of the tails from the current structure determina
tions, even when carried to higher resolution. 

CONCLUSIONS 

If the fundamental architectural unit in chromatin can 
itself be said to have a key structural feature it would be the 
nucleosome core -- 1.8 turns of superhelical DNA wrapped around 
an octamer of histones. Elucidation of the structure of that 
core will be a major advance in understanding nucleosome and 
chromatin structure. We are approaching the point of knowing 
the structure of the nucleosome core at atomic resolution" 
through crystallographic studies on the core particle and on the 
histone octamer. One might have expected that, being on the 
verge of having such detailed information, nucleosome structure 
would be fading as an area of research interest. Instead, the 
field is becoming more interesting. As information emerges, new 
questions arise and old questions are formulated more precisely. 
Thus, even if we restrict ourselves to the core itself and 
ignore the unanswered questions about histone HI, linker DNA, 
and higher order structure, there are many interesting issues to 
be investigated. What changes occur in the histone octamer upon 
formation of a nuc1eosome core? What sort of alternate configu
rations (presumably at somewhat higher energies) exist for the 
nucleosome core? Restated, what sort of conformational 
flexibility is there in the nucleosome core and how is that 
flexibility related to biological function? (Note that this is 
very difficult to approach through crystallography, which gives 
a static picture of the conformation of lowest energy.) To what 
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do the histone tails bind? What is the basis for sequence 

preference for nuc1eosome stability? Can one experimentally 

measure relative stabilities? Can one predict relative stabil

ities based on DNA sequence? Answers to many of these questions 

are likely to come through studies of reconstituted particles in 

which both the DNA and histone components are homogeneous. 

We have learned much about the nuc1eosome and its core over 

the last 12 years. but we are far from understanding the many 

subtleties that have been built into these structures over 

hundreds of millions of years of evolution. The investigation 

of nuc1eosome structure is thus a fresh and challenging area 

that offers many rewards to the scientist who can approach it 

with an infusion of new ideas and approaches. 
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INTRODUCTION 

Digestion of core chromatin with trypsin leads to degrada
tion of the basic amino and carboxyl terminal ends and the 
production of five large polypeptide fragments which are pro
tected from further tryptic attack by their interactions with 
DNA. The small basic oligopeptides produced by the trypsin 
dissociate from the DNA whereas the large, protected fragments 
remain bound (1). Subsequent digestion of these bound, trypsin 
resistant polypeptides with chymotrypsin produces further degra
dation to smaller peptides which still remain bound to the DNA. 
Double digestion of core chromatin with trypsin and chymotrypsin 
does not cause any change in the secondary structure of the 
bound peptides, as monitored by ellipticity at 220 nm (reference 
1, and unpublished data of I.O. Walker). 

Here we describe the surprising effect of adding phenyl 
methylsulphonyl fluoride (PMSF), a serine protease inhibitor, to 

* This paper is dedicated to the memory of Ian Walker. 
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the doubly digested core chromatin. Under appropriate condi

tions, the PMSF promotes the resynthesis of the peptide bonds 

hydrolysed by chymotrypsin. 

EXPERIMENTAL 

Core chromatin was prepared as described previously (1) by 

repeated extraction of chick erythrocyte chromatin with 

0.7 M NaCl, in order to strip away HI and H5. 

Digestions with tosylchlorophenyl ketone (TCPK)-trypsin 

were carried out for 18 h in 1 mM Tris-HCl, pH 7.4, at 20°C at a 

trypsin:histone ratio of 1:30. The reaction was stopped by 

adding soybean trypsin inhibitor (2 moles inhibitor:l mole tryp

sin). Chymotrypsin (at an enzyme:histone weight ratio of 1:10) 

was then added and incubation continued for 1 h at 20°C. The 

reaction was stopped by adding TCPK. PMSF was added at room 

temperature, as required. Samples were removed for SDS-poly

acrylamide gel analysis as described previously (1). Samples 

for electrophoresis on polyacrylamide-urea gels were incubated 

with 0.5 N HCl, dialysed against 0.9 N acetic acid, 20% sucrose, 

and electrophoresed on acid-urea gels prepared according to (2). 

Figure 1. 

18 

a b c d e 9 h 

SDS-polyacrylamide gel electrophoresis of core his
tones. (a) native core histones; (b) core histones 
after digestion of core chromatin with trypsin for 
18 h at 20°C; (c) same as (b) and then followed by 
chymotrypsin digestion for 1 h; (d) same as (c) but 
after 5 h digestion; (e-i) core histone after double 
di?estion and addition of 0.1 mM PMSF for 0', 18', 
38 , 60', and 240', respectively. 
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Figure 2. Polyacrylamide-urea gel electrophoresis of core his
tones. (a) native calf thymus histones j (b) core 
histones after digestion of core chromatin with 
trypsin and chymotrypsin and then followed by the 
addition of 0.1 mM PMSF for 4 hj (e) same as (d) but 
double loading of proteinj (f) calf thymus histonesj 
(g) core histones extracted from core chromatin after 
digestion with trypsin and chymotrypsin. 

RESULTS 

Trypsin/Chymotrypsin Double Digestions 

The digestion of core chromatin with trypsin produces the 

five large limit peptides shown in Figure 1 and described 

previously (1). Subsequent digestion with chymotrypsin leads to 

further degradation that produces four minor bands and one 

major, heterogeneous, low molecular weight band which runs at 

the electrophoretic front (Figure 1). In a more highly cross

linked polyacrylamide gel, the major band is resolved into 7 

peptides with apparent molecular weights ranging from 2500 to 

6000. These bands remained stable for at least 5 hours after 

stoppi~g the reaction by adding TCPK. 

In Figure 1 is shown the effect of adding PMSF to a double 

digest in which the trypsin has been inhibited with soybean 

trypsin inhibitor and the chymotrypsin with TCPK. With in

creasing time after the addition of PMSF, low molecular weight 

bands disappear and bands of higher molecular weight appear. By 

4 h the band pattern is identical to the pattern seen after 
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trypsin digestion alone. All the trypsin limit peptides have 

apparently been reformed. 

This effect can also be seen on acid-urea gels. Acid 

extraction of trypsin-treated core chromatin followed by elec

trophoresis at pH 2. 8 resolves four peptides (Figure 2, a-d). 

After double digestion, followed by incubation with 0.1 roM PMSF 
for 4 h and acid extraction, the peptide band pattern (with the 

exception of band C') has reverted to the pattern seen on tryp

sin digestion alone. Band C', in the sample which has been 

treated with PMSF, has a greater electrophoretic mobility than 

does band C in the original digest. Judging from the difference 

in mobilities of the two forms of native histone H4 (Figure 2, 

Track 2), which arise from a difference in net charge of +1 due 
to acetylation of a lysine residue in about half the population 
of H4, the difference in mobility of the C bands arises from a 
net difference of +1 in charge. This charge difference must be 

due to the gain of a positive charge rather than the loss of a 
negative, charge because the electrophoresis takes place at 

pH 2.8 where all the side chain carboxyl groups would be ex

pected to be protonated and uncharged. One possibility is that 

an acetylated lysine in the native histone became deacetylated 
on chymotrypsin treatment. 

These observations show that in the presence of PMSF, the 

chymotrypsin peptides are covalently joined to give the original 
peptide fragments produced by trypsin treatment. 

Chymotrypsin Digestion of Previously Undigested Chromatin 

The effect of direct chymotrypsin digestion on core chroma

tin is shown in Figure 3. In the limit, SDS-polyacrylamide gel 
electrophoresis resolves 7 peptides. On adding PMSF the low 

molecular weight fragments disappear, to be replaced by a set of 
larger polypeptides, at least two of which attain the size of 
the original intact histones. As in the case of the double 
digest, small peptide fragments have clearly been covalently 

linked together after adding PMSF. The cleavage reaction cannot 
be completely reversed back to the native histones because 

chymotrypsin makes several cuts in the basic amino and carboxyl 

20 



abc d e 9 

Figure 3. Chymotrypsin digest and PMSF treatment of core chro
matin. (a) core histones; (b) core histones after 
digestion for 18 h with chymotrypsin; (c-g) core 
histones after adding PMSF (0.1 roM) for 11 min, 1 h, 
7 h, 24 h, 101 h, respectively. 

tails of the native histones. When this occurs it is expected, 
by analogy with the action of trypsin, which cleaves only in the 
basic tails and releases the small basic fragments from DNA (1), 
that these small chymotrypsin-produced fragments will disso
ciate. Once dissociation occurs, it is clear the peptides 
cannot be covalently linked together to form complete histones. 

Stoichiometry Calculations 

The extent of reversal in the double digestion experiments 
is dependent on the concentration of PMSF. Only partial rever
sal was observed at concentrations of 25, 50, and 75 lJm, whereas 
complete reversal was obtained at 100 lJm. 

The following calculation shows that PMSF is acting stoi
chiometrically in the peptide bond resynthesis reaction. In our 
experiments, the concentration of each core histone is 
1. 7 x 10- 5 M. Eleven peptides are produced by chymotrypsin 

digestion of the five tryptic limit peptides which themselves 
arise from the four core histones. Therefore, about one peptide 
bond is cleaved by chymotrypsin per core histone tryptic pep
tide. Thus, the equivalent of one peptide bond must be reformed 
per core histone. In total, 4 x 1.7 x 10-5 = 6.8 x 10- 5 mole of 
bond is resynthesized per liter. Complete resynthesis occurs 
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between 7 and 10 x 10-5 M PMSF. This implies that PMSF acts 
* stoichiometrically rather than catalytically. 

DISCUSSION 

We have shown here that after chymotryptic digest of his
tone polypeptides bound to DNA, PMSF will promote a reaction in 
which the peptides are covalently rejoined together. Two lines 
of evidence suggest that the cleaved peptides are, in terms of 
amino acid composition and sequence, covalently bonded to give 
the original polypeptides. First, the molecular weights of the 
reformed products are identical to the original polypeptides as 
shown by electrophoresis on SDS polyacrylamide gels. Second, 
with the exception of one peptide out of four (peptide C'), the 
charge-to-mass ratios of the reformed products and initial pep
tides are identical. The possibility of ester, rather than 
amide formation may be ruled out because basic hydrolysis, which 
would be expected to cleave esters but not amides, has no effect 
on the apparent molecular weight of the reformed polypeptides. 
It is also highly unlikely that eight peptides of different 
sizes could be covalently linked together to give polypeptides 
with the same charge and same mass as the originals unless the 
peptides were covalently rejoined to their original partners. 

The highly specific nature of the peptide synthesis reac
tion strongly suggests that the covalent linkage between the 
peptides is a peptide bond and that this bond is in each case 
identical to the one cleaved by chymotrypsin. We suggest the 
·following mechanism for the synthesis of a peptide bond in
volving PMSF (Figure 4). 

The peptide bond (i) is cleaved by chymotrypsin to give 
(ii). PMSF activates the carboxyl group by formation (3) of a 

*PMSF is often used to arrest chymotrypsin digestions. The 
above results indicate that some caution should be exercised in 
the interpretation of such experiments since some reformation 
of specific peptide bonds may occur. 
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Figure 4. 
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Proposed scheme for chymotrypsin decay and PMSF
mediated resynthesis of a peptide bond in a histone 
polypeptide bound to DNA. 

mixed anhydride (iii), which promotes nucleophilic attack by the 
adj acent a-amino groups, thus reforming the original peptide 
bonds (iv). The energy for peptide bond synthesis is thus pro
vided by the overall hydrolysis of PMSF. Kinetically the reac
tion proceeds at a measurable rate (half time of less than 2 h 
for the reaction conditions described in the text) because of 
the spatial proximity of the a-amino acid and a-carboxyl groups. 
These two groups must be held in a spatially favorable situation 
because they are at the ends of peptides which are tightly bound 
to DNA. (Peptide bond resynthesis did not occur when the pep
tides had been dissociated from the DNA in 2 M NaCl.) The 
specificity of these reactions is consistent with PMSF being a 
large hydrophobic reagent which would be expected, therefore, to 
favor the same sites as does chymotrypsin. (For analagous 
hydrophobic site preference of sulphonyl fluorides, see refer
ence 4). This again indicates that after treatment with chymo
trypsin, the small peptides remain bound in their original 
positions. 

Our observations imply that the small polypeptide fragments 
produced by chymotryptic cleavage of the trypsin-resistant 
histone domains are held together by non-covalent forces in a 
highly structured complex that closely resembles that in a 

23 



native nucleosome. These forces may involve protein-protein 

interactions, but almost certainly involve protein-DNA inter

actions which stabilize the secondary structure of the globular 

domains of the core histones. 
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1.0. WALKER (1935-1984) 

Ian Walker, Lecturer in Bio
chemistry at Oxford Univer
sity, died on April 30, 1984 
at the age of 48. A spirited 
and gifted man was thus trag
ically struck down in the 
prime of life, and we shall be 
deprived of his continued 
friendship and scientific 
insights. 

Ian received his Ph. D. under 
Arthur Peacocke, with whom he 
applied physical techniques to 
the study of DNA. As an 
independent investigator, he 
turned his attention to 
the more complex system of 
chromatin. 

It was in physical measurements on chromatin that Ian made his 
most notable contributions, although he also used his physical 
background to good advantage in studying enzymes (particularly 
phosphofructokinase) and ribosomes. Another aspect of his 
interests was transcriptional control in Phrsarum, and it was at 
a meeting on Physarum that he became i1 with an infection 
(pericarditis) that was soon to claim his life. Ian had 
recently carried out a most interesting set of studies on 
histone tails and submitted a major manuscript just weeks before 
his death (Biochemistry 23, 5622, 1984). An intriguing set of 
other observations £orms~he basis for the chapter by Walker et 
a1. in this volume. In addition to his research interests, Ian 
was a dedicated and respected tutor of undergraduates in his 
capacity as a Fellow at Keb1e College. 

Devotion to his duties and success in carrying them out were 
trademarks of the man. One also remembers Ian's enthusiasm for 
life, his quick and engaging smile, his dry sense of humor, his 
unpretentiousness, his love of his family, and the ease with 
which he formed friendships. Although we shall no longer expe
rience those traits directly, they remain indelibly imprinted in 
the minds of those who knew him and serve as a constant reminder 
that the world is a better place for his having been in it, even 
if for altogether too short a time. 

GRR 
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HOW DOES H1 FUNCTION IN CHROMATIN? 

Co1yn Crane-Robinson 

Biophysics Laboratories 
Portsmouth Polytechnic 
St. Michael's Building 
White Swan Road 
Portsmouth POl 2DT, Hants UK 

INTRODUCTION 

Histone H1 is required to form the ~30 nm chromatin higher 

order structure in solution (1-3) and is therefore assumed to be 

the principal agent for higher order structure formation. Sev

eral recent studies of "active" chromatin suggest that H1 may be 

lacking from such regions (4-6) and the apparently complete ab

sence of H1 in yeast (7) may therefore be due to a requirement 

for a totally uncondensed genome. The well-known mammalian H1s, 

such as those from calf thymus, are members of a protein family 

that includes molecules with considerable sequence differences. 

Individual members of the H1 family are often present in spe

cialized tissues or in specific circumstances. For example, 

histone H5 is present in nucleated erythrocytes together with 

H1. Histone H1° is present in mammalian tissues in addition to 

H1, and its level correlates with low rates of cell division 

(8) . It seems to be a molecular hybrid between Hl and H5. 

Histone <1>1 is a special form of H1 found in echinoderm sperm. 

It is longer than calf H1 and contains more arginine (9). In 

mollusks, the H1 appears to be the same size or even larger than 

calf Hl, whereas in the sea worm P. dumerilii the H1 is 35% 

shorter than calf Hl (10). Certain mollusks and sea worms 

contain protamine-like proteins in addition toH1 (and the usual 

range of core histones) (11). 
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STRUCTURE OF HISTONE H1 

H1 Seguences 

Despite these differences in length and composition, there 
is a high degree of sequence similarity among the H1-family 
members and there can be no doubt that they all play a closely 
related role in chromatin structure. Figure 1 shows a compari
son of sequences aligned for maximum sequence similarity. It is 
immediately apparent that there is a high degree of conservation 
is the central region of the molecules; that is, between the 
dotted lines. To the N-terminus of this is a domain of very 
variable length (from 4 to 39 residues) that is very basic and 
contains essentially no large hydrophobics and much proline. In 
certain cases, the very N-terminus is somewhat acidic. To the 
C-termina1 side of the conserved domain is a long stretch of 

NHT 0 S PIP A PAP A A K P K R A RAP R III P A:S tI 
NHT E S LV L SPA P A K P KROV K A S R RlS A:S H 

AcNS E A P A ETA A PAP A E K SPA KKK K A A K K P GAG A A K R K A:A G 
AcNS E A P A ETA A PAP A P K SPA K T P V K A A KKK K P A GAR ¥ A:S G 
AcNA E V A PAP A A A A P A K A P KKK A A A K P K K T:S G 
AcN P G S P 0 K R A ASP R K S P R K S P K K S P R K A S ASP R R K A K RiA R A S:T H 
?NT 0 T A K K V TO K K P T A:A H 

PTYSEMIAAAIRADKSRGGSSROSIOKYVKS HYKVGOHADLOI 
PTYSEMI AAA I RAEKSRGGSSROS I OKY I KS HYKVGHNADLOI 
PPVSELITKAVAASKERNGLSLAALKKALAAGGYDV EKNNSRI 
PPVSELITKAVAASKERSGVSLAALKKALAAAGYDV EKNNSRI 
PAVGELAGKAVAASKERSGVSLAALKKSLAAGGYDV EKNNSRV 
PPVLEMVOAAITAMKERKGSSAAKIKSYMAA NYRVDMNVLAPH 
PPAAEMVTTA I KELKERKGSSROA I ANYI KA HFDVE I DOOLVF 

K L A I R R L L T T G V L K 0 T K G V GAS G S F R L A K: G 0 ilia K R SPA 
KLSIRRLLAAGVLKOTKGVGAGSSFRLA~ SD~KRSP 
K L G L K S L V S K G T L VET K G T GAS G S F K L 0 K:K A A S G E A K P K P 
K L G L K S LV S K G T LV E T KG T GAS G SF K L NK:K A A T G E A K P K~ A 
KI AVKSLVTKGTLVETKGTGASGSFKLNK:KAV E AK A 

V R R A L R N G V A S GAL K 0 V T G T GAS G R F R V G : A V A KiP K K A 
I K K A L R S G V A KG T L V 0 T KG T GAS G S I K L +102.RESIDUES T 

G R KKK K K A ARK S +74 RESIDUES H8 ClOO •• • 1I.,rHIIOC.,r. 
G KKK A K +74 RESIDUES H8 CHIC".. .1I.,rHIIOC.,r. 

K K A G A A K P K K P A G+83RESIDUES H1 IIA •• ,r IlIrL :11 H1/5 
K K A G A A K+90 RESIDUES H1 CAL,. ICrL " 
K K A A A P K A K K V A A+72RESIDUES H1 rllour r •• r •• 

K K·T S A A A K A K K A-1I3 RESIDUES H1 •• A UIICHI •• ~.II.'P.A.1 
H1 •• A UIleHI •••• 11.,0' ..... 1 

Figure 1. Sequences of H1-fami1y molecules aligned for maximum 
similarity. Bold arrows indicate the limit of the 
'hard-to-digest' tryptic products from calf H1, 
chicken H5, and sea urchin sperm $1 (H1). Dotted 
lines represent the limits of the conserved sequence 
region. Sources of the sequences can be found in 
reference 14. 
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residues (from 60 to 200 amino acids in length, but typically 

about 100) that is largely lysine, proline, and alanine. In 

some species there are significant quantities of serine and 

arginine, e.g., in H5 and ~1. Neither the N- nor the C-termina1 

domain has a composition expected of folded protein, whereas the 

central domain does. 

H1 Conformation 

Trypsin digestion has been used to study the conformation 

of H1-fami1y molecules in solution. Such experiments confirm 

the 3-domain structure conjectured on the basis of sequence. At 

the very earliest times of trypsin digestion very many cuts are 

made in the H1 chain and the molecule is degraded rapidly to a 

resistant fragment of about 80 residues (12). The bold arrows 

in Figure 1 show the limits of this "hard-to-digest" region for 

chicken H5, calf H5, and sea urchin sperm ~1 (H1). The limit 

fragments correspond closely to the conserved central domain. 

It is concluded that in free solution the central domain is a 

folded globule whereas the flanking domains are disordered. If 

nuclei (chromatin) are digested with trypsin (13, 14), the same 

limit product is produced from the H1 molecules and so it is 

assumed, as a working hypothesis, that the 3-domain structure is 

also to be found in chromatin. The flanking domains cannot of 

course be disordered in chromatin. More likely they are in an 

extended, unfolded conformation and thus particularly suscep

tible to protease attack. 

Physical studies of the excised central domain indeed show 

it to be folded: CD and NMR indicate that the secondary and 

tertiary structure of intact H1 is preserved in the central 

fragment (12, 15, 16). Scanning calorimetry shows that the 

molar enthalpy of denaturation of the fragment and of intact H1 

are the same, i. e., that all the folded conformation is con

tained within the limit fragment (17). Low-angle scattering 

studies show that the fragment from H5 (GH5) is close to spher-
• 0 

ica1 and has a dl.ameter of about 29 A (15). Its frictional 

ratio is within the range found for "spherical" globular pro

teins whereas intact H1 has a frictional ratio of "'2.0 (12). 

Figure 2 shows a diagrarmnatic representation of the 3-domain 

structure of the H1-fami1y molecules. 
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HISTONE H1 

1 213 
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- NH1----GH1--------CH1 --------

Figure 2. The 3-domain structure of HI-family molecules. 

HISTONE HI IN CHROMATIN 

Stoichiometry 

A recent examination of this problem using a radiolabelled 
lysine-specific reagent concluded that there is close to 
1 molecule of HI per nucleosome in several mannnalian somatic 
cell types, whereas in chicken erythrocyte chromatin there are 
0.4 moles of HI and 0.9 moles of H5 per nucleosome (18). HI/HI 
crosslinking in rat liver nucleosomes is also consistent with 
1 mole of Hl/nucleosome (19). A single copy of HI per nucleo
some can readily be acconnnodated in a number of models of 
chromatin structure (see below) but non-integral numbers present 
problems for which there is no obvious solution at present, 
particularly since HI and H5 have been shown to be interspersed 
in chicken chromatin (20). 

HI Location 

A characteristic feature of native chromatin is that when 
micrococcal nuclease digests down from mono somes to core parti
cles, there is a pause at 168 bp (21). The digested chromatin 
is never fully in this form since there is always a considerable 
amount of 146 bp core-particle-Iength DNA also present. The 
difference between 168 bp and 146 bp is an extension of ~10 bp 
at each end of the core particle (22). However, prior removal 
of HI totally removes this pause at 168 bp, which is thus a 
characteristic of the presence of HI. If HI-depleted chromatin 
is reconstituted with just the globular domain of HI that lacks 
the two terminal domains, the 168 bp pause is still observed 
(14). It was, therefore, proposed that the globular domain is 
located between the two extra 10 bp DNA extensions beyond the 
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core particle that, together with H1, represent the 168 bp 
"chromatosome" (see Figure 3). Such a symmetrical location 
should seal the core particle and help define the exit angles of 
the DNA. The binding pocket provided by the exiting DNA strands 
has a width close to that of the DNA superhelix pitch in the 
core particle, i.e., 28 A, and so could accommodate the Hl glob
ular domain very well. In this model of Hl binding to chromatin 
it is the globular domain which is responsible for defining the 
exact location of Hl in the nucleosome. Other possible loca
tions of Hl can be envisaged that preserve the stoichiometry of 
one Hl/nucleosome. Two such are shown in Figure 4. In both of 
these, each globular domain is in contact with 2 stretches of 10 
bp core particle extensions, but these are on two different 
nucleosomes and not on the same nucleosome as in Figure 3. 

The globular domain alone is not able to condense chromatin 
to the extent found for intact Hl (14), so the flanking domains 
must play this role. Histone/DNA crosslinking indicates that 
while there is a strong contact between Hl and the ends of chro
matosome-length DNA, there is also weaker contact over the whole 
length of this 170 bp DNA (23). This could mean that the Hl 
flanking domains are wrapped around their "own" core particle. 

Figure 3. Proposed model for the location of the globular 
domain of Hl-family molecules in a cage formed by two 
10 bp DNA extensions to the core particle (-7 to -8 
and +7 to +8). A third contact is with site O. 
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Figure 4. Two possible locations of the globular domain of H1 
family molecules that maintain a stoichiometry of 1 
H1/nuc1eosome. 

H1/H1 protein cross1inking shows that H1s are readily polymer

ized and that this cross1inking does not disappear at low ionic 

strength when the chromatin is presumably extended to a beads

on-a-string structure (19). This suggests that H1 molecules are 

able to bridge between nuc1eosomes, i. e., stretch across the 

linker DNA. The cross1inks would, therefore, be expected to 

reside in the N- and C-f1anking domains. Analysis of the posi
tions of these H1-H1 cross1inks relative to Phe 106 shows that 
C-C cross1inks are very common, implying close proximity of C

domains (24, 25). Whether the globular domains are in close 
proximity has not yet been defined by cross1inking. 

If the H1 molecule spans between nuc1eosomes, a model of 

the type shown in Figure 5 can be envisaged. This is drawn with 
fully extended N- and C-domains for an H1 such as that from calf 
thymus, i. e., 1 residue/DNA base pair (3.4 A), a C-domain of 

"'100 residues, and an N-domain of 35 residues. The function of 
the two "arms" of H1 would therefore be to neutralize the nega

tive charge over a large region of the DNA and so act as a 
"cationic glue" to allow close approach of nuc1eosomes. This 
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might be achieved by the C-domain acting to compact the linker 

DNA between adjacent chromatosomes. 

The Supercoil 

Chromatin higher order structure appears to be a cylinder 

of diameter ~35 nm (26). The most attractive hypothesis is that 
this is a superhe1ix of ~7 nuc1eosomes/turn with a pitch of 
~11 nm (3). Several lines of evidence indicate that the nuc1eo
somes are fairly upright and have their 2-fo1d axes arranged 

radially with respect to the superhe1ix and not tangentially 
(26, 27). In such a model important questions are: 1) whether 
the nuc1eosomes are all identically arranged or are alternately 
arranged, and 2) whether the H1 molecules are located exter

nally or internally. Ease of H1 removal and susceptibility to 
proteolysis might be taken to imply external location, but since 
the first stages of either of these processes would result in 

complete opening up of the superhe1ix, location cannot be 
defined from such considerations. Recent observations on essen
tially 1inker1ess chromatin from neuronal nuclei (overall repeat 
~165 bp) containing about 0.4 H1s per nuc1eosome, suggest that a 

superhe1ix of fairly normal dimensions can be formed by such 
chromatin (28, 29). If such a structure were uniform and uni
versa1, it excludes a 180 0 alternation of adj acent nuc1eosomes 
since this requires a considerable length of linker DNA. It 

Figure 5. A possible mode of binding of histone H1 spanning 2 
nuc1eosomes. Approximate sites of phosphorylation 
are indicated by par. 
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also excludes a model in which all the HI molecules (i.e., the 
site 0 end of the core particle) are uniformly on the periphery 
of the superhelix, since again linker DNA is needed to bridge 
between adjacent nucleosomes. The only model tenable on these 
results is one in which all nucleosomes have their "site 0 ends" 
and HIs to the center of the superhelix. Only then is it 
possible to envisage a linkerless chromatin with a "normal" 35 
nm superhelix. In such a structure where significant lengths 
of linker DNA are present, these would have to be packed by some 
mechanism up the center of the superhelix. The density of 
negative charge so created would need neutralization and this 
could be the function of the flanking domains of HI. As seen 
from Figure 4, there seems no reason why the negative charge on 
the outside of the supercoil needs to be neutralized since the 
nucleosomes are well separated at this radius. HI could there
fore be centrally located in the supercoil, albeit not folded as 
a single globule located at a single site, but broadly located 
so as to neutralize linker DNA charge. 
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INTRODUCTION 

In the presence of histones of the HI family, an increase 
in salt concentration to the region of 60-140 mM NaCl leads to 
a folding of 10 nm filaments of nuc1eosomes (which exist at 
1-10 mM NaCl) into "thick" fibers of "'30 nm diameter (1). It is 
this folding -- the next order above that of the nucleosome 
that we refer to as "second order chromatin structure." The 
second order structure is not uniform. At the level of the core 
particle (146 bp of DNA and the core histones), there is clearly 
a unique structure, although even at this level modifications of 
his tones (and possibly DNA) may influence the higher order 
structure. Variability is found above the level of the core 
particles among chromatins from different sources. For example, 
species specific and cell-type specific differences in linker 
DNA length are observed: the nuc1eosoma1 repeat lengths re
ported vary from 154 base pairs in Aspergillus (2) up to 

248 base pairs for sea urchin sperm (3). Most chroma tins have 
repeat lengths between 180 and 210 base pairs. Also, differ
ences are observed in HI stoichiometry and the occurrence of 

different H1 sUbtypes and post-synthetical modifications (4). 
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These sorts of variability can be expected to introduce varia

tion into the second order organization of chromatin. 

ELECTRON MICROSCOPY STUDIES 

There seems to be widespread agreement to consider the 

nominal 30 nm fiber as the folded second order structure of 

chromatin. However, the internal structure and overall organi

zation of this fiber have not been determined with any cer

tainty. Electron micrographs were the first and major source of 

inspiration for the proposal of "thick-fiber" models. They have 

led to two conflicting schools of thought: one that proposed 

continuously coiled (solenoidal) structures, and the other that 

favored a discontinuous structure (in the form of superbeads) 

along the fiber's length. 

Early studies on filaments spread from lysed nuclei estab

lished the existence of "thin" 10 nm and "thick" 25 nm fibers 

(5). The thin fiber was observed in the presence of che1ating 

agents. Systematic analysis of thin sections of nuclei led 

Davies et a1. (6) to the concept of a "superunit thread" of 

25-30 nm. This was manifested as a "dots and dashes" pattern 

(transverse and longitudinal regions) in thin sections stained 

with uranyl-lead. Most interestingly, one should not forget the 

systematic presence in these studies of a 17 nm region that 

stained densely with DNA-specific stains. This 17 nm region may 

be related to the details of DNA organization within the 30 nm 

fiber. More recently (i.e., since the recognition of nuc1eo

somes), Davies et a1. (7) have extended their findings, origi

nally made on erythrob1asts, to a variety of different tissues 

and interpreted their pictures as sections through a helical 

array of nuc1eosomes. Finch and K1ug (8), on the basis of 

freeze-etched and negatively stained images of po1ynuc1eosome 

fragments (in 0 . 1 mM Mg ++), proposed a similar, solenoidal 

arrangement of nuc1eosomes and specified ~6 nuc1eosomes/turn and 

a pitch of ~11 nm. The latter figure would explain the systema

tic presence of a 11 nm reflection in fiber diffraction studies 

discussed below. 
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Thoma et al. (1) performed a systematic electron micro
scopic analysis of the condensation of polynucleosomes obtained 

by DNA cleavage with micrococcal nuclease. They continuously 
increased the salt concentrations from ~l roM up to ~100 roM NaCl. 

The fibers folded with what seemed to be an increasing number of 

nucleosomes, up to 6-8 nucleosomes per turn, and a nearly 

constant pitch. Their homogeneously coiled model, based on 

electron microscopic observations, allows for solenoidal struc
tures which are both regular and not perfectly regular. Thus, 

it can accommodate the linker length variation and the flexi

bility expected of a chromatin fiber. Handling of samples for 

electron microscopic visualization certainly can increase any 

pre-existing irregularity, or a fluctuating structure might be 
trapped during fixation (see below) . 

Several electron microscopy studies have led to the concept 

of the organization of nucleosomes into discrete-sized clusters 
termed "superbeads" (9, 10) or "nucleomers" (11). In. their 
studies, Davies et al. (6) had observed large chromatin granules 
in thin sections of embedded intact nuclei, and Franke's group 

has described the particularly striking arrangement of 18-26 nm 

granules in cordlike threads in the peripheral chromatin adj a-

cent to nuclear membranes (10). These fibers have a knobby 
appearance and can also be seen upon lysis of nuclei from dif

ferent sources. These authors associate their fibers with 
globular arrangements of nucleosomes along the thick fiber. 

More recently, they described clear differences of higher order 
chromatin organization among different cell types (12). 

There is a variety of possible artifacts in the preparation 
of the especially fragile chromatin fiber for electron micro

scopy, and there is a tendency to rely too much on individual 
images. It is necessary, therefore, to collect complementary 
biochemical and physico-chemical information on chromatin in 
solution. 

NUCLEASE DIGESTION STUDIES 

Discrete structures of higher order chromatin can be pro

duced by partial nuclease digestion. However, the particles 
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produced in this way and the procedures used to generate them 
differ widely among laboratories and there is considerable con
fusion about the significance of particular particles. For 
instance, one should strictly distinguish reports (13, 14) of a 
series of discrete nucleosome multimers from reports (12, lS, 
16, 17, 18, 19) of a single distribution of polynucleosomes 
clustered around one "stable peak" (Figure 1). By "stable peak" 
we mean that the peak position of the polynucleosomes' distribu
tion persistently migrates to the same position in sucrose 
gradients containing sufficient NaCl ("'60-140 roM) to conserve 
the higher order structure. 

A particle series from monomer multinucleosomes up to 
trimer, produced by nuclease digestion of nuclei (13, 14), was 
taken as strong evidence in favor of the existence of "super
beads." We still keep our earlier position (20), as confirmed 
by the work of Walker et a1. (21), that the multiple maxima 
observed in these sucrose gradient separations result from an 

Figure 1. 
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Sedimentation profiles of chromatin solubilized from 
chicken erythrocytes nuclei (2xlO 9/ml) by digestion 
with micrococcal nuclease (lSO u/ml) for lS sec; 30 
sec; 1; 2.S; S; 7.S; 10; and l2.S min (profiles 1 to 
8, respectively). All sucrose gradients contained 80 
roM NaCl. Mononucleosomes sediment at the position of 
the peak at the left end of the profiles. The peak 
in the middle of the sedimentation profile is 
referred to as the "stable peak." 



isolation of RNP particles comigrating with a continuous DNP 
profile. Indeed, in one of the superbead papers it was stated 
that observations were "obfuscated by contaminating RNP's" (15). 

In more recent worR, Strat1ing and K1ingho1z described a 
quite different mu1tinuc1eosoma1 entity in digests of rat liver 
chromatin. This took the form of a distribution of po1ynuc-
1eosome particles around a single stable peak (15) at the 
position of migration of intact 12-mers. Ruiz-Carri110 et a1. 
(16) described a simq.ar observation for chicken erythrocyte 
chromatin digests. Here the maximum occurred around the 25-mer 
position. Such distributions of particles, observed as we have 
said in sucrose gradients containing appropriate salt concentra
tions (60-140 mM), are produced early in digestion when little 
or no mononuc1eosomes have yet formed (Figure 1, profiles 2 and 
3). Later in digestion, the bulk of the total chromatin can be 
solubilized into this sort of distribution (Figure 1, profile 
4). Such a distribution about a stable peak does not even 
require intact DNA: the DNA may be internally nicked and cut, 
and protein-protein and/or protein-DNA contacts must hold the 
structure together (15, 18, 25). This indicates that the struc
tures are not actually resistant to the action of the nuclease, 
but are resistant against unfolding at near physiological salt 
conditions (15). Moreover, the whole phenomenon is not nuclease 
specific: micrococcal nuclease, Ca-Mg dependent rat liver endo
nuclease, and DNase I digestions of chicken erythrocyte nuclei 
produce the same result. 

In sucrose gradients at low ionic strength, the we11-
defined distribution falls apart and a continuous distribution 
of slower sedimenting fragments is observed with further diges
tion. The formation of particles in the well-defined distribu
tion is clearly reversible: dialysis into buffers containing 
5 mM NaC1 and back into 80 mM NaC1 quantitatively reforms the 
same distribution in sucrose gradient sedimentation. To our 
surprise, dialysis into 600 mM NaC1 and back into 80 mM NaC1 
also reformed the distribution on sedimentation (25). 
however, was not quantitative for long digestion times.) 

(This, 

Recently, Zentgraf and Franke (12) further extended the 
results to other cell types and compared differences in knobby 
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fiber diameters and large granules, as observed by electron 

microscopy, with differences in position of migration of the 

"stable peak" in gradients: sea urchin spermatozoa gave rise to 

260 S particles containing ~48 nucleosomes and arise from 48 nm 

knobby fibers and chicken erythrocyte nuclei gave lOS S for ~20 

nucleosomes from 36 nm threads. This variability in sizes for 

these structures has been criticized (22), but we feel one 

should not be surprised by it. Differences in linker length and 

HI stoichiometry clearly exist (23), and these could account for 

the variability. 

Some authors have claimed that a massive rearrangement of 

Hl/HS his tones is required to produce the fast sedimenting chro

matin peak. Indeed, in an earlier report, Jorcano et al. (24) 

showed that upon prolonged digestion, when large quantities of 

mononucleosomes had been formed, a peak of up to 120 S developed 

in gradients containing 30 roM NaGl. These 120 S particles 

indeed required a massive accumulation of Hl/HS in order to be 

observed at this relatively low salt concentration. However, 

there is no observable accumulation of Hl/HS in similar "stable 

peak" structures obtained from early nuclease digestions (2S). 

Independent of this, the data of Jorcano et al. (24) remain 

quite remarkable and seem to indicate that, in different ionic 

conditions, oligonucleosomes in the presence of Hl/HS are able 

to reassemble into similar higher order structures. 

More recent experiments in our laboratory have strengthened 

this idea. Oligonucleosome fractions of defined length isolated 

from sucrose gradients in low salt (S mM NaGl, in which the 

particles do not lose any HI or HS upon centrifugation (26)) 

reassociate into multimeric aggregates when redialyzed into 

80 mM NaGl and re-analysed in 80 roM NaGl containing sucrose 

gradients (Figure 2). This figure clearly shows that several 

oligonucleosomal fractions differing in length from about 6 

(profile 1) to 12 nucleosomes (profile 3) reassemble into a 

limit series of multimeric higher order chromatin structures. A 

fraction containing an average nucleosomal length of 2S-mers did 

not aggregate into larger structures under similar conditions 

(profile 4). The existence of an assembly barrier around 2S 

nucleosomes could be inferred from these experiments, since we 

failed under any condition to observe a soluble, larger assembly 
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Figure 2. Sedimentation profiles of oligonuc1eosoma1 fractions, 
obtained from sucrose gradient sedimentation at 
5 mM NaC1. The fractions have mean lengths of 6, 8, 
12, and 20 nuc1eosomes (profiles 1 to 4, respec
tively). The slower migrating peak (at the left end 
of the profiles) is the monomer peak, while the other 
peaks arise from the assembly of this monomer. Note 
that no assembly products with a nuc1eosoma1 content 
of more than ~24 nuc1eosomes are formed. 

product. Quantitative gel electrophoresis of the mu1timer 

limit-assembly products revealed a similar Hl/H5 stoichiometry 

to that obtained from a total nuclear chromatin extract (25). 
This indicates that the formation of multimeric assembly struc

tures at near physiological ionic strengths is not dependent on 
a massive accumulation of lysine-rich histones. 

In summary, our assembly experiments weaken the statement 

that the "stable peak" particles reflect a discontinuous stabil
ization of the native 30 nm fiber (15, 12). However, our 
results point toward the existence of an intrinsic property of 

oligonucleosomes to aggregate into more or less discrete multi

meric structures at approximately physiological ionic strengths. 
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DIFFRACTION STUDIES 

For 30 years it has been known that chromatin and even 
nuclei produce a "classic" series of reflections (27, 28). 
Since then, broad rings at ~ll, 5.5, 3.7, 2.7, and 2.1 nm (equi
valent d-spacing) have been consistently observed from chromatin 
of many different sources (29, 30, 31). It became clear (32,33) 
that the 11 nm ring observed by neutron diffraction moved pro
gressively to a spacing of ~8 nm as chromatin was dried in O2° 
and that the ring was present all the time during the drying 
procedure. The 11 nm ring behaves quite differently from the 
other rings in this respect.* 

In pulled fibers, the 11 nm ring is highly meridionally 
oriented. It was shown that this diffraction-peak orientation 
was not truly meridional but in the form of a cross giving 
slightly off-meridional orientation (34). This could be inter
preted in terms of a higher order arrangement of nucleosomes in 
the form of a flat helix which would give such a cross pattern. 
Tightening of the helix (to a smaller pitch) would explain the 
movement to 8 nm. This is entirely consistent with electron 
microscopy data of Finch and Klug (8); these data were taken 
from samples prepared only in 0.2 mM Mg++ conditions, which do 
not normally give a fully folded higher order chromatin struc
ture (37). No doubt the higher order folding occurred during 
the extreme conditions used in drying fibers for electron micro
scopy. 

For all chromatins and at all concentrations, the 3.5 nm 
ring remains fixed for neutron scattering in 65% O2°, when the 
DNA is contrast-matched. This is observed for dilute solutions 
of chromatin right up to dry chromatin (in a vacuum). Studies 

*When the drying procedure is in H20, there is a contrast 
variation phenomenon observed for neutron scattering (and 
for all drying experiments with X-ray diffraction). This 
results in a disappearance of the diffraction ring for 
chromatin at intermediate hydrations, e.g., equilibrated in 
~ 70% relative humidity. Many people have interpreted and, 
for some reason, still interpret this disappearance as a 
disappearance of structure (35) but we stress that the ring 
does not disappear for neutron scattering in O2°. Moreover, 
the contrast variation effect has been fully explained and 
is entirely consistent with many data using deuterated 
chromatin (32, 34, 36). 
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of nuc1eosome core particles by scattering methods (38, 39) show 
that this maximum arises due to the Fourier transform of the 
protein core of the core particle. Thus there is no effect of 
hydration on the hydrophobic regions of the octamer histone 
core. 

Scattering studies on core particles also give a clear in
sight into the origins of the 5.5 nm and 2.7 nm diffraction 
rings in po1ynuc1eosoma1 chromatin. These rings come from the 
the scattering contributions of the octamer core p~otein and the 
DNA of the core particle. For X-rays and neutrons, with samples 
in H20, a structure with lower scattering regions in the center 
(the protein) and higher scattering at the outside (the DNA) 
gives scattering patterns with just such diffraction rings (at 
5.5 and 2.7 nm). If we look at the effect at 48% D20 (the 
contrast match position for whole chromatin), we see the 5.5 nm 
ring move to the 7.0 nm ring observed in the internal structure 
of chromatin (38, 39, 40). Thus, we can explain the series of 
diffraction rings quite unambiguously. Changes in the 5.5 nm 
and 2. 7 nm rings observed by X-rays or neutrons upon drying 
chromatin in H20 are probably due to changes in DNA structure. 
The higher order structure simply tightens on drying chromatin 
and the octamer histone core does not change much. There is a 
change in DNA hydration and possibly in DNA conformation as the 
structure tightens. There is some enhancement of the ring at 
5.5 nm, probably due to a second order reflection of the 11 nm 
higher order diffraction peak. Enhancement of the 2.7 nm peak 
in chromatin is sometimes observed in over-stretched or sheared 
material due to portions of DNA which are pulled out and pack 
together as DNA fibers. 

Langmore and Paulson (35) have recently made a systematic 
analysis of the low-angle X-ray diffraction patterns of a wide 
range of materials: nuclei from many different cell types, 
metaphase chromosomes, and living chicken erythrocytes and 
lymphocytes. (Suitable background correction could be made for 
the whole cells.) A third type of reflection was systematically 
observed in erythrocytes centers around 40 nm. These authors 
interpret this as being due to periodical packing of thick 
fibers. This 40 nm ring moves to larger spacings upon removal 
of divalent ions, concomitant with disaggregation of fibers in 
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EM pictures. The other rings are completely unaltered upon this 

treatment. The 40 nm ring is the only one which differs among 

different sources: it is 31 nm in HeLa metaphase chromosomes, 

but 32-34 nm in lymphocytes. (Rat liver nuclei, containing 

nearly no chromocenters, do not show any such reflection at 

all.) 

This study proved the existence in vivo of 30-40 nm fibers 

(35), and thus validates dilute solution studies in vitro. This 

is very reassuring. Diameters in the range 30-35 nm were 

obtained from solution studies, and both peak positions and 

relative magnitudes resembled closely those observed from nuclei 

and cells. Another very important finding, which is discom

forting for electron microscopy work, was that low angle pat

terns from samples taken at different stages of the preparation 

procedure used for electron microscopy of erythrocytes (as 

described by Davies et al. (6, 7)) show that all reflections, 

except that at 40 nm, are abolished during the dehydration step 

(after fixation). From Langmore and Paulson's work (35) it is 

not quite clear, however, if this is due to the contrast effect 

described earlier. The 40 nm reflection shrinks to 31 nm, 

corresponding to the center to center spacing between fibers 

measured by these authors (35) and earlier by Davies et al. (6, 
7) from electron micrographs. 

One can therefore interpret diffraction from intact chroma

tin in fibers and gels, and -- now with Langmore and Paulson's 

recent work (35) -- in living cells. To proceed further it is 

necessary to cleave chromatin into fragments of 200 nucleosomes 

or less. ~his allows us to gain more information from solution 

scattering data and later from fibers. Parameters of the higher 

order coil can be obtained by cross-section analysis of solution 

scattering data from such polynucleosome chains. Such work has 

been reviewed recently (41). 

SCATTERING 

PARTICLES 

STUDIES ON NUCLEASE-RELEASED MULTINUCLEOSOMAL 

Recently, we compared the physico-chemical solution proper

ties of two types of supranucleosomal particles containing about 
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23 nuc1eosomes. 
around a "stable 
described above). 

The first type moves as a single distribution 
peak" position and contained cut DNA (as 

The second type was po1ynuc1eosomes with 
intact DNA of the same size. The second type of particle came 
from very light micrococcal nuclease digestions followed by suc
rose gradient centrifugation (with zonal rotors) in 5 mM NaC1. 
The low salt prevents H1/H5 redistribution (26, 42, 43). A 
sharp fraction corresponding to chains with 23 ± 2 nuc1eosomes 
(the length was taken from DNA gels) was used for further study, 
either as prepared or after overnight fixing in 0.1% glutar
aldehyde (1). The first preparation, containing cut DNA, was 
obtained from similar runs in sucrose gradients containing 
80 mM NaC1, but this material had been fixed in 0.1% glutar
aldehyde after release from the nuclei and before further 
fractionation. Fixation was carried out again to prevent H1/H5 

rearrangements or losses that occur upon centrifugation. The 
peak fraction from the resulting gradient profile was taken for 
further work. Hydrodynamic study of this fixed material led to 
a s~o,w value of 101 ± 2 S (44). (Compare the value of 105 S of 
Zentgraf and Franke (12) with similar material.) This, together 

o ( -7 2 with a D20 •W of 0.99 ± 0.02) x 10 cm Isec from photon cor-
relation spectroscopy measurements, led to a molecular weight 
equivalent to 25 nuc1eosomes. Independent determinations by 
neutron scattering produced a figure of 23 nuc1eosomes (45). 

A first and most important result from our scattering 
studies was that nearly identical scatter curves were obtained 
from all samples (i.e., from supranuc1eosoma1 particles 
either fixed or not fixed -- with intact DNA, and from particles 
aggregated from smaller oligonuc1eosomes). A comparison of 
theoretically predicted distance distribution functions with the 
experimentally derived ones allowed us to discard any model with 
spherical organization. Best fits were obtained with models 
having an overall cylindrical symmetry (Figure 3). (Both cylin
ders and solenoids of nuc1eosomes gave best fits.) An exercise 
in fitting models showed there was a rather sharp restriction in 
allowed diameter values. We also consistently observed that 
models lacking a central hole produced a better fit than did 
models with a hole. From a radius of gyration of 15.8 nm (ob
tained from the Guinier plots) and the assumption of a cylinder 
of about 30 nm diameter (which came from cross-section ana1-
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Our experiments show that intact 23-nuc1eosome chains fold 

in a way entirely consistent with the regular solenoidal model 

proposed from electron microscopy, fiber diffraction and cross

section analyses of solution scatter data. So far as we can 

tell at resolution of our data, the 23-nuc1eosome particles that 

have c leaved DNA (i. e., the mu1 timeric aggregates) form an 

identical structure. 

CONCLUSIONS 

Size-fractionation of mu1tinuc1eosomes produced by micro

coccal nuclease digestion of chicken erythrocyte chromatin has 

revealed a stable peak around 100 S (corresponding to 25 nuc1eo

somes) irrespective of the extent of digestion. Although one 

can obtain particles of this size (100 S) that contain intact 

DNA, particles of the same size can also be produced by sponta

neous reassociation of smaller 01igonuc1eosomes. The inter

pretation of this reassembly must be that in avian erythrocytes 

there is a preference to form stable higher order chromatin 

particles containing 25 nuc1eosomes. Identification of these 

stable higher order chromatin particles as a structural repeat 

unit of the 300 A fiber is, however, premature. Indeed, peaks 

at multiples of ~25 nuc1eosomes are never observed on a sucrose 

gradient and there is no evidence for a preferential DNA cleav

age by the nuclease at multiples of ~25 nuc1eosomes. We would 

rather favor the explanation that the 30 nm chromatin fiber is 

rather homogeneous but also has a fair amount of flexibility and 

that the superbeads observed on many electron micrographs find 

their origin in transient interruptions along the fiber axis. 

Fixation would generate mu1tinuc1eosoma1 structures corre

sponding to cross-linked neighboring turns of the higher order 

coil. The behavior of chromatin in solution, as studied by 

sedimentation, is that of a fluctuating coil, with transient 

gaps between neighboring turns, rather than that of a stiff, 

non-bending solenoid (48). 

Results of fiber diffraction and solution scattering from 

large mu1tinuc1eosome fragments (reviewed in 41), of electron 

microscopy (1, 8), and of scattering from nuclei indicate the 

existence of a coiled higher order chromatin structure with a 
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Figure 3. Comparison of the distance distribution function 
(D(u» for the ill.tact 23-mers (+ curve) with tb.e 
D(u) 's for a 171 A-radius sphere (solicl curve in A) 
and a solid cylinder of diameter 280 A and height 
400 A (solid curve in B). The dimensions of these 
models were chosen to match the most probable vector 
length for the 23-mers. The D(u)'s for these models 
were analytically calculated whereas the D(u) for the 
23-mers was derived by sine-Fourier transforming the 
X-ray scattered intensities. The data were extra
polated to zero-scattering angle using the G1}inier 
approximation method (radius of gyration = 156 A). 

yses) , a height of 40 nm was proposed (37,46,47). This agreed 
with the largest vector observed in the distance distribution 
function (48 nm). These proposed parameters would fit closely 
with the "classical" packing of nuc1eosomes in chicken erythro
cyte 30 nm fibers: 6 nuc1eosomes/turn, a packing ratio of 
0.55 nuc1eosomes/nm and an 11 nm pitch. 
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mass per unit length of 6-8 nucleosomes per nm and a diameter of 
~30-34 nm (the 30 nm fiber). Our solution scattering studies of 
nucleosomal (23 ±. 2) -mers in a folded conformation show well
defined particles with radius of gyration 15.8 nm and maximum 
cord length 48 nm. These cannot have nearly spherical shape. 
The scattering data are consistent with models in which the 
23-mers are considered as sections of the overall 30 nm fiber. 

We must remember that chromatin is by its very nature 
heterogeneous, due to variation in linker length, histone HI and 
non-histone protein contents, and histone modifications. Chro
matin is also a very delicate structure, easily subject to 
mechanical and biochemical distortions. Therefore one should 
not be surprized that different sources of chromatin have dif
ferent structures, which mayor may not conform to the general 
scheme. This may perhaps account for the absence of the 40 nm 
packing reflection observed from rat liver nuclei (35), in which 
little or no heterochromatin is observed in the electron micro
scope, as opposed to the chicken erythrocyte material, where we 
are mainly studying heterochromatin. 
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INTRODUCTION 

William C. Earnshaw 
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Baltimore, Maryland 21205 

Even though the study of mitotic chromosomes dates back to 
the 19th century, little is known about the details of chromo
some architecture and the mechanism of chromosome condensation 
at mitosis (for reviews see references 1 and 2). In this 
review, I will briefly describe the current models of chromosome 
architecture and subsequently examine the current status of the 
chromosome scaffold model in greater depth. 

Chromosome models are of two basic types: those which 
postulate the need of a non-histone scaffold for establishment 
and/or maintenance of the characteristic mitotic morphology; and 
those which hold that mitotic chromosome morphology is solely 
determined by properties of the nucleohistone fiber. 

NON-SCAFFOLD MODELS 

The Folded Fiber Model 

This model was proposed by DuPraw (3) based on observation 
of the chromatin fiber at the periphery of chromosomes prepared 
for electron microscopy by spreading on an aqueous surface and 
critical point drying. The model was extended to suggest that 
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the randomly coiled chromatin fiber could be supertwisted to 
give the whole chromatid a helical appearance (4). These 
packing patterns were assumed to arise from intrinsic properties 
of the chromatin fiber itself. 

This model is difficult to evaluate since even though the 
chromatin fiber does appear to be randomly folded in chromosomes 
prepared for electron microscopy in this way, the contribution 
of the specimen preparation procedure to this apparent disorder 
is unknown. In addition, specific banding patterns which are 
observed following a variety of treatments of mitotic chromo
somes (e.g., G-banding, Q-banding, R-banding; reviewed in 
reference 5) are difficult to explain if the folding of the 
chromatin fibers is truly random. 

Helical Models 

Knowledge that the DNA follows a helical path about the 
nuc1eosome (6), coupled with the observation that isolated chro
mosomes may readily be induced to adopt a macroscopic helical 
coiling (7-9) have led to the proposal of helical chromosome 
models (10-12). The first of these, the "unit fiber" model (10, 
11, 13-15), has been brought into question by recent results. 
This model proposed that the penultimate level of coiling of the 

• 
Figure 1. Early stages in "unit fiber" formation. Isolated 

HeLa chromosomes were subjected to shear by centri
fugation, aspiration of the supernatant, and vigorous 
vortexing of the pellet. The sample was then 
resuspended in RSB buffer (10 mM Tris-HC1 pH 7.4, 
10 mM NaC1, 5 mM MgC12 ) and processed for electron 
microscopy as described in detail for Figures 2 and 3 
of reference 16. This procedure involved swelling 
the chromosomes in solution in the presence of dilute 
EDTA, centrifugation onto an electron microscope 
grid, fixation with glutaraldehyde, and positive 
staining with phosphotungstic acid while wet. After 
drying, the particles were then shadowed with Pt:Pd. 
This sample contained many "unit fibers" where no 
chromatin loops were seen (not shown; see reference 
16) . These images suggest strongly that the "unit 
fiber" is substantially more dense than the chromatin 
in the undistorted chromatid arms, and give the 
impression that the fiber is formed by twisting the 
chromatin. The magnification bar indicates 1 micron. 

57 



chromatin fiber of mitotic chromosomes is into a "unit fiber" of 
diameter 4000 A. Thread-like structures (often seen in prepara
tions of mitotic chromosomes which have been exposed to shear) 
were proposed to be formed by unwinding of the chromatids to 
generate "unit fibers" (10, 11, 13, 14). 

Two observations suggest that these fibers are formed not 
by unwinding the chromatids, but as a result of a complex alter
ation of the chromatin packing. 1) When "unit fibers" are 
observed under conditions where intact chromosomes are expanded 
(so that radial chromatin loops are readily visible), the chro
matin of the fiber remains highly compacted (16). Therefore, 
the chromatin in the "unit fibers" is packed differently from 
the chromatin in intact chromosomes. 2) One mitotic chromosome 
(two sister chromatids) gives rise to a single fiber (Figure 1). 
Two views of early stages in the formation of a "unit fiber" are 
shown. These images sugges t that "unit fibers" are formed by a 
spinning out process, similar to twirling spaghetti around a 
fork. The explanation for why this transformation occurs is 
totally unknown. 

In addition to the above experimental results, certain 
theoretical calculations performed for the number 4 human chro
mosome have suggested that helical coiling cannot account for 
the packing of the chromatin fiber into structures of the ob
served size (17). Although data in support of strictly helical 
models are limited, it must be remembered that certain gentle 
treatments result in pronounced helical macrocoi1ing of the 
chromatids (8, 9). One possible explanation for this phenomenon 
is suggested below. 

SCAFFOLD MODELS 

The Radial Loop Model 

It has been known for many years that 1ampbrush chromosomes 
(transcriptionally active chromosomes found during the diplotene 
stage of meiotic prophase in oocytes of a number of species) are 
organized into an axial beaded (chromomeric) fiber with radially 
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projecting chromatin loops (18, 19). In recent years a wide 

variety of studies has suggested that the DNA of interphase, 

meiotic, and mitotic chromosomes is also constrained. into topo

logically closed loop domains, each of which contains 50-200 kb 

of DNA. 

The most comprehensive loop model for 

architecture was proposed as a result of 

Laemmli's laboratory (20-25). This model 

mitotic chromosome 

experiments from 

proposed that the 

shape of the mitotic chromosome is determined by a chromosomal 

substructure which consisted of non-histone proteins (21-23, 

25) . This structure, which was termed the "chromosome scaf

fold," was thought to contain the components responsible for 

binding the chromatin fiber into radial loops. Laemmli was not 

the first worker to propose the existence of either loops (26-

28) or a core structure within mitotic chromosomes (29-31). 

However, he was the first to obtain experimental evidence that 

such a scaffold structure might be responsible for maintenance 

of the loop architecture of mitotic chromosomes. 

A rather similar loop model for mitotic chromosomes has 

also been proposed by Comings (32). This model is based both on 

observation of histone-depleted mitotic chromosomes (28, 33-35) 

and on analogy with the chromomere/loop structure of lampbrush 

chromosomes (18, 19, 36). The model claims that the loops are 

tethered by nuclear matrix components (32), although no role is 

suggested for these components in determining higher order chro

mosome structure. In fact, the author later concluded that the 

chromosome scaffold was an artifact (37). 

A brief summary of these measured loop lengths is compiled 

in Table 1. The extent to which the numbers shown in the table 

represent accurate estimates for the size of chromatin domains 

in vivo is difficult to judge. It is striking that the values 

obtained depend significantly on the measurement method em

ployed. Even though nuclease digestion and electron microscopy 

measurements show an excellent agreement, there is no assurance 

that these numbers are intrinsically more trustworthy than the 

sedimentation values. If all values are included, the average 

size of a loop domain is calculated to be 144 + 75 kb. 
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TABLE 1. Domain sizes in mitotic chromosomes and interphase 
nuclei. 

MITOTIC/ AVERAGE DOMAIN METHOD SPECIES REF INTERPHASE SIZE (kb) 

M 70 electron microscopy human 20 
M 83 " " 16 
M 64 " " 24 
I 90 " mouse 38 
I 53 " " 39 

n + 13 

I 230 sedimentation yeast 40 
I 220 " human 41 
I 138 " " 41a 
I 323 " " -normal 42 
I 154 " " -trans. 42 

213 ± 66 

I 85 nuclease digestion Drosophila 43 
I 150 " rat liver 44 
I 34 (75 max.) " " 45 

M/I 62 " mouse 46 
I 80 " rat liver 47 
I 36 (80 max.) " chick 48 

75 ± 39 

I 100 DNase 1 sensitivity chick 49 

I 80 Topoisomerase 11- human 50 binding periodicity 

Recent experiments from Laemm1i's laboratory suggest that 
the loop positions are precisely defined by specific sequences 
located 5' from the promoter elements (51). These sequences 
presumably bind to one of the nuclear matrix proteins. Data 
were presented for the Drosophila histone and hsp70 (heat shock) 
loci. The histone genes were found in loops much smaller than 
those presented in Table 1 (4.8 - 5 kb), but the authors claim 
to have mapped much larger loops in Drosophila Kc cells around 
the rosy locus (51). 

It is important to note that the scaffo1d:1oop model is not 
incompatible with the chromosomal macrocoi1ing alluded to above 
(7-9) . Scaffold components might self-assemble into a helical 
structure along the chromosome axis. Each subunit of the scaf
fold helix would have attached to it a radially proj ecting 
chromatin loop. Recent micrographs of swollen helical chromo
somes support the idea that radial chromatin loops project 
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outwards from a helical chromatid axis (Figure 2) (Rattner and 
Lin, Cell, in press). 

ASSESSMENT OF THE SCAFFOLD MODEL 

~ Warning: Methodological Differences Are Significant 

The nuclear matrix-chromosome scaffold field has been 
plagued by the conflicting results obtained by different labora
tories. This variation is likely to be influenced by three 
factors -- cell type under study, chromosome isolation procedure 
used, and the method used to prepare scaffolds. 

Chromosomes used for studies of scaffolds have generally 
been isolated from Chinese hamster or HeLa cells, often with 
different results. To my knowledge, the methods developed by 

Figure 2. Loops projecting from a "spiralized" HeLa chromosome. 
This chromosome was found by chance in a sample pre
pared as in Figure I (except that the shear step was 
avoided). The magnification bar indicates I micron. 
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Laemmli for the isolation of chromosomes and chromosome scaf

folds from HeLa cells (25) have not yet been applied to Chinese 

hamster material in a systematic way. 

Chromosomes must be kept condensed during isolation in 
order to prevent damage caused by shear during cell lysis and 
centrifugation steps. The experimental conditions generally 
employed include: exposure to Ca++ and hexylene glycol (25, 52, 

++ 53); exposure to Mg or NaCl concentrations sufficient to con-

dense isolated interphase chromatin (25, 54-57); and exposure to 
a combination of chelating agents and polyamines (25, 53, 55, 

58) . The latter method has the advantage that it minimizes 
endogenous nuclease digestion of the DNA, but the disadvantage 

that the chelating agents may disrupt certain aspects of chromo

some structure (59). A useful study of the effect of various 

solution conditions on mitotic chromosome morphology is found in 

reference 60. 

Finally, chromosome scaffolds may be 

nuclease digestion of isolated chromosomes 

isolated following 

by extraction of 

chromosomal proteins at either high (2 M NaCl) or low (dextran 

sulfate:heparin) ionic strength (21, 22, 25). For chromosomes 
prepared by a given method, the method used for scaffold produc
tion generally has no effect on the protein composition of the 

scaffold (21, 22, 25), though it does have a profound effect on 

scaffold morphology (16). 

In practice, we have found that if chromosomes are isolated 
from such diverse species as 
methods, scaffolds isolated 

compositions (61). 

man and chicken using comparable 
from them have similar protein 

Objections to the Scaffold Model 

The significance of the scaffold proteins in governing 

mitotic chromosome architecture in vivo has been questioned for 
a number of reasons. A brief discussion of the major objections 

follows. 

1) The scaffold has not generally been visualized directly 
in intact chromosomes (37, 62). The low mass of the scaffold 
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relative to that of the rest of the chromosome (less than 3%) 
(25) may partly explain this difficulty. However, under appro
priate conditions putative scaffold components may be visualized 
in swollen chromosomes (16). In any case, recent studies using 
antibodies directed against a number of major scaffold proteins 
have permitted localization of these proteins along the axes of 
swollen chromosomes (79, 63). 

2) Since the chromosome scaffold consists of the most 
insoluble protein components associated with mitotic chromo
somes, it is possible that some of the scaffold proteins might 
derive from cytoske1eta1 contamination (25). In fact, vimentin 
has been found to be a major component of CHO metaphase scaf
folds (57). However, one major chicken scaffold protein, 
characterized in detail, has been shown to be located solely in 
the nucleus of interphase cells (61). 

3) Since scaffolds are often isolated following extraction 
of nuclease-digested chromosomes with 2 M NaC1, it has been 
suggested that the scaffold might be composed of a random set of 
proteins which precipitate when exposed to high ionic strength 
during the 2 M NaC1 extraction step (36, 64). However, scaf
folds may also be produced at an ionic strength equivalent to 
20 mM NaC1 (with the po1yanion extraction method) (16). In 
fact, the po1yanion extraction is inhibited by as little as 
25-50 mM NaC1 (Earnshaw and Laemm1i, unpublished observation). 
Furthermore, it is now possible to produce scaffolds of a 
strictly defined and limited protein composition, suggesting 
that random precipitation models are incorrect (16, 25, 61). 
Finally, recent data indicate that at least one major scaffold 
protein is recovered in scaffolds with high efficiency (ca. 70%) 
(61). This would not be expected if the scaffold consists of a 
random subset of nuclear proteins. These points have previously 
been discussed at length (16, 25, 61, 65). 

Scaffold Stabilization and the Question of Scaffold Integrity 

It has been reported that the scaffold is stabilized by 
specific metalloprotein interactions involving Cu ++ (25). An 
alternative explanation of these results is that the Cu++ effect 
is actually due to oxidation of scaffold components rather than 
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specific meta110protein interactions (J. Van Ness, personal 
communication; also see reference 66). This hypothesis has been 
the subject of a recent careful study (66a). 

An alternative procedure for scaffold stabilization was 
found to be treatment of chromosomes with Ca++ at 37° for 10 min 
(25). If this treatment was done at 4°, no stabilization of the 
scaffold occurred. We have recently found, however, that the 
Ca ++ can be omitted, provided that the 37 ° incubation is re
tained (Earnshaw, Heck, and Cooke, unpublished results). A 
similar finding was recently reported for the isolation of nuc
lear matrix (51). This again suggests some non-specific mecha
nism, such as oxidation, rather than a Ca ++ -specific effect. 
Whatever the explanation, it appears that if chromosomes are 
isolated by the polyamine procedure (25, 58), the scaffolds must 
be stabilized or else they are destroyed during the extraction. 

Two considerations arise: 

1) When confronted with a given chromosome isolation pro
cedure, one must ask if the procedure contains steps which 
either fortuitously or intentionally cause stabilization of the 
scaffold. 

2) The scaffold may be a diffuse or disconnected protein 
network which does not possess structural integrity throughout 
the entire chromosome in the unstabi1ized (unoxidized?) state. 
However, the scaffold is composed of specific proteins which are 
closely enough associated that they can be readily crosslinked 
into a structure which has the size and shape of an intact chro
mosome. Thus, the scaffold may be more analogous to the many 
discrete spot welds which hold the components of an electric 
circuit in place than to the solid chassis on which the whole is 
mounted. 

Several recent experiments have used a variety of disrup

tive treatments to claim that non-histone proteins serve no role 
in stabilization of chromosome structure (67-69). The observa
tion that the scaffold proteins may function at many discrete 
sites rather than as a solid backbone for the chromosome means 

that these experiments will need to be re-interpreted. 
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RECENT ADVANCES IN THE STUDY OF CHROMOSOME SCAFFOLDS 

During the past several years, research in several labora
tories has focused on attempts to observe scaffold components in 
intact mitotic chromosomes. The first apparent successes in 
this area were achieved using cytological silver-staining proce
dures which specifically label the proteinaceous backbone of the 
synaptonema1 complex during meiotic prophase (70-72). When 
applied to mitotic chromosomes, this technique revealed the 
existence of a silver-binding "core" region along the chromatid 
axis (73-76). It was proposed that this axial binding was an 
artifactua1 consequence of elevated chromatin concentrations 
along the chromatid axis (75-77), but it has recently been shown 
that some as yet unidentified component(s) of the isolated 
mitotic chromosome scaffold is intensely stained with silver 
under these conditions (65). 

Conditions used for silver-staining are harsh, involving 
pretreatment of the chromosomes with 2.9 M AgC1 2 at elevated 
temperatures (65). In addition, the silver binding· components 
have not as yet been identified. We have therefore adopted an 
immunological approach to study of the chromosome scaffold. 

Lewis and Laemm1i (25) showed that isolated HeLa chromosome 
scaffolds contained large amounts of two high molecular weight 
proteins, Sc-1 (Mr = 170 kd) and Sc-2 (Mr = 135 kd). Antibodies 
directed against Sc-l from human (63) and chicken (61) chromo
some scaffolds have recently been obtained, and it has been 
shown that chicken Sc-l is topoisomerase II (61), an abundant 
nuclear enzyme which alters the linking number of covalently 
closed DNA through the transient introduction of protein-linked 
double-stranded DNA breaks. (For a review of topoisomerase II 
see reference 78). The identification of chicken Sc-l as topo
isomerase II involved comparison of the binding of independently 
prepared anti-chicken Sc-1 and anti-bovine topoisomerase II 
antibodies to a series of peptide fragments produced by degrada
tion of the scaffold protein by an endogenous protease (61). 
This result was confirmed by showing that the anti-scaffold 
antibody inhibited topoisomerase II activity in extracts 
prepared from isolated mitotic chromosomes (61). In other 
experiments, it has been shown that topoisomerase II of chicken 
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mitotic chromosomes is found along the chromatid axis and is not 

bound to the chromatin of the radial loops (79). This is in 

contrast with the distribution of DNA, HMG-17, and topoisomerase 

I, all of which were found in the loops (79). The implication 

of these results is that topoisomerase II is bound at the base 

of the radial chromatin loops in mitotic chromosomes. 

THE FUNCTION OF SCAFFOLD COMPONENTS DURING INTERPHASE 

While the loop model provides a convenient framework for 

understanding the structure and condensation of mitotic chromo

somes, most interest on loop domains centers on interphase 

nuclei where the processes of replication, transcription, and 

recombination occur. A direct correlation between loop sizes 

and the length of replicons for several species has led to the 

proposal that each loop defines a single replicon (44, 47, 80, 

81). Likewise, the role of closed domains in control of tran

scription has recently been discussed (49, 82-85). Clearly the 

presence of topoisomerase II as an integral part of the loop 

domain is of great significance for the above models. 

Recent experiments have suggested that DNA supercoiling is 

required to activate certain promotors in microinjected frog 

oocytes (85). It has been suggested that the oocyte transcribes 

only DNA molecules which are kept under superhelical strain 

through the action of a novobiocin-sensitive DNA gyrase (85). 

These "dynamic" chromatin molecules appear to be in a different 

chromatin conformation from that of bulk chromatin. The obvious 

candidate for the gyrase is topoisomerase II, although as iso

lated the eukaryotic enzyme shows no gyrase function (78). It 

is possible that this function is 

cation. Alternatively, Weintraub 

lost during enzyme purifi

(84) has suggested that 

transient superhelical strain might be induced in circular DNA 

molecule through brief dissociation of nulceosomes. 

What might superhelical strain accomplish? It is known 

that plasmids which are negatively supercoiled undergo the 

structural transition to left-handed Z-DNA if the appropriate 

alternating purine-pyrimidine sequences are present (86-88). 

This change might affect the activity of promotors by altering 
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DNA binding sites for either nuc1eosomes or regulatory proteins, 
or conversely, by altering the superhe1icity of the loop (which 
would become more relaxed). There has been as yet no clear 
implication of a functional role of Z-DNA in vivo, however. It 
is also possible that changes in superhe1icity might alter the 
DNA conformation at regulatory binding sites in some more subtle 
way. 

A second possible role for topoisomerase II in metaphase 
chromosomes is resolution of knots which result from DNA repli
cation. It has been shown that during SV40 replication, 
catenated dimers are generated, perhaps as a result of steric 
hindrance of topoisomerase I as the two converging replication 
complexes approach each other in formation of the so-called 
"last Cairns structure" (89, 90). These dimers are normally 
resolved quickly by a topoisomerase II activity in infected 
cells (90). Since eukaryotic rep1icons are also thought to be 
constrained into closed loop domains (see references in Table 
1), the enzyme may be required to resolve catenated structures 
formed during cellular replication as well. This model is 
consistent with the observed phenotype of yeast topoisomerase II 
mutants -- i.e., catenated dimers of 2 micron plasmid are pro
duced in S. cervisiae at restrictive temperature (91) and 
nuclear division is defective as an apparent result of failure 
of the chromosomes to separate (91). Similar results have also 
been obtained for ~. pombe (92) and!. coli (93). 

When chromosomes are examined by electron microscopy, the 
DNA of the two sister chromatids often appears intertwined. It 
has been proposed that unrep1icated satellite DNA sequences hold 
the sister chromatids together until anaphase, with separation 
being triggered by replication of these regions (94, 95). It 
seems equally likely, however, that the onset of anaphase is 
triggered by activation of centromere-associated topoisomerases 
which would only then resolve replication-induced knots, permit
ting sister chromatid separation (90). 

The enzyme might also function in pathways of recombina
tion, if sister chromatid exchange can be taken as a valid model 
for this process. The epipodophy110toxins VP-16 and VM-26 , 
which do not bind to DNA, interact directly with topoisomerase 
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II (50). These drugs cause a drastic increase in sister chroma
tid exchange (96). 

How would topoisomerase II function in sister chromatid 
exchange? The enzyme binds to DNA as a dimer (78). During the 
topoisomerization reaction the DNA is transiently cleaved by a 
mechanism which leaves it covalently bound to the enzyme. If, 
at this stage, subunit exchange occurred between topoisomerases 
on sister chromatids, then exchange would occur upon completion 
of the reaction. This mechanism requires that the sister chro
matids be held in exact register during the event, a constraint 
which might be more efficiently accomplished by making the 
enzyme part of the chromosome scaffold. 

The above model implies that sister chromatids must be 
tightly associated following replication. This is consistent 
with data which suggest that sister kinetochores become distinct 
from each other only in very late G2, immediately prior to pro
phase (97). 

IMPLICATIONS OF THE NEW RESULTS 

The results discussed above suggest that topoisomerase II 
defines a new class of nuclear proteins which are at the same 
time enzymatically active: structural proteins. Such proteins 
are not unknown, notable examples being myosin and dynein. The 
concept is a novel one when applied to chromatin structure, 
however. 

It is hoped that as other components of the scaffold are 
identified, the role of this structure in the establishment and 
maintenance of the condensed mitotic chromosome morphology will 
be explained. It is also hoped that these studies of mitotic 
chromosomes will yield insight into the function of chromatin 
domains in the interphase nucleus, where visualization of the 
structures has so far proven impossible. 
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INTRODUCTION 

Investigations in the field of gene regulation in eukar
yotes have identified several conserved sequences in and around 
genes. Such sequences are presumed, or have been demonstrated, 
to be important in promoting, terminating, or otherwise regula
ting gene transcription. (For examples see references 1-3 and 
the chapter by Wasylyk, this volume). Similarly, there has been 
a growing realization of the importance of the role of chromatin 
structure in gene expression (see reference 4 for an extensive 
review). Specifically, potentially transcribed genes have been 
shown to be preferentially sensitive to digestion by the enzyme 
deoxyribonuclease I (DNase I) (5), and to lie within large 
domains of chromatin containing 10-100 kilobase pairs of DNA 
that are more sensitive to this enzyme than are the surrounding 
regions (6). Within such regions exist more localized chromatin 
sites which are hypersensitive to DNase I. These "DH sites" are 
the subject of this review. 

WHERE ARE DH SITES? 

There is a strong correlation between the presence of a DH 
site and the potential for transcriptional activity. Frequent-
1y, the DH sites associated with gene expression are located 
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Figure 1. 

BamHI 8amHI , - , 
p 

o 

Diagram of the indirect end-labeling experiment. A 
stretch of DNA encompassing a region of interest, in 
this case a transcription unit (heavy line), is 
encompassed by two restriction enzyme sites (e.g., 
Bam H1). Nuclei are lightly digested with DNase I 
and the purified DNA is digested to completion by the 
restriction enzyme and the resultant fragments are 
separated by agarose gel electrophoresis. Fragments 
with an end at one of the restriction sites are 
visualized after Southern transfer by probing with a 
short cloned fragment as indicated ("probe" in 
figure) . Examples of the fragments which might be 
seen are shown below the gene. P is the parental 
restriction fragment not cut by DNase I, Dare 
fragments generated by DNase I which would be visu
alized with this probe. Frequent cutting by DNase I 
at one location would produce a discrete band smaller 
than P. 

at or near the 5' ends of genes transcribed by RNA po1ymerases I 

and II but, in addition, DH sites may also be found 3' to the 

transcription unit. There are some cases where DH sites have 

been detected within introns (7-9). Table 1 lists a number of 

genes for which DIl sites have been detected and mapped relative 

to the gene. To date no DR sites have been reported in plants, 

although it is premature to generalize from this due to the 

limited number of studies which have emerged. 

A common method for mapping DR sites is the indirect end

labeling technique first described by Nedospasov and Georgiev 

(10) and Wu (11). This technique is described in Figure 1. 

The Drosophila heat shock genes hsp70, at locus 87 A and C, 

and hsp83, at locus 63 BC, were the first genes to be examined 

for DR sites using the method described above (11). In both 

cases, DR sites were mapped to regions 5' and 3' to the genes. 

The DR sites are present in the chromatin of both heat shocked 

and non-heat shocked cells. In the heat shocked nuclei, the DR 

sites are harder to detect, presumably because of the overall 

increased sensitivity of the gene when it is active. The DR 
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sites 5' to hsp70 have been mapped more precisely (13, 14). Wu 
* (13) has detected two sites 5' to hsp70 at +100 bp to -8 bp and 

-38 bp to -215 bp, the sequence around -93 bp being the most 
sensitive and a region of relative resistance occurring at -8 bp 
to -38 bp. Costlow and Lis (14) define the DR sites over a 
range from +42 bp to -128 bp with peak intensities at +42 bp, 
-2 bp, and -128 bp. In addition to hsp70 and hsp83 in Droso
phila, the cluster of small heat shock genes (hsp22, hsp23, 
hsp26, and hsp28) and one developmentally regulated gene (R) at 
locus 67B1 have been investigated. Each of these genes has a 
doublet of DR sites 5' to the gene (15), a major site at or near 
the 5' end and a weaker site ~200 bp upstream. Costlow and Lis 
have mapped these sites for three of the four small heat shock 
genes to an average location 0 f -17 bp and -115 bp from the 
start of transcription (14). 

Many other genes from a variety of organisms have been 
examined for DNase I hypersensitivity, frequently revealing a 
correlation between DR sites and transcription. There are a 
number of genes for which DR sites are mapped to a region that 
contains sequences necessary for transcription. 
p1ex virus thymidine kinase (tk) gene is 
expressed in transformed mouse tk- fibroblasts. 
a DR site was mapped to a region from -4 bp 

The herpes sim
constitutively 
In these cells 
to -182 bp by 

restriction endonuc1eases (16). The hypersensitivity entirely 
encompasses the three control signals (proximal, first and 
second distal) within the promoter region, as defined by muta
tional analysis (17). The rat preproinsu1in gene has been 
investigated and, in an insu10ma (a tumor derived from pancre
atic B cells), a tissue-specific DR site was detected between 
-250 bp and -300 bp from the 5' end of the gene (18). This is 
approximately the region defined by deletion analysis and trans
formation experiments to be necessary for transcription in 
pancreatic cells (19). The expression of this gene is tissue
specific, as are the DR sites. The mouse meta11othionein gene, 
MT-1, in a variety of tissues, has a DR region from -250 bp to 
+1 bp with peaks at -225 bp and -30 bp and a relatively resis
tant region centered around -140 bp (20). After induction by 

* . Unless otherwise stated, distances are given relative to the 
start point of transcription. bp = basepairs, kb = ki1o
basepairs. 
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cadmium, a new DH site appears between -30 bp and +60 bp. These 

DH sites encompass the sequence required for cadmium regulation 

(-95 bp to +63 bp) as indicated by gene transfection and oocyte 

injection experiments. 

DH sites are thus associated with several different classes 

of genes: constitutively expressed genes (tk gene), tissue

specific genes (rat insulin), and inducible genes (mouse MT-1). 

Others among the class of constitutively expressed genes that 

have DH sites are: yeast alcohol dehydrogenase gene, ADC 1 

(21); Drosophila ribosomal protein gene, rp49 (22); the endoge

nous chicken tk gene (23); and c-myc (24). In addition, DH 

sites have been detected for cell-cycle regulated genes, specif

ically the sea urchin and Drosophila histone genes (25, 26). 

Genes that are inducible frequently have both a constitu

tive and an inducible DH site. As mentioned above, the mouse 

meta110thionein gene has an additional DR site upon induction by 

cadmium (20). In mouse L cells harboring an integrated copy of 

the mouse mammary tumor virus promoter linked to the tk gene, 

both constitutive and dexamethasone inducible DH sites have been 

detected (27). One of the constitutive sites, C1, is within the 

upstream long terminal repeat (LTR), ~850 bp upstream from the 

start of transcription (this site appears to be duplicated in 

the downstream LTR). There is another constitutive site, C2, 

that is upstream of C1 and maps within the flanking rat DNA. 

Two inducible DH sites (11 and 12) are detected within the 

upstream and downstream LTRs, respectively, mapping within the 

glucocorticoid receptor binding regions. Site 11 is induced 

within seven minutes of hormone addition, whereas, steady state 

levels of transcription are achieved fifteen to twenty minutes 

after addition of dexamethasone. A similar situation is seen 

for the chicken lysozyme gene (102). Here two constitutive DH 

sites are seen 5' to the gene in oviduct (at -100 bp and -2.4 

kb) along with a third one at -1. 9 kb which is dependent on 

induction with diethy1sti1boestro1. Hormone withdrawal is 

accompanied by loss of the third site. When this gene is ex

pressed constitutively in macrophages, a different set of DH 

sites is seen, at -100 bp (in common with the other expressing 

tissues), -700 bp and -2.7 kb (102). Thus, depending on the 

mode of regulation, a specific set of sites is seen. It appears 

84 



that the inducible DNase I hypersensitivity is established prior 
to, or coincident with, hormonal stimulation of transcription. 

The link between the presence of a DR site and transcrip
tion has been further investigated using red cell precursors 
transformed by a temperature sensitive avian erythroblastosis 
virus (101). At the permissive temperature, when the trans
forming gene of the virus, erb, is active, no hemoglobin is 
synthesized; at the nonpermissive temperature hemoglobin is 
expressed. One line was established that, at the permissive 
temperature, lacked globin gene expression and had no DR sites 
associated with the globin genes. At the nonpermissive tempera
ture DR sites appeared and the genes were expressed. A second 
line was established that, at the permissive temperature, did 
not express globin genes, but did possess DR sites. At nonper
missive temperatures this line expressed hemoglobin and the DR 
sites were maintained. It was suggested that this second line 
was "frozen" at a developmental time after the establishment of 
a DR site but before transcription is possible. This supports 
the idea that the formation of a DR site may occur prior to 
transcription initiation. 

The above examples are in contrast to other inducible genes 
for which the pattern of DR sites does not change markedly upon 
induction. The inducible yeast alcohol dehydrogenase gene, 
ADR 2, has a 5' DR site that is present whether the gene is re
pressed or expressed (21). This is reminiscent of the heat 
shock genes of Drosophila for which DR sites are present prior 
to induction (11,15,28). 

DR sites have been detected in the oncogene c-myc. In a 
Burkitt lymphoma cell line, BL31, one allele of the c-myc gene 
is juxtaposed to the immunoglobulin mu chain constant region; 
the other allele is in the germ1ine location. In this cell line 
only the translocated copy is expressed. When the DR~sites are 
mapped for the translocated allele a cluster of sites are detec
ted 5' to the c-myc gene (9). There are three major sites, at 
-2 kb, at -900 bp, and at -70 bp from the start of transcription 
(I, II, and III, respectively). In the germ1ine allele only DR 
site I is detected. This is in contrast to an Epstein-Barr 
virus-transformed B cell line, in which c-myc is expressed, 
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where both alleles of the gene are located at their germ1ine 

position and DH sites I, II, and III are detected. 

All the genes described so far are transcribed by RNA 

polymerase II. Genes transcribed by RNA polymerase I also have 

5' DH sites. In particular, such chromatin structures have been 

detected for the ribosomal RNA genes of Xenopus (29) and Tetra

hymena (30, 31). Several genes transcribed by RNA polymerase 

III have been examined for DH sites. The Drosophila 5S gene 

repeat and two tRNA genes flanking this region have no distin

guishable DH sites in chromatin, although sites sensitive to a 

chemical cleavage reagent, methidiumpropy1-EDTA. iron(II) , are 

seen in this region (32). 

The evidence obtained so far reveals a strong correlation 

between the presence of certain DH sites and the potential for 

transcription of a gene. The establishment of DH sites may also 

be a necessary step in the differentiation of a cell type and 

its subsequent commitment to the expression of a given gene. 

Expression of the sgs4 gene in Drosophila is limited to the 

salivary glands of third ins tar larvae and the DH sites 5' to 

this gene are specific for this tissue (33). The globin genes 

are also a clear example of the association of DH sites with 

tissue-specific expression. The ~- and s-globin genes of chic

ken have a number of DH sites that appear in erythrocytes or 

embryonic red blood cells but not in brain cells (34-36). The 

one exception is a DH site that is present in brain nuclei 5' to 

the U-g10bin gene, an embryonic ~-globin gene. However, this 

site is some 4 kb 5' and so its relevance to the U-g10bin gene 

must be questioned. In addition to being tissue-speci~ic, the 

DH sites reflect the developmental expression of the globin gene 

family. In the case of the ~- and s-globin genes, the DH sites 

5' to the embryonic genes are present in five day old, but not 

in fourteen day old erythrocytes. At fourteen days DH sites 

appear 5' to the adult genes and disappear from the embryonic 

ones. 

Among the other genes known to be tissue-specific for gene 

expression, the rat preproinsu1in gene has a 5' DH site in a 

tumor line derived from pancreatic B cells. This site is absent 

from liver, spleen, kidney, and brain cells (18). However, a DH 
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site 3' to the gene is observed only in liver nuclei. Tissue
specific DH sites are seen for the collagen (37), lysozyme (38), 
vitellogenin (8), and ovalbumin (39) genes of chicken and the 
rat prolactin gene (40). It is interesting to note that the DH 
site for the a (I) collagen gene in chick embryo fibroblasts is 
maintained in fibroblasts transformed with Rous sarcoma virus, 
which causes transcription of this gene to decrease five- to 
ten-fold. However, no DH sites are detected for the a (I) 
collagen gene in brain nuclei where there is no transcription. 

Most of the DH sites described above have been associated 
with 5' ends of genes and correlated with transcriptional poten
tial. There are other DH sites that fall in different locations 
and may be associated with other functions. DH sites have been 
detected within, or near, the origin of replication for a number 
of viruses, including SV40 (41, 42) and polyoma (43). In addi
tion, the origin of replication of the extrachromosomal rDNA of 
Tetrahymena (30, 31, 44) has a DH site. The centromere region 
of yeast chromosomes is flanked by DH sites (45). The MAT locus 
of the mating type genes of yeast is associated with a DH site 
(46). This site falls close to, and may coincide with, the site 
of an endogenous cut is the DNA which may be involved in mating 
type switching. Similarly one of the DH sites in a human lJ 
immunoglobulin gene lies adjacent to the SlJ heavy chain 
switching region and may be involved in gene rearrangement (48). 

WHAT ARE DH SITES? 

DH sites, then, appear to be symptomatic of more than one, 
perhaps many, genetic processes. 
available regarding their role 

However, more information is 
in transcriptional regulation 

than in other processes. We shall, therefore, limit ourselves 
to transcription in considering the fine structures and roles of 
DH sites. 

It is now generally assumed that a DH site represents a 
region without a normal nucleosomal structure, possibly devoid 
of core histones. This is strongly suggested by the large range 
of DNA cleavage reagents which will contrast these regions from 
the surrounding chromatin. These include DNase I (see Table 1 
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for references), DNase II (36), micrococcal nuclease (36, 39), 
restriction enzymes (36, 16), and chemical cleavage reagents 
such as methidiumpropy1-EDTA. iron(II) (52). Electron micro
scopic studies on SV40 minichromosomes have revealed that the 
origin/promoter region, which is DNase I hypersensitive, 
contains no discernible nuc1eosomes in the (presumed) transcrip
tionally active subpopu1ation of molecules (41, 42, 53). 
Further evidence comes from protein cross1inking experiments on 
isolated tissue culture cell nuclei, which suggest that there is 
a histone-free region at the 5' end of the Drosophila hsp70 gene 
(54) . This is not to say that these regions are necessarily 
entirely naked DNA. Evidence is accumulating that non-histone 
proteins are very specifically bound to the DNA in these sites 
and possibly at the 5' ends of active genes in general (13, 
55-59). The cellular specificity of enhancer sequences (47-51, 
60-62), often DR sites, could be explained through the inter
action of host cell factors, presumably proteins, with these 
sites. 

DR sites are almost certainly associated with specific DNA 
sequences. The clearest experimental evidence for this comes 
from studies on the SV40 origin/promoter region. Movement of 
this region to (63), or duplication of this region at (64, 65), 
other locations in the SV40 genome results in the production of 
DR sites over these sequences at their novel position. One 
example in which DNase I sensitivity was not detected also 
failed to have its normal enhancing effect (63), providing 
further evidence of functional association with these sensitiv
ities. Both the 72 bp repeats (64) and the 21 bp repeats (64, 
66) of the SV40 genome appear to have the ability to "create" DR 
sites independently. It is striking that the DR sites dependent 
upon the 21 bp repeats lie not over these sequences, but in an 
adjacent region whose sequence is also important for DR site 
formation (64). Similarly, the avian leukosis virus LTR can 
create a DR site on its own (24). Rowever, this case is com
p1ex. When the proviral sequences are present as well, two 
sites are formed within the 5' end of the provirus (relative to 
c-myc) irrespective of the end of the virus at which the LTR 
resides (24). This case is also interesting since the virus
induced DR sites are the only ones seen. The c-myc sites which 
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exist in non-transformed tissue are lost even though the se

quences over which they form are still present. 

In Drosophila, a series of five DH sites 5' of the sgs4 

glue protein gene correlate with its activity and are also 

dependent on specific sequences (33, 67). A series of naturally 

occurring mutations 5' of the gene (Figure 2), which decrease 

its expression, also cause an alteration in the DH sites (33). 

Interestingly, these mutations indicate an interaction between 

the sites. Thus, one small deletion (52 bp) around -330 bp, 

which decreases expression 50 fold, abolishes a single DH site 

at -330 bp. However, a somewhat larger deletion (103 bp) which 

removes the DH sites at -405 bp and -480 bp and eliminates 

transcription, abolishes the other three DH sites in the chroma

tin, although the downstream sequences over which they form in 

the wild type are unaltered (33). Similarly, insertion of a 

1.3 kb transposable element (hobo) in this 5' region moves three 

of the DH sites away form the gene, but they still form over the 

same sequences, and the developmental nature of the gene regula

tion is unaffected (67). However, the expression of this gene 

can also be reduced by small mutations in the DNase I sensitive 

regions without the loss of the DH sites themselves (68). 

A specific association of DH sites with DNA sequences begs 

the question of whether it is the sequences per se which causes 

the sensitivity perhaps adopting a novel structure in 

response to an alteration in superhe1ica1 density of a domain --

-600 -400 
I I 

8g84 -

ag84. Ber _"""-_____ _ ag84 --Orl _..:...~ __ ..L ..... __ 

Figure 2. Summary of the effects of the BER and ORL strain 
deletions on the DNase I hypersensitive sites asso
ciated with the Drosophila sga4 gene_ Vertical 
arrows indicate the locations an magnitudes of the 
DH sites located at (in wild type) +30 bp, -70 bp, 
-330 bp, -405 bp, and -480 bp respectively. The 
extent of the deletions are indicated by the con
verging lines b~low the wt gene (33). 
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or whether it is the interaction of proteins with those se

quences which induces the transitions. It is well documented, 

for instance, that highly asymmetric sequences (i.e., polypyri

midine tracts) do not assemble well into nucleosomes (69, 70). 

These sequences are often associated with sensitivity to the 

single-strand-specific nuclease, Sl, in a supercoil-dependent 

manner. Such sequences are found in the region of some DH sites 

(71-78). Regions of altered DNA structure may have some stabil

ity once established. An Sl-sensitive site established to the 

5' of the chicken SA_globin gene in a supercoiled plasmid is 

maintained on reconstitution with his tones despite substantial 

relaxation of the DNA by the reconstitution process. However, 

when the DNA is linearized with a restriction enzyme, the Sl 

sensitivity is lost, so some degree of local supercoiling is 

likely to be important (76). Z-DNA can also be formed in a 

supercoil-dependent manner (79) and is probably refractory to 

nucleosome formation (80). The presence of Z-DNA near the DH 

sites in the SV40 DNase I hypersensitive region has been 

suggested (81). 

Recently it has become apparent that specific proteins are 

associated with DH sites and may well be the causative agents in 

maintaining them in an open conformation. Two factors (presum

ably proteins) have been described by their footprint at the 

5' end of the Drosophila hsp70 genes in intact nuclei (13). The 

localization of this footprint in nuclei is possible through a 

novel use of exonuclease III. Nuclei are first digested with 

DNase I, as for the mapping of a DH site, and the free 3' ends 

that this produces are digested progressively by exonuclease 

III. Digestion with this enzyme halts when it encounters a 

"block" on the DNA molecule. After trimming the overhanging 

5' end with Sl nuclease, the site of the blockage is mapped 

using the standard, indirect end-labeling technique. Using 

probes on either side of the DH site in question, the 5' and 3' 

limits of the footprint are mapped. In nuclei from non-heat 

shocked' cells this footprint extends from -12 bp to -40 bp 

relative to the transcription start site, and in nuclei from 

heat shocked cells the protected region expands to cover se

quences from -12 bp to -108 bp (13). The implication of this is 

that some macromolecule is occupying a site within the DH site 

prior to heat shock and that it is joined by a second molecule 
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after heat shock. The second factor is obviously not involved 
in the formation of the DH site but the first factor might be. 
Two factors footprinting in a very similar region have also 
proved necessary for efficient in vitro transcription of these 
same genes (58). Whether these are the same proteins as those 
detected in nuclei remains to be seen. Both factors are present 
in both heat shocked and non-heat shocked cell extracts, but one 
becomes more stimulatory on heat shock. 

More directly associated with DH sites is a factor which 
binds to the 5' region of the chicken adult a-globin gene (82). 
This factor (or factors), which behaves like a 60 kDa protein, 
will "create" a DNase I hypersensitive region on a plasmid 
carrying this gene when the plasmid is reconstituted with his
tones in vitro. However, the factor will create the DH site 
only if added before or during the reconstitution process, 
suggesting that some other condition(s) may be needed for this 
site's establishment in vivo. A similar pre- or co-assembly 
requirement is seen for the RNA polymerase III transcription 
factor TFIIIA (83). 

In actuality it may well turn out that a DH site results 
from a combination of protein binding and DNA conformational 
change. One could provoke the other. There might be a confor
mational change on binding, or the protein(s) might specifically 
recognize an altered DNA conformation. However, the situation 
is more complicated than this. For example, there are several 
cases where the terminal repeats of viruses and transposable 
elements show differing chromatin structure despite an identity 
of DNA sequence (84-86). The DH sites 5' of Xenopus rDNA 
repeats are associated with only the most distal "Bam island," 
one of a series of repeated promoter elements (29). Perhaps the 
act of transcription precludes the establishment of DH sites at 
the other repeats. 

DH sites tend to be reasonably broad structures, on the 
order of 50-200 or even 400 base pairs across (16, 18, 36, 87), 
and in the case of hsp70 (13) a reasonably large region sur
rounding the "protein" footprint is DNase I sensitive. A DNA 
structure induced by the DNA/protein combination may be impor
tant in excluding nuc1eosomes, since it seems unlikely that one 
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protein could cover the entire region of the DH site. However, 

more than one protein may be involved. 

An intriguing observation which associates DH sites with 

changes in DNA conformation comes from the rDNA mini chromosomes 

in the macronucleus of Tetrahymena thermophi1a. These linear 

chromosomes consist of a palindromic rDNA repeat with a replica

tion origin in between. The whole region has a complex chroma

tin structure (44) including DH sites around the presumed origin 

sequences and at the start and finish of transcription (88). An 

endogenous nuclease is associated with all these sites (88) 

which has properties which are very reminiscent of a type I 

topoisomerase (89). SDS treatment of the nuclei leaves a series 

of single-stranded DNA nicks, specifically in the non-coding 

strand, with a protein covalently bound to the 3' ends of the 

DNA. These proteins, if they are topoisomerase molecules, could 

be involved in regulating the degree of supercoi1ing before 

and/or during transcription. 

If a protein must associate with the DNA in order to estab

lish a DH site but cannot "invade" the histone-associated DNA, 

as previously suggested (82), then some ancillary process is 

necessary to allow access to the DNA. One possibility is an 

alteration in DNA methylation, but this has not been consis

tently associated with the presence or absence of DH sites. An 

increase in DNA methylation of the embryonic chicken U-g10bin 

gene and the loss of its 5' DH site is seen on switching from U

to a-globin transcription (35). Similarly, the cell lines which 

fail to express the mouse meta110thionein-1 gene (20) and the 

HSV thymidine kinase gene (16) are hypermethy1ated, and do not 

possess DH sites in the 5' regions, whereas their active coun

terparts do. In the latter case, activation of the gene by 

5-azacytidine saw the re-estab1ishment of a 5' DH site. How

ever, no evidence of a methylation change in the globin genes 

during hexamethy1ene bisacetamide-induced differentiation of a 

murine erythroleukemia cell line was seen despite the appearance 

of DH sites 5' to these genes (90). Similarly, in Xenopus 

borea1is/ 1aevis hybrids only the X. 1aevis genes posses s DH 

sites and produce rRNA, although both genes are hypomethy1ated 

(91) . 
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DNA replication represents another possibility whereby 

access to the DNA for DH site establishment might be achieved. 

Once established, DH sites appear to be stable through many 

rounds of replication (92, 28), but as with methylation, there 

is no strong correlation of replication with their establish

ment. A different pattern of DH sites is seen when the SV40 

origin-promoter region (in a chimeric plasmid) is used to trans

fect CVI cells, where they cannot replicate, compared to COS 

cells, where they can (93). This is correlated with a different 

pattern of transcription. After replication, transcription 

shifts to a predominantly late pattern. However, the 0.- and [3-

globin gene in a Rous sarcoma virus-transformed chicken embryo 

fibroblast cell line can form a detectable DH site 5' of the 

gene within thirty minutes of a shift to the permissive tempera

ture (92). An even more rapid response is seen on administering 

dexamethasone to mouse cells transformed with mouse mammary 

tumor virus LTR-tk fusions. In this case, a DH site is estab

lished over the glucocorticoid receptor binding regions within 

seven minutes and can sometimes be detected as early as one 

minute after hormone addition (27). This site is lost on hor

mone withdrawal. There are also three DH sites established to 

the 5' of the major chicken vitellogenin gene (VTGII) in liver 

chromatin in response to estrogen, probably without replication. 

Two of these remain on hormone withdrawal, but one is completely 

dependent on the presence of estrogen (i.e., its establishment 

is reversible (94, 8». 

Thus, there is no real indication at the present time of 

what conditions must prevail in order to establish a DH site at 

a given sequence. The general "function" of DH sites may be to 

allow access to the DNA, but this covers a multitude of sins. 

At centromeres (45), it might allow access for microtubule 

attachment. At replication origins (44), it might facilitate 

the entry of the replication apparatus, and those at topo

isomerase I sites (88, 89) may be involved in winding-state 

regulation. 

Assuming that they are not merely a symptom of the binding 

of regulatory or other proteins, the role of DH sites in tran

scriptional regulation may be twofold. First, they may provide 

access for RNA polymerase initiation, and second, they may allow 
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the future access of other regulatory molecules. Examples of DH 

site association with "housekeeping" genes which exhibit a con

stant transcription rate are given in Table 1, and may be 

examples of the first possibility above. The footprint 5' of 

the Drosophila hsp70 gene (in the DH site) enlarges upon heat 

shock (13), presumably due to the binding of a second factor. 

The mouse metallothionein 1 gene also shows an increase in its 

5' DNase I hypersensitivity on induction (20, and see above). 

These may be instances of the second poss ibility. Whatever 

their precise role, DH sites provide a very useful assay for 

identifying regions of interest and such analyses of chromatin 

structure should be most fruitful in dissecting associated 

regulatory processes. 
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INTRODUCTION 

In prokaryotes, initiation of transcription is controlled 
by specific DNA regions called promoters. Promoters were first 
defined on a genetic basis (1) as cis-acting regions indispen
sable for the expression of bacterial genes. Biochemical 
studies have shown that prokaryotic promoters are located 5' to 
the transcribed genes and are composed of multiple elements (2-
5) as shown in Figure 1. One of these elements is involved in 
RNA polymerase binding. It includes the RNA start-site (consen
sus sequence 5'-CAT-3'), the Pribnow-Schaller box located 10 bp 
upstream from the start-site (consensus sequence 5'-TATAAT-3'), 
and frequently a third region, located in the -35 region (con
sensus sequence 5 '-TTGACA-3') . The spatial relationship between 
the Pribnow-Schaller box and the -35 region is important because 
the insertion or deletion of a single base-pair can lead to a 
dramatic alteration of transcription (6). Other promoter ele
ments, located either further upstream or downstream from the 
RNA start-site, interact with positive and negative regulatory 
proteins, which control the efficiency of transcription initia
tion (7-12). 

The promoter regions of eukaryotic genes are defined as any 
DNA sequence required for accurate and efficient initiation of 
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are shown in the 

transcription. For mRNA-coding genes, which are transcribed by 

RNA polymerase B (or II), the promoter region can be divided 

into several components: the cap-site element, the TATA box or 

proximal upstream elements, 

the enhancer (Figure 1). 

the distal upstream elements, 

The characteristics of these 

and 

se-

quences, and their interaction with the transcription machinery, 

have little similarity with their prokaryotic counterparts. 

THE TATA BOX AND THE CAP-SITE 

The TATA box is a highly conserved A-T rich region, with 

the consensus sequence 5'-TATA~~-3', located approximately 

28 . bp upstream from the start-site of transcription of most 

eukaryotic protein-coding genes. In the few cases where it is 

absent, it may be replaced by a substitute TATA-like sequence, 

which plays the same role (13). The TATA box is a positioning 

element which directs the transcription machinery to initiate 

RNA synthesis 30 nucleotides downstream at the mRNA start-site 

(14, 15). Its integrity is also required to achieve maximum RNA 

synthesis from a given promoter region (16-18). 
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The cap-site element or the RNA start-site, which contains 

the bases coding for the 5' terminal nuc1eotides of the mRNA, is 

less conserved than the TATA box. Deletion of the cap-site 

element results in RNA chain initiation at a new site also 

located approximately 30 nuc1eotides downstream from the TATA 

box. Such a deletion is usually accompanied by a decrease in 

the amount of RNA chain initiation (reviewed in 14 and 15). 

In vitro studies have shown that at least one factor inter-----
acts specifically with the TATA box and cap-site region of the 

DNA to form a stable preinitiation complex (19-25). This in

teraction occurs in the absence of RNA polymerase B and is 

apparently stabilized by a factor which has been extensively 

purified and which possesses actin-like properties (26). At 

this stage the promoter is committed, so that subsequently other 

factors and RNA polymerase can specifically initiate RNA 

synthesis (19, 21, 27). ATP hydrolysis, at the a-y bond, is 

absolutely required for specific transcription initiation (28, 

29) . 

THE UPSTREAM PROMOTER ELEMENTS 

Several sequence elements, located in the -40 to -110 

region upstream from the TATA box, are required for the effi

ciency but not the accuracy of initiation of transcription. 

These upstream promoter elements are polymorphic, and their 

number and position relative to the mRNA start-site is variable 

from one promoter to another. Although not as well conserved as 

the TATA box, some conservation of sequence is apparent. Sev

eral types of motifs have been identified. One of these, with 

the consensus sequence 5' -GGPycAAICT-3' is located approxi

mately 70-90 bp upstream from the mRNA start-site (30) and is 

found ubiquitously in both animal and plant promoters (31). 

Mutations in this sequence reduce specific transcription from 

the rabbit a-globin, adenovirus-2 EIIaE, and major-late promo

ters (17, 32-36) . A second sequence, 5' -CCPuCCC-3' or the 

complementary sequence 5'-GGGCGG-3', is important for tran

scription from the SV40 early, Herpes thymidine kinase and 

glycoprotein-D, and rabbit a-globin genes (16, 17, 37-41). 
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Another class of distal upstream elements appears to be 

restricted to members of a gene family which are co-ordinately 

expressed either in terminally differentiated cells or in 

response to a defined signal such as heat shock. In the immuno

globulin gene family, the variable region promoters of the light 

chain genes have a conserved sequence 5' -ATTTGCAT-3 " whilst 

the heavy chain promoters have the complementary sequence 

5 '-ATGCAAAT-3 , (42, 43). Sequences containing this element are 

important for K-light chain gene expression in lymphoid cells 

(43) and are probably non-functional in other cell lines (44, 

see also 45). The Drosophila heat-shock genes have a common 

distal upstream element 5'-CTNGAANTTCNAG-3' which is important 

for regulation of transcription in response to heat shock (46). 

Upstream elements interact specifically with transcription 

factors. Several have been characterized and partially puri

fied, including those for the SV40 early 21 bp repeat (47), the 

Drosophila hsp70 heat-shock gene (24, 25, 48) and the adenovirus 

major-late promoter (35). Despite a strong sequence resemblance 

between the adenovirus major-late and EIIaE distal upstream ele

ments, they appear to interact with different factors (35). The 

upstream elements of the SV40 21 bp repeat, the herpes thymidine 

kinase gene and a monkey cellular gene have upstream GCGCGG 

motifs. The 21 bp repeat binding factor stimulates transcrip

tion from the SV40 and the cellular promoters (49) but not from 

the thymidine kinase promoter (50). These results suggest that 

the specificity of interaction between the upstream elements and 

transcription factors requires more than just a consensus 

sequence. 

Upstream elements are interchangeable between different 

promoters. Cochran and Weissman (51) have shown that the two 

distal upstream elements of the thymidine kinase and the rabbit 

s-globin genes are interchangeable. They found that the natural 

S-globin and thymidine kinase promoters, as well as mosaic 

promoters containing all possible combinations of the upstream 

elements with the' S-globin TATA box region, were about equally 

active. However, mosaic promoters with the thymidine kinase 

TATA box element were all about 10-fold less active. Miyamoto 

et al. (35) have shown that the SV40 21 bp repeat can function

ally replace the adenovirus major-late promoter upstream element 
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to stimulate transcription through the major-late TATA box ele

ment. In these recombinants, it is the SV40 factor which 

stimulates transcription. The distance between the upstream 

element and the TATA box appears to be flexible within certain 

limits. Introducing up to about 20 bp of heterologous spacer 

DNA between upstream elements and the TATA box of the thymidine 

kinase or SV40 early promoters has little effect on transcrip

tion efficiency (40, 51, 52). In several cases, upstream 

elements have been shown to stimulate transcription in both 

their natural and inverse orientation (37, 50). These results 

suggest that efficient promoters can be assembled from a variety 

of heterologous elements and that considerable flexibility 

exists in the way that transcription factors binding to these 

regions may interact to stimulate transcription. 

ENHANCER ELEMENTS 

Discovery and Properties 

Promoter sequences in far upstream sequences, extending 

beyond about -110 bp, were first identif,;i.ed in the SV40 early 

promoter (53, 54) and the sea-urchin H2A gene (55). The SV40 

far upstream element, the 72 bp repeat, was later called an 

enhancer because of its ability to stimulate transcription from 

heterologous natural and substitute promoter elements, even when 

separated from them by several thousand base pairs of DNA (38, 

52, 56, 57). Comparable promoter elements have been identified 

in several viral and cellular genes (for reviews see 58-65). 

In vivo studies, using transfection of chimeric recombi

nants containing mainly the SV40 72 bp repeat enhancer, have 

shown that enhancers have the following properties. They appear 

to be quantitatively the most important promoter element. In 

cis location, they stimulate transcription from heterologous 

natural or substitute promoter elements, whether or not the 

promoters contain a TATA box or a functional upstream element. 

Enhancers stimulate transcription even when they are separated 

from the potentiated promoter element by several thousand base 

pairs of DNA. However, the efficiency of stimulation decreases 

as the length of the interposing sequence is increased. Stimu-
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1ation is particularly efficient when the enhancer is located 

directly upstream from the stimulated promoter elements. 

Finally, enhancers are bidirectional, so that they stimulate 

transcription equally in either orientation relative to the 

potentiated promoter element (57, 66, 67). Enhancers appear to 

have no fixed position relative to other promoter elements. 

They are naturally located either upstream (the SV40 early 

promoter), within (in the intron separating the variable and 

constant regions of the immunoglobulin heavy and K-1ight chain 

genes), or downstream (early promoter of bovine papilloma virus) 

from a transcription unit. Several enhancers (including those 

from SV40, the Mo 10ney leukemia and sarcoma viruses, and the 

adenovirus Ela gene) which are naturally located upstream from 

the potentiated promoter elements, are less active when they are 

moved away from these promoter elements (66-69). This raises 

the question whether naturally downstream enhancers are in an 

unfavorable position for enhancement and, if not, what can ac

count for this difference in properties. 

Several sequence similarities have been identified among 

enhancers. Weiher et a1. (70) showed that a critical sequence 

in the SV40 72 bp repeat, 5' -GTGGlITG-3' was also found in 

other enhancers. Similarly, there are important sequences in 

the adenovirus-5 Ela (5' -CAGGAGTGA-3'; reference 71) and the 

histone H2A enhancers (5' -GAGCCACCAACAGATGG-3'; reference 72) 

which are similar to sequences in other enhancers (for reviews 

see references 60, 65). In addition, several enhancers have 

short potential Z-forming stretches of alternating purines and 

pyrimidines, separated by 60-80 bp of DNA (73). These are not 

the only important sequences in enhancers since deletions out

side the homologous sequences can reduce enhancer activity (69, 

74, 75). Sequence repetition may affect the strength of an 

enhancer. Many enhancers are found naturally to have repeated 

sequences. Furthermore, duplication of non-enhancer sequences 

can generate an active enhancer (76, 77), suggesting that at 

least in certain cases repetition in itself can be critical. 

The Entry-Site Model 

The observations that proximal potential promoter elements 

are preferentially activated, and that activation of transcrip-

108 



tion decreases as the length of interposing sequences increases, 

led to the hypothesis that enhancers may act as an efficient 

entry site for the transcription machinery. A transcription 

factor (not necessarily RNA polymerase) might bind to the 

enhancer, and then scan the DNA until it finds a promoter 

element (57, 52). This model is supported by the experiments of 

de Villiers et al. (78) and Kadesh and Berg (79). For example, 

de Villiers et al. showed that a promoter element containing a 

TATA box, when placed between the SV40 enhancer and the a-globin 

gene decreases globin transcription. A point mutation in the 

TATA box of the inserted promoter decreases the inhibition. 

There are several possible mechanisms by which an enhancer 

might act as an entry-site. 1) Enhancers may either adopt a 

particular DNA conformation (such as a change in superhelicity) 

or induce a conformational change at a distant location, which 

would facilitate an interaction with the transcription machin

ery. Changes in supercoiling are known to affect both gene 

expression in prokaryotes (for a review see reference 80) and 

the interaction of eukaryotic RNA polymerases with DNA (for a 

review see reference 81). 2) Enhancers may direct DNA to 

specialized regions of the nucleus, such as the matrix, which 

may be rich in transcription factors (see references 82-85). 

3) Enhancers could organize chromatin structure to facilitate 

the access of transcription factors to this region of the DNA. 

4) Finally, they may just interact directly and strongly with 

transcription factors. These mechanisms are not mutually exclu

sive and may all contribute to enhancer activity. Little 

evidence exists for mechanisms 1 and 2. Evidence for mechanisms 

3 and 4 will now be discussed. 

Enhancers Can Alter Chromatin Structure 

Late in SV40 viral infection, the region between the origin 

of replication and the late start-sites of transcription is 

sensitive to digestion with a variety of nucleases (86-90) and 

in about 25% of extracted minichromosomes there is a nucleosome 

free gap (91, 92). Experiments using double origin SV40 vi

ruses, in which a second normal or mutated origin region is 

inserted in a non-essential region of the virus, have shown that 

both the 72 bp repeat and the 21 bp repeat can induce DNase I 
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hypersensitivity. Insertion into the second or~g~n of two re

peats of the 72 bp repeats induces a sufficiently long stretch 

of DNase I sensitive chromatin to generate a visible nuc1eosome

free gap (93). In several cases increased transcription from a 

promoter can be directly correlated with the appearance of a 

DNase I hypersensitive site. In the 70Z/3 pre-B cell line, 

treatment with mitogens leads to both induction of DNase I 

hypersensitivity over the K-1ight chain gene enhancer and 

increased transcription of the gene (94). Induction of the 

proviral MMTV promoter with glucocorticoids leads to both in

creased DNase I sensitivity over the enhancer and increased 

transcription of the gene (95). These results show that en

hancers can generate an "open window" in chromatin, and that 

this is directly correlated with enhancement of transcription. 

The significance of the observation that the 21 bp repeat, which 

is quantitatively a less important element than the enhancer, 

can also induce an altered chromatin structure (93, 96) is not 

understood at present. 

Enhancers Bind Transcription Factors 

Some enhancers, especially those from the innnunog1obulin 

heavy and light chain genes, show marked tissue specificity, 

suggesting that they could interact with specific regulatory 

proteins (for a recent review see reference 65). More direct 

evidence comes from both in vivo and in vitro experiments. 

Scholer and Gruss (97), using an in vivo assay, showed that 

there is competition between enhancer-containing molecules for 

cellular components. Specific competition involves the en

hancers and not other promoter elements such as the SV40 21 bp 

repeat and the TATA box. In addition, point mutations in the 

SV40 enhancer, which diminish enhancer activity, also reduce the 

ability to compete for cellular functions. In vitro the SV40 

72 bp repeat stimulates transcription from both the homologous 

SV40 early promoter (98) as well as from heterologous promoter 

elements (99). Competition assays have shown that, in vitro, 

there is rapid and stable binding of the trans-acting factor(s) 

with both the 5' and 3' domains of the enhancer sequence, and 

that this factor(s) is different from those that interact with 

the TATA box and the distal upstream elements of the SV40 early 

and adenovirus maj or-late promoters. In addition, the same 
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factor(s) interacts with other enhancer elements (98, 100). The 

MMTV promoter region contains a glucocorticoid responsive ele

ment, which appears to be an enhancer because it stimulates 

transcription from heterologous promoters in an apparently 

orientation-independent manner (101). This element binds the 

purified glucocorticoid receptor in vitro (102). 

CONCLUDING REMARKS 

Despite considerable progress in the last few years, it 

appears that more questions are being raised than are being 

answered about how eukaryotic RNA polymerase B promoters func

tion. 

Several of these questions are: 

1. How many transcription factors are we likely to find? 

We might expect there to be just a limited number of general 

transcription factors which appear to act at the level of the 

conserved TATA box and cap-site region of the DNA. Several have 

already been identified and there could be others for non-TATA 

box containing promoters. Distal upstream elements and 

enhancers are highly polymorphic although they contain some 

conserved sequence elements. Does each consensus sequence cor

respond to a binding site for a transcription factor which is 

common to many genes? The answer seems to be that the factors 

that bind to conserved sequences on different genes are not the 

same (see above), suggesting that there are whole families of 

factors even in the cases where the sequences are similar. 

2. Upstream promoter elements and enhancers in eukaryotes 

are modular, there being apparently little constraint on the way 

they are mixed, the distance between them, and their orienta

tion. How do the factors binding to these elements interact 

with each other and with the DNA to stimulate transcription? 

3. Why do prokaryotes and eukaryotes use different 

mechanisms for promoter recognition by RNA polymerase? In 

prokaryotes RNA polymerase specifically recognizes promoter 

sequences before initiation of transcription. In eukaryotes RNA 
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polymerase B acts through stable binding factors, which them
selves are sequence specific. Is this difference due to the 
complexity of the eukaryotic genome? (For discussions see 
references 11, 103, and 104.) 

4. How important are enhancer elements in controlling 
transcription of cellular genes? At the present time it is not 
known whether enhancers are a generalized feature of cellular 
promoters or whether they are restricted to actively transcribed 
viral and cellular genes. However, enhancers have many attrac
tive features for a general control element in cellular genes 
(see references 45 and 105). Answers to these and other ques
tions will be forthcoming in the next few years. 
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INTRODUCTION 

The mechanism by which steroid hormones control the syn

thesis of specific proteins in target cells has attracted the 

attention of molecular biologists because it represents a useful 

model system for studying regulation of gene expression in 

terminally differentiated cells of higher organisms. The 

cellular effects of steroid hormones are mediated by their 

corresponding receptors that, after binding the hormone, inter

act with specific sites in chromatin (1, 2) . Considerable 

effort has been devoted to elucidate the mechanism of this 

interaction. Until recently a widespread hypothesis assumed the 

existence of specific "acceptor" sites in the chromatin of 

target cells, composed essentially of non-histone chromosomal 

proteins (3). This idea was based on the observation of a 

saturable preferential binding of hormone receptor to isolated 

nuclei or chromatin from target cells (4-8). However, some of 

these observations were later questioned, and they probably 

reflected in vitro artifacts (9-12). On the other side, a 

direct binding of hormone-receptor complexes to naked DNA has 

been observed in several systems (4, 12-14) and therefore the 

possibility was considered that the receptors could recognize 

specific DNA sequences (15, 16). 
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Initial experiments, using total cellular DNA coupled to 

cellulose and either crude cytosol or partially purified recep

tor preparations, showed similar binding to DNA of animal and 

bacterial origin (12, 17, 18). In fact, given the complexity of 

the animal genome, theoretical considerations show that even if 

a small number of high affinity sites do exist in DNA, they 

could not be detected using total cellular DNA and conventional 

techniques (15). This type of experiments showed, nevertheless, 

that the interaction of the hormone receptor with both total 

cellular DNA and chromatin exhibits similar kinetics and salt 

dependence, suggesting that DNA is indeed the acceptor for the 

hormone-receptor complex in the cell nucleus (12). Indeed, 

masking of "free" DNA phosphates by titration with poly-L-lysine 

leads to almost complete inhibition of receptor nuclear binding 

(12). 

The availability of cloned inducible genes and progress in 

the purification of functional hormone receptors have recently 

allowed investigators to test directly the hypothesis of a 

specific interaction between receptors and DNA. In this chapter 

we will summarize evidence from our and other laboratories 

demonstrating that defined nucleotide sequences close to the 

promoters of hormonally regulated genes are involved both in 

binding of the hormone receptor and in hormonal regulation of 

transcription. Whether other chromatin components play a role 

in gene regulation by steroid hormones is a question not ad

dressed in this paper. 

THE BINDING ASSAYS 

In principle, either crude extracts or more or less puri

fied preparations of activated hormone-receptor complexes can be 

used for studying specific binding to DNA. Using crude ex

tracts, two approaches are possible. In the first method, the 

steroid-receptor complex is bound to calf thymus or salmon sperm 

DNA immobilized on cellulose, and then released from the matrix 

by addition of individual DNA fragments. The ability of a given 

fragment to compete with calf thymus DNA is a measure of its 

affinity for the receptor (19, 20). In this assay one uses 

radioactive hormone to detect hormone-receptor complexes, and 
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therefore a purification of the receptor is not necessary. The 
procedure, however, is indirect and many parameters can in
fluencereceptor release. In the second approach, a mixture of 
labeled DNA fragments is incubated with the crude extract and 
the receptor-bound fragments are isolated from the mixture by 
immunoprecipitation, using antibodies against the receptor that 
do not interfere with receptor binding to DNA (21). The radio
active DNA fragments are then separated from the protein and 
analyzed in agarose gels. This method is very specific and can 
be used with hormone-free receptors or with receptors that are 
occupied by unphysiological ligands such as antihormones. 

Experiments with purified receptors are usually based on 
incubations with a mixture of radioactively labeled restriction 
fragments and on isolation of the protein-bound DNA fragments by 

Figure 1. Domain model of the activated glucocorticoid recep
tor. The model represents the 90,000 Mr form of the 
activated rat liver glucocorticoid receptor with 
domains for: (A) steroid binding; (B) DNA binding; 
and (C) antibody binding. The C domain is not func
tionally defined and could be heterogeneous. The 
40,000 Mr form of the receptor, as obtained from 
frozen rat liver or by digestion with a-chymotrypsin 
(27), is composed of domains A and B. 
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filtration through nitrocellulose filters (22). Only the gluco
corticoid receptor of rat liver and the progesterone receptors 
of avian oviduct and rabbit uterus have been used for this type 
of binding study. Different forms of the glucocorticoid recep
tor of rat liver have been partially purified (Figure 1). The 
90,000 Mr form is obtained from fresh liver and appears to be 
composed of at least three domains: a steroid binding domain, a 
DNA binding domain, and a third domain of unknown function with 
strong antigenic properties (23-26). A 40,000 Mr form of the 
receptor can be purified from frozen liver (27), or obtained by 
limited chymotryptic digestion of the 90,000 Mr form (25). This 
smaller form still contains the steroid and DNA binding sites 
but has lost the antigenic domain (25). The progesterone recep
tor of chicken oviduct has been claimed to be composed of two 
differen t subunits, A and B, that have been purified to homo
geneity (28). Only subunit A has been used for binding studies 
with cloned inducible genes. The progesterone receptor of 
rabbit endometrium has also been purified and used for binding 
studies with either avian or mammalian genes (29). 

Since the receptor preparations are never completely homo
geneous (generally around 50% pure), it is important to devise 
control experiments that eliminate artifacts due to contami
nating proteins. In the case of the glucocorticoid receptor, 

.. 
Figure 2. Nucleotide sequence around the regulated promoters: 

a) MMTV-LTR; b) human meta110thionein IIA; and 
c) chicken lysozyme. The regions protected against 
DNase I in the presence of the receptor are indicated 
by thick lines. In b) only the lower strand has been 
tested with DNase I. Broken lines denote uncertain 
ties in establishing the limits of the protected 
regions. Sites of enhanced sensitivity to DNase I in 
the presence of the receptor are indicated by arrows. 
Purine residues undermethy1ated in the presence of 
the receptor are marked by an open triangle, whereas 
those in which methylation is enhanced by the recep
tor are indicated by dark triangles. Open arrows 
point to G-residues that, if methylated by dimethyl 
sulfate prevent receptor binding. Other relevant 
sequences are indicated by pointed lines. Numbers 
refer to positions upstream of the "cap" site (+1). 
For the chicken lysozyme gene neither footprint data 
nor methylation data are available. 
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monoclonal antibodies can be used to fulfill this requirement 

(see below). 

MOUSE MAMMARY TUMOR VIRUS 

Glucocorticoids enhance the transcription of mouse mammary 

tumor virus (MMTV) DNA in a variety of cell lines containing 

integrated proviral genomes (30). Gene transfer experiments 

suggest that the glucocorticoid regulatory element is located in 

the long terminal repeat (LTR) regions of the viral genome (32-

35). Both with crude extracts of rat liver and with purified 

preparations of glucocorticoid receptor, a preferential binding 

of the receptor to restriction fragments containing LTR se

quences has been detected (36-41). In addition, preferential 

binding of the receptor to other regions of the proviral genome 

and to the mouse flanking sequences was also observed (36, 41, 

42). Interestingly, both forms of the partially purified gluco

corticoid receptor (the 90,000 Mr form and the 40,000 Mr form) 

display similar patterns of sequence recognition, although the 

extent of specific binding is higher with the native 90,000 Mr 

form (36, 43). These results suggest that the antigenic domain 

of the receptor may modulate the affinity of the DNA binding 

domain for specific DNA sequences (44). Using a set of LTR 

deletion mutants and monoclonal antibodies to the receptor we 

have delimited a region of DNA between positions -50 and -202 

upstream of the transcription initiation site that is respon

sible for glucocorticoid receptor binding (21). This region 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

MMTV -186 T G G T T A C A A A C T G T T C T 

MMTV IIa -129 T G G T A T C A A A T G T T C T 

hMTIIA -263 C G G T A C A C T G T G T C C T 

LysI -50 T T G A T T C C T C T G T T C T 

CONSENSUS: T G G T T T C A C T C T G T T C T 
c t a A A A A G c 

Figure 3. Consensus sequence for the glucocorticoid regulatory 
element. The nucleotide sequence of the two main 
binding sites in the LTR region of MMTV, of the 
strong binding site of the human meta1lothionein IIA 
gene, and the equivalent site in the lysozyme gene 
are aligned to yield maximal similarity. 
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represents a glucocorticoid regulatory element since it has been 

shown to be required for glucocorticoid inducibility in gene 

transfer experiments (45). DNase I protection experiments (46) 

with the purified glucocorticoid receptor yield a complex pat

tern of footprints in this region of the LTR (21). Two sites, 

between positions -192 and -163 and between -124 and -105 are 

strongly protected against DNase I digestion, whereas two other 

smaller sites, between -101 and -85, and between -83 and -71 are 

only weakly protected by the receptor against nuclease digestion 

(Figure 2a). Although the two strong binding sites show con

siderable sequence similarity (Figure 3), the limits of the 

footprints are different for each site. This could be due to 

small differences in sequence or reflect an interaction of the 

bound receptor molecules with each other. The hexanucleotide 

5'-TGTTCT-3' is common to all four subregions, suggesting that 

it plays an important role in binding. Similar results have 

been obtained by Yamamoto's group, who also detect additional 

footprints in the LTR region and within the viral genome (41). 

Additional evidence for direct contacts between the recep

tor and specific base pairs in the binding sites comes from 

methylation interference and methylation protection experiments 

(47, 48). In the first type of experiment, a fragment con

taining the upstream binding site (-192 to -163) was methylated 

with dimethyl sulfate (under conditions leading to alkylation at 

the N-7 position of guanine) and incubated with the receptor. 

Protein- )bund and free DNA fragments were separated by nitro

cellulose filters, subjected to strand cleavage reaction at the 

modified bases, and analyzed in polyacrylamide sequencing gels. 

If methylation at a particular residue interferes with receptor 

binding, the corresponding band in the autoradiograms should be 

underrepresented in the population of receptor bound fragments 

and overrepresented in the population of free DNA fragments 

(49). We find that methylation of either or both G residues in 
. 5 ' -TGTTCT- 3 ' 

the hexanucleotl.de 3' -ACAAGA-5' (positions -174 in the sense 
strand and -171 in the antisense strand), as well as methylation 

at position -180 in the antisense strand, interferes with recep

tor binding (Figure 2a). This indicates that the receptor 

interacts with these G residues in such a way that each inter

action in essential for binding and can be prevented by 

methylation at position N-7. If more than one binding site was 
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present in the DNA fragment, no clear-cut results were obtained, 

suggesting that one intact site is sufficient for receptor 

binding in filter binding studies. 

In methylation protection experiments, a labeled DNA frag

ment is treated with dimethyl sulfate in the absence or in the 

presence of the receptor. Purine residues in direct contact 

with the protein are protected against methylation, thus leading 

to a decrease in the intensity of the corresponding band in a 

subsequent chemical strand-scission reaction (50). The results 

of these experiments are summarized in Figure 2a. The G 

residues in each strand of the conserved hexanuc1eotide are 

protected by the receptor against methylation by dimethyl sul

fate in all four binding sites (48). A quantitative analysis of 

these changes as a function of receptor concentration shows that 

the receptor binds to all four binding sites with affinities of 

the same order of magnitude. Within the footprint regions, 

additional G residues are protected by the receptor against 

methylation, whereas, at other residues, hypermethy1ation by 

dimethyl sulfate is observed in the presence of the receptor 

(Figure 2 a) . 

Interestingly, under very stringent conditions we also 

detect receptor dependent alterations in the methylation pattern 

outside the footprint regions. We interpret this as a conse

quence of changes in the helix conformation due to receptor 

binding to adjacent sites. Considerable methylation changes are 

detected around position -150 in a region overlapping the octa

nucleotide 5'-GTGGTTTC-3' that exhibits extensive similarity to 

a consensus sequence detected in several viral and cellular en

hancer cores: 5'-GTGG~G-3' (51). Enhancers or activators are 

DNA elements that activate a promoter independently of their 

position and orientation (52-56). Since the glucocorticoid 

regulatory element is able to activate, in a hormone dependent 

manner, heterologous promoters located at different distances 

and even in opposite orientation (45,57), one can imagine that 

it acts as a receptor-activated enhancer. Possibly the changes 

in methylation pattern induced by the receptor around position 

-150 may represent the structural correlate of this functional 

activation. Alternatively, changes in methylation pattern out

side of the footprint regions could reflect cryptic receptor 
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binding sites or the binding of contaminating proteins present 

in the receptor preparation. 

METALLOTHIONEIN 

The human meta110thionein IIA gene (hMTIIA) has been shown 

to be induced by glucocorticoids in gene transfer experiments 

(58). We have used this gene to determine whether the glucocor

ticoid regulatory element found in the proviral genome is also 

responsible for hormonal regulation of a cellular structural 

gene. If this is the case, a comparison of the nucleotide 

sequence of both regulatory elements should give information 

both on the relevant aspects of the sequence and on the degree 

of evolutionary conservation of the elements between rodents and 

human. 

In gene transfer experiments with a chimeric gene con

taining the promoter of the hMTIIA gene and the tk gene of HSV, 

the region responsible for glucocorticoid induction was 

localized between -236 and -268 base pairs upstream of the 

transcription initiation site by comparison of different dele

tion mutants in the hMTIIA promoter (59). In filter binding 

studies with the rat liver glucocorticoid receptor, the same DNA 

region was shown to be responsible for specific binding (59). 

DNase I protection experiments yielded a clear footprint between 

positions -242 and -267, and a weaker protection between -318 

and -332 (Figure 2b). Common to both sites is the hexanuc1eo

tide 5'-TGTCCT-3' that is found in the sense strand at -253 and 

in the opposite strand at -319 (Figure 2b). This sequence is 

very similar to the hexanuc1eotide found in the binding sites of 

MMTV-LTR. In addition, further similarities are detected be

tween the strong binding sites of hMTIIA and MMTV-LTR that fit 

into a consensus sequence for the glucocorticoid regulatory 

element (Figure 3). A similar sequence is also found at posi

tion -234 in the mouse meta110thionein gene I that is also 

regulated by glucocorticoids (60). The receptor binding site at 

-324 is not required for hormonal inducibility in gene transfer 

experiments and may represent a non-functional interaction (59). 
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Methylation protection experiments performed around the 

strong binding site show that a G at -252 in the sense strand 

and two residues at -249 and -258 in the opposite strand are 

protected by the receptor, whereas the G-residue at -250 in the 

antisense strand is hypermethy1ated in the presence of the 

receptor (Figure 2b). The data and the changes in methylation 

protection around the weak binding site (Figure 2b) suggest that 

the hexanuc1eotide 5'-TGTCCT-3' in the hMTIIA promoter plays the 

same role as does the 5'-TGTTCT-3' sequence in the MMTV-LTR with 

respect to receptor binding. Thus, it appears that the gluco

corticoid regulatory element has been evolutionarily conserved 

between rodents and human, and is cotmIlon to both viral and 

cellular genes. Either a cotmIlon ancestora1 element or conver

gent evolution could account for our findings. The functional 

significance of the difference in the number of receptor binding 

sites in MMTV-LTR and hMTIIA remains to be established. 

EGG WHITE PROTEINS 

The expression of the genes for the egg white proteins in 

chicken oviduct is under stringent control by steroid hormones, 

and this system has been extensively used for studying the 

molecular mechanisms of hormone action. In fact, one of the 

first reports on specific sequence recognition by steroid hor

mone receptors was based on a competition assay using crude 

progesterone receptor from chicken oviduct and cloned fragments 

of these genes (20). Selective binding of the purified A sub

unit of the receptor to the promoter region of the ovalbumin 

gene has been reported by other groups (61-63). The recognition 

sequences found by these two groups are multiple, however, and 

footprinting experiments are not yet available. 

In an attempt to further analyze the evolutionary conser

vation of the glucocorticoid regulatory element we have used the 

chicken lysozyme gene and the purified rat liver glucocorticoid 

receptor for in vitro binding studies. We have delimited a 

region between -39 and -74 upstream of the transcription initia

tion site of the lysozyme promoter that is mainly responsible 

for specific receptor binding (Figure 2c) (64, 64a). Within 

this region we find the hexanuc1eotide 5'-TGTTCT-3' at position 
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-60 in the antisense strand, confirming previous sequence data 

(65). In fact, there is further sequence similarity between the 

binding site in the lysozyme gene and those reported above for 

mouse and human regulated genes (Figure 3), suggesting that the 

glucocorticoid regulatory element has been conserved in avian 

genes. In addition, the regulatory element in the lysozyme 

promoter is in opposite orientation to those found in MMTV and 

hMTIIA. It seems that both orientations of the element are 

compatible with hormonal inducibility of natural promoters, thus 

confirming results with chimeric constructions (57). Using 3' 

deletions of the lysozyme promoter, we have detected a weak 

binding site for the glucocorticoid receptor between -161 and 

-208 that does not contain the hexanuc1eotide 5'-TCTTCT-3' (64, 

64a) . 

Microinjection into oviduct cells of a chimeric g~ne con

taining lysozyme promoter sequences linked to the gene for the 

SV40 T antigen results in hormone dependent expression of the 

T antigen, but only if at least 208 base pairs upstream of the 

lysozyme initiation site are preserved in the constructions (64, 

64a). Deletions containing only 164 base pairs of the lysozyme 

promoter are not expressed, although they still contain the 

strong binding site around -60. Unfortunately, data on the 

functional relevance of this binding site for glucocorticoid 

regulation are not available and will be difficult to obtain, as 

the binding site overlaps essential promoter elements. Possibly 

both binding sites, at around -180 and -60, have to be occupied 

for glucocorticoid inducibility. 

Since the lysozyme gene is also induced by progesterone in 

vitro and in microinjection experiments, and inducibility is 

lost by deletion of sequences between -208 and -164 (64, 64a), 

we have analyzed the binding of a partially purified proges

terone receptor from rabbit uterus to the promoter region of the 

lysozyme gene. Two progesterone receptor binding sites were 

detected, a weak one between -39 and -74 coinciding with the 

strong binding site for the glucocorticoid receptor and strong 

binding site between -164 and -200 overlapping the weak binding 

site for the glucocorticoid receptor (66). These results 

suggest that the binding sites for both receptors are similar 

but not identical. Interestingly, the decanuc1eotide 
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5'-ATTCCTCTGT-3' is present in both binding sites: between -53 

and -62 in the sense strand, and between -192 and -181 in the 

antisense strand (Figure 2c). Whether this sequence is involved 

in recognition by the progesterone receptor remains to be 

established. 

CONCLUSIONS 

The results of binding data reported above allow certain 

conclusions about the structure, evolution, and function of the 

steroid hormone regulatory elements in hormone inducible genes. 

1. Analysis of the binding sequence of four strong 

glucocorticoid binding sites in the promoter region of three 

different genes, defines a consensus sequence: 

that has been preserved in evolution between rodents, avian, and 

human genes (Figure 3). There is a relatively high degree of 

variability, but the hexanucleotide 5'-TGT~CT-3' appears in all 

strong binding sites, and in two weaker sites detected in MMTV

LTR as well as in the weak site of hMTIIA. 

2. The receptor contacts the double helix through the 

major groove at least at four sites within the consensus se

quence: the G-residues at positions 3 and 13 on the top strand, 

and at positions 7 and 16 on the bottom strand. These positions 

are well preserved in all strong binding sites. Interestingly, 

the contact sites are separated by either 9 or 10 base pairs, 

and therefore, are located on the same site of the helix on two 

consecutive turns (Figure 4). This structure of the binding 

sites is compatible with a model in which a dimer of the recep

tor molecule interacts with each of the strong binding sites. 

In the weaker binding site only two consecutive contacts are 

detected, which is compatible with binding of a receptor monomer 

(Figure 4). 
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3. The distance between the receptor binding site and the 

initiation of transcription varies between 60 and 250 bp in the 
four binding sites studied, and both orientations of the binding 

sequence are found . These findings are reminiscent of the pro

perties of so-called enhancer or activator elements (51-56), and 
suggest that the steroid hormone regulatory elements could act 

as hormone dependent enhancers. The detection of receptor in

duced changes in the accessibility to dimethyl sulfate of 
purines in a sequence similar to the enhancer IS" core" further 

supports this concept. 

4. There is a striking similarity between the properties 

of the glucocorticoid regulatory element described here and the 

binding site for the cAMP receptor protein (CRP) of E. coli 

(67) . Both proteins contain two interacting domains, one for 
ligand binding and another for DNA binding. Both appear to bind 
as a dimer to a sequence that is not strictly conserved among 
different genes and is located at variable distances from the 

MMTV. 
• ~ .. ".o.""''''''' " • • 

MMTV u • 
hMTII.a. ...... '"' ... - .... 

Figure 4. 

. ' 
Structure of the glucocorticoid binding sites in MMTV 
and hMTII A' Computer graphic representation of the 
DNA double helix containing the sequence of MMTV I, 
MMTV IIa, and hMTIIA shown in Figure 3, The sites of 
contact with the receptor are indicated by open tri
angles. Those positions hypermethy1ated in the pre
sence of the receptor are marked by dark triangles. 
The receptor molecules are represented as contour 
circles. Numbers refer to the distance from the 
"cap" site. 
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transcription initiation site. Moreover, both regulatory pro-

teins can act as positive as well as negative modulators of 
transcription (68, 68a). These similarities suggest that the 

mechanisms regulating gene expression in terminally differen

tiated eukaryotic cells are not basically different from those 

found in bacteria and phages. Since, however, different cells 
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Figure 5. Pattern of hydrogen bond donor/acceptor sites in the 
maj or groove of the DNA double helix in and around 
the receptor binding sites. The sequence of 37 nuc
leotides comprising each of the four strong binding 
sites for the glucocorticoid receptor described in 
this paper is shown on the left. Hydrogen bond donor 
and acceptor sites in the major groove are indicated 
by closed and open circles respectively, and those 
sites showing 100% conservation in the four sequences 
are shown on the right of the figure. Those posi
tions in the sequence where there is no conserved 
hydrogen bond site are indicated by a hyphen. Arrows 
point to the conserved N-7 positions of guanines that 
have been found to be protected against methylation 
by DMS in more than one of the binding sites. Other 
symbols are as in Figure 2. 
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of an organism respond differently to the same hormone, and 

probably contain the same receptor and DNA, additional mecha

nisms must be responsible for differential gene regulation. 

These mechanisms should operate during cell differentiation and 

could involve chromatin organization changes leading to differ

ential masking of regulatory elements. 

5. The variability in the nucleotide sequence between dif

ferent steroid receptors and CRP binding sites suggests that 

features of the double helix other than its linear sequence 

could be relevant for recognition by regulatory proteins. One 

possibility is that the pattern of hydrogen bond donor and 

acceptor sites characteristic of each base pair is an important 

component of the recognition mechanism (69-70). If we assume 

that the receptor contacts the double helix through the major 

groove, and that A-T and T-A base pairs are similar in terms of 

the sequence of hydrogen bond donor and acceptor sites (69), we 

obtain the results shown in Figure 5. Obviously, this pattern 

of donor-acceptor sites is better preserved within the binding 

sites than the direct nucleotide sequence. Of course, other 

parameters such as base inclination, propeller twist and base 

roll are influenced by the specific nucleotide sequence (71) and 

should be considered in this context. Possibly, this informa

tion could serve to define a regulatory code that is read by the 

amino acid side chains in the DNA binding sites of regulatory 

proteins and that regulates the expression of adjacent segments 

of the DNA containing genetic code information. The elucidation 

of the structural and functional features of the regulatory code 

is one of the main tasks to be solved in the near future. 
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INTRODUCTION 

Meta11othioneins (MTs) are a group of low-mo1ecu1ar-weight, 
heavy-metal binding proteins that are unique in their high cys
teine content. MTs specifically bind heavy metals such as Zn, 
Cd, Cu, Hg, Au, and Ag in their ionic forms (1). These proteins 
have been isolated and characterized from a large number of 
animal and plant species, including lower eukaryotes. MTs exist 
in several molecular forms which are distinguishable by their 
electrophoretic behavior and are designated MT-I and MT-II. 
Recently, several other variants have been described in mammals 
(2) . 

FUNCTION OF METALLOTHIONEINS 

Although the exact function of MTs is not clear, it is 
thought that they play a central role in the regulation of trace 
metal metabolism and in the storage of these metal ions in the 
liver. The induction of MTs after administration of various 
heavy metal ions has been demonstrated in many different animal 
species and in cultured cells (1). These results suggest that 
MTs may have a protective role against heavy metal toxicity. 
Karin and Herschman (3) demonstrated that the biosynthesis of 
MTs in cultured cells is induced by glucocorticoids as well as 
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by heavy metal ions. This finding supports the hypothesis that 

MTs play an important role in the regulation of trace element 

metabolism and that glucocorticoids, by regulating the rate of 

MT synthesis, control eu and Zn homeostasis. Recently, it has 

been suggested that MTs might be part of the SOS system, which 

functions to protect cells against damage by free radicals (4). 

REGULATION OF METALLOTHIONEIN EXPRESSION 

Both heavy metal ions and glucocorticoid hormones induce MT 

synthesis by elevating the rate of MT gene transcription (5, 6). 

In addition to metals and glucocorticoids, several other stress

ful stimuli -- including exposure to heat and cold, strenuous 

exercise, and tissue injury resulting from the injection of 

turpentine, carbon tetrachloride, or a 

(lipopolysaccharide) -- also induce MTs (7). 

bacterial endotoxin 

Durnam et al. (8) 

have shown that the MT response to inflammatory agents is inde

pendent of metal ions and glucocorticoid hormones, suggesting a 

third mechanism of MT gene induction. Recently, it has been 

reported that interferon causes a transient increase in MT gene 

transcription (9). Karin et al. also have shown that MT genes 

respond to interleukin I, a polypeptide hormone thought to 

mediate the stress response (submitted). Due to the variety of 

inducers acting on the system, the MT gene family constitutes an 

attractive system for the study of regulation of gene ex

pression. In this paper, we will review the structure and 

expression of the human MT genes. 

THE HUMAN METALLOTHIONEIN GENE FAMILY 

Several of the human MT genes have been isolated and se

quenced (10, 11). They comprise a multigene family of at least 

12 members that are coordinately induced to different levels by 

metal ions (11). In man, only one functional gene, hMT-IIA , 

encodes form II of the protein. However, a processed pseudo

gene, hMT-II B, is present. This pseudogene lacks promoter 

elements and introns, terminates in a poly(A) tail and is 

flanked by two direct repeats (10). The hMT-IIA gene encodes a 

functional protein that confers cadmium resistance to rodent 
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fibroblasts transfected with an autonomously replicating shuttle 
vector, bovine papilloma virus (BPV) containing the hMT-IIA gene 

(12). 

In contrast, several genes code for MT-I-1ike variants and 

at least four of them, hMT-IA , hMT-I B , hMT-Ic ' and hMT-In , are 
tandem1y arranged in the genome. Two of these, hMT-I c and hMT
In' are pseudogenes and have in-phase termination codons and/or 
single base pair deletions affecting the reading frame. The 
hMT-IA gene is functional on the basis of transformation, using 
the BPV vector, of rodent fibroblasts to a cadmium resistant 
phenotype. However, the cells transformed with this vector 
express only half as much MT mRNA as the cells harboring a BPV
hMT-IIA recombinant plasmid. Consequently, while the hMT-IA 

transformed cells are significantly more resistant to Cd than 
are the parental cells, they are only half as resistant as the 
cells which express the hMT-IIA gene (11). 

STRUCTURE AND REGULATION OF hMT-IIA AND hMT-IA GENES 

The hMT-IIA gene has been studied extensively in our labor
atory. Like the other hMT genes, hMT-IIA possesses two introns 
located at exactly the same position within the coding region as 

the introns in the mouse MT-I gene (13, 14). The overall organ
ization of the regulatory regions of this gene resembles that of 
several other eukaryotic genes (15-18 and chapter by Wasylyk, 
this volume). In addition to the TATA box, there are at least 
three other functional elements. The sequences that mediate 
heavy metal and glucocorticoid responsiveness are present in the 
5' flanking region and confer the corresponding induction pheno

type upon a heterologous promoter (19). We have mapped these 
elements by generating progressive deletions from both the 5' 
and 3' ends of the 5' flanking region of the gene and fusing the 
resulting fragments to the herpes simplex virus (HSV) thymidine 

kinase (tk) gene (20). The analysis of these in vitro con
structed deletion mutants by transfection into rat fibroblasts 
identified three upstream regulatory elements: the glucocorti

coid regulatory element (GRE) , located between nuc1eotides -268 

and -237, the metal regulatory elements (MREs) , present in at 
least two copies, situated between -38 to -50 and -138 to -150, 
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and a third element required for maintaining a basal level of 

expression (Figure 1). The latter element is necessary for 

transient expression of the hMT-IIA-tk fusion gene (21). Com

parison of the nucleotide sequences in this region with those 

present in the mouse MT-I and MT-II genes and in the hMT-IIA and 

hMT-IA genes reveals considerable sequence similarity (Figure 

2). This suggests that they may serve as a recognition site for 

a transcription stimulatory factor, responsible for expression 

of these genes in the absence of inducers. Furthermore, con

served sequences in the hMT-II A gene are part of an enhancer

like element formed by two direct repeats between positions -68 

and -138 and positions -142 and -215. These sequences are 

similar in their organization to the enhancer element of SV40 

(Haslinger and Karin, submitted). 

Using assays for protection against DNase I digestion and 

DMS methylation ("footprinting"), the GRE has been identified as 

the glucocorticoid receptor binding site. The GRE is located 

between nucleotides -245 to -265. Comparison of this sequence 

to the mouse mammary tumor virus long terminal repeat (LTR) 

Receptor Binding Site 

GRE 

ACACGGCGGAGGCGCACGGCGTGGGCACCCAGQBCCCGGTACACTGTGTCCTCCCGC]GCACCCAGCCCCTTCAGCGCGAGGCGTCCCCGAGGCGCAAGT 
, , ,---- -250 ---- , , , , -200 

MRE 

GGGCCGCCTTCAGGGAACTGACCGCCCGCGGCCCGTGTGCAGAGCCGaGTGCGCCCGGCCQAGTGCGCGCGGCCGGGTGTTTCGCTTGGAGCCGCAAGTG 
I • I~ i .~. I • 

"Z" -150 "Z" -100 

Basal Level MRE 

ACTTCTAGQ[C§G§~§G§AIG~cfPGGGCGG~GCTTTTGdA~TCGTCCCGGyTdrrTCTAG~ACTGCTTGCCGC~CTGCAC~, 
"Z" -50 1 

~CCT~CTCCAAGTC~CAGCGAACC~GCGTGCAAC~TGTCCCGACTCTAGCCGCCTCTTCAGCTC~CC~~ 
1 50 Met Asp 

Figure 1. Molecular anatomy of the hMT-IIA promoter. Shown is 
the sequence of the sense strand of DNA from position 
-300 to +80. Regions are indicated that are impor
tant for hormonal induction, heavy metal induction, 
and basal level of expression. The TATA box and cap 
site are hatched. Regions of potential Z-DNA con
formation are indicated, as are the first 2 amino 
acid codons of the translated region. Adapted with 
permission from Nature, Vol. 308, p. 518, copyright 
(c) 1984 Macmillan Journals Limited. 
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hMT-IA G G C G G G G G eGG ACT eGG C T G G G C 
-110 -100 

mMT-I A C G C G G G G C G C G T G ACT A T G C G T 
-ioo -90 

mMT-II G G C G G G G G C G C G T G CAT G G T Gee 
-90 -80 

Figure 2. Comparison of the sequences important to intrinsic 
promoter activity in the hMT-IIA, hMT-IA, mMT-I, and 
mMT-II genes. 

sequences located between -113 to -132 and -170 to -191 (which 

also are strongly protected against DNase I digestion upon 

receptor binding (22)), reveals a high degree of sequence simi

larity. The conserved elements in these binding sites most 

likely comprise a consensus nucleotide sequence that is required 

for glucocorticoid hormone receptor binding to DNA and which 

allows for hormonal induction. Interestingly, this consensus 

sequence contains a region of dyad symmetry resembling the 

repressor binding sites found in prokaryotes. This symmetry 

suggests that two receptor molecules bind to the DNA at this 

site (20). 

The MRE is a dodecameric sequence that is highly conserved 

among all functional MT genes whose sequences are known: mouse 

MT-I (14), mouse MT-II (23), rat MT-I (R. Andersen, personal 

communication), hMT-IIA (20) and hMT-IA (ll). The MRE is pre

sent at least twice in the 5 I flanking region of the hMT-IIA 

gene, although a single copy is sufficient to confer heavy metal 

ion responsiveness upon various proximal promoter elements 

(Figure 3). Since the level of metal induction of MT genes 

increases upon inhibition of protein synthesis (24, 25), we 

postulated that heavy metal induction is mediated through the 

removal of a repressor of MT gene expression (27). The simplest 

hypothesis assumes that the repressor is apothionein itself and 
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that upon metal ion induction, the conversion to metallothionein 

results in the formation of an inactive form of the repressor. 

This working hypothesis explains the specificity of the re

sponse, since only metals that bind to the apoprotein are 

effective inducers; it also agrees with the transient nature of 

the metal induction response (27). However, nickel does not 

bind to apothionein and Durnam and Palmiter (28) showed that it 

can induce the mMT-I gene. In our laboratory we have also found 

that the hMT genes are induced by Ni, but that this response is 

not mediated by 5' flanking regulatory sequences (He guy and 

Karin, unpublished results). Therefore, MT induction by Ni does 

not contradict the repressor hypothesis. 

We also have studied the regulation of expression of the 

hMT-IA gene (11). This gene is expressed at a lower level in 

vivo than the hMT-II A gene and is not responsive to glucocorti

coids. While the hMT-IIA gene is highly responsive to both Cd 

and Zn, the hMT-I A gene responds primarily to Cd and is induced 

only at very high concentrations of Zn. The differential ex

pression of the two characterized hMT genes is due to inherent 

differences in their promoter and regulatory elements. By 

fusing the promoter/regulatory region of each of these genes to 

the HSV-tk gene, we have shown that the induction phenotype of 

the gene fusions is largely determined by the 5' flanking re-

Figure 3. 
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HMT-IA 

MMT-I 

CONSENSUS: 

ACTCGTCCCGG·CTCTTT 
-56 -46 

GTGCG.CCCGG·CCCAGT 
-156 -146 

TTGCG·TCCGG.CCCTCT 
-56 

TTGCG.CCCGGACTCGTC 
-50 -46 

TG T 
--CG.CCCGG.C-C 
CT C 

Consensus sequence of the heavy metal ion responsive 
element (MRE) of the hMT-IIA (2 MREs) , at the hMT-I A, 
and the mMT-I genes. Reprinted by permission from 
Nature, Vol. 308, pp. 516, copyright (c) 1984 Mac
millan Journals Limited. 



gions. The absence of a consensus sequence known to be involved 
in glucocorticoid receptor binding in the regulatory region of 
hMT-IA explains that lack of response to glucocorticoids. 

We believe that the differences in expression of the two 
human MT genes are related to their different physiological 
roles. The hMT-IIA gene may be mostly involved in the regula
tion of Zn metabolism, whereas the hMT-I class of genes may 
function primarily as a protective system that is activated 
following exposure to toxic heavy metal ions. 

CHROMOSOMAL LOCATION OF THE hMT GENE FAMILY 

Most of the hMT genes, including the hMT-IIA, hMT~IA' hMT
I B , and five other MT genes, are clustered in band q22 of chro
mosome 16 (29, 30). Other MT genes, are dispersed at a minimum 
of four other autosomal sites on chromosomes 1, 4, 18, and 20 
(29) . These dispersed genes are not expressed in human-mouse 
cell hybrids and are likely to be transcriptionally silent (30). 
The localization of the functional MT genes to 16q22 is particu
larly interesting because there is an inversion of chromosome 16 
-- inv (16) (p13q22) -- which is present in 25% of patients with 
acute mye1omonocytic leukemia (31). In situ hybridization of a 
probe which hybridizes to all of the MT genes to metaphase 
spreads from malignant cells carrying the inversion shows 
labeled sites on both arms of the inverted chromosome. This 
indicates that the breakpoint at 16q22 splits the MT gene clus
ter (32). The same breakpoint also was found in patients whose 
malignant cells have a 16: 16 translocation. These findings 
suggest that MT genes may be integrally involved in the patho
genesis of certain types of leukemia, perhaps by altering 
granulocyte and monocyte differentiation or by controlling cell 
proliferation. It also is feasible that some of the MT tran
scriptional control elements described in this review are 
involved in the activation of an as yet unidentified cellular 
gene located at 16p13 whose function is analogous to that of a 
cellular oncogene. The isolation, by cloning procedures, of the 
novel junctions present on chromosome 16 should help to deter
mine which of these two possibilities is correct. 
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CONCLUSIONS 

We believe that the meta11othionein system can serve as a 

useful model for studying the regulation of gene expression in 

mammals (and probably in most other high eukaryotes). While the 

basic principles of gene regulation by protein-DNA inter

actions are common to prokaryotes and eukaryotes, there are some 

special features for regulation in eukaryotes that are clearly 

different from the situation in bacteria. The most important 

difference is the ability to control transcription from a given 

promoter over a large distance (33, 34, 20). We hope that the 

study of the regulation of MT gene expression will lead to an 

explanation of how the binding of a regulatory protein (such as 

the glucocorticoid receptor or the heavy-meta1-ion regulatory 

protein) several hundred base pairs away from the start site of 

transcription, leads to an increasing frequency of initiation 

from a proximal promoter element. 
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INTRODUCT ION 

It is generally accepted that embryonic development and 
cell specialization is achieved via the sequential and selective 
expression of many genes. However, our knowledge concerning the 
molecular mechanisms responsible for changes in gene expression 
during developmental processes is still very limited. Within 
the last 10 years numerous investiga~ions have aimed to eluci
date the regulatory mechanisms that underlie the expression of 
specific genes associated with the formation of a particular 
cell type. Most of these studies have made use of terminally 
differentiated tissues or cells in culture, which in some cases 
can respond to environmental factors such as hormones (for 
reviews see references 1 and 2). At the level of cell culture, 
perhaps myogenesis and erythroid differentiation have received 
the greatest attention. Recently the use of teratomas has 
allowed analysis of the expression of individual, identified 
genes during early embryogenesis (3). 

In our laboratory we have focused our attention on the 
terminal differentiation of the hepatocyte, a system that is 
particularly suitable for examining the specific molecular 
events associated with the differentiative process. Indeed, the 
acquisition of the final hepatocyte phenotype is characterized 
by the appearance and disappearance of a number of cell-specific 
proteins in a time dependent manner. Among these proteins, 
albumin and a1pha-fetoprotein (AFP) are particularly interesting 
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since their synthesis is under oncodeve1opmenta1 control. In 

addition, AFP is also a useful marker for the analysis of dif

ferentiation in early embryogenesis (4). 

In this chapter, we first review some information to explain 

the interest in the albumin and AFP genes as a model system to 

study mechanisms underlying differentiation and control of gene 

activity during developmental and oncogenic processes. We then 

describe experiments indicating that these two genes are regu

lated at the transcriptional level, and summarize data showing 

that modifications at the genomic DNA level (such as amplifi

cation, deletion, rearrangements, or changes in methylation 

pattern) do not appear to be involved in the transcriptional 

modulation of these genes. Last, we present our investigations 

on chromatin structure of the albumin and AFP genes in tran

scriptionally active and inactive rat tissues and cell lines. 

These studies were designed to provide insight into the control 

mechanisms that modulate the expression of these two genes. 

ALBUMIN AND ALPHA-FETOPROTEIN PRODUCTION: A SYSTEM TO STUDY 

DIFFERENTIATION AND NEOPLASIA 

Albumin and AFP are two major plasma proteins synthesized 

in mammalian liver. Albumin consists of a single polypeptide 

chain with a molecular weight of about 66,000 (5). AFP is a 

sing1e- chain glycoprotein containing about 4% carbohydrate. It 

has a molecular weight slightly larger than that of albumin (6). 

The plasma levels of these two proteins show a reciprocal 

relationship during mammalian development (7). AFP is the major 

plasma protein during most of fetal life, reaching concentra

tions as high as 5 mg/m1 in the rat (6). Fetal AFP is produced 

mainly by the developing liver and the yolk sac (8, 9). The 

concentration of this protein is drastically decreased in the 

serum of the normal adult, to less than 50 ng/m1 (6, 7, 10). On 

the other hand, albumin is the dominant plasma protein in adult 

animals; its concentration increases from low levels early in 

fetal development to high, approximately constant levels (about 

40 mg/m1) in postnatal life (5, 11). The parenchymal cells of 

the liver are the main site of synthesis of this protein during 
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both embryonic and adult life (12). In addition, albumin is 

produced by the yolk sac of certain species (human, mouse, and 

chick) but not of rat (8, 9, 13, 14). 

It should be noted that the rate of decline of AFP in the 

serum of neonatal animals can be manipulated by hormone treat

ment. Glucocorticoids given to newborn rats markedly reduce the 

serum AFP level but increase slightly the albumin serum levels 

(15). It should also be pointed out that AFP synthesis can 

already be detected in mouse embryos on the 7th day of gesta

tion. At this early stage of development AFP production seems 

to be confined to the visceral endoderm cells around the embry

onic region of the egg cylinder (4). 

AFP synthesis by the adult liver can be resumed under cer

tain physiopathological conditions leading to restitutive cell 

proliferation, such as regeneration of the liver following par

tial hepatectomy and chemically induced liver necrosis (7, 10, 

15). Increased levels of AFP in the serum can also be observed 

during the preneoplastic stages of liver carcinogenesis (16-18). 

In all these cases elevations of serum AFP are, however, rela

tively small. Highly elevated plasma levels of AFP in the adult 

are generally associated with the appearance of tumors arising 

from liver cells and yolk sac elements, in analogy witb the 

embryonal sites of AFP synthesis (6, 7, 19, 20). In most of the 

processes which lead to AFP re-expression, albumin synthesis is 

diminished in relation to that of normal liver. For instance, 

most transplantable rat hepatomas which produce high levels of 

AFP show much reduced rates of albumin synthesis (21-23). 

The reciprocal relationship of plasma levels of AFP and 

albumin during development, their similar physicochemical pro

perties (6), the immunological cross-reactivity of the two 

proteins in their denatured states (24), the significant simi

larity in amino-acid sequence (25, 26) and mRNA sequences (27, 

28) all suggest that AFP may be the fetal analog of albumin. 

Moreover, recent studies on the structure of the rat and mouse 

albumin and AFP genes suggest that both genes arose from a 

common sequence which underwent successive amplification and 

divergence (29-31). In addition, it has been shown that in the 

mouse the albumin and AFP genes are closely linked in tandem on 
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chromosome 5, with the 3' terminus of the albumin preceding the 
5' side of the AFP gene (32). This close linkage of the AFP and 
albumin genes could indicate a coordinated regulation during 
development comparable to the "switch" of the embryonic-fetal
adult globin genes that occurs in the developing erythroid cells 
(33, 34). 

The albumin and AFP genes provide a useful system then to 
examine the following questions. 1) What molecular mechanisms 
are implicated in the early activation of specific genes during 
embryonic development? 2) Are these mechanisms similar to or 
different from the molecular events controlling gene activity 
during terminal differentiation? 3) Do the same molecular con
trol elements operate during oncogenic processes and malignant 
transformation? 

TRANSCRIPTIONAL LEVEL REGULATION OF ALBUMIN AND ALPHA-FETO
PROTEIN GENE EXPRESSION 

The molecular analysis of the albumin and AFP system has 
been undertaken by several laboratories following preparation of 
specific hybridization probes. First, the isolation and purifi
cation of the AFP and albumin mRNA molecules from rat and mouse 
made possible the preparation of single-stranded cDNA probes 
(35-39). The application of recombinant DNA technology allowed 
investigators to obtain rat and mouse albumin and AFP cDNA 
clones and the corresponding albumin and AFP genomic sequences 
(27, 30, 40-43). More recently, cloning of human albumin and 
AFP cDNAs has also been accomplished (28, 44, 45, and Frain and 
Sala-Trepat, in preparation). Characterization of these cDNA 
and genomic clones has revealed the information reviewed above 
on the structure of these genes and their molecular evolution. 

Developmental changes in AFP and albumin gene expression 
were first studied by solution hybridization with specific cDNA 
probes. Determination of the steady-state levels of AFP and 
albumin mRNAs in polysomal RNA preparations from rat liver at 
different stages of development and from different rat hepatomas 
indicated a close correlation between the concentration of mRNA 
sequences and the specific albumin and AFP protein synthesis 
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activities (18, 22, 23, 36, 46, 47). These results clearly 

established that translational control is not a major factor in 

the control of gene expression of albumin and AFP in rat liver 
and rat hepatomas. 

We have carried out a detailed analysis of the subcellular 

distribution of albumin and AFP mRNA sequences in developing rat 

liver and in the Morris hepatoma 7777. As shown in Figure 1, in 
all stages of liver development and in the hepatoma tissue, less 
than 2% of the total albumin and AFP mRNA sequences are present 
in the nuclear compartment. Most of the cellular albumin and 

AFP mRNA sequences were found to be associated with the poly
somes as mature mRNA molecules with no evidence for storage of 
inactive mRNA sequences in the nuclear or cytoplasmic extra

polysomal compartments (48). These data thus provide no 
indication that post-transcriptional mechanisms might play an 
important role in the developmental regulation of the albumin 

and AFP genes. They rather suggest that the regulation of these 

genes during normal liver development and neoplasia operates at 
the transcriptional level. Similar studies carried out with 
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Figure 1. Changes in albumin (A) and AFP (B) mRNA levels in 
total cell ( 0--0 ) and nuclear RNA preparations 
(o----a ) from developing rat liver and Morris hepa
toma 7777. The mass fraction values corresponding to 
the albumin and AFP mRNA molecules were determined by 
Rot analysis of hybridization data as shown elsewhere 
(36,48). 
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newborn rats under dexamethasone treatment have also indicated 

that the glucocorticoid suppression of AFP synthesis in devel

oping liver is probably exerted primarily at the level of 

transcription (49). 

Direct evidence showing that the decrease in AFP mRNA mole

cules after birth is a result of a much reduced transcription of 
the AFP gene has been obtained by cell-free nuclear transcrip

tion assays. Tilghman and Belayew (50) have thus obtained 

conclusive results supporting a transcriptional control of the 
AFP and albumin genes during mouse liver development. Recent 
nuclear "run-on" experiments from our laboratory have also shown 

that transcriptional modulation is the primary molecular mecha

nism underlying the changes in express ion of the AFP gene in 
developing rat liver (Nahon, Danan, and Sala-Trepat, in prepara

tion). Using this more direct method, Guertin et al. (51) have 

confirmed that the administration of dexamethasone to newborn 
rats causes a rapid suppression of AFP gene transcription. 

All these studies clearly indicate that the major control 

for AFP and albumin gene expression during rodent liver develop
ment and in hepatomas must operate at the level of transcrip
tion. The molecular mechanisms responsible for the changes in 
transcriptional activity could involve modifications at the gene 

level, changes in chromatin structure, or both. 

ABSENCE OF MODIFICATIONS AT THE GENOMIC DNA LEVEL FOR RAT ALPHA
FETOPROTEIN AND ALBUMIN GENES 

In our laboratory we have compared, by solution hybridiza

tion and Southern blot techniques, the reiteration frequency and 
the organization of the AFP and albumin genes in chromosomal DNA 

from different fetal and adult rat tissues (yolk sac, liver, 
kidney, spleen) and two rat hepatomas. It has been found that 
these genes are present at a single copy per ·rat haploid genome 
in all tissues analyzed, and that the gross organization of the 
albumin and AFP genes is the same in adult and fetal hepato
cytes, as well as in other fetal and adult tissues (reference 39 
and Gal et al., submitted for publication). These results indi
cate that the AFP and albumin genes are not grossly rearranged 
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during development or neoplastic transformation. They appear to 
remain invariant throughout the regulatory processes involved in 

their tissue- and time-specific transcription. A similar con
clusion has been drawn by Andrews et al. (52) from analysis of 
the mouse AFP gene in embryonic, adult, and neoplastic tissues. 

The modification of specific bases (e.g., DNA methylation) 
has been invoked as a potential mechanism for altering the tran
scriptional activity of genes (see references 53 and 54 for 
reviews). In many higher eukaryotic systems an inverse correla
tion has been found between the transcriptional expression of a 
gene and the level of DNA methylation of that gene and particu
larly the 5' flanking sequences. Studies from our own and other 
laboratories (55, 56) have shown that specific changes in the 
level of methylation of the AFP and albumin genes take place 
during rat liver development. However, the relationship between 
these changes in methylation pattern and gene activity were 
found to be complex. For instance, the albumin gene is highly 
methylated in l8-day fetal hepatocytes and hypomethylated in 
adult hepatocytes, though no important differences in the tran
scriptional state of this gene are observed at these two stages 
of development (see Figures 1 and 2). In contrast, no drastic 
changes in the methylation state of the AFP gene were found in 

fetal and adult hepatocytes, but the adult hepatocytes show a 
much reduced transcription of the AFP gene. These results then 
indicate that alterations in the methylation patterns of the 
albumin and AFP intragenic sequences do not seem to playa major 
role in modulating the transcriptional activity of these genes 
during rat liver development. However, these studies do not 
exclude the possible existence of critical methylation sites in 
the 5' flanking sequences of the albumin and AFP genes that 
could determine the selective expression of these genes. Inves
tigations directed to search for such hypothetical sites are now 
underway in our laboratory. In this context, it should be noted 
that Ott et al. (57) have identified an MspI site at the 5' end 
of the rat albumin gene whose undermethylation appears to be 
necessary but not sufficient for expression of the gene in rat 
hepatoma cells. 

It should also be pointed out that Andrews et al. (52) have 
reported a good correlation between hypomethylation of the AFP 
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Figure 2. Dot blot (A and B) and Northern blot (C and D) anal
ysis of albumin and AFP mRNA levels in fetal and 
adult rat liver, in adult kidney and in two rat cell 
lines. Serial dilutions of whole cell RNA were 
dotted onto DBM paper and hybridized to cloned 32p_ 
labeled albumin (A) or AFP (B) cDNA probes as repor
ted elsewhere (64). RNA samples from the different 
tissues and cell lines were fractionated on agarose 
gels containing 10 roM methylmercury hydroxide, trans
ferred to DBM paper and hybridized with cloned 
albumin (C) or AFP (D) cDNA probes as previously 
described (48). lC and lD, 2 ~g of fetal liver total 
RNA; 2C, 2 ~g of adult liver total RNA; 2D, 25 ~g of 
total (A) or polyadenylated (B) RNA from adult liver; 
3C and 3D, 25 ~g of adult kidney total RNA; 4C and 
4D, 25 ~g and 2 ~g of total RNA from the hepatoma 
cell line, respectively; 5C and 5D, 25 ~g of total 
RNA from the JFl cell line. 

gene and its expression in different embryonic, adult, and neo

plastic tissues. In particular, the extent of methylation of 

the AFP gene was fo~d to be higher in adult than in fetal mouse 

liver. The reason for the discrepancy between these results and 

those obtained by Vedel et al. (55) and Locker et al. (56) in 
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the rat is not known, but it might be due to a species-specific 

difference. 

CHROMATIN STRUCTURE OF THE RAT ALPHA-FETOPROTEIN AND ALBUMIN 

GENES 

The fact that eukaryotic DNA is packaged as chromatin has 

led to attractive models of gene regulation in which chromatin 

structure plays a critical role. The results of early studies 

indicated that actively transcribed DNA sequences are complexed 

with proteins to form nucleosome structures similar to those in 

the bulk of the genome (see references 58 and 59 for reviews), 

but it has become clear since the work of Weintraub and Groudine 

(60) that active genes have altered chromatin structures which 

render them preferentially sensitive to digestion by the endo

nuclease DNase I (reviewed in references 59 and 61). Several 

studies suggested that this preferential sensitivity may reflect 

the potentiality of genes to be expressed in a cell rather than 

their actual transcriptional activity (59, 61). It has also 

been found that in addition to the high degree of DNase I sensi

tivity characteristic of active genes there exists small regions 

of nuclease hypersensitivity usually located 5' to the coding 

region (references 62, 63, and the chapter by Thomas et al., 

this volume). These specific sites are more sensitive by an 

order of magnitude than are active or potentially active gene 

regions and about two orders of magnitude more accessible than 

inactive chromatin regions. 

We have examined the question of whether alterations in 

DNase I sensitivity of the albumin and AFP genes are associated 

with the changes in expression of these genes during development 

and neoplasia. 

Overall DNase I Sensitivity Studies 

Nuclei were isolated from newborn and adult rat liver and 

from culture of a cloned cell line (C8) derived from the Morris 

hepatoma 7777. The C8 hepatoma cells actively transcribe the 

AFP gene but albumin transcripts were not detected in RNA pre

parations from these cells (Figure 2). Nuclei were also 
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isolated from adult rat kidney and from a fibroblast cell line, 

JF-l, to provide information on the DNase I sensitivity of the 

albumin and AFP genes in non-hepatic cells. Nuclei were incu

bated with increasing concentrations of DNase I. Isolated DNA 

was digested with Hind III, and the fragments separated by 

electrophoresis and transferred onto diazobenzyloxymethyl paper. 

The blotted DNA was hybridized with cloned probes for rat albu

min (the cDNA plasmids pRSA 13 and pRSA 57, Figure 3C; and the 

genomic probes sub JB, sub C, sub, B, sub A, and sub D, Figure 

3A) and for rat AFP (the cDNA plasmids pRAFP 65 and pRAFP 87, 

Figures 3B and 3D). This procedure allowed visualization of the 

complete albumin and AFP transcription units. Following hybrid

ization and autoradiographic exposure, the blots were washed and 

rehybridized to a cDNA probe for tyrosine hydroxylase to provide 

an internal control for DNase I sensitivity of a gene not 

expressed in the liver tissue (not shown). 

As can be seen from Figures 3A and 3B, the chromatin region 

containing the albumin and AFP genes is much more sensitive to 

the nucleolytic action of DNase I in adult liver than in adult 

kidney. Both albumin and AFP genes appear to be very sensitive 

to DNase I in adult liver. A quantitative comparison of the 

accessibility to DNase I digestion of the albumin and AFP gene 

regions, relative to the reference "inactive" tyrosine hydroxy

lase gene, has shown that in adult liver the albumin and AFP 

genes are 6 to 12 times more sensitive to DNase I than is the 

tyrosine hydroxylase gene (64). In newborn liver the level of 

sensitivity of the albumin and AFP genes is not significantly 

different from that found in adult liver (not shown). In con

trast, in adult kidney the albumin, AFP, and tyrosine hydrox

ylase genes are equally resistant to the DNase I action (64). 

The DNA fragments containing these three genes are also resis

tant to DNase I in nuclei from the fibroblast JF-l cell line 

(Figures 3C and 3D, and reference 64). 

In the hepatoma cells the AFP gene is rapidly digested by 

the nuclease while the albumin gene is only mildly sensitive 

(see Figures 3C and 3D). Quantitative analysis of the densito

metric data indicates that in the hepatoma cells the AFP gene is 

4 to 5 times more sensitive to DNase I than the albumin gene 

(64). These data support a close relationship between DNase I 
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sensitivity and gene expression in this hepatoma cell line. The 
lower level of DNase I sensitivity of the albumin gene in the 
hepatoma cells than in adult liver suggests that alterations in 
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Figure 3. DNase I sensitivity of the albumin and AFP genes in 
adult rat tissues and cell lines. Nuclei from adult 
rat liver and kidney and from hepatoma e8 and fibro
blast JFI cells were incubated with increasing 
amounts of DNase I as indicated elsewhere (64). The 
DNA was extracted, digested with HindIII and analysed 
by the method of Southern with albumin (e) or AFP 
cDNA (B, D) probes or with the albumin genomic probes 
subJB, subA, subB, sube, and subD (27, 29, 40). The 
size of the genomic DNA fragments containing specific 
albumin or AFP gene sequences is given on the right 
of the figure. The restriction maps of the Sprague
Dawley albumin (29, 40) and AFP genes (43) are shown 
in the center of the figure. The difference in the 
HindIII restriction patterns of these genes in the C8 
hepatoma cells and in other cells is due to allelic 
polymorphism. The Morris hepatoma 7777 was origi
nally derived from a Buffalo rat. 
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the chromatin structure of this gene might occur during the 

process of carcinogenesis. 

The high degree of DNase I sensitivity of the AFP gene in 

adult liver, despite its extremely low level of transcription, 

may reflect its potential for re-expression in oncogenic pro

cesses. Since the levels of DNase I sensitivity of the albumin 

and AFP genes were found to be similar in newborn and adult 

liver, these studies provide no evidence to support the idea 

that alterations in the chromatin structure of the albumin and 

AFP genes are responsible for the changes in gene activity 

occurring during the terminal differentiation of the hepatocyte. 

However, the drastic differences in DNase I sensitivity of these 

genes between hepatic and non-hepatic tissues suggest that such 

alterations in chromatin structure might be involved in the 

early establishment of the tissue- specific potential of overt 

gene expression. 

DNase I Hypersensitive Sites 

vle have recently searched for the presence of DNase 1-

hypersensitive cleavage sites in the chromatin regions flanking 

the AFP and albumin genes in the same rat tissues and cell lines 

analyzed for overall DNase I sensitivity. The albumin genomic 

subclone sub JB and the Hind III - EcoRI genomic fragment close 

to the 5' end of the AFP gene (Figure 3) were used to probe 

nuclease-hypersensitive sites by using the indirect end-labeling 

technique described by Wu (62). Three DNase I hypersensitive 

sites could be mapped in the 5' flanking region of the albumin 

gene in chromatin from newborn and adult liver but not in the 

chromatin of the C8 hepatoma cell line and on non-hepatic cells 

(adult kidney, JF-l fibroblasts). Two of these sites are lo

cated within 0.5 kb of the 5' end and the third site is found 

about 2.5 to 3 kb upstream of the albumin gene (65). The pre

sence of these sites appears, then, to be directly correlated 

with the actual state of transcription of the albumin gene in 

the tissues and cell lines analyzed. 

We have also detected at least three nuclease hypersensi

tive sites in the 5' end and flanking regions of the AFP gene in 

chromatin from the actively transcribing newborn rat hepato-
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cytes. All these sites are also present in the C8 hepatoma cell 

line but could not be detected in adult kidney or the JF-l 

fibroblast cells. Interestingly, only the more distal site 

located at about 2 to 3 kb from the 5' end of the AFP gene is 

detected in adult liver (Nahon and Sala-Trepat, in preparation). 

The presence of this site could then be related to the differen

tiated state of the cell, while the other two sites near the 

5' end of the AFP gene would be directly correlated with active 

transcription. The fact that these two sites are absent in 

adult liver provides the first indication for the occurrence of 

alterations in chromatin structure reflecting the transition 

from the active to the inactive state of the AFP gene during the 

terminal differentiation of the hepatocyte. 

CONCLUSIONS 

The albumin and AFP genes provide a powerful model system 

to investigate the molecular mechanisms responsible for changes 

in gene expression during developmental and oncogenic process. 

Several studies have indicated that the expression of these two 

genes during rodent liver development and in different hepatomas 

is regulated mainly at the transcriptional level. Changes in 

the transcriptional template capacity of these genes during 

development and neoplasia do not appear to result from altera

tions in gene number or gross rearrangements within the genome. 

Furthermore, no evidence has implicated changes in methylation 

of specific gene sequences in the transcriptional modulation of 

these genes during rat liver development. 

The structural organization of chromatin is thought to 

determine the state· of differentiation and activity of eukar

yotic genes. Our investigations on the chromatin structure of 

the AFP and albumin genes in developing rat liver and other 

tissues and cell lines have shown important differences in the 

conformation of these genes in hepatic and non-hepatic cells. 

Further, different sets of DNase I hypersensitive sites have 

been found upstream from the albumin and AFP genes depending on 

the state of differentiation of the cells and on the transcrip

tional state of these genes in the tissues and cell lines 

analyzed. The disappearance of two DNase I hypersensitive sites 
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in the 5' flanking region of the AFP gene during late liver 

development indicated that changes in chromatin structure of 

this gene occur during the terminal differentiation of the 

hepatocyte in strict correlation with differential gene activ

ity. It is likely that the special chromatin structures, that 

we have detected with the nuclease probe at the 5' end of the 

AFP and albumin genes, play an important role in the early 

establishment of the tissue-specific potential of overt gene 

expression and in the transcriptional regulation of these genes 

during the terminal differentiation. The short stretches of DNA 

amidst the 5' hypersensitive sites might mark sequences onto 

which regulatory proteins can be bound. It is now of obvious 

interest to search for specific proteins which will preferen

tially bind to these regions of the genome. 
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INTRODUCTION 

The structure and developmental regulation of histone genes 
have been the subject of recent reviews (1, 2). This chapter 
will, therefore, deal only with experimental studies designed to 
identify transcriptional and post-transcriptional regulation 
signals and factors interacting with them. 

THE ANATOMY OF HISTONE GENE PROMOTERS 

The promoter of the early embryonic H2A gene of the sea 
urchin Psammechinus miliaris has been analysed in great detail 
by surrogate genetics and microinjection into ~. laevis oocytes 
(3-5). The picture emerging from these experiments is that the 
H2A gene promoter contains at least three distinct functional 
elements: the modulator, selector, and initiator elements (3). 
The modulator is located far upstream of the gene, between posi
tions -165 and -111, and is responsible for determining the rate 
of transcription of the gene (3-5). It is similar in many 
respects to viral enhancer elements. For instance, it functions 
in an orientation- independent fashion. It may, therefore, be 
significant that functionally important sequences within the H2A 
modulator element are similar to the Moloney murine sarcoma 
virus enhancer and to topologically related 5' long terminal 
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repeat (LTR) sequences from other viruses (5). The selector 

element containing the TATA box primarily specifies the correct 

5' end of the mRNA, whereas the main function of the initiator 

segment is to facilitate transcription initiation (3). 

Similar surrogate genetics were also applied to the study 

of transcription of a cloned Xenopus 1aevis H4 gene (6). This 

gene contains a duplicated promoter and, accordingly, two mRNAs 

differing from each other by 115 nuc1eotides at their 5' ends 

are produced. Deletion experiments showed that a segment be-

tween position -65 and -35 of the stronger downstream transcrip

tion start site was important for maximal expression of the H4 

gene in microinjected !. 1aevis oocytes. DNA sequence com

parisons revealed that this important area of the H4 promoter 

contains two highly conserved DNA motifs near positions -51 to 

-46 in all H4 genes analysed (6). 

The X. 1aevis oocyte expression system has also been used 

to isolate factors that will complement or stimulate the faulty 

or weak expression of early embryonic sea urchin histone genes 

(7, 8). For instance, a protein factor isolated and partly 

purified from chromatin of sea urchin embryos strongly stimu

lates expression of the H2B gene in frog oocytes. The factor 

has an apparent molecular weight of 40,000 on sucrose density 

gradients and, as expected for a nucleic acid binding protein, 

it binds to heparin sepharose columns (8). Numerous mutations 

in the 5' flanking region of the H2B gene failed to reveal any 

effect on stimulation by the factor (8), although some of them 

drastically reduced the overall rates of H2B transcription. In 

particular, these studies revealed the importance of the se

quence CAAT (-100) and of a H2B-specific conserved sequence 

motif (-60) for maximal H2B transcription (Mach1er, Mous, 

Stunnenberg, and Birnstie1, manuscript in preparation). How

ever, deletions and substitution mutations of the H2B gene have 

clearly established that the interaction site(s) for the factor 

is located downstream from the transcription start site (8). 

Thus, the oocyte injection system has revealed a great 

variety of sequences important for hist:one gene transcription. 

Transcriptional control elements have been found upstream and 

downstream of the transcription start site. However, even with-
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in the limited set of histone gene promoters studied to date, 

one can also begin to find some commonalities. For instance, 
the TATA box and the initiator element are important components, 
although to different extents, of both the H2A and H2B promo-

ters. (They were not analysed in the case of the X. 1aevis H4 
gene.) The CAAT sequence as well as subtype-specific conserved 
sequence motifs around position -50 were found to be functional
ly important for H2B and H4, but not for H2A. Furthermore, the 
H2A gene modulator and the H2B stimulatory factor interaction 
site could both belong to yet another class of promoter elements 
which may be located either upstream or downstream of the tran
scription start site and which can function independent of their 
orientation. 

3' EDITING OF HISTONE mRNAs 

Histone mRNAs, unlike other eukaryotic mRNAs, carry at 
their 3' terminus a RNA hairpin structure rather than a po1y(A) 
tail. The hairpin is part of a 23 bp sequence motif which is 
highly conserved among histone genes throughout evolution (9). 
About 6 bp downstream from this sequence there is another, some
what less well conserved sequence motif, CAAGAAAGA, which is 
absent from the mature mRNA (10). 

The sequences required for the generation of correct 3' 
ends of the sea urchin H2A gene were mapped by mutational anal
yses and oocyte injections to reside in the hairpin itself but 
also within the first 100 bp of spacer DNA (11, 12). Point 
mutations in the hairpin structure indicated that the dyad 

symmetry and not the sequence itself is important for the gener
ation of 3' ends (12). Injections of DNA heterodup1exes between 
the point mutants and the wild-type sequence revealed that the 
hairpin was required. at the RNA rather than at the DNA level 
(12) . Taken together, these experiments suggested that RNA 
processing rather than accurate termination might be the mecha
nism by which the authentic 3' ends of histone mRNAs are formed. 
3' processing of histone mRNA was then directly demonstrated by 
oocyte injection of precursor RNA (13, 14) synthesized in vitro 
and, more recently, also in partly purified in Y!!:.!£ systems 
(reference 15, and D. Schtimper1i, unpublished observation). 
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Further DNA injection experiments of processing-deficient mu

tants of the H2A gene revealed that transcription terminates 

heterogeneously in the post-H2A spacer and that the transcripts 

are then processed to the mature 3' ends (13). 

As is the case for transcription initiation, 3' editing of 

sea urchin histone mRNAs can also be complemented in the X. 

laevis oocyte. For unknown reasons, H3 transcripts are pro

cessed very inefficiently in the oocyte. The elongated tran

scripts are apparently quite stable, since they are present in 

amounts comparable to those of H2A and H2B mRNAs (16). This 

defect can be complemented by a factor extracted from the chro

matin of sea urchin embryos (7). This factor behaves during the 

purification like a nucleic acid binding protein with an appar

ent molecular weight of 200-250,000 (7). Complementation of 3' 

editing of H3 in vivo transcripts can also be achieved with a 

small poly(A)-RNA of approximately 60 nucleotides (60N-RNA) from 

sea urchin embryos (17). A functional RNA of this size could 

also be extracted from the active factor preparation (17). 

Correct 3' editing was also observed with H3 in vitro precursor 

RNA injected into oocytes that had been pre-injected with the 60 

nucleotide RNA (13). This provided final proof that this novel 

snRNP particle is involved in the processing reaction. Several 

small deletions, insertions or linker scanning mutations of the 

two conserved 3' motifs almost invariably abolish the 60N-RNA

dependent 3' editing of H3 mRNA (18). Several cDNA clones for 

the 60N-RNA, now called U7 RNA, have recently been isolated and 

sequenced (19). They contain regions of extensive sequence 

similarity to the two conserved 3' motifs. It is therefore 

likely that this RNA interacts with histone mRNA precursors by 

base pairing. This interaction would result in unfolding of the 

mRNA hairpin structure and exposure of the processing site which 

are presumably crucial steps for processing to occur. 

CONCLUSIONS 

Functional analysis of gene expression has revealed a 

rather complex organization of histone promoter elements. It 

can be inferred from these findings that transcription initi

ation is not merely the product of an interaction of RNA 
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polymerase with DNA and nucleotides, 

trolled by several additional factors. 

histone gene expression is subject 

but rather must be con

Post-transcriptionally, 

to additional levels of 

control, i.e., 3' processing involving U7 snRNPs, nucleo

cytoplasmic transport, degradation or stabilization of precursor 

transcripts or processed mRNAs in the nuclear or cytoplasmic 

compartment. Little is known about the cellular components 

involved in these processes and about their targets on histone 

DNA or RNA. It will also be important to know which of these 

processes are used to regulate histone gene expression during 

embryonic development, tissue differentiation, or during the 

cell division cycle. For instance, it is now clearly estab

lished that both transcriptional and post-transcriptional 

processes must be involved in changing histone mRNA levels 

during the animal cell cycle. Moreover, histone gene switches 

have been well documented, the prime examples occuring during 

early embryonic development and spermatogenesis in sea urchins 

and during the differentiation of erythroid cells in birds (1, 

2) . Further functional analysis of histone genes in a variety 

of experimental systems will be required to understand the 

molecular basis for these regulatory phenomena. 
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The regulation of gene expression in the interferon system 
falls into two distinct sub-topics. First is the induction of 
the interferon structural genes in cells infected with a virus 
or treated with some other inducer, such as double-stranded RNA 
or lectins. The second involves the mechanism of interferon 
action, in which several distinct genes are induced in inter
feron-treated cells to be transcribed and translated as the 
cells become virus resistant or cease their usual division 
cycle. In neither the induction of interferon nor its action is 
much known about specific effects on chromatin structure, but it 
is presumed that perturbations do occur as in other examples of 
regulated gene expression. Besides providing yet another 
"model" system, the interferons offer the following features: 
very rapid alterations in gene expression initiated at the cell 
surface by a relatively few inducing molecules (only one mole
cule in some cell types), leading to profound biological 
sequelae (refractility to viruses and blockade of cell cycle 
movements). The interferons are particularly interesting be-
cause cell division often stops in treated cells, in comparison 
to other hormonally-regulated systems where division rates are 
enhanced. The property of interferons to make cell cultures 
quiescent thus avoids the problem of studying cascades of gene 
expression which occur in growth-stimulated cells. 
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THE INTERFERON PROTEINS 

The interferons are a family of polypeptides with extremely 

potent biological activities, whether measured in cultured cells 

(primary or continuous) or in animals. They also have potential 

clinical applications as anti-infectives or cytostatic agents, 

although their efficacy still remains to be clearly established 

in treatment of human disease. 

All the interferons are single polypeptides, with approxi

mately 166 amino acid residues. Some of the protein species, 

notably fibroblast (a) and immune (y), contain carbohydrate when 

produced in animal cells, although the role of the carbohydrate 

in their activity seems to be minimal. The present number of 

distinct species is fourteen for the a (leucocyte) type and one 

each for the a and y types. The nomenclature is derived from 

the cell type which produces the interferon, rather than the 

responder. 

All the interferons induce viral resistance in cell cul

tures. In such an assay, the cells are treated briefly (30 or 

more minutes) with a solution containing a dilution of the 

interferon and then are challenged with a virus. Usually, the 

cells are visually examined at daily intervals thereafter, until 

the untreated cells have been completely destroyed (one to three 

days). The interferon-treated cells will usually show protec

tion against the viral cytopathic effect, with one unit of 

interferon activity representing the dilution causing fifty 

percent protection. Variability in the assay is two-fold or 

less. Homogeneous interferons having become available, it is 

now possible from such an assay to define a specific biological 

activity. For most interferons, this is close to 2x10 8 units 

per milligram of interferon protein, although higher specific 

activities have been reported (for a review, see reference 1). 

This translates into one unit (50% protection) representing 

picomo1e amounts of interferon. Cell growth inhibition is ob

served at similar levels, but may be higher for some cells with 

particular interferons. The old concept of species specificity 

for interferons has too many exceptions to be considered valid 

any longer. 
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It is also clear from studies with homogeneous natural 

interferons and individual species from recombinant DNA sources 

that interferons are multipotent, and can stimulate cells to 

become virus resistant, stop dividing, or become activated in 

various cellular immune reactions (e. g., killer cell activa

tion) . Whether these mUltiple responses are due to more than 

one class of interferon receptor, distinct domains on each 

interferon polypeptide triggering different cellular responses, 

or the manner in which interferon signals are transmitted from 

the cell surface to the nucleus is far from clear. 

INDUCTION OF INTERFERON STRUCTURAL GENES 

The classical inducers of the interferon structural genes 

are viruses. Most viruses will induce some interferon in cell 

cultures, but the most effective are RNA viruses, especially 

those which are relatively ineffective at blocking cellular 

protein synthesis. Enhancement of the induction may be accom

plished by irradiation of the inducing virus with low doses of 

ultraviolet light, which prevents a full-blown infection but 

leaves sufficient (unknown) viral genes intact to act as an 

inducing agent. In studies reviewed by Marcus (2) it is hypo

thesized that one or more molecules of double-stranded RNA 

within the infected cell are sufficient to trigger the induction 

of interferon structural genes. This induction is largely at 

the transcriptional level, although there are reports of indu

cers also stabilizing existing interferon messenger RNAs (3). 

Synthetic double-stranded RNA molecules, such as polyribo

inosine-polyribocytosine, poly(IC), are also able to induce 

interferon expression, although effective induction requires 

many copies of RNA polymer per cell. The poly(IC) is thought to 

act at the cell surface, from studies using particulate supports 

for the inducer, but it is difficult to know absolutely that 

none of the RNA is released by cleavage and may subsequently 

penetrate the cells. The induction event is fairly rapid, and 

occurs within 30-60 minutes of exposure. The effect of the 

inducer may be potentiated by careful, timed addition of inhibi

tors of RNA or protein synthesis (super-induction), although the 

exact mechanism is unclear. Prior addition to the cells of 

minimal quantities of interferon also helps to potentiate the 
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response to an inducer. For certain cell types (T-cells), 

induction of interferon is best done with antigens or lectins, 

rather than double-stranded RNA. In general, small molecules 

such as halogenated pyrimidines are useful inducers of inter

feron only in whole animals (4). 

Following addition of the inducer to the cells, there is a 

burst of transcriptional activity of the interferon structural 

genes. However, the relative level of transcription is low, 

with at most only a few thousand interferon mRNAs produced. The 

mRNA may be isolated in an active form, and translated in cell

free systems or oocytes to produce biologically-active 

interferon. Most of the mRNA produced is specific for the cell 

type induced, so that fibroblast cells produce greater than 90% 

S interferon message, and a minority of a species. The situa-

tion is reversed in leucocytes. The reason for this is unclear, 

but may involve tissue-specific enhancer sequences (5). The 

high specific activity of the interferons permitted assay of 

cloned interferon cDNAs by hybrid selection and were taken 

advantage of in isolating the rare clones containing interferon 

sequences (5). 

The cDNA sequences of the interferons were consistent with 

published amino-terminal protein sequences of purified inter

ferons (6, 7) and were used to complete the primary protein 

sequence analyses. Moreover, cDNAs were introduced into expres

sion plasmids and cloned into bacteria, yeast, or mammalian 

cells in order to produce very large quantities of interferon, 

relative to what had been available prior to genetic engi

neering. It is premature to suggest that interferon supply is 

entirely solved, but for most laboratories interested in using 

interferon in biochemical research experiments, there is no 

longer a problem in obtaining sufficient amounts of biologically 

active interferon (8). 

The induction of interferons has been addressed most 

effectively by using cloned cDNAs or genomic DNAs of a or S 

interferons. One of the first problems addressed was careful 

examination of the chromosomal locations of interferon struc

tural genes using cDNAs as probes. The work of Trent et al. (9) 

clearly showed that the human a and S interferons were located 
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near one terminus of chromosome 9. More recent studies (10-14) 
analyzed in detail the DNA sequences upstream from the a and B 
coding regions, and deletions of segments of the non-coding 
portions of the interferon genes have established the regions 
required for inducibility. The results are reminiscent of other 
inducible eukaryotic genes (see chapter by Wasylyk, this volume) 
and may be summarized as follows: 

Fiers and colleagues (12) inserted the human fibroblast 
interferon gene into SV40 viral vectors and transfected monkey 
cells. There was specific induction (10-30 fold) observed upon 
addition of po1y(IC) to the cells, and no effect of the inducer 
on the interferon gene lacking 5' non-coding sequences. Dele
tion mapping of the inducible region showed that nuc1eotides 
between position -186 and -144 upstream from the mRNA initiation 
(cap) site comprised the responsive sequences. It was found by 
sequence analysis that a block of 18 residues (-174 to -157) was 
similar to sequences in unrelated genes which are induced by 
glucocorticoid hormones (see chapter by Beato et a1., this 
volume). The TATA box is present at position -35 from the cap 
site for B interferon. The situation is slightly different for 
the a interferons. Weissman and colleagues (11, 13, 14), using 
a similar approach but different p1asmids and host cells, found 
that not more than 117 upstream nuc1eotides were required for 
induction by a virus of a interferon mRNA synthesis at the 
correct initiation site. In the absence of inducer, RNA was 
transcribed from the interferon gene, but of disperse and in 
appropriate size and start site. Sequencing showed a purine
rich 5' region conserved in all a interferon genes studied. It 
was also found that removal of sequences upstream of position 
-117 enhanced expression of the interferon gene, suggesting 
these sequences were involved in suppression of transcription. 
Revel (5), in reviewing the subject of regulation of interferon 
transcription, concluded that the a and B genes are homologous 
in 5' elements. The genes are also located in the same macro
scopic region of human chromosome 9, although there have been no 
descriptions of the linear distance between the two classes of 
interferon. Therefore, it still is unclear why a and B genes 
are regulated differently in cells of distinct lineage (fibro
blasts vs. lymphocytes) and respond quite specifically to 
different inducers. The next major advances will likely come 
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from in vitro reconstitution experiments in which correct tran

scription initiation can be studied on defined genes in the 

absence of complications encountered with intact cells. At 

present, the argument can still be offered that the primary 

effect of the inducer is on some segment of DNA not contiguous 

with the interferon genes, to produce a DNA, RNA, or protein 

which subsequently regulates interferon gene transcription. 

INDUCTION OF CELLULAR GENES BY INTERFERON 

Mechanism studies have indicated that interferon-treated 

cells became virus resistant following induction of cellular 

genes and synthesis of one or more proteins. Although the 

assignment of one of the induced proteins to a role in the anti

viral state has not yet been achieved, it is clear that a number 

of interesting enzymatic activities are induced in interferon

treated cells, including protein kinases, nucleases, and oligo

adenylate synthase, as well as structural proteins such as HLA 

surface antigens (1). 

It is believed that interferon action is initiated by 

binding of one or more interferon molecules to specific cellular 

receptors. The number of interferon receptors on cells in cul

ture is rather low, with a typical figure of 10 2 to 10 3 (15). 

The receptors appear to be (glyco) proteins, with a subunit size 

of greater than 150,000, perhaps in association with ganglio

sides (16). It is likely that the receptors are available only 

on the surface of sensitive cells, rather than within the cells, 

but it may be that the interferon-receptor. complexes require 

internalization before a specific effect on gene activation can 

occur, by analogy to other peptide hormones. The nature of the 

signal from the cell surface to the nucleus following interferon 

treatment is presently unknown. Interferons were initially 

thought to be species specific, but there are many interesting 

exceptions, including the very surprising one that human inter

ferons act to protect plant cells against virus challenge (17). 

The "receptor site" for animal interferons on plant cells has 

not been studied. 
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The details of the interferon proteins I binding to their 

receptors are not well described. Although several interferon 

primary amino acid sequences are published, there have been no 

presentations of detailed models of interferon three-dimensional 

structure. There are proposed structural similarities between a 

and S (18) and between Sand y (19) interferons, but biochemical 

support is so far unavailable. A current view is that inter

ferons a and S use a common receptor, but the one for interferon 

y is distinct. This view is largely based on biological experi

ments and is subject to future revision. 

Efforts addressed at preparing active fragments of inter

ferons have been mostly fruitless. Synthetic peptides of inter

feron S were prepared and examined for interferon mimicking 

activity or blocking activity, without success (unpublished 

results), although some of the segments induced antibodies to 

intact S interferon (20). Genetic engineers have expressed 

truncated versions of interferon, but removal of more than a few 

residues from either end reduced activity substantially (Wetzel 

and Petteway, personal communications), as have the products of 

proteolytic digestion of native interferon. There is a paradox 

in these results in that interferon a and S activities are 

resistant to denaturants such as urea, guanidine, or dodecyl 

sulfate, even at high temperatures. There is, however, insta

bility of interferon in reducing agents (e.g., 2-mercapto

ethanol) and there is further biochemical evidence to establish 

an intrachain disulfide bond which is required for activity. At 

present it appears that no single linear domain of interferon is 

sufficient for receptor binding or activity in standard bio

assays. 

Shortly after interferon binds to a sensitive cell, there 

is a burst of synthesis of several mRNA species, and new pro

teins appear in the cytoplasm (21). The level of induction 

ranges from only a few-fold to more than two orders of magni

tude, and after several hours mRNAs for a 15 kDa protein and a 

56 kDa protein rise to almost 1% of total poly(A) message 

(22-24) . One or more of the induced proteins are involved in 

establishment of the antiviral state, and possibly in cell

division inhibition. In human cells, chromosome 21 has a 

regulatory role, since extra copies of it lead to greatly 
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enhanced sensitivity to interferon. It is presently unclear 

whether chromosome 21 codes for the interferon receptor, or some 

key regulatory component leading to enhanced transcription of 

interferon-sensitive genes. 

Several interferon-regulated genes have been identified and 

isolated as cDNA or genomic clones (25). The response to inter

feron for at least two of these genes represents a response at 

the transcriptional level, based on in vitro transcription 

experiments (24), and induction of the gene activity is respon

sive to the concentration of interferon applied. The induction 

occurs within minutes following addition of the interferon to 

the cell culture. 

The interferon-responsive sequences are not yet described. 

However, genomic clones of oligoadenylate synthase (25) and 

other interferon-sensitive genes are in hand and it should 

become clear shortly whether they possess common inducible 

sequences. Construction of interferon-inducible vectors for 

mammalian cells should subsequently become practical. There is 

no evidence yet about alterations in chromatin structure, either 

at a gross level or at local sites near interferon-induced 

genes, but one would predict that local perturbations will be 

detected. With time after removal of interferon, transcription 

of the induced genes declines and ceases, and the return to a 

resting state requires protein synthesis (24). It is hoped that 

detailed study of chromatin alterations in interferon-sensitive 

regions will shed new light on the current picture of gene 

activation/deactivation cycles in cell cultures and in animals. 

Studies with inhibitors of polyamine biosynthesis show that 

coincident with reduction of intracellular polyamines, there is 

potentiation of the biological effects of interferon (26-28) and 

the potentiation includes the level of transcription of induc

ible genes (Korant et al., manuscript in preparation). One 

explanation for the effect is that polyamines (e.g., spermidine 

or putrescine) supress transcription of interferon-inducible 

genes by binding to DNA directly. However, it is equally argu

able that polyamines alter binding of repressing or activating 

proteins to DNA, or participate in supressing the signal from 

the interferon-treated cell surface to the nucleus or the avail-
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TABLE 1. Features of interferon-regulated gene expression 

Rapid, specific induction of primary transcription. 

Initiated from the cell surface by a few molecules of 
bound interferon. 

Potentiated by additional copies of human chromosome 
21, and by artificial reduction of intracellular 
polyamine concentrations. 

Several distinct genes are induced. 

New mRNAs and proteins are synthesized before/during 
the establishment of the antiviral state and cessation 
of cell division. 

Several of the proteins reach intracellulpr levels of 
greater than 0.2% of total (more than 5xl~ copies per 
cell) . 

The mRNA for a 15 kDa protein and a second for a 56 kDa 
protein become transiently abt.mdant following induc
tion, then decay as their transcription ceases. Decay 
of induced mRNAs is slowed by inhibition of protein 
synthesis. 

Cell mutants are isolable which vary their responses to 
different interferons, and in the induction of specific 
genes. 

ability of surface receptors. Some of these questions are 
directly testable with current methods. One also may inquire 
whether polyamine fluctuations may alter chromatin structure 
generally, and affect other regulated gene activities. 

SUMMARY 

The main points of this brief review on interferon
inducible genes are provided in Table 1. 

While interferons continue to show promise as therapeutics, 
their use, especially in cancer therapy, is complicated by the 
spectrum of responses encot.mtered. It may be possible in the 
future to explain (or predict) variability in individual respon
ses to these drugs on the basis of the responses of multiple 
genes to the interferon signal. For example, at least one gene 
responsive to a or a interferons is virtually silent when y 
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interferon is applied (24). Derivatives of cell lines which 

show a characteristic genetic response to interferon are some

times altered selectively and display qualitatively distinct 

response patterns (1), including the expression of oncogenes 

(29). Therefore, the intelligent medical application of hormone 

like growth promotors or inhibitors, such as interferons or 

lymphokines, must be based on a primary understanding of the 

mUltiple genetic responses possible in a given cell. The bene

fits of such studies will be at the same time practical and 

relevant to a clarified view of control of gene expression. 
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Z-DNA AND ITS BINDING PROTEINS 
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INTRODUCTION 

Since the recent discovery of the left-handed Z conforma

tion of DNA, many efforts have been directed toward uncovering 
its biological relevance. The Z-DNA conformation was first 
described in an atomic resolution X-ray diffraction crystal 

structure of the hexanucleotide d(CpGpCpGpCpG) (1). As shown in 
Figure I, there are important conformational differences between 

Z-DNA and B-DNA:. 

1. In Z-DNA the double helix is left-handed, while B-DNA 

is a right-handed double helix. 

2. Z-DNA has only one groove instead of the two grooves 

present in B-DNA. The position corresponding to the major 
groove in B-DNA forms the outer convex surface in Z-DNA. The 
bases have an external position in the Z conformation, while in 

the B conformation they are more in the center of the molecule. 

Thus, the bases are more accessible to the solvent in Z-DNA. 
This increased accessibility of the bases in the Z conformation 

might be an important factor in the specific recognition of Z
DNA sequences by proteins. 

3. The sugar-phosphate backbone has a characteristic zig

zag organization in Z-DNA in contrast with the smooth helical 

organization shown in the right-handed B-conformation. 
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Z DNA 8 DNA 

Figure 1. Van der Waals models of Z-DNA and B-DNA. The Z-DNA 
diagram shows the molecule as it appears in the 
d(CpGpCpGpCpG) crystal. 

All of these structural differences are the result of 

internal conformational changes. Simple rotation of the double 

helix in the opposite sense is not sufficient to convert the 
right-handed B conformation into the left-handed Z conformation. 
In addition, the DNA molecule has to undergo several internal 

conformational changes that include a flipping over of the 
bases, so that the upper surface of the bases in the B conforma
tion corresponds to the lower surface in the Z conformation and 
vice versa. This flipping over of the bases is associated with 

rotation of the guanine residues around the glycosydic bond so 
that they adopt the ~ conformation instead of the more common 
anti conformation present in the B form. Z-DNA is characterized 

by the alternation of the ~ and anti conformation of the bases 

along the polynucleotide chain. Every other nucleotide in Z-DNA 
adopts the ~ conformation, while in B-DNA all residues adopt 
the anti conformation. 
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Purines can adopt the !Z!! conformation more easily than can 

pyrimidines (2). Thus, adoption of the left-handed Z-conforma

tion is favored in sequences that have alternations of purine 

and pyrimidine residues. Formation of Z-DNA has been observed 

in po1y(dG-dC) (3-6) and in po1y(dC-dA) /po1y(dG-dT) (7-9) se

quences. It has never been detected for po1y(dA-dT) sequences, 

even though it has been shown that Z-DNA can be crystallized in 

sequences containing AT base pairs, such as in the hexanuc1eo

tide d(CpGpTpApCpG) (10). The crystal structure of this 

hexanuc1eotide shows significant variation in the ordering of 

the water molecules in the deep groove. Around the TA base 

pairs they are disordered in contrast to the CG base pairs, 

where the water molecules are well-ordered. Maintenance of an 

ordered interaction with solvent molecules is probably an impor

tant factor in the stabilization of the Z-DNA conformation. 

Sequences that are not strictly alternating purine

pyrimidine can also adopt the left-handed Z conformation. For 

example, the hexanuc1eotide d(CpGpApTpCpGp) crystallizes in the 

Z conformation when the CS position of the cytosine residues is 

either methylated or brominated (11). Note that the two inter

nal nuc1eotides (AT) are out of purine-pyrimidine alteration in 

relation to the CG nuc1eotides of either end of the molecule. 

Thus, although one third of its nuc1eotides are out of purine

pyrimidine alternation, this oligomer can still form left handed 

Z-DNA. The energetic cost of forming Z-DNA in such sequences is 

greater than that of forming Z-DNA in a strict.1y alternating 

sequence. Stabilization of the Z conformation in this case 

requires either methylation or bromination of the cytosines, 

modifications that are known to facilitate the B to Z transition 

(4, 12-14), while the strictly alternating d(CpGpCpGpCpGp) re

quires no modifications to crystallize as Z-DNA. 

Z-DNA STABILIZATION BY IONS AND BY DNA MODIFICATION 

Right-handed B-DNA and left-handed Z-DNA form an equilib

rium system, with left-handed Z-DNA being the conformation of 

higher free energy. Several factors are known to affect the B 

to Z equilibrium. For example, Z-DNA can be stabilized by ions, 
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chemical modification of the bases, negative supercoi1ing of 
DNA, or interaction with specific proteins. 

It is known that high concentrations of monovalent cations 
induce the transition to the Z conformation in po1y(dG-dC) (3). 
The midpoint of the B-Z transition occurs at approximately 
2.5 - 2.7 M NaC1. Divalent cations are more effective in 
inducing the B to Z transition; 700 mM MgC1 2 is enough to 
stabilize the Z conformation in po1y(dG-dC) (4). Of all the 
cations studied so far, cobalt hexamine shows the strongest 
effect upon the stabilization of Z-DNA in po1y(dG-dC); the 
transition occurs at a concentration of approximately 20 ~M (4). 
X-ray crystallographic studies have shown that cobalt hexamine 
binds in an ordered fashion to the left-handed form of 
po1y(dG-dC) . The ion interacts specifically through hydrogen 
bonding with the guanine residue on one strand and a neighboring 
phosphate group (15). This specific interaction results in 
considerable stabilization of the left-handed Z conformation. 
In contrast, sodium ions and monovalent cations in general show 
a somewhat territorial binding to Z-DNA instead of the specific 
binding shown by cobalt hexamine. 

One of the most common modifications in eukaryotic DNA is 
methylation at the C5 position of cytosine in CG dinuc1eotides. 
Behe and Fe1senfe1d (4) showed that methylation at this position 
strongly facilitates the B to Z transition in po1y(dG-dC). The 
methylated version of po1y(dG-dC) undergoes the transition at 
approximately 0.7 M NaC1, instead of 2.5 - 2.7 M for the unmeth
y1ated po1y(dG-dC). Only millimolar concentrations of divalent 
cations are necessary to stabilize Z conformation of 
po1y(dG-m5dC). It is interesting to note that the po1yamines, 
spermine and spermidine, have a very strong stabilizing effect 
upon the formation of Z-DNA in po1y(dG-m5dC). This effect is 
detected at concentrations that are about ten times lower than 
those measured in vivo (4). The biological relevance of this 
observation remains unknown. However, CG sequences are highly 
under-represented in eukaryotic genomes (16), and a considerable 
amount of evidence suggests that methylation of CG residues is 
associated with gene inactivation (17). 
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Other chemical modifications of the bases are known to have 

strong effects on the B to Z transition (see reference 18 for a 

review).. Of all of them, bromination of either the C5 position 

of cytosine or the C8 position of guanine shows the strongest 

effect. When poly(dG-dC) is held in the Z conformation in 

4 M NaCl and then brominated, the resulting Br-poly(dG-dC) 

polymer is stable in the Z conformation at NaCl concentrations 

as low as 50 roM (19). 

EFFECT OF SUPERCOILING ON Z-DNA STABILITY 

Neither ions (with the exception of polyamines) nor 

chemical modification of the bases (with the exception of 

methylation) are likely to play an important role in Z-DNA 

stabilization in vivo. Other factors (supercoiling and Z-DNA 

binding proteins) seem more likely to be phYSiologically impor

tant. 

In biological systems DNA is generally found in a topologi

cally constrained state, either in a circular form (bacterial 

chromosomes, plasmids, and many viruses) or in topologically 

closed domains as in eukaryotic chromatin. Supercoiling is gen

erated in DNA whenever the number of turns of the double helix 

is not equal to the number of helical turns the molecule would 

have in a linear or relaxed form. The degree of supercoiling 

can be expressed in terms either of the number of supercoils or 

the superhelical density, which is the number of supercoils per 

turn of the double helix. In prokaryotes, DNA is maintained in 

a negatively supercoiled state. The actual degree of super

coiling is controlled very precisely by a complex group of 

enzymes, the DNA topoisomerases. Most of the DNA in eukaryotic 

chromatin appears to be in a relaxed state, since nucleosomes 

take up most of the superhelical tension. However, DNA topoiso

merases have been isolated from eukaryotic systems, indicating 

that eukaryotic DNA must be under topological stress either 

transiently or locally. 

Negatively supercoiled DNA has a higher free energy than 

relaxed DNA. The free energy difference is proportional to the 

square of the number of negative supercoils or superhelical 
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Figure 2. 

density. 
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(one turn) 
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A schematic diagram illustrating the effect on super
coiling of fopning a helical turn of Z-DNA in a 
negatively supercoi1ed closed circular DNA. In the 
diagram, a l2-bp segment of B-DNA has converted to 
Z-DNA, resulting in the loss of two negative super
coils. 

With negatively supercoiled DNA, any process is fa-

vored that would relieve the torsional strain. Formation of 

Z-DNA reduces the average negative superhelical density. Con

version of one helical turn of B-DNA into the Z conformation 

reduces the number of negative superhelica1 turns by two, as 

illustrated schematically in Figure 2. 

Induction of Z-DNA by increasing negative supercoiling can 

be monitored by a number of different methods. Formation of Z

DNA results in partial relaxation of a plasmid. This reduction 

in the average superhelical density associated with the forma

tion of Z-DNA can be visualized by one or two-dimensional gel 

electrophoresis (6, 9, 10). Using this technique, formation of 

Z-DNA has been detected in p1asmids containing inserts of either 

d(CG) (6, 20) or d(CA/GT) (9). 
n n 

Another way to detect formation of Z-DNA in a supercoiled 

molecule is through the use of anti-Z-DNA specific antibodies 

(8, 26, 27). In contrast to B-DNA, Z-DNA is highly immunogenic, 

and both po1yclonal and monoclonal antibodies against the left

handed Z conformation have been obtained by several groups of 

workers (21-25). Figure 3A illustrates how anti-Z-DNA anti

bodies can be used to detect formation of Z-DNA in negatively 
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Figure 3. (A) Schematic diagram illustrating the use of anti-Z
DNA antibodies to detect Z-DNA <..-.) in negatively 
supercoi1ed p1asmids. (B) The binding of negatively 
supercoi1ed pBR322 to increasing concentrations of 
anti-Z-DNA antibodies is detected by nitrocellulose 
filter binding. a indicates the superhe1ica1 density 
of each one of the samples used. (C) The effect of 
increasing NaC1 concentrations upon formation of B
DNA in negatively supercoi1ed p1asmids. Percent 
retention on nitrocellulose filters is plotted as a 
function of the negative superhelica1 density for 
three different p1asmids. pLP32 and pLP014 are 
pBR322 derivatives that contain an alternating (CG) 
insert 32 base pairs and 14 base pairs long respec
tive1y. Formation of Z-DNA at the (CG) insert in 
pLP32 and pLP014 is detected at lower negative super
helical densities than formation of Z-DNA in pBR322 
itself. The results obtained at 250 roM NaC1 are 
shown by the solid line, while the dotted line corre
sponds to the retention observed at 150 roM NaC1. 
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supercoi1ed DNA molecules. If a negatively supercoi1ed molecule 
contains sequences in the Z conformation, they will be specifi
cally recognized by the antibodies, so that an antibody-DNA 
complex will be formed. Subsequent filtration through nitrocel
lulose filters will result in retention on the filters of those 
DNA molecules containing Z-DNA, since nitrocellulose filters are 
known to retain protein molecules as well as protein-DNA com
plexes, but not naked double-stranded DNA. The percentage of 
negatively supercoi1ed DNA molecules retained on the filters 
will thus be a measure of the amount of Z-DNA present in the 
initial sample. Figure 3B shows the effect of adding anti-Z-DNA 
antibodies to different plasmid (pBR322) samples that differ in 
the degree of negative supercoi1ing. The antibodies do not 
retain relaxed pBR322 , but an increasing retention is observed 
as the negative superhe1ica1 density of the plasmid increases 
(26, 27). 

The Z-DNA sequences in pBR322 can be identified by finding 
the antibody binding sites. A modification of the experiment in 
Figure 3A provides a way to localize the DNA sequences that are 
bound to the antibodies. After formation of the antibody-DNA 
complexes, the antibody molecules are covalently cross-linked to 
the DNA with glutaraldehyde, and the complexes are then cleaved 
with restriction endonuc1eases. Subsequent filtration through 
nitrocellulose filters results in the retention of only those 
restriction fragments that contain an antibody molecule cova
lently attached to them. These fragments can be identified by 
-gel electrophoresis. In this way, the main antibody binding 
site in pBR322 has been identified (Figure 4) (26, 27). The 
sequence consists of 14 bp of alternating purine and pyrimidine 
residues with one base pair out of alternation. Binding of the 
anti-Z-DNA antibodies to this sequence results in blockage of 
the three restriction sites shown in Figure 4. 

The midpoint of the B to Z transition in pBR322 occurs at a 
negative superhe1ica1 density of approximately 0.09 when the 
assay is carried out in 250 mM NaC1 (Figure 3C). However, as 
shown by the dotted line in Figure 3C, when incubation is car
ried out in 150 mM NaC1, Z-DNA formation occurs at much lower 
superhe1ica1 densities (27): the midpoint of the transition is 
now 0.075. Thus, Z-DNA forms more readily at lower salt concen-
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trations. The inhibitory effect that NaCl shows on the B to Z 

transition in negatively supercoiled plasmids (27, 28) occurs in 

the concentration range 10 roM - 300 roM. This contrasts with the 

stabilizing effect seen at higher NaCl concentrations (3). The 

inhibitory effect is restricted to closed circular DNA mole

cules, since increasing NaCl concentrations in this range does 

not show any effect on the formation of Z-DNA in linear 

molecules (27). 

In contrast to linear DNA, formation of Z-DNA in a nega

tively supercoiled molecule involves the stabilization of two 

B-Z junctions. Formation of a B-Z junction is associated with a 

relatively unfavorable free energy change (5 kcal/junction) (20, 

26, 27). The inhibitory effect described above may be due to 

salt effects on the formation of B-Z junctions, since at higher 

salt concentrations, a higher energy is required to stabilize a 

B-Z junction (27). The dimensions of a B-Z junction have been 

estimated to be between 4 and 8 base pairs through the use of 

restriction endonucleases (29). 

PROTEINS THAT STABILIZE Z-DNA 

Negative supercoiling of the DNA molecule might be an 

important factor regulating the formation of Z-DNA in vivo. 

Induction of the Z conformation in naturally occurring DNA 

sequences occurs at negative superhelical densities that can 

exist inside the cells (26, 27, 30). However, whatever the 

Figure 4. 

Hoe III Hho I Sou 3A 
I j j r------------------, 

TCCTIGGc!cIACGGGTIGCGCIATIG!ATCIGT I L ___________________ ~ I 

1440 1465 

The nucleotide sequence of plasmid pBR322 from resi
dues 1440 to 1465. The solid boxes correspond to 
recognition sites for the Hae III, Hha I, and Sau 3A 
restriction endonucleases, which are blocked by the 
binding of the anti-Z-DNA antibody to the negatively 
supercoiled plasmid. Enclosed in the dashed box is a 
14 bp sequence of alternating purine and pyrimidine 
residues with one base pair (G) out of alternation. 
This box correspond to the proposed binding site of 
the antibody. 
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biological role of Z-DNA, it is likely to involve interaction 

with specific proteins that will stabilize the left-handed Z 

conformation upon binding. Affinity chromatography has been 

used to isolate specific Z-DNA binding proteins (31-33). In 

these experiments, total nuclear proteins are fractionated by 

means of their relative affinity for Br-po1y(dG-dC) (Z-DNA) 

versus regular B-DNA. This technique has been used successfully 

to isolate Z-DNA binding proteins from Drosophila cells (31), 

wheat germ (33) and, in particular, from SV40 minichromosomes 

(32) . 

Nordheim and Rich (30) have shown that increasing the 

negative superhe1ica1 density of the SV40 DNA results in the 

formation of Z-DNA as judged by antibody binding. All of the 

antibody binding sites are localized within the SV40 control 

region. In particular, binding of the antibodies results in the 

blocking of the two Sph I restriction sites localized in the 

72 bp repeats of the SV40 enhancer, suggesting that sequences at 

or around these restriction sites are forming left-handed Z-DNA 

upon negative supercoi1ing. The Z-DNA binding proteins isolated 

from the SV40 minichromosome have been shown to affect the 

accessibility of the Sph I sites in naked SV40 DNA as well as in 

the SV40 minichromosomes (32). Although no functional assays 

have been carried out, the fact that the Z-DNA binding proteins 

isolated from SV40 minichromosomes interact with the SV40 con

trol region suggests that they may have a regulatory function. 

We do not yet have direct evidence for the biological 

ro1e(s) that Z-DNA might play in vivo. However, further charac

terization of the Z-DNA binding proteins will undoubtedly help 

in determining the biological ro1e(s) for Z-DNA. 

Z-DNA is only one among several conformations that DNA can 

adopt. Increasing evidence suggests that the cell takes advan

tage of this conformational flexibility. Thus, in addition to 

the sequence information, the DNA molecule also contains confor

mational information. Different DNA conformations might be used 

in biological systems as a code for the binding of proteins that 

control the functions of particular regions of DNA. 
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INTRODUCTION 

For the past two decades, the study of the mechanism of DNA 
replication has been focused mainly on the chromosomes of the 
simple prokaryotes and their viruses (1). The complexity of the 
eukaryotic genome and multiple levels of control during the 
replication of eukaryotic chromosomes have until recently pre
vented similar studies. In recent years, a lower eukaryote, the 
yeast Saccharomyces cerevisiae, has become a maj or focus of 
efforts in molecular biology. In this chapter, I will briefly 
review accomplishments in this area. Yeast is an ideal model 
system for studies on the structure and replication of the 
eukaryotic chromosome. Yeast cells are easy to grow and study 
biochemically. Genetic analysis of ~. cerevisiae has reached a 
more advanced stage of sophistication than in other eukaryotic 
systems. The availability in yeast of defined mutants defective 
in progression through the cell division cycle is a particular 
advantage for studying detailed replication mechanism (for 
comprehensive treatments see references 2 and 3). Application 
of recombinant DNA methodology and yeast DNA transformation 
techniques have provided important new tools for analyzing DNA 
structure and function in yeast cells (for reviews see refer
ences 4 and 5). 
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CHROMOSOMAL DNA AND CHROMATIN STRUCTURE 

The haploid genome of ~. cerev~s~ae consists of 1.4x10 7 bp 
or 9x109 da1tons (6), which is only fourfold the complexity of 
the ~. coli genome. Yeast DNA is distributed in 17 chromosomes. 
Size measurements of yeast chromosomal DNA suggest that each 
chromosome contains a single DNA molecule. The range in sizes 
of these molecules is from 150 kb to about 2500 kb (6-8). 

In yeast, chromosomal elements such as centromeres and 
te1omeres, which play essential roles in the stable inheritance 
of eukaryotic chromosomes, have been identified and their func
tion can be studied (reviewed in reference 9). Functional 
centromere DNA segments (CEN) have been isolated from yeast 
genomic libraries and have been cloned (10, 11). These func
tional centromeres cause replicating molecules to segregate 
properly through mitosis and meiosis. Te10meric sequences, 
which occur at the ends of most yeast chromosomes, have also 
been cloned on a linear DNA vector (9, 12). Studies of the 
function of the te10meres in yeast suggest that they provide 
stable and fully rep1icatab1e ends of the chromosomes (13, 14). 

Certain chromosomal yeast DNA sequences allow hybrid mole
cules to replicate autonomously in yeast cells and, consequen
tly, to transform yeast at high frequency (15-17). The ability 
of these autonomously replicating sequences (ARS) to permit 
replication of hybrid molecules in yeast strongly suggests that 
they serve as chromosomal origins (5). About 450 ARS sequences 
are found in the yeas t genome and they occur about once in 
30-40 kb of chromosomal DNA (18, 19). This number agrees well 
with the number of replication origins in chromosomal DNA as 
determined by electron microscopy (20). In addition to yeast 
DNA sequences, DNA fragments from a wide variety of eukaryotes 
promote autonomous plasmid replication in yeast (21, 22). These 
data suggest that possible replication origins from various 
eukaryotic DNAs are recognized by the yeast replication appara
tus and that initiation sequences may be similar or identical in 
all eukaryotes. However, similarities between different ARS 
elements of yeast are limited to a small consensus sequence 
within an extremely AT-rich region (23). 
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While ARS-containing p1asmids replicate efficiently, they 
do not segregate properly. By inserting yeast centromere 
sequences, these chimeric p1asmids were mitotically and meioti
cally stabilized (10). Thus, the ARS-CEN p1asmids behave in 
yeast as stable minichromosomes (11, 24). 

Until recently, it was believed that DNA methylation is an 
universal obligatory function in all eukaryotic cells. However, 
yeast lacks any detectable methylated bases in the nuclear DNA 
(25, 26). Absence of methylated bases has also been shown for 
Drosophila me1anogaster DNA (27). Thus, DNA methylation does 
not seem to be a general feature of all eukaryotic cells. 

The organization of yeast chromatin is similar to that of 
higher eukaryotes. Yeast chromatin contains the four core his
tones H2a, H2b, H3, and H4 (28-31). It is uncertain whether 
yeast has a histone that is comparable to H1 of higher eukar
yotes. Several proteins with similar electrophoretic properties 
have been isolated, but they differ in amino acid composition 
from histone H1 (30, 31). HMG-1ike proteins have been isolated 
from yeast chromatin (31, 22). 

The DNA in yeast chromatin is in typical nuc1eosoma1 sub
units, which consist of an octamer of two each of the core 
histones and about 140 bp of DNA wrapped around t.his core (33-
35). However, the spacer between adjacent nuc1eosome cores is 
fairly uniform at about 20,bp, which is less than that observed 
for higher eukaryotes (33-35). Yeast chromosomes do not con
dense during the mitotic cell cycle, which might be due to the 
lack of histone H1 (35). Centrifugation studies with lysed 
yeast cells revealed that the yeast chromatin can form higher 
order structures, which contain domains of negative supercoi1s 
(36, 37). 

CONTROL OF DNA REPLICATION IN YEAST 

Yeast DNA replication occupies a restricted portion of the 
cell cycle. As in other eukaryotes, the yeast cell cycle is 
conventionally divided into: G1 phase, which precedes the ini
tiation of chromosomal DNA replication i S phase, during which 
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chromosomal DNA is replicated; a subsequent G2 phase and an M 
phase, during which mitosis and nuclear division occur (reviewed 
in reference 38). Late in G1 phase, the spindle-pole body 
becomes duplicated and the initiation of chromosome replication 
occurs. With this entry into S phase, a small bud emerges at 
the cell surface. The duration of S phase under optimal growth 
conditions (1.5 - 2 h doubling time) is about 25% of the cell 
cycle (39). In cells growing on a poor nitrogen source, S phase 
is considerably longer (40). During DNA synthesis, the bud 
grows continuously. At the end of S phase, a complete spindle 
is formed. Somewhat later, the nucleus migrates to the neck 
connecting mother cell and bud, and nuclear division occurs. 
Cytokinesis and complete cell separation follow soon after com
pletion of nuclear division (38). 

Yeast chromosomes initiate DNA replication from multiple 
replication origins (presumably the ARS sequences). MUltiple 
origins were demonstrated by electron microscopy (41, 42) as 
well as DNA fiber autoradiography (43, 44). From the initiation 
sites, DNA replication proceeds bidirectionally (43, 44). 
Inter-origin distances were estimated to be about 10-40 nm, by 
electron microscopy (41, 42), and about 15-60 nm, by DNA fiber 
autoradiography (42, 43). The average distance between origins, 
as derived from these studies, is 60-100 kb. For the small 
chromosomal DNAs isolated from synchronized S phase cells, a 
value of 36 kb was determined (20). Most adjacent replication 
origins are activated at the beginning of the S phase (20, 43) 
but some origins appear to be activated throughout the S phase 
(44). The rate of replication fork movement at 24°C was esti
mated to be 2.1 kb/min in a diploid strain (43) and 6.3 kb/min 
at 30°C in a haploid strain (44). 

The ordered sequence of steps during the cell cycle depends 
on the expression of specific genes. For the analysis of the 
cell cycle and studies of DNA replication, cycle-specific mu
tants are very profitable. Many temperature-sensitive mutants 
that arrest at characteristic points in the cell cycle have been 
isolated from~. cerevisiae (reviewed in references 38, 45, 46). 
These mutants have led to identification of over 50 cell divi
sion cycle (CDC) genes (38). The gene products of some CDC 
mutants are involved in the control of DNA replication, because 
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these mutants either fail to enter S phase or stop DNA synthe
sis. Figure 1 shows the sequence of CDC genes which act se
quentially in control of DNA synthesis. The products of CDC 28, 
CDC 4, and CDC 7 are required, in this order, prior to the 
initiation of DNA synthesis, whereas the products of CDC 8 and 
CDC 21 are required continuously during S phase (47, 48). Muta
tions in CDC 28 and several additional genes, which were later 
identified (49, 50), arrest the cell at the end of G1 phase. At 
the same stage of the cycle, yeast cells are arrested by the 
mating pheromones ~ (51) and ~ (47). It was suggested that at 
this stage of the cell cycle a unique control point exists at 
which the cell probes the environment for all essential factors 
before the normal cellular program proceeds. The control point 
has been termed "start" and its completion is a prerequisite for 
the initiation of DNA synthesis (38, 52). 

The identity of CDC gene products involved in DNA replica
tion has been established for some genes. The product of CDC 21 
was shown to be thymidy1ate synthetase (53, 54) and the CDC 9 
gene codes for a DNA ligase (55). Recently, the CDC 8 protein 
has been purified using in vitro replication systems (56-58). 
The purified protein binds to single-stranded DNA and stimulates 
yeast DNA polymerase I. The gene has been cloned recently (59, 
60). Using a different approach, it has now been shown that the 

START DNA-SYNTHESI S 

Initiation Elongation 

~~~I~I~I 
cdc 36 
cdc 37 
cdc 39 

cdc 6 cdc 2 
cdc 21 

Figure 1. Control of DNA synthesis by CDC genes. 
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herpes simplex virus thymidine kinase gene complements the CDC 8 
defect (61). Genetic and biochemical data were presented that 
demonstrate that the ~ 8 gene encodes thymidy1ate kinase (61, 
62). How this enzyme might act as part of a mu1tiprotein com
plex involved in DNA replication remains to be studied. 

By analogy with prokaryotic systems, it is expected that 
many proteins are involved in DNA replication, and more genes 
with roles in DNA synthesis need to be identified. New selec
tion methods for isolating replication mutants have been used 
and the mutants are now under study (58, 63). 

IN VITRO DNA REPLICATION 

Much of the basic information about chromosomal replication 
in prokaryotes was obtained by studying in Y!!!:2. replication 
systems (1). Similarly, most of our understanding of eukaryotic 
DNA replication mechanisms is derived from studies on viral and 
plasmid model systems (64). The development of a well-defined 
in vitro replication system requires a thoroughly characterized 
template DNA, whose in vitro synthesis can be followed and 
mimics in vivo synthesis. 
these requirements. 

In yeast, the 2 ).1m plasmid meets 

Most laboratory strains of S. cerevisiu1 harbor a class of 
double-stranded, closed circular DNA molecules with a contour 
length of 2 ).1m (reviewed in references 65-67). The plasmid 
consists of 6,318 bp and is present at a level of 50-100 copies 
per cell. The complete nucleotide sequence of this 2 ).1m DNA has 
been determined (68). The plasmid contains two identical in
verted repeats of 599 bp, which divide the DNA into two unique 
regions of approximately equal lengths. Plasmid molecules 
having both orientations of these unique regions with respect to 
each other (forms A and B) are present in equal numbers in the 
cell (65-67). The 2 ).1m DNA can be isolated from yeast cells in 
supercoi1ed form, but intrace11u1ar1y it is 
histones and occurs in nuc1eosomes (69, 70). 

associated with 
The plasmid ap-

pears to be associated with the cell nucleus and it interacts 
with the folded chromosome (71). 
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The 2 llm DNA replicates as a theta form from one origin. 
The major and a minor origins of replication have been mapped 
(66, 72). In vivo replication of the plasmid is under the same 
control as that of nuclear DNA, because the plasmid replication 
requires the products of CDC 28, 4, and 7 (73, 74). The 2 llm 
plasmid replicates only once early in S phase (75). Thus, the 
plasmid is particularly useful for the study of mechanisms of 
chromosomal DNA replication and their control. 

Cellular extracts from exponentially growing S. cerevisiae 
cells have been prepared, which are capable of replicating exo
genously added 2 llm DNA (76-78). In such in vitro replication 
systems, DNA synthesis is initiated at the in vivo origin and 
proceeds bidirectionally as it does in vivo. Extracts prepared 
from CDC mutants are defective for 2 llm DNA replication in 
vitro at restrictive temperature, suggesting that the in vitro 
system mimics replication in vivo (76-78). The 2 llm DNA repli
cation is sensitive to aphidicolin (77, 78), a specific inhibi
tor of eukaryotic DNA polymerase a (79), and was shown to be 
mediated by yeast DNA polymerase I (80). In the in vitro 
system, p1asmids which contain ARS sequences are also repli
cated, and DNA replication is initiated at the specific origin 
(58, 78). Using the in vitro system, it was possible to purify 
the CDC 8 gene product by complementation assay (56, 57). 

Replicating activity was isolated in a high molecular 
weight form (Mr = 2 x 106) from yeast extracts (81). When such 
fractions, containing the putative replication complex, were 
incubated with DNA, protein knobs were found to be associated 
with the 2 )lm DNA origins (81) as well as ;with ARS sequences 
(82). In the high-molecu1ar-weight replicative fraction, sev
eral proteins have been identified that are possibly involved in 
DNA replication. These include DNA polymerase I, DNA ligase, 
DNA primase, CDC 8 protein, and DNA topoisomerase II (83). The 
crude extract has been fractionated into several components and 
in vitro reconstitution of the activity has been achieved (58). 
During the fractionation, a single-stranded DNA-binding protein, 
DNA polymerase I, DNA primase, and DNA topoisomerase II have 
been ident:i.fied and purified (58). A "preinitiation complex" 
has been isolated and characterized, which, in addition to the 
above mentioned components also contained RNase H activity (58). 
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All the results obtained with these in vitro replication systems 

provide support for the idea that a mu1tiprotein complex (or 

rep1isome) is involved in the replication of both the extrachro

mosomal 2 ~m DNA and chromosomal DNA in yeast. 

REPLICATION PROTEINS 

Two antigenica11y distinct nonmitochondria1 DNA po1ymerases 

have been detected in §.. cerevisiae (84-86). DNA polymerase I 

is the major enzyme. It represents more than 90% of total DNA 

polymerase activity in the cell and has biochemical properties 

similar to those of eukaryotic po1ymerases <1. DNA polymerase 

II, which constitutes less than 10% of the total activity, 

resembles prokaryotic po1ymerases in that it has an associated 

proofreading 3' -exonuclease (86, 87). Yeast po1ymerases are 

high molecular weight proteins, and an analog of DNA polymerase 

a of higher eukaryotes is not present in yeast (88). 

The polypeptide structure of DNA polymerase I has been 

unclear. In early preparations, polypeptides of 70,000 da1tons 

were predominant. However, in recent preparations a high molec

ular weight form of DNA polymerase I (Mr = 140,000) has always 

been detected together with additional polypeptides (57, 89). 

It was proposed that the low molecular weight forms are due to 

extensive proteolysis during purification. Recently, it has 

been demonstrated that the DNA polymerase I activity is asso

ciated with a polypeptide of 140,000 da1tons (90). All frac

tions contained an additional active form of 110,000 da1tons, 

which was presumably produced by proteolysis. Thus, precautions 

against proteolysis have to be taken (91). There is evidence 

that a high molecular weight core enzyme might be conserved 

during evolution (91). If this is true, it would have important 

implications for the interaction of DNA polymerase with other 

replication proteins. At present, nothing is known about the 

polypeptide structure of DNA polymerase II, because the low 

level of this protein in the cell has not permitted similar 

analysis (90). 

Both DNA po1ymerases of yeast were shown to be equally 

sensitive to inhibition by aphidico1in (92), a specific inhibi-
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tor of eukaryotic DNA polymerases a. (79). However, the high 

molecular weight DNA polymerase I was more sensitive to aphidi

colin than the enzyme used in the previous study (90). Because 

aphidicolin also inhibits yeast DNA synthesis in vivo and in 

cellular extracts (80), it is likely that the high molecular 

weight enzyme is closely related in structure to the enzyme in 

the cell. An aphidicolin-resistant DNA polymerase I mutant has 

been isolated and it was shown that DNA polymerase I appears to 

be the yeast replicase (80). 

None of the DNA polymerases of yeast is capable of initi

ating DNA chains de ~ (86). It has been shown that all three 

yeast RNA polymerases can synthesize DNA primer which can be 

used to initiate replication of single-stranded DNA (93, 94). 

However, by fractionation of an in vitro replication extract, a 

distinct DNA primase activity has been detected and purified 

(58). Two additional reports on identification and purification 

of yeast DNA primase have recently been published (89, 95). The 

DNA primase is well distinguished from the RNA polymerases of 

yeast. The enzyme appears to be physically associated with, but 

not a part of, yeast DNA polymerase I (89, 95). It synthesizes 

oligoribonucleotides of discrete length (8-12 nucleotides). 

These are used as primer for DNA synthesis (58, 89, 95). The 

association of DNA polymerase I with the DNA primase suggests 

that this complex may function in the synthesis of Okazaki frag

ments at chromosomal replication forks (89). 

A single-stranded DNA binding protein which specifically 

stimulates DNA polymerase I has been isolated from yeast (96). 

This protein seems to be similar to the one isolated using a 

complementation assay in an in vitro replication system (57, 

58). The protein increases the processivity of DNA polymerase 

I, and it is assumed that this protein participates in DNA 

replication. It presumably destabilizes secondary structures in 

DNA (57, 96). A somewhat similar stimulatory protein was puri

fied earlier (97), but it was found to bind to both single

stranded and double-stranded DNAs (97). 

The ability to stimulate DNA synthesis catalyzed by DNA 

polymerase I has also been reported recently for a new RNase H 

activity isolated from yeast (98). This enzyme differs from two 
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previously described RNase H activities from yeast (99). RNase 
H activity might be involved in the removal of RNA primers from 
DNA, but the physiological role of the yeast enzymes remains to 
be determined. DNA-dependent ATPases, which may playa role in 
unwinding the DNA helix, have also been isolated from yeast 
(100) . However, it has not been shown that these enzymes are 
involved in DNA replication. 

DNA topoisomerases have been subjected to intensive studies 
in recent years. In §.. cerevisiae, as in all other eukaryotic 
organisms that have been examined, two DNA topoisomerases have 
been identified (101-104). An ATP-independent DNA topoisomerase 
I has been demonstrated (101) and partially purified as a 76,000 
dalton protein (102). However, in a purification with minimized 
proteolysis the enzyme was shown to be a monomeric protein of 
90,000 daltons (104). The ATP-dependent DNA topoisomerase II 
has also been purified near to homogeneity and shown to be a 
single subunit enzyme with a monomer weight of Mr = 150,000 
(103, 104). The properties and catalytic characteristics of the 
yeast topoisomerases are very similar to other eukaryotic topo
isomerases, and both enzymes are nuclear proteins (104). It has 
been suggested that DNA topoisomerases might be involved in 
initiation of DNA replication and/or in the segregation of 
daughter molecules at the termination of DNA replication (105). 
A temperature-sensitive DNA topoisomerase II mutant of S. 
cerevisiae has been identified (106). It was shown that the 
topoisomerase II is essential for viability. The mutant is 
defective in the segregation of daughter chromosomes (106). The 
structural gene for yeast DNA topoisomerase II has recently been 
cloned and shown to be a single-copy, essential gene (107). 
With this clone it is possible to apply new developed methods to 
mapping the chromosomal position of the gene and to construct 
mutants for genetic and biological studies. Yeast, therefore, 
provides an excellent system to define the role of eukaryotic 
DNA topoisomerases II in DNA replication at the molecular level. 

CONCLUSION 

The chromosomes of the yeast Saccharomyces cerevisiae are 
similar in their structure and mechanisms of replication to 
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those of higher eukaryotes. The combination of classical gene
tics, recombinant DNA methodology, and yeast transformation 
techniques has allowed identification of functional elements in 
the genome besides structural genes. Assays have been devised 
by combining these techniques to study chromosome structure and 
function in the yeast cell. Thus, yeast is useful for studying 
many basic questions in eukaryotic molecular biology. Experi
ments with yeast will continue to increase our understanding of 
chromosome structure and behaviour. In addition, these studies 
will be useful in the development of systems to analyze the 
phenomena in the chromosomes of higher eukaryotic cells which 
are not seen in yeast. 
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INTRODUCTION 

It is a widely held view that during the development of an 
organism genes that are to be activated in a particular cell 
type are assembled in a specific chromatin structure prior to 
the onset of transcription. Considerable effort has been de
voted to elucidating the components of such "transcriptionally 
competent" chromatin. Evidence that active genes have a differ
ent chromatin structure from inactive genes has come from 
nuclease digestion experiments. In such experiments it has been 
found that all active genes or potentially active genes are very 
much more sensitive to digestion by DNase I than inactive genes. 
T.his sensitivity was primarily attributed to an altered core 
particle structure of the nuc1eosomes bound to active genes (1). 

* The discovery that the small HMG proteins, HMG-14 and HMG-17 , 
could induce such a conformational change in nuc1eosomes (2) 
raised the possibility that the structural alterations that 
occur in nuc1eosomes prior to or during transcription could be 
analysed in detail. 

*The high mobility group (HMG) proteins are operationally 
defined as being those proteins which are extracted from 
nuclei with 0.35 M NaC1 and which are soluble in 2% tri
chloroacetic acid or 5% perch10ric acid. They have faster 
electrophoretic mobilities than the bulk of the non-histone 
proteins in the nucleus, hence their name. For details see., 
reference 1a. 
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This review sets out to summarize current knowledge on 

these small HMG proteins, their structure, occurrence, multipli

city, and association with transcribed sequences. The structure 

and function of the larger HMG proteins, HMG-l and HMG-2, will 

not be covered in this chapter since they form a quite distinct 

class of nuclear proteins (see chapter by Puigdomenech and Jose, 

this volume). 

COMPOSITION AND OCCURRENCE 

Table 1 summarizes some of the properties of the low molec

ular weight HMG proteins. Originally, two small HMG proteins 

were found in all mammalian and avian cells. These two DNA

binding proteins were termed HMG-14 and HMG-17 (3, 4). Since 

then, however, it has become apparent they may be two members of 

a more complex class of proteins. This is exemplified by recent 

HPLC reverse phase chromatography analyses. Figure 1 shows an 

elution profile of HMG proteins from rat thymus nuclei and 

Figure 2 shows the electrophoretic analysis of the fractions. 

HMG-17 elutes in peak A. HMG-14 elutes in peaks C and D, to

gether with other minor components which could also be HMG 

variants or modified HMG-14 or HMG-17 proteins. A major compo

nent with a mobility slower than HMG-14 elutes in peak F. This 

TABLE 1. Properties of low molecular weight HMG proteins 
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1. Small basic hydrophilic proteins of 9,000-11,000 
molecular weight. 

2. Constitute approximately 1% of the total chromosomal 
proteins. 

3. Loosely bound within the ce1l nucleus 
extracted with 0.35 M NaCl. 

4. Soluble in 5% perchloric acid. 

5. Bind to DNA. 

can be 

6. Widespread occurrence found in the nuclei of 
numerous tissues of higher eukaryotes. 

7. Have few hydrophobic and aromatic amino acids, and 
are random coil polypeptides in solution. 



protein has an amino acid composition (see Table 2) similar to 

the HMG-I protein described in HeLa cells (5). An unknown 

protein, possibly H1°, elutes in fraction G. H1, HMG-1, and 

HMG-2 elute at the end of the chromatography. Two very small 

proteins elute in fractions Band H and are probably proteins 

HMG-18 , 19A, or 19B, which were previously isolated from calf 

thymus (6) and which resemble H1 and the HMG proteins (Table 3). 

Since only very limited sequence data are available for these 

proteins, it is not certain whether these proteins should be 

included in the HMG-14/HMG-17 class. The amino acid composi

tions of rat HMG-17, HMG-14 , and HMG-I (Table 2) are similar and 

show that they form a family of three proteins, with HMG-14 

having properties intermediate between HMG-17 and HMG-I. HMG-I 

appears to be present only in proliferating cells since it is 

found in young rat thymus (4-6 week old animals) and tissue 

culture fibroblasts, but not in liver (see Figure 3). In rat 

fibroblasts transformed with the avian sarcoma virus, HMG-I is 

present together with a slightly slower additional band HMG-I' 

(Figures 2 and 3). HMG-I' has not yet been isolated. HeLa 

cells blocked in metaphase also have a protein migrating behind 

HMG-I called HMG-M (5). HMG-M has the same amino acid composi

tion as HMG-I and has been found to be highly phosphorylated in 

metaphase cells. It is probably a highly phosphorylated version 

A 

10 20 

Time(min) 

30 

Figure 1. Reverse phase HPLC chromatography of PCA-extracted' 
proteins from 6-week rat thymus nuclei. 
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Figure 2. Acid-urea gel electrophoresis of fractions from the 
HPLC chromatography: 
a: rat-thymus nuclei percholoric acid extract 
b: calf thymus HMG proteins (calf HMG-14 has a 

slower mobility than rat HMG-14) 
c: PCA extract of rat VIT fibroblast nuclei 
A-H: fractions from the HPLC chromatography, the 

letters referring to the peaks of Figure 1. 

of HMG-I, but its relationship to HMG-I' is not yet understood 
since HMG-I' is not phosphorylated and is present in interphase 

cells. 

Three proteins, termed HMG-14, HMG-17, and HMG-Y, have been 

isolated from avian cells (Figure 3 and Table 2). Calf and 
chicken HMG-17 have very similar amino acid compositions, and 

electrophoretic mobilities and indeed sequence analyses of these 
two proteins show that the proteins are identical in all but 

five positions of the 98 residues that make up this protein (7). 
The avian protein thought to be equivalent to mammalian HMG-14 

from its electrophoretic mobility and chromatography does not 
have such a close resemblance to mammalian HMG-14. The amino 
acid compositions and sequences (see below), although related, 
are not highly conserved. Two dimensional electrophoretic anal

yses of calf and avian HMG-14 reveals that both proteins have 
four or five subfractions (8, 9), which may relate to some of 

the bands eluting with HMG-14 on the HPLC chromatography. Chic
ken oviduct and erythrocytes have a doublet of proteins HMG-Y 

which migrate ahead of HMG-17 (10). This protein(s) has a 
composition similar to HMG-14 and HMG-17, but no sequence data 
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TABLE 2. Amino acid compositions (mol %) and molecular weights 
of low molecular weight HMG proteins from mammals, 
birds, and fish. 

Amino Rat Chicken (erythrocyte Trout 
acid (thymus) and oviduct) (liver) 

HMG-I HMG-14 HMG-17 HMG-14 HMG-17 HMG-Y C D H6 

Asx 4.9 7.8 13.7 9.3 9.1 6.2 6.0 8.0 6.7 

Thr 7.1 4.6 1.8 4.6 3.0 5.0 2.6 4.1 1.6 

Ser 11.9 8.2 2.8 5.2 4.3 4.8 4.4 4.3 5.6 

G1x 17.8 16.4 9.0 15.6 11.7 13.7 23.8 21.9 6.1 

Pro 9.0 7.3 10.0 10.5 12.1 10.9 10.9 8.4 12.3 

G1y 11.1 8.1 9.3 5.6 10.0 8.2 2.8 3.3 7.4 

Ala 5.2 13.2 20.2 18.0 17.2 14.8 16.0 16.6 25.4 

Cys 

Val 4.7 3.2 2.6 tr 2.2 1.8 4.2 2.5 3.4 

Met 0.1 tr tr 

He 1.0 1.1 1.1 0.3 0.6 

Leu 1.6 2.3 1.1 1.2 1.8 0.8 1.0 1.2 

Tyr tr tr tr 

Phe tr tr 0.4 tr 

His 0.6 0.2 1.1 tr 0.8 tr 0.9 

Lys 16.5 20.9 25.8 24.0 23.6 26.2 19.6 23.7 23.1 

Arg 9.2 7.8 4.1 4.1 4.6 4.2 4.6 4.2 7.2 

Mol Wt 10,700 9,200 12,800 9,200 - 7,200 

are available. In addition, avian cells have bands migrating in 
the HMG-I position but these have not been isolated yet. 

In fish, the situation is quite different. Although there 
are clearly three proteins, C, D, and H6 (11, 12), in this class 
of proteins with similar compositions and sequences to the mam
malian and avian proteins (Figure 3 and Table 2), they are not 
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TABLE 3. Amino acid compositions (mol 
Hl- and HMG-like proteins. 

%) of thymus 

Amino HMG-18 HMG-19A HMG-19B 
acid 

Asx 5.0 4.3 9.4 

Thr 4.8 2.2 2.5 

Ser 3.8 3.8 6.0 

Glx 5.2 18.0 18.1 

Pro 6.1 5.4 4.2 

Gly 8.3 10.5 7.2 

Ala 15.6 10.6 10.2 

Cys 

Val 7.9 1.1 2.0 

Met 0.9 1.3 1.8 

Ile 1.3 1.5 

Leu 1.2 5.1 3.9 

Tyr 1.3 0.8 0.9 

Phe 2.6 2.0 1.7 

His 1.2 0.4 0.6 

Lys 27.6 29.8 22.4 

Arg 8.5 3.4 7.8 

sufficiently similar to relate them directly to individual mam

malian or avian HMG proteins. 

Only four of the above nine HMG proteins have been com

pletely sequenced: calf HMG-17 (13), chicken HMG-17 (7), calf 

HMG-14 (14), and trout H6 (18). The sequences clearly show 

similarities throughout the proteins, demonstrating that they 

belong to the same class of proteins. Partial sequences of some 

of the other proteins (15) demonstrate that they also belong to 

this class (Figure 4). For a computer-generated alignment of 

the low molecular weight HMG proteins see reference l8a. 
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Although HMG-like proteins have been isolated from Droso
phila, plants, and yeast, there are no sequence data to show 
that HMG-14/HMG-17 equivalents are present in these species, and 
the amino acid compositions of such proteins do not closely 
resemble the mammalian, avian, or fish proteins. 

POSTSYNTRETIC MODIFICATIONS 

The HMG proteins are modified by phosphorylation, acetyla
tion, poly ADP-ribosylation, and glycosylation (see chapter by 
Laland et al., this volume). Phosphorylation has been exten
sively studied by a number of laboratories and it seems certain 
that HMG-14 and HMG-I are phosphorylated in vivo. There is some 
disagreement, however, as to phosphorylation of HMG-17, probably 
due to misidentification of protein bands or loss of phosphates 
during protein isolation. Thus, Saffer and Glazer (16) found 
both HMG-14 and HMG-17 are phosphorylated (mainly at serine 
residues) in CRO cells with little change though the cell cycle. 

Figure 3. 
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Acid-urea polyacrylamide gel electrophoresis of HMG 
proteins from mammals, birds, and fish. 
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Cooper and Spaulding (17) and Walton et a1. (18) have studied 

bovine thyroid tissue and found that HMG-14 is phosphorylated by 

a cAMP- and cGMP-dependent kinase which is stimulated by thyro

tropin. Phosphorylation by this kinase occurs at Ser 6. Other 

HMG-1ike proteins are also phosphorylated in this tissue but no 

phosphorylation of HMG-17 was observed. Similarly, no phos

phorylation of HMG-17 was seen in HeLa cells (19) but two 

proteins running in the HMG-14/HMG-I electrophoretic region were 

phosphorylated in interphase and metaphase cells. In retro

spect, these proteins are probably HMG-I proteins. This phos

phorylation occurs by a casein kin~se II enzyme. Lund et a1. 

(5) have compared the phosphorylation of HMG-17 , HMG-14 , and 

HMG-I in interphase and metaphase cells. All three were phos

phorylated in metaphase cells together with the protein HMG-M 

which is probably a highly phosphorylated form of HMG-I. In 

interphase only HMG-I was phosphorylated. Ser 24 of HMG-17 is 

probably the site of phosphorylation in metaphase cells (20). 

Similarly, in CRO cells a protein similar to HMG-I was observed 

to be phosphorylated (21). Interestingly, the phosphorylated 

form migrated faster than the unmodified protein on acid gels. 

To summarize, it would appear that all the low molecular weight 

HMG proteins can be phosphorylated at metaphase. In interphase 

cells HMG-I appears to be the major protein phosphorylated, 

probably by a casein kinase II enzyme. In addi t ion, a cAMP-

dependent kinase can phosphorylate HMG-14 in hormone responsive 

tissues. 

The HMG proteins are modified by acety1ated 1ysines at 

residues 2, 4, and 10 of HMG-17 and residues 2 and 14 of HMG-14 

(22) . The importance of ADP-ribosy1ation of HMG proteins in 

gene activity is exemplified by the experiments by Tanuma et a1. 

(24). When transcription of the integrated mouse mammary tumor 

virus is induced by glucocorticoids poly ADP-ribosy1ation of 

HMG-14 and HMG-17 is reduced suggesting that removal of this 

modification of HMG-14/HMG-17 is required for elevated tran

scription. Further proof for this supposition is provided by 

the observation that an inhibitor of poly ADP-synthetase, 

3-aminobenzamide, can also induce MMTV transcription. There is 

some evidence that glycosy1ated HMG proteins are associated with 

the nuclear matrix (35). 
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THE HMG PROTEINS AND THE STRUCTURE OF ACTIVE GENES 

Early work showed that the HMG-14 and HMG-17 proteins are 

found associated with monomer nucleosomes when nuclei are 

digested with micrococcal nuclease, and Ring and Cole (25) 

provided evidence that these proteins are associated with 

nucleosomes in the intact nucleus by demonstrating that HMG-14 

and HMG-17 can be cross-linked to the histones. Thus, the HMG 

proteins appear to be bona fide nucleosomal proteins and in 

vitro binding studies have located two possible attachment sites 

for the HMG proteins on the core particle (29). 

The data presented by Weisbrod, Groudine, and Weintraub (2) 

provided good evidence that HMG-14 and HMG-17 can bind speci

fically to the nucleosomes of active genes and on doing so cause 

a change in the conformation of the nucleosomes which could be 

detected by DNase I digestion experiments. Thus, when salt

depleted chromatin or nucleosomes from chick red blood cells are 

complexed with HMG-14 or HMG-17 and then digested with DNase I, 

the level of globin sequences is reduced by a factor of 3-5 when 

the DNA is assayed by solution hybridizations. Gazet and Cedar 

(26), using a different approach, labeled active genes in nuclei 

by "nick-translation" and then DNase I digested the salt

extracted chromatin with and without reconstituted HMG proteins. 

The labeled DNA was digested faster than bulk DNA in the HMG 

reconstituted chromatin, confirming that the HMG proteins are 

responsible for inducing nuclease sensitivity. An affinity 

column prepared by immobilizing HMG-17 was used by Weisbrod and 

Weintraub (27) to selectively isolate active nucleosomes, thus 

affording a method for investigating what factors are respon

sible for the specific binding of HMG proteins to active genes. 

Examination of the bound nucleosomes (40) revealed that the core 

histones were all present. The levels of histone acetylation 

were somewhat higher than in the unbound material, but not high 

enough to account for stoichiometric binding of HMG protein to 

the bound nucleosomes. The DNA was under-methylated, though 

this is unlikely to account for specific binding of HMG pro

teins. The conformation of the active nucleosomes was different 

from that of the inactive nucleosomes, since the two cysteines 

in the H3 molecules were more readily oxidized to a dimer in the 
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active nuc1eosomes. Topoisomerase I was also associated with' 
active nuc1eosomes. 

A third line of evidence to support the notion that HMG-14 
and HMG-17 might be associated with active nuc1eosomes was 
initially provided by micrococcal nuclease experiments in which 
it was found that, during brief digestions, nuc1eosomes soluble 
in 50-100 roM salt are released which are enriched in active 
sequences and in HMG proteins (28, 29). However, a more de
tailed analysis of the nuc1eosomes in such preparations showed 
that the HMG proteins were not bound specifically to the active 
nuc1eosomes in this population of nuc1eosomes (30). An example 
of such an analysis is shown in Figure 5. In this experiment, 
salt-soluble nuc1eosomes from chick red blood cells were sa1t
extracted, trimmed to 145 bp with micrococcal nuclease and then 
HMG-17 reconstituted onto the nuc1eosomes. The HMG-bound 
nuc1eosomes were separated from unbound nuc1eosomes by electro
phoresis, the DNA electrophoresed into a second dimension gel 
and blotted onto diazopheny1thioether paper. This was analysed 
by hybridization to sA_globin and ovalbumin probes. Scanning of 
the blots showed that there is no preferential association of 
HMG proteins with active globin sequences. Other experiments 
using electrophoretic methods to fractionate monomer nuc1eosomes 
have similarly failed to demonstrate a specific association of 
HMG-14 or HMG-17 with active monomer nuc1eosomes (31, 32). The 
overriding factor that appears to determine what nuc1eosomes the 
HMG proteins bind to in vitro is not the type of' DNA sequences 
but simply the nuc1eosoma1 DNA length, since the DNA of HMG 
bound nuc1eosomes is generally longer than the unbound nuc1eo
somes (29). 

Whilst DNase I digestion of nuclei has clearly shown a 
DNase I-sensitive structure of active genes, several studies 
have found that isolated monomer nuc1eosomes lose most of this 
sensitivity (29, 33, 34). Figure 6 summarizes some data from 
DNase I digestion experiments carried out on chick red blood 
cell (RBC) nuclei (Figure 6A) and nuc1eosomes (Figure 6B). In 
these experiments hybridizations were carried out using dot-blot 
hybridizations with radioactive single-strand probes. It can be 
seen that DNase I digestion of RBC nuclei from 16 day embryos 
results in the ratio of aD-globin to ovalbumin sequences being 
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Figure 5. 

M2 M1 

Two-dimensional analysis of nucleosomal core parti
cles reconstituted with HMG-17. Chick erythrocyte 
salt-soluble nucleosomes depleted of HMG proteins 
were trimmed to 145 base pairs and reconstituted with 
HMG-17. The mixture was then resolved on a TBE 
electrophoresis gel (1st dimension left to right). 
Ml marks the position of uncomplexed core particles, 
M2 the position of HMG-core particles. After removal 
of protein, the DNA was resolved in a second
dimension (top to bottom) and then electrophore
tically blotted onto DPT-paper. The paper was 
analysed by hybridization with (A) the cDNA S globin 
plasmid pHBlOOl and then (B) with ovalbumin plasmid 
(pCROV 2. 1) . 

reduced by a factor of about 12. If the nuclei are first ex
tracted with 0.3 M NaCl at pH 3 (which quantitatively removes 
HMG-14, HMG-17, and histone HI), then digested with DNase I, 
there is some loss of sensitivity. If RBC nuclei from 6 month 
chickens are extracted with 0.34 M NaCl, pH 7, there is no loss 
of sensitivity resulting from the removal of HMG proteins 
(samples d and e). Salt-soluble nucleosomes, on the other hand 
(which have a full complement of HMG-14/HMG-17 proteins), do not 
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exhibit DNase I-sensitivity. These results suggest that the 

major structural feature which distinguishes active and inactive 

sequences in DNase I digestion experiments lies, not in the 

nuc1eosoma1 structure, but in the manner in which active chroma

tin is assembled into higher order structures in the cell 

nucleus. What is not clear is whether the HMG proteins contri

bute at all to the total DNase I-sensitivity of active genes. 

Senear and Palmiter (34) have argued that the total sensitivity 

observed is due to additive multiple features. 

ments, nuclei were extracted with increasing 

tions, and then digested with DNase I. At 0.4 

In their experi

salt concentra

M NaC1 and above 

there is partial loss of sensitivity of the ovalbumin gene. 

Figure 6. 
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Histogram of dot-blot hybridizations. Ratios of 
aD/ovalbumin sequences were obtained from dot-blots 
probed with sing1e-Eltrand probes. Ratios were 
normalized so that the aD/ov ratio for total chicken 
DNA was 1.0. 

A. a: total chicken DNA; b: DNA from DNase I 
digested 16 day RBC nuclei; c: DNA from DNase I 
digested 16 day RBC nuclei after 0.3 M NaCl, pH 3, 
extraction; d: DNA from DNase I digested 6 month 
RBC nuclei; e: DNA from DNase I digested 6 month 
RBC nuclei after 0.34 M NaCl, pH 7.4 extraction. Two 
DNase I digestions experiments were carried out on 
both 16 day RBC and 6 month RBC and the results are 
given as a mean of the two. 

B. a: total chicken DNA; b: salt-soluble 
monomer nucleosoma1 DNA (16 day RBC); c: DNA from 
DNase I digested salt-soluble monomer nucleosomes 
(buffer contained Mg++); d: DNA from DNase I 
digested salt-soluble monomers digested with RSB 
buffer and Ca ++. The samples were analysed at four 
different loadings and the results are given as a 
mean of these. 
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Whether or not this was due to HMG removal was not investigated. 

The effect of salt extraction on DNase I-sensitivity of monomer 

nucleosomes and polynucleosomes was also investigated. In 

monomer nucleosomes and polynucleosomes, the ovalbumin gene was 

slightly more sensitive to digestion than was the globin gene 

(1. 3-1. 5 fold) and this was only minimally affected by salt

extraction. Thus, no clear HMG effect was discernible. Reeves 

and Chang (35) were also unable to induce DNase I sensitivity of 

globin genes by the addition of purified HMG proteins. 

CONCLUSIONS 

From the contradictory data presented in this review, it is 

apparent that the role of the HMG-14/HMG-17 family of proteins 

in gene activity is not established and other ideas for their 

role in chromatin have been entertained. Several studies have 

considered the possibility that the HMG proteins are associated 

with satellite sequences. The results have shown that HMG-14 

and HMG-17 are either present in depleted quantities (relative 

to bulk chromatin) or not present at all in satellite chromatin 

(36, 37), although they are capable of binding to nucleosomes 

containing these sequences (38). However, recently Strauss and 

Varshavshy (39) have found that a protein in CVI cells, which is 

similar to HMG-I, binds preferentially to certain short AT-rich 

sequences in monkey a-satellite DNA, and they propose that this 

protein could be responsible for phasing nucleosomes in satel

lite chromatin. The fact that HMG-I appears only in prolifer

ating cells suggests that it could be required for centromere 

function during cell division. If this is the case, then it is 

puzzling why no protein analogous to HMG-I is seen in chick red 

blood cells transformed by avian erythroblastosis virus (unpub

lished results). The finding that the HMG proteins are highly 

phosphorylated at metaphase has led to the suggestion that the 

proteins could be required for metaphase condensation (5). 

Thus, HMG-14 and HMG-17 could be required for condensation of 

single copy sequences and HMG-I for repetitive sequences. 

Further studies are required to clarify whether or not the 

HMG proteins can bind specifically to active chromatin and 

whether they induce DNase I-sensitivity. The latter will re-
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quire careful solution hybridization with excess single-strand 
probes driven to completion. It is possible that the contro
versy on the binding of HMG proteins to active nuc1eosomes is 
due to protein rearrangement occurring during the preparation 
and fractionation of nuc1eosomes. This could, in turn, be due 
to loss of important functional groups on nuc1eosoma1 proteins. 
For example, histone acetylation may be required for specific 
binding of HMG proteins and acetyl groups can be lost during 
nuc1eosome isolation. Further sequencing data will be required 
to establish the relationships between the HMG proteins of 
Figure 3, together with cross-linking experiments to identify 
their binding sites in the nucleus. 
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INTRODUCTION 

The low molecular weight proteins HMG-14 and 17 (reference 
1, and chapter by Goodwin et a1., this volume) have been shown 
to undergo post-translational modifications such as phosphoryla
tion, ADP-ribosy1ation, glycosy1ation, and acetylation. We will 
discuss each of these with particular emphasis on phosphoryla
tion, which is the best studied post-translational modification 
of these proteins. 

IN VITRO PHOSPHORYLATION 

Several studies have shown that HMG-14 and 17 can be phos
phorylated in vitro. For instance, cyclic GMP dependent protein 
kinase was found to phosphorylate calf thymus HMG-14 very effi
ciently but HMG-17 very poorly (2, 3). The catalytic subunit of 
cyclic AMP dependent protein kinase also phosphorylated HMG-14 

more efficiently (4, 5). Ser 6 in HMG-14 was the major modifi
cation site for both enzymes. Furthermore, HMG-14 and HMG-17 
contain minor phosphorylation sites at Ser 24 and Ser 28, re
spective1y. These sites could be phosphorylated by cGMP and 
cAMP dependent protein kinase (2). However, chicken erythrocyte 
HMG-14 was not phosphorylated by cyclic GMP dependent protein 
kinase from either bovine lung or avian nucleoli. The N
terminal sequence of avian HMG-14 is Pro-Lys-Arg-Lys-Ala-Pro-
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A1a-G1u. Hence, Ser 6 is lacking, and this explains why avian 
HMG-14 is not phosphorylated (3). HMG-14 and HMG-17 from rat C6 
glioma cells have been shown to be phosphorylated in both serine 
and threonine by nuclear protein kinase II from glioma cells 
(6) . Others have reported (7) that nuclear protein kinase II 
from rat liver preferentially phosphory1ates HMG-17 in vitro. 

Walton and Gill (8) have studied the phosphorylation of HMG 
proteins isolated from HeLa cells using cyclic AMP dependent 
kinase, cyclic GMP dependent protein kinase and casein kinase I 
and II. The results were compared with those obtained in vivo. 
Both in vitro and in vivo, HMG-14-1ike proteins were found to be 
those phosphorylated. Tryptic maps of the HMG-14-1ike proteins 
labeled in vivo with 32p-phosphate gave one labeled acidic 
peptide. This peptide was found in vitro only after phos-
phory1ation of HMG proteins by casein kinase II (and subsequent 
trypsinization). This suggests that casein kinase II catalyzed 
the in vivo phosphorylation of HMG-14-1ike proteins. 

IN VIVO PHOSPHORYLATION 

Phosphorylation of HMG-14 and HMG-17 has been most thor
oughly studied in proliferating HeLa cells. Based on analysis 
by SDS gel electrophoresis and subsequent autoradiography, 
Bhorjee et al. (9) concluded that both HMG-14 and HMG-17 were 
phosphorylated. Later studies (10, 11) have revealed that SDS 
gel electrophoresis does not separate all the different low 
molecular weight HMG proteins and that previous results had to 
be reevaluated. Three different groups (8, 10, 12) have 
recently analyzed 32p-phosphate labeled HMG proteins from HeLa 
cells by acetic acid-urea gel electrophoresis and obtained simi
lar results. There were several protein bands with mobility in 
the region of calf thymus HMG-14, two of which were labeled. In 
none of these studies was HMG-17 found to be labeled. The 
phosphorylated proteins were designated HMG-14a and HMG-14b by 
Bhorjee et a1. (12), hHMG-141 and hHMG-14 2 by Walton and Gill 
(8), and HMG-I and HMG-Y by Lund et a1. (10). The two former 
groups describe these two proteins as different forms of HMG-14 
without any further characterization. We have purified HMG-I 
and HMG-Y and found that they have amino acid compositions 

240 



typical for HMG proteins but different from HMG-14 from calf 
thymus (10 and unpublished results). The low molecular weight 
HMG proteins in HeLa cells seem to be a more complex class of 
proteins than realized, although the complexity of HMG-14 pro
teins has been reported (13-15). 

Cell cycle studies have shown that there is an increase in 
specific phosphorylation of hHMG-141 and hHMG-14 2 in metaphase 
arrested cells compared to interphase cells (8). Similar re
sults are reported for G2 cells by Bhorjee et a1. (12). Results 
from this laboratory differ, since we have shown that the phos
phorylated protein HMG-I in interphase cells is absent in 
metaphase arrested cells. Instead we find a phosphorylated low 
molecular weight protein designated HMG-M with a lower mobility 
in acetic acid-urea gel electrophoresis than HMG-I. HMG-M may 
be super-phosphorylated HMG-I. This is supported by the finding 
that HMG-M and HMG-I are not significantly different in amino 
acid composition (10). It is possible that HMG-M may play some 
role in chromatin condensation during mitosis. An increase in 
the phosphorylation of HMG-14-like proteins in metaphase 
arrested HeLa cells was reported by Paulson and Taylor (16). 
Furthermore, they found that isolated metaphase chromosomes 
contained an endogenous protein kinase which catalyzed the phos
phorylation of serine and threonine residues in the HMG-14-1ike 
protein. Paulson and Taylor have suggested that the increased 
phosphorylation in metaphase could play a role in shutting off 
transcription during mitosis. 

Saffer and Glazer (17, 18) have examined the phosphoryla
tion of HMG-14 and HMG-17 in proliferating Ehrlich ascites, 
L 1210 and P 388 leukemia cells, human colon carcinoma cells (HT 
29) and chinese hamster ovary cells. They claim that these 
proteins were phosphorylated in all cell lines. The identifi
cation of the phosphorylated proteins was based on acetic acid
urea gel electrophoresis, but the lack of standard HMG proteins 
casts doubt on their conclusions. Recent work from our labora
tory (19) has _shown that there are three protein bands on acetic 
acid-urea gels in the region of calf thymus HMG-14. Two of 
these were phosphorylated and corresponded to HMG-I and HMG-Y 
from HeLa cells. Amino acid analysis and peptide maps of the 
three proteins showed that the phosphorylated proteins differed 
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significantly from the unphosphorylated protein, which resembled 

HMG-14 from calf thymus. In contrast to the results of Saffer 

and Glazer, we did not find HMG-17 to be phosphorylated. 

Phosphorylation of HMG-14 and HMG-17 in chinese hamster 

ovary cells have also been studied by Arfmann et al. (20, 21), 

who report that both proteins are phosphorylated in interphase 

cells and that in metaphase arrested cells the phosphorylation 

of HMG-14 was increased compared to HMG-17. These results will 

also have to be re-evaluated since SDS gel electrophoresis was 

used; as mentioned above, this method does not separate the 

various members of the low molecular weight HMG proteins very 

well. D' Anna et al. (22) have isolated and analyzed a phos

phorylated low molecular weight HMG protein designated CRO HMG

E/G from chinese hamster cells. Its amino acid composition 

differed significantly from bovine HMG-14 and HMG-17 but was 

very similar to RMG-Y from ReLa and Ehrlich ascites cells and 

may therefore be the same protein. 

HMG-14 and HMG-17 in rat C6 glioma cells are reported to be 

phosphorylated in vivo on both serine and threonine residues 

(6). Several unidentified phosphorylated HMG proteins have been 

shown to be present in lymphosarcoma P1798 (in mice). Fol

lowing injection of cortisol, which results in tumor regression, 

a marked suppression of phosphorylation resulted (23). Nerve 

growth factor which induces extension of neurites and cessation 

of cell division in a clone PC 12 (pheochromocytoma), was found 

to simultaneously induce increased phosphorylation of HMG-17 

(24) . 

Recent work using bovine thyroid slices and thyrotropin 

stimulation have led to interesting results. Two-dimensional 

polyacrylamide gel electrophoresis has shown that, in addition 

to proteins co-migrating with standard HMG-14 and 17, there were 

several other proteins with mobility similar to low molecular 

weight HMG proteins. Two of these and HMG-14 were phosphoryl

ated when thyroid slices were incubated with 32p-phosphate. 

Furthermore, addition of thyrotropin led to a rapid two-fold 

increase in the labeling of HMG-14 (11). The site of phos

phorylation was Ser 6, which is the major site of in vitro 

phosphorylation by cyclic nucleotide dependent protein kinase 
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(25). Addition of analogs of cAMP, but not of cGMP, enhanced 

phosphorylation. The results lend strong support to the idea 

that thyrotropin-stimulated phosphorylation of HMG-14 is cata

lyzed by the cAMP dependent protein kinase. 

The studies reported on the phosphorylation of the low 

molecular weight HMG proteins have shown that they can be phos

phorylated in vivo and in vitro. The in vivo incorporated 32p_ 

phosphate is present in these proteins as phospho-serine or in 

some cases as phospho-threonine, but not as ADP-ribose residues 

since phosphatase have been shown to remove all phosphate (10). 

At present it seems that cell cycle specific phosphorylation is 

catalyzed by casein kinase II (8) whereas the hormone-regulated 

phosphorylation is catalyzed by cAMP dependent protein kinase 

(25) . Furthermore, it is interesting that growth factors and 

steroid hormones may affect the phosphorylation of the low mole

cular weight HMG proteins. 

ADP-RIBOSYLATION 

ADP-ribosylation of low molecular weight HMG proteins has 

been reported in HeLa nuclei and in nuclei from Friend erythro

leukemia cells (26, 27). Protein H6 (which is a trout testis 

homolog of HMG-17) was found to be ADP-ribosylated with a mean 

chain length of 4.5 units (28). HMG-14 from chicken erythro

cytes could be ADP-ribosylated by poly(ADP-ribose) polymerase 

(29) . 

HMG-14 and HMG-17 in the 341 (C3H mouse mammary carcinoma) 

cell line were found to incorporate 3H-adenosine as ADP-ribose 

with a chain length of 1.5 to 1.8. Only 0.03% of the HMG 

proteins were modified (30). The incorporation was reduced in 

the presence of 3-aminobenzamide, an inhibitor of poly(ADP

ribose) polymerase. Furthermore, treatment of the cells with 

glucocorticoids which induce formation of mouse mammary tumor 

RNA (with information for~, pol, and env proteins), led to a 

simultaneous removal of ADP-ribose from HMG-14 and HMG-17. 

Similar results were also obtained in the presence of 3-amino

benzamide. One explanation may be that the ADP-ribose residues 
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on HMG-14 may serve as negative regulation of mouse mammary 

tumor virus expression (31). 

GLYCOS YLATION 

HMG-14 and HMG-17 from calf thymus and Friend erythroleu

kemia cells have been found to be modified by glycosylation and 

shown to contain fructose, galactose, mannose, and N-acetyl glu

cosamine (27). What percentage of the protein was glycosylated 

and whether there is heterogeneity is the glycosylation pattern 

between different molecules are not known. It has also been 

found (32) that HMG-14 and HMG-17 from Friend cells preferen

tially bind to the nuclear matrix proteins and that removal of 

the carbohydrate greatly reduced the binding. 

ACETYLATION 

Acetylation of HMG-14 and HMG-17 in duck erythrocytes has 

been shown to occur on lysine residues at positions 2 and 4 in 

HMG-14 and positions 2, 4, and 10 in HMG-17 (33). In order to 

isolate the multiacetylated forms, butyrate had to be added to 

the cells. Recently, Sterner and Allfrey (34), using duck 

erythrocytes, have shown that HMG-14 and HMG-17 can carry modi

fications in the form of acetylation and phosphorylation at the 

same time. 

CONCLUSIONS 

The present review shows that the low molecular weight 

proteins can undergo a number of post-translational modifica

tions, as has been fotmd for the his tones. Being chromosomal 

proteins, modifications may introduce changes in chromatin 

structure. This might result in chromatin condensation or 

greater DNA accessibility and subsequent changes in transcrip

tion. For instance, some workers (18, 35) have suggested that 

phosphorylated HMG-14 and 17 are preferentially located in DNase 

I sensitive genes. 
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Another interesting aspect of the modulation of the biolog

ical function of these proteins is the finding by Sterner and 

Allfrey (34) that mu1titype postsynthetic modification may be 

present simultaneously in these proteins. The possible presence 

of several different types of modifications increases in the 

potential number of different biological functions for these 

proteins. 
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INTRODUCTION 

Analysis of HMG chromosomal proteins by SDS-polyacrylamide 
gel electrophoresis reveals a group of polypeptides in the 
region around 26,000 daltons. These are the proteins of the 
high mobility group that have the lowest electrophoretic mobil
ity in both SDS and acid/urea gels and they have therefore been 
called HMG-l or 2 in most tissues. For historical reasons, 
homologous proteins from trout testis and chicken erythrocytes 
are called HMG-T and HMG-E, respectively. In the rest of the 
present article HMG-l, 2, T, or E are considered to comprise the 
HMG-l family. Apart from their apparent molecular weights, all 
these proteins share many common structural features, as can be 
expected from their similar amino acid compositions and se
quences. In fact, the information that we have about the 
proteins of the HMG-l family is mostly structural. Very little 
functional information is available and most of it is inferred 
from in vitro studies. In this respect, the situation of our 
knowledge on the HMG-l family of proteins is very different than 
that for HMG-14 and 17. In the case of the latter, low molec
ular weight HMG proteins, there is considerable literature on 
their possible function, although firm conclusions are not yet 
available (see chapter by Goodwin et al., this volume). The low 
molecular weight HMG proteins do not display any evidence of 
secondary or tertiary folding. For the HMG-l family the most 
interesting results have, in contrast, been in structural 
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studies of the proteins and studies on their interactions with 

other macromolecules. 

HMG-1 INTERACTIONS AND FUNCTIONS 

Several properties of HMG-1 family proteins were estab
lished as purified fractions became available. The calf thymus 
HMG-1 fraction is a single band in SDS gel electrophoresis, 
whereas heterogeneity appears for the HMG-2 fraction when ana
lysed by either e1ectrofocusing or SDS gel electrophoresis (see 
reference 1 for a review). Thus, subfractions have been defined 
for HMG-2. Some of the heterogeneity observed may be due to 
post-translational modifications. Acetylation (2, 3), methyl
ation (4), phosphorylation (5), ADP-ribosylation (6), and glyco
sylation (7) of the proteins of this family have been observed 
either in vivo or in vitro. 

HMG-1 proteins are able to interact with DNA (8), and it 
has been found that in some conditions they have a preferential 
binding to single-stranded DNA (9-11). The formation of com
plexes of HMG-1 and HMG-2 with DNA has been studied and the 
parameters of the interaction have been measured as well as 
their dependence on ionic strength and chemical composition of 
the nucleic acid (12, 13). It appears that the interaction is 
non-cooperative and that both the affinity constant and site 
size are dependent on salt concentration. By NMR spectroscopy 
(14) it was observed that a zone of the molecule can interact 
with DNA forming a complex that, when studied by electron micro
scopy after glutaraldehyde fixation, has a globular appearance 
(15). Another characteristic of HMG-1 and 2 is their ability to 
change the topology of DNA, an effect that can be measured by 
observing the variation of the superhe1icity of closed-circular 
DNA in their presence (16-18). All these results point towards 
a behavior of these proteins similar to certain prokaryotic DNA
unwinding proteins, such as the gene 32 protein (9, 19). 
However, this similarity has been put into question (12) con
sidering the non-cooperative binding of HMG-1 to DNA and contra
dictory results on the effects of HMG-1 on thermal denaturation 
of DNA. It has been proposed that the fact that different 
authors have found that HMG-1 has either a protective or a 
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disrupting effect against DNA melting could be due to different 
methods for extraction of the protein (12). A decrease in the 
ability of these proteins to form a-helix and tertiary folding 
when extracted with acid solutions as compared with sa1t
extracted methods has been observed (20), however, an overall 
rearrangement of the structure does not seem to occur. 

Results with HMG-14 and 17 showed that these proteins 
interact with nuc1eosomes (21, 22) mainly in the last 20 base 
pairs of the core particle DNA (23). It has also been shown 
that they have a preferential binding to mononuc1eosomes that 
have long tails (22, 24, 25). The fact that HMG-1 and 2 are 
released after short nuclease digestion (26), that in these 
conditions they seem to form a complex with short po1ynuc1eo
tides (27), and that they bind to long nuc1eosomes (28) has led 
to a proposal that they bind to linker DNA. These indications 
and the fact that HMG-1 and its homo logs have a molecular weight 
similar to that of histone H1 have been taken as arguments in 
favor of similar function for H1 and the HMG-1 family. It has 
been suggested that HMG-1 might could substitute for histone H1 
(29). The lack of similarity in the sequences of these proteins 
(30), however, does not seem to support such suppositions. 

Little is known about the effect of HMG-1 proteins on 
higher order chromatin structure. Experiments were carried out 
taking advantage of the fact that it is possible to prepare 
chromatin fragments that are stable in solution even if their 
DNA is internally cleaved (see reference 31 and the chapter by 
Muy1dermans et a1., this volume). Such preparations have been 
used to study different variables that may affect higher order 
structure of chromatin (32). When using immunological detection 
methods, such as immuno-dot or ELISA, the distribution of HMG-1 
and 2 is measured after sucrose gradient centrifugation of such 
stable aggregates, a different distribution is found as compared 
with the bulk of the chromatin (Figure 1). This indicates 
either that the HMG-1/2-containing chromatin is less stable in 
higher order structure than the majority of chromatin or that 
HMG-1 and HMG-2 tend to concentrate in smaller oligonuc1eosomes. 
In any case, no HMG protein is found in large (about 15-nuc1eo
some) chromatin fragments stable at physiological ionic 
strength. The association of HMG proteins with chromatin has 
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been studied and it has been proposed that, while a proportion 

of these proteins is easily solubilized at physiological ionic 
strength, a population remains tightly bound to chromatin (33-
36). In light of such observations, our results presented above 
would indicate that the presence of HMG-1 or 2 produces an 
increased instability in higher order structure of chromatin. 
Whether these proteins are distributed at random along the chro
matin fiber, periodically giving rise to discontinuities that 
may explain a "superbead" structure (37), or whether they con
centrate in specific zones of the chromatin is an unresolved 
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Figure 1. Distribution of HMG-1 and 2 in fractions of chromatin 
prepared by micrococcal nuclease digestion of rat 
liver nuclei at 140 roM NaCl, 0.1 roM PMSF, 0.2 roM 
EDTA, 10 roM Tris-HC1, pH 7.4, and 4°C and analyzed by 
sucrose gradient (5-20%) centrifugation. The measure
ment of HMG-l and 2 in the different chromatin 
fractions has been done by quantitating the reaction 
of antisera against HMG-1 (that has strong cross
reaction with HMG-2) in dots and incubation with 
radiolabelled protein A. The two gradients cor
respond to two times of nuclease digestion, A 
(45 minutes) and B (60 minutes) with 200 units of 
enzyme per milligram of DNA. 
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question. Transcriptionally active chromatin shows an enhanced 

accessibility to DNases indicating a different structure as 

compared with the bulk of chromatin. In this sense HMG-1 could 

take part in the maintenance of the structural requirements for 

transcription. In fact, it was found that these proteins may be 

required for transcription in mouse myeloma cell nuclei (38). 

HMG-1 and 2 have been shown to interact with histones in 

vitro. This interaction has been found with histone H1 in solu

tion (39, 40) and in blots (41). Cross-linking experiments, in 

solution, of mixtures of HMG-1 or 2 with oligomers of core his

tones indicate that these HMG proteins are also able to form 

stoichiometric complexes with histones H2A-H2B and H3-H4 (42). 

A result that may be related to this kind of interaction is the 

observation that these proteins may act as an assembly factor of 

nuc1eosomes at physiological ionic strength (43). In this re

spect, members of the HMG-1 family may behave similarly to 

nuc1eop1asmin (44, 45) or poly-glutamic acid (46) in favoring 

the formation of the histone octamer in solution, thus allowing 

histones to be correctly placed on DNA to form nuc1eosomes. 

Their nuc1eosome assembly activity has been taken as an indica

tion of the possible involvement of HMG-1 and 2 in replication. 

Nevertheless, while a correlation of the presence of HMG-2 with 

cell cycle length has been described (47) no such effect has 

been found for HMG-l. Immunological and oocyte microinjection 

studies apparently show the accumulation of HMG-1 and HMG-2 in 

the nucleus (48, 49) but a periodical accumulation of these 

proteins in the nucleus and cytoplasm (50-52) might explain all 

these results. In any case, the involvement of HMG-1 in repli

cation is still only a hypothesis. 

STRUCTURAL STUDIES 

The amino acid composition of HMG-1 shows a high proportion 

of charged residues, both basic and acidic. Calf thymus HMG-1 

for instance, has 15% lysine, 5% arginine, 18% glutamic acid, 

and 12% aspartic acid (53). The largely complete sequence of 

Walker et a1. (54) showed that these residues are not evenly 

distributed in the sequence. Rather an asymmetrical distribu

tion can be observed. Two parts can be clearly distinguished. 
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The N-termina1 two-thirds of the molecule have a rather normal 
amino acid composition with a predominantly basic character, 
while the last third of the polypeptide chain has a marked 
acidic character and contains a long stretch of glutamic acid 
and aspartic acid residues. A cDNA corresponding to bovine 
HMG-1 has been cloned (55) and the protein sequence (54) has 
been corrected in a number of positions. In particular, the 
protein has been found to terminate with a continuous stretch of 
30 acidic residues (21 G1u and 9 Asp). 

The sequences of HMG-1 and 2 show a high degree of simi
larity (54). In fact, the main differences are observed in the 
residues preceding the acidic C-termina1 part of the molecule. 
In general, the amino acids in this zone have a more structure
disrupting character in HMG-2 than in HMG-1 and that might 
affect interactions of the different domains (see below). 

Initial studies using nuclear magnetic resonance spectro
scopy showed that the spectrum of HMG-1 can be interpreted as 
that of a protein with domains having different stabilities in 
their tertiary structures (14). An analysis of the protein 
sequence further indicated that, in the N-termina1 part of the 
molecule, two domains may be distinguished which have a high 
degree of sequence similarity. An internal gene duplication was 
proposed as the origin of this feature (56). Therefore, the 
structure of a member of the HMG-1 family appears to be formed 
from three main domains (56): Domains A and B are the 
N- terminal and central part of the molecule and domain C in the 
C- terminal third. Domains A and B have amino acid compositions 
typical of globular proteins and they are apparently homologous 
units. Domain C has a high proportion of acidic residues and is 
unrelated to the other domains. 

The action of proteolytic enzymes has been widely used to 
study the domain structure of histones (e.g., see references 57 
and 58). A similar approach has been taken with members of the 
HMG-l family. HMG-E (56) and HMG-l (59) were digested with 
trypsin and it was shown that limit peptides were produced. 
These peptides were isolated by chromatography. By amino acid 
analysis and partial sequencing, they were found to correspond 
roughly to the two N-terminal domains A and B of the molecule or 
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to domains A+B, equivalent to HMG-3 (60). A possible extra 
domain of 11 residues at the N-terminus was hydrolyzed by the 
enzyme in HMG-l. The two large limit peptides were folded, thus 
producing evidence of secondary and tertiary structures. 

We have found that other peptides are produced using pro
tease of Staphylococcus aureus V8 (41). The main cutting point 
of this enzyme at short times of digestion seems to be located 
at the boundary between domains A and B. This is also a target 
for tryptic attack. Thus, this point (around residue 75) is 
susceptible to attack by two proteases of very different speci
ficities (trypsin and the ~. aureus protease). It appears as a 
main hinge between domains A and B in the protein. At longer 
times of digestion V8 protease also cuts at the boundary between 
domains Band c. We also found that whereas domains A and B 
bind DNA in blots, the peptide corresponding to domains B+C does 
not. This peptide, which corresponds to the last two thirds of 
the molecule, appears to be the point of interaction of HMG-l 
with histone Hl and probably with H2A-H2B (42). We have also 
observed that domain B is the responsible for the change in the 
superhelicity of closed circular DNA. This effect is lost, 
however, when domain B is attached to domain C (18). This 
behavior led us to examine the interactions between the three 
domains of HMG-l. It appears, from studies with different 
proteases and cleaving reagents (41, 56, 58), that domain A is 
the one having the highest degree of structure, that fragment 
A+B seems to retain all the tertiary and possibly secondary 
structure of the molecule, and that when domain B is attached to 

Figure 2. 

741 • Acetyl 

Schematic representation of the structure of HMG-l. 
The main cutting points for StaphlyococcUs aureus V8 
protease are shown (74 and 185) as well as the three 
structural domains the zones of interaction with DNA 
and histones and the main acetylated residues. 
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domain C the secondary and tertiary structure of the former is 
abolished. 

CONCLUSIONS 

The results obtained on the structure of the proteins of 
the HMG-1 family allow us to propose a schematic model such as 
the one presented in Figure 2. The protein chain is divided 
into three main domains corresponding roughly to the three 
thirds of the molecule, with a possible extra short domain in 
the N-termina1 eleven residues where the main acetylation points 
for the protein have been detected. Domain A appears as the 
most structured unit. Its absence allows the folding of domain 
C onto domain B, the DNA-interaction domain, thus abolishing 
domain B' s ability to change DNA topology. The existence of 
interactions between domains that abolish possible functions of 
the proteins, such as the action on DNA superhe1icity, suggests 
that such interdomain interactions may be a mechanism to modu
late HMG-1 function. 

Proposals for HMG-1 biological function point mainly to
wards an essentially structural function, either as an assembly 
factor in replication or as a protein that produces an adequate 
superstructure for transcription. The absence of HMG proteins 
from fragments of chromatin having a stable higher-order struc
ture in solution (see above) may also indicate a role for these 
proteins in the folding of chromatin superstructure. The impor
tance of the topological state of DNA for transcription, for 
instance, has been stressed in recent results (61). The loop 
structure of chromatin (62) may allow comparison of the results 
obtained with closed circular DNA with fragments of chromatin 
fiber attached to the nuclear scaffold. HMG-1 proteins may be 
important in maintaining such a structure. 
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INTRODUCTION 

The enzymatic removal of chemical damage in DNA, the regu

lation of gene expression by a repressor molecule, and the 

binding of RNA polymerase to a promoter are some examples of 

processes which involve specific interactions between proteins 

and nucleic acids. Actually, most of the steps of replication, 

transcription, and translation of the genetic information, as 

well as DNA repair, RNA maturation, or building of nucleosomes 

or ribosomes require the specific recognition of a nucleic acid 

structure or base sequence by proteins. Besides gross structur

al complementarity between the two interacting macromolecules, 

interactions between individual amino acids and nucleotides can 

provide the required specificity. We may consider the active 

center of a nucleic acid-binding protein as a three dimensional 

distribution of functional groups able to form ionic bonds, 

hydrogen bonds, and hydrophobic bonds (including stacking). 

Specificity will be attained when this distribution corresponds 

to a complementary one on a polynucleotide chain. This might 

also involve conformational changes of the macromolecule(s). 

One may distinguish two different classes of nucleic acid

binding proteins. A protein in the first class recognizes a 

particular sequence of nucleic acid bases. The bases may be 

contiguous to each other in the sequence or they may move into 
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juxtaposition after folding of the nucleic acid molecule. Re

striction endonucleases, the lac repressor of E. coli, and mRNA 

splicing enzymes (for instance) belong to this category. A 

protein of the second class specifically interacts with partic

ular physical forms of nucleic acids. For example, the enzymes 

involved in DNA repair appear to recognize a locally distorted 

region in the DNA double helix. Proteins which bind specifi

cally to single-stranded nucleic acids (SSB proteins) also fall 

into this category. Some proteins clearly exhibit properties of 

both classes. For example RNA polymerases are able to recognize 

promoter sequences and to also discriminate between single

stranded and double-stranded structures of terminators and 

attenuators. 

The mechanisms employed by each of the above two classes of 

proteins to ensure their binding specificity are certainly not 

the same. The recognition of a particular base sequence prob

ably requires structural complementarity and hydrogen bonding 

interactions. On the other hand, when a protein recognizes a 

single-stranded nucleic acid, stacking interactions between 

aromatic amino acids and nucleic acid bases are certainly 

important. Analyzing the exact role played by each type of 

interaction in macromolecular complexes has been rather diffi

cult and therefore much work has been devoted to model systems. 

This chapter will focus on proteins that recognize single

stranded nucleic acids. The involvement of stacking interac

tions in these complexes will be discussed. Results will be 

presented from studies both on models (synthetic oligopeptides) 

and natural proteins. 

POTENTIAL MOLECULAR MECHANISMS FOR THE RECOGNITION OF SINGLE

STRANDED NUCLEIC ACIDS BY PROTEINS 

The types of interactions between functional groups of 

amino acids and nucleic acid bases have been recently reviewed 

(1) . Most if not all nucleic acid-protein complexes involve 

electrostatic interactions. Generally this contribution ac

counts for the major part of the association energy (1). Such 

interactions result in a stabilization of the nucleic acid 
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structure (2, 3). In addition, small conformational changes of 

the nucleic acids can be detected by UV absorption and circular 

dichroism (4). In a first approximation, electrostatic interac

tions will weakly contribute to the specificity of association. 

Nevertheless, it has been shown that poly-lysine binds preferen

tially to A-T rich DNAs, whereas poly-arginine has a higher 

.affinity for G-C rich DNAs (5, 6). Hydrogen bonding may in

volve the nucleic acid bases, the carbohydrate, or the phosphate 

group. On the other hand, the peptide bond itself and many 

amino acids possess groups which can engage in hydrogen bonds. 

Models have been proposed for molding of antipara11e1 a sheets 

into the grooves of A-RNA or B-DNA (8, 9, and for a review see 

reference 10). Several possibilities have been proposed for 

specific recognition of base pairs by amino acid side chains 

through hydrogen bonding (10, 11). Crystallographic studies 

have confirmed that hydrogen bonding may take place in nucleic 

acid-protein complexes (12). 

Numerous studies have been devoted to aromatic amino acids 

(tryptophan, tyrosine, and phenylalanine) and to complexes they 

are able to form with nucleic acid bases. Several dyes, anti

biotics, and other polycyclic aromatic compounds are known to 

form intercalated complexes with DNA. In contrast, the inter

calation of tryptophan, phenylalanine, or tyrosine between 

nucleic acid bases is not likely to occur due to the sizes of 

these aromatic molecules; but, the aromatic amino acids may 

partially stack with bases on one strand. First evidence for 

stacking interactions was provided by luminescence (13, 14). 

Stacked complexes between indole derivatives and purines have 

also been demonstrated in concentrated aqueous solutions (15, 

16) . In oligopeptide-nuc1eic acid complexes, stacking inter

actions were suggested by Brown (17), who investigated the 

melting of DNA in the presence of a series of basic dipeptide 

methyl esters. He found that the peptide Arg-Trp-O-methy1 led 

to a higher stabilization of DNA than Arg-Arg-O-methy1. 

Various spectroscopic and hydrodynamic methods have been 

used to follow the behavior of the aromatic residues of peptides 

upon association with po1ynuc1eotides (10). NMR and fluores

cence are the most powerful techniques for this purpose and 

therefore have been the most widely used. Stacking interactions 
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result in an upfie1d shift of the proton resonances of aromatic 
rings due to ring current effects. Binding of an oligopeptide 
containing an aromatic amino acid to a single-stranded poly
nucleotide generally leads to such a shift of both aromatic and 
(CH2)S proton resonances of the amino acid. This is accompanied 
by a broadening of the peaks due to the restricted mobility of 
the ligand in the complexes (18-20) . With sonicated doub1e
stranded DNA, oligopeptides containing either a tryptophy1 or a 
pheny1a1any1 residue exhibit a similar behavior as compared with 
single-stranded po1ynuc1eotides even though the upfie1d shifts 
are much smaller. In contrast, it was reported that no upfie1d 
shift could be detected in the case of tyrosy1 residues with DNA 
(20, 21). This suggests that tyrosine does not stack with 
nucleic acid bases in double-stranded nucleic acids. However, 
it must be pointed out, as discussed in reference 10, that the 
amplitude of the upfie1d shifts depends on: 1) the relative 
location of the stacked rings; 2) the amplitude of the ring 
current effect, which is higher for purines than for pyrimi
dines; and 3) the relative proportion of stacked and unstacked 
molecules. 

Binding of an oligopeptide containing an aromatic amino 
acid to a nucleic acid generally results in a partial quenching 
of the fluorescence emission of the peptide. However, Phe
containing peptides have been studied little by fluorescence 
spectroscopy, due to a significant overlap between the absorp
tion of nucleic acids and the fluorescence emission of phenyl
alanine, and to the very low molar extinction coefficient of Phe 
(20). The fluorescence of tyrosine can be quenched either by a 
direct interaction with nucleic acid bases (hydrogen bonding or 
stacking) or by a singlet-singlet energy transfer to nearby 
nucleic acid bases. The latter mechanism does not require a 
contact between the two partners: the critical Forster distance 
ranges up to about 20 A (22). In many cases, the fluorescence 
is quenched but there is no indication of stacking interactions 
(e.g., when tyrosy1-containing peptides are bound to native DNA 
(20» . 

As stated above, stacking interactions of tryptophan deriv
atives with nucleic acid bases results in the quenching of 
indole fluorescence. It is crucial to determine whether other 

266 



kinds of interactions can also lead to such a quenching. It has 

been shown that anions of phosphate diesters such as (CH30)2P02-

are poor quenchers of tryptophan fluorescence (in contrast to 

dianions of phosphate monoesters) (23). This suggests that 

quenching of tryptophan by phosphate groups of polynucleotides 

is not expected unless the indole ring is close to a terminal 

phosphate group. Similarly, hydrogen bonding by N-H of indole 

group is not very likely to result in fluorescence quenching via 

a proton transfer (1). In contrast to tyrosine, singlet-singlet 

energy transfer from tryptophan to nucleic acid bases requires a 
o 

very short distance ( '" 5 A) to occur (22). At that close 

range, other mechanisms (electron transfer) are also possible 

for fluorescence quenching. Thus, in the case of tryptophan

nucleic acid complexes, stacking interactions are presumably 

the main mechanism responsible for fluorescence quenching in 

peptide-nucleic acid complexes. 

The binding to single-stranded and double-stranded poly

nucleotides of oligopeptides that contain both basic residues 

and tryptophan has been investigated in several laboratories 

(10) . A thoroughly studied peptide of this sort is lysyl

tryptophyl-lysine (KWK). Binding results in an upfield shift of 

the tryptophan proton resonances (19). Modifications in the 

polynucleotide circular dichroism spectrum also indicate a con

formational change of the macromolecule (24). Moreover, this is 

accompanied by a decrease of the tryptophan fluorescence inten

sity, corLected for screening effect (10), although the average 

fluorescence lifetime of the peptide is not different from that 

of the free molecule (25). These results led to a two step 

model for binding of KWK to nucleic acids. A first complex, Cl , 

involves only electrostatic interactions between amino groups of 

the peptide and phosphate groups of the polynucleotide. This 

initial complex can then convert into a second complex, e2 , in 

which besides the electrostatic interactions, the indole ring is 

stacked with the nucleic acid bases (26). The unitless equilib

rium constant, K2 , between unstacked and stacked complexes 

describes the "stacking tendency" of the system. A value of K2 

that is less than 1 means that the formation of the outside 

complex is favored and, conversely, a value larger than 1 is 

characteristic of a system in which stacked complexes form 

preferentially. Investigations of various KWK-polynucleotide 
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complexes have shown that K2 ranges from 0.3-0.6 for doub1e

stranded po1ynuc1eotides and up to 2-5 for single-stranded ones 

(26, 27). Therefore, stacked complexes are strongly favored in 

single-stranded structures. On the other hand, the equilibrium 

constant Kl for formation of the outside complex appears not to 

depend on the polynucleotide structure (26). Therefore, the 

overall constant K = Kl (1 + K2) will be higher for sing1e

stranded than for double-stranded po1ynuc1eotides. In other 

words, stacking interactions are responsible for the preferen

tial binding of the peptide KWK to single-stranded nucleic 

acids. 

Several other results agree in indicating stacking of in

dole with nucleic acid bases in KWK-po1ynuc1eotide complexes. 

Electric dichroism measurements have shown that the tryptophy1 

ring is nearly parallel to adenylic residues in KWK-po1y(A) 

complexes (28). Moreover, from triplet-triplet energy transfer 

in such complexes, it was concluded that a peptide molecule 

traps the energy from about 60 residues (29). Such a process 

requires a good orbital overlap as is encountered in stacked 

complexes. Finally, it has been reported that the luminescence 

properties of KWK at low temperature are strongly perturbed upon 

binding to poly (5-mercuriuracil) (30-32). In particular, the 

phosphorescence lifetime is shortened from about 6 s to 5 ms. 

This is characteristic of a so-called heavy atom effect, which 

implies a van der Waals contact between the indole ring and 5-

mercuriuraci1. 

Using synthetic random copolymers (of A and U, for in

stance), it has been shown that stacking of tryptophan can 

depend on the base sequence: stacked complexes are favored in 

UU as compared to AA sequences (10, 33). This base sequence 

specificity actually reflects the internal base-base stacking 

efficiency of the polymers. Moreover, stacking of the indole 

ring is expected to be more important with purines than with 

pyrimidines. Therefore, stacking interactions can lead to 

sequence specificity. It has also been reported that dia

stereomeric peptides exhibit different behaviors with respect to 

DNA binding: the aromatic ring of L-Lys-L-Phe is partially 

inserted between the DNA base pairs, whereas, the ring of L-Lys

D-Phe points outward (34, 35). Finally, it should be added that 
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stacking of the indole ring with nucleic acid bases still occurs 
in complexes between tryptophan-containing tetrapeptides and 
nuc1eosome core particles. Thus, DNA interactions with histones 
do not prevent stacking (36). 

SINGLE-STRANDED DNA BINDING PROTEINS 

Proteins which bind preferentially to single-stranded 
nucleic acids have been isolated from various organisms ranging 
from phages to higher eukaryotes (37-41; also see the chapter by 
Puigdomenech and Jose, this volume). These single-strand 
binding (SSB) proteins are essential to several physiological 
functions including replication, recombination and repair of DNA 
(SSB proteins are also termed helix-destabilizing (RD) proteins 
due to the fact that they lower the melting temperature of DNA 
by selectively binding and trapping single-stranded regions, or 
at least shift the conformational equilibrium from helix to 
coil) . Although these proteins are devoid of any enzymatic 
activity, they control several steps of the biological processes 
in complicated ways (see 42-44 for reviews). I will focus here 
on two representative members of this class: the gene 5 product 
from bacteriophages fd or M13 and the gene 32 product from 
bacteriophage T4. For both proteins, binding parameters and 
details regarding the molecular structures are available. 

Characterization of the binding requires the determination 
of both thermodynamic and kinetic parameters. General ap
proaches have been developed to determine the number of resi
dues, n, covered by a protein (the size of the binding site), K 
(the association constant of the protein to an isolated binding 
site), and w (the ratio of the association constants for iso
lated and contiguous binding sites) (43). If w is greater than 
one, the binding is cooperative, which is generally observed for 
SSB proteins on single-stranded nucleic acids. Additional 
information on the number of charge-charge interactions involved 
in the nucleic acid-protein complexes can be obtained from an 
analysis of the variation of the intrinsic association constant 
K (or of the apparent association constant Kw, for cooperative 
binding) with salt concentration (7). Finally, the complete 
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description of the system requires the determination of associ
ation and dissociation rate constants for various pathways. 

The binding of proteins to nucleic acids can be monitored 
by various techniques. Signals related to nucleic acids (e.g., 
UV absorption, circular dichroism, fluorescence emission of 
modified polynucleotides) can be used if binding is accompanied 
by a structural change of the polynucleotide chain. Proteins 
containing tryptophan and/or tyrosine can be followed by emis
sion spectroscopy using the intrinsic luminescence of these 
chromophores. Nuclear magnetic resonance studies and chemical 
modification of the protein or of the complex can bring addi
tional information about the nature of the interacting domains. 

Gene 5 Protein from Bacteriophage fd 

The gene 5 product (gp5) from filamentous phages fd (M13) 
is a protein of 9700 daltons. It plays a central role in the 
production of single-stranded DNA. An infected E. coli cell 
contains about 105 molecules of gp5 to protect the nucleic acid 
against nucleases. Moreover, gp5 collapses the viral DNA circle 
into two antiparallel strands, which is the conformation re
quired for encapsidation by the native virus (42, 43). 

Nucleic acid binding parameters. Gp5 exists in solution 
mainly in a dimer-monomer equilibrium. The dimer is the active 
binding form. The spectroscopic properties of the nucleic acid 
are changed upon gp5 association: both an hyperchromism in the 
UV absorption band of the bases and a dramatic modification of 
the circular dichroism spectrum are observed (46). This sug
gests that single strands adopt an extended conformation in the 
complex resulting from unstacking of the nucleic acid bases. 
These effects are saturated at about four nucleotide residues 
per protein monomer. Gp5 protein destabilizes duplex DNA mole
cules. This effect is relatively nonspecific with respect to 
DNA base composition (38). 

It is well known that gp5 binding to single-stranded 
nucleic acids is cooperative (38). The apparent equilibrium 
constant Kw was determined using fluorescence quenching of the 
protein upon nucleic acid binding. For poly(dA), Kw varies from 
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10 7 M- 1 (in 0.06 M Na+) to 105 M- 1 (in 0.22 M Na+) (47). Part 
of the affinity is due to the cooperativity factor, but the 
major salt dependence resides essentially in K. w increases 
slightly from 50 to 300 over the same range of Na + concentra
tion. Therefore, electrostatic interactions play the major role 
in gp5-po1y(dA) complexes, whereas protein-protein interactions 
responsible for co-operativity are primarily nonionic (47). 
Moreover, it has been shown that the gp5 affinity for single 
strands depends on the base composition of the polymers. 
Po1y(dT) is the preferred substrate for the protein (48). 

In contrast to the results obtained with larger po1ynuc1eo
tides, a stoichiometry of 3 nuc1eotides per monomer is obtained 
for binding to the short oligonucleotides (dA)s to (dA)16' 
Also, the ionic strength dependence of K is different and the 
apparent association constant is lower than that for po1y
nuc1eotides. The suggestion that complexes formed by gp5 with 
oligo(dA) differ from that with po1y(dA) was confirmed by 
results obtained with oligonucleotides of intermediate lengths 
(25 to 30 residues). Alma et a1. (49) found that two types of 
complexes can exist with such substrates, depending on the 
relative concentrations of gp5 and oligo(dA)25_30' The authors 
proposed that these effects could be related to additional 
protein-protein interactions causing an helical structure.of the 
complexes (49). Kinetic experiments have also been performed to 
determine rate constants of association to isolated sites and 
dissociation from clusters (48, 50). 

Structure of the gene i protein and its nucleic acid 
binding site. X-ray analysis of crystalline gp5 reveals a T-

1 
shaped molecule composed primarily of a structures organized as 
one three-stranded sheet and one two-stranded ribbon (12). 
Along the three-stranded a sheet is a putative DNA binding 
channel about 10 A wide and 40 A long. Therefore, the active 
DNA binding species (the gp5 dimer) provides two antiparalle1 
binding grooves with opposite polarities separated by 30 A. 
Each channel is long enough to accommodate about five nucleotide 
residues. Located in this region are several aromatic amino 
acids (Tyr and Phe) and basic residues (Lys and Arg) (51). 
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Figure 1. 

~AAG I6 

Schematic drawing of one DNA binding site of the gp5 
dimer. The DNA strand is composed of a pentanucleo
tide (dAp) 5 . Electrostatic interactions occur 
between phosphate groups and basic amino acids (Arg 
16, Arg 21, Arg 80, and Lys 46). Aromatic amino 
acids are stacked with nucleic acids bases (Tyr 41, 
Tyr 34 and Phe 73') or sandwiched between two ade
nines (Tyr 26). The Phe residue (indicated with a 
prime) belongs to the symmetry-related gp5 monomer. 
Figure is taken from reference 52 by permission of 
the American Chemical Society and Dr. A. McPherson. 

Both the salt dependence of the gp5 binding to polynucleo

tides (see above) and acetylation of lysine (46) suggest inter
actions between positively charged amino acids and phosphate 
backbone. Two residues (Lys 46 and Arg 80) are innnediately 
adj acent to the DNA in the structure deduced from X-ray data. 
Furthermore, a minor structural rearrangement proposed by Brayer 
and McPherson (52) brings two additional basic residues (Arg 16 
and Arg 21) into the DNA binding groove. This agrees with the 

value of 4 ± 0.5 charges involved in complex formation (48). 
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Several methods have also suggested the involvement of aro

matic residues in binding of gp5 to oligonucleotides or DNA. In 

the free protein, three of five tyrosines can be reacted with 

tetranitromethane. DNA binding is lost upon nitration of these 

residues. Conversely, the presence of DNA protects these resi

dues from chemical modification (46). Marked changes in the 

tyrosy1 CD band and in the NMR spectra are observed upon com

plexation of gp5 (53, 54). From photochemically induced dynamic 

nuclear polarization effects it was concluded that the hydroxyl 

groups of three tyrosines are not accessible for reaction with 

the dye even when gp5 is bound to as small a fragment as a 

tetranuc1eotide (55). Chemical shifts in the proton resonances 

of tyrosine and phenylalanine in gp5-o1igonuc1eotide complexes 

have been interpreted as due to stacking of three tyrosy1 and 

one pheny1a1any1 residues with nucleic acid bases. On the basis 

of the crystal structure, the shifted proton resonances have 

been assigned to Tyr 26, Tyr 34, Tyr 41, and Phe 73 (56). A 

model which accounts for both NMR and X-ray data has been re

cently proposed (52) (Figure 1). 

Complexes of gp5 and various .oligodeoxynuc1eotides have 

been crystallized. Analysis of all the crystals shows an ar

rangement of 12 gp5 monomers per unit cell with a hexagonal 

symmetry (12). From these results, a double-helical model was 

postulated for the complex, in which the DNA is wrapped around 

the gp5 core. However, neutron small-angle scattering studies 

of fd DNA-gp5 complexes in solution would rather suggest a 

central position for the DNA (57). 

Gene 32 Protein from Bacteriophage T4 

The protein encoded by gene 32 from phage T4 (gp32) was the 

first single-strand binding protein to be purified (37). It is 

involved in several steps of the viral 1ifecyc1e: amber or ts 

mutants exhibit an abnormal or stopped lytic cycle (58). Gp32 

is part of the T4 multi-enzymatic complex of replication (59). 

It specifically stimulates T4 DNA polymerase (60) and improves 

the accuracy of in vitro replication (61). A functional gene 32 

product is required for phage DNA recombination (62), and it 

also protects single-stranded regions of DNA against nuc1eases 

(63) . The overproduction of gp32 following UV-irradiation of 
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T4-E. coli infected cells suggests that it plays a role in 

excision repair of photodamage (64). It has been demonstrated 

that it autogenously regulates its synthesis by specific binding 

to its own mRNA (65-67). 

Different domains exist in this protein of about 34,000 

daltons (68). Limited tryptic digestion gives rise to three 

different 

* gp32 III. 

* * overlapping products, termed gp32 I, gp32 II, and 

* The gp32 I fragment has lost about 60 amino acids 

* (the A peptide) from the carboxy terminus, the gp32 II product 

is obtained by removing about 20 residues (the B peptide) from 

* the amino terminus, and the gp32 III fragment results from the 

removal of both the A and B peptides (69). These three proteo

lytic products each have different binding properties (see 

below). The amino and carboxy terminal domains are also appar

ently involved in the formation of gp32-nucleic acid complexes. 

This is suggested by the fact that the rates of limited proteo

lysis depend upon whether the protein is free or bound to a 

polynucleotide (69, 70). 

Binding parameters. From several points of view, gp32 

exhibits a behavior similar to that of the M13 SSB protein 

(gp5). The binding to single-stranded polynucleotides is highly 

cooperative (w = 10 3 -10 4). The intrinsic association constant K 

is ionic strength-dependent whereas the co-operativity factor is 

not. The major part of salt dependence is due to anion dis

placement effects (71). As expected from the proteins' respec

tive molecular weights, the size of the binding site is larger 

for gp32 (n = 7 ± 1 nucleotides) than for the gp5 monomer (72, 

73). As in the case of gp5, the polynucleotide chain is fully 

extended upon binding to gp32 (74). Unstacking of the nucleic 

acid bases in the complexes results in hyperchromicity (73). 

When poly(l,N6 -ethenoadenylic acid) is used as a substrate, 

there is an increase of its fluorescence (71, 75). As already 

observed with M13 gene 5 product, poly(dT) is the polynucleotide 

for which gp32 exhibits the highest affinity: K ranges from 

106 M- l for poly(rC) to lOll M- l for poly(dT) in 0.2 M NaCl, but 

w does not depend on the polynucleotide composition (76). More

over, the apparent association constant is higher for polydeoxy

ribonucleotides than for the homologous polyribonucleotides. 

These results extrapolated to T4 DNA and mRNAs indicate that 
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autogenous regulation of gene 32 might occur through a DNA-RNA 
competition (77). However, there is evidence that the mechanism 
of translational regulation also involves some sequence specifi
city: gpS does not regulate gene 32 expression in spite of the 
similarity between the binding properties of these two SSB 
proteins (78). 

Although the affinity of gp32 for native DNA is quite weak 
as compared to single-stranded DNA, no destabilization of duplex 
DNA has been observed, except for synthetic po1y(dAT)/po1y(dAT) 

* (73). In contrast, the gp32 I fragment is able to melt doub1e-
stranded DNA (69, 79). This suggests that the melting of 
double-strands by intact gp32 is kinetically blocked and that 
the carboxy terminal domain is responsible for this block. The 
thermodynamic parameters n, K, and w for the association of the 

* gp32 I fragment with po1ynuc1eotides are essentially the same as 
that for the native gp32 (80). 

* The most striking difference between the gp32 III fragment 
and the native protein is that the fragment does not bind co
operatively to single-stranded nucleic acids (i. e., w = 1). 
Nevertheless, similar modifications in the circular dichroism 
and UV absorption spectra of po1ynuc1eotides are observed upon 

* binding either gp32 III or native gp32 (80). This suggests that 
gp32 co-operativity is predominantly due to protein-protein 
interactions rather than to induced structural changes in the 
nucleic acids. Amino acid residues in the N-termina1 part of 
the protein are engaged in these interactions. 

Binding of gp32 to short oligonucleotides differs from that 
observed with longer po1ynuc1eotides. The association does not 
show a salt dependence and the association constant K does not 
vary with the length of the oligonucleotide. This last obser
vation indicates that the protein is not free to bind to the 
lattice in multiple ways (71). Moreover, K does not vary be
tween different nucleic acid bases. These results indicate a 
different mode of binding of gp32 to oligo- and po1ynuc1eotides. 
A model has been proposed by von Rippel and co-workers which can 
account for the results obtained both with po1y- and oligo
nucleotides (43, 71). 
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Association and dissociation kinetics of gp32 with various 

polynucleotides have been investigated. From fluorimetric 

stopped-flow experiments, it has been concluded that co

operative binding of gp32 consists of a nucleation step (binding 

of isolated protein molecules) followed by an elongation step 

(association of additional molecules adj acent to already-bound 

gp32 !8l)). The rate-limiting step depends on the salt condi

tions. Moreover, gp32 is able to slide along the polynucleotide 

strand. It was recently shown that the polynucleotide specifi

city and the cooperativity reside in the dissociation constants 

(82). 

Interactions involved in ~-nucleic acid complexes. In 

contrast to gpS, refined crystallographic 

* for gp32. Gp32 I fragment has been 

crystals diffract poorly (83, 84). 

data are not available 

crystallized but the 

Evidence for both electrostatic and stacking interactions 

in gp32-polynucleotide complexes has been reported. Equilibrium 

binding studies have indicated that 2 to 3 phosphate residues 

interact with each gp32 monomer in these complexes. With short 

oligonucleotides, on the other hand, there is at most 1 electro

static interaction (71). Dinucleotides have been used as 

reporter molecules to map the gp32 binding site. Upon binding 

d(ApAp), a larger fluorescence quenching was observed than with 

d(pApA). This indicates that the binding of oligonucleotides to 

gp32 is polarized. A tryptophan whose fluorescence was quenched 

by the 3' phosphate group of d(ApAp) is located in the binding 

site (8S). A similar conclusion was also drawn for gp32-poly

nucleotide complexes (7S). These results and that obtained from 

chemical modification of gp32 by tetranitromethane (86) were the 

first indications that aromatic residues were important compo

nents in the binding site of the T4 SSB protein. 

The determination of the gp32 primary sequence revealed an 

unusual distribution of tyrosyl and tryptophyl residues in the 

part of the protein that contains the nucleic acid binding 

domain (68). The region between positions 72 and 116 contains 6 

of the 8 tyrosines and 2 of the S tryptophans. The possibility 

that some of these residues might interact with nucleic acid 

constituents has been examined using various techniques. Selec-
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tive photochemical and radiochemical modifications of tryptophan 
in gp32 or gp32-polynucleotide complexes have been carried out 
(87, 88). UV irradiation of gp32 in the presence of trichloro
ethanol leads to the modification of 3 tryptophyl residues. 
Although no conformational change can be detected using circular 
dichroism, the photochemically modified protein is no longer 
able to induce hyperchromism of poly(rA) and does not promote 
the retention of heat-denatured DNA on nitrocellulose filters, 
as does the native protein. This suggests that some of the 
modified residues could be involved in crucial interactions with 
the nucleic acid. A contact between tryptophan and uracil has 
been demonstrated using poly(5-mercuriuridylic acid). Binding 
of this polynucleotide to gp32 (whose accessible cysteinyl resi
dues have been previously blocked by N-ethylmaleimide to prevent 
the formation of thiol-mercury bonds) results in the appearance 
of a short-lived component Cr '" 5 ms) in the phosphorescence 
emission of the complex (89). This heavy-atom effect is similar 
to that observed in stacked complexes of KWK and poly(5-mercuri
uridylic acid) (see above and reference 30). This suggests that 
at least one tryptophan interacts. It is probably stacked with 
nucleic acid bases. Such a heavy atom effect has been also 
reported for SSB protein from!. coli (98). The photosensitized 
cleavage of pyrimidine dimers in UV irradiated DNA-gp32 com
plexes also supports the existence of stacking interactions 
between tryptophanyl residues and nucleic acid bases (72). 
Recently, covalent adducts between gp32 and DNA containing 5-
bromouracil residues have been formed upon UV irradiation 
(Toulme, Loreau, and Le Doan, unpublished results). The photo
product exhibits a fluorescence emission similar to that of 
tryptophanbromouracil photoadduct (90), again confirming the 
intimate association of the tryptophan with the DNA. 

The involvement of tyrosine residues also has been demon
strated in several laboratories. In the free protein, 4 to 5 
tyrosine residues can be reacted with tetranitromethane, whereas 
none can be nitrated in complex with single-stranded DNA. 
Moreover, nitration of the gp32 tyrosyl residues abolishes the 
DNA binding activity of the protein (86). The results from 
pulse-radiolysis experiments obtained either on both the free 
molecule and on gp32-nucleic acid complexes confirm the presence 
of tyrosine(s) in the gp32 binding site (91). 
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In contrast to gp5 from filamentous phages, gp32 in concen
trated solutions forms long oligomers even in the absence of 
polynucleotides. The resulting broadening of the proton reso
nances prevents NMR studies of native gp32 and gp32-oligonucleo
tide complexes. This difficulty has been overcome by using the 

* gp32 III fragment which exhibits binding properties for isolated 
sites very similar to that of intact protein but does not self-

* associate (see above). Proton NMR studies of gp32 III and its 
complexes with oligoadenylic acids have revealed changes in the 
chemical shifts of several of the aromatic residues (92). Com
parison with NMR spectra of gp5-oligonucleotides complexes led 
the authors to conclude that several tyrosyl and phenylalanyl 
residues and probably one tryptophan were stacked with nucleic 
acid bases in gp32-oligo(dA) complexes. 

CONCLUSIONS 

Studies of oligopeptide binding to polynucleotides clearly 

demonstrate that stacking interactions between aromatic amino 
acids and nucleic acid bases are strongly favored in single
stranded nucleic acids. This allows a tripeptide such as KWK to 
have a higher affinity for single-stranded than for double
stranded polynucleotides. Moreover, these interactions allow 
the peptide to recognize locally destabilized regions of DNA 
following UV irradiation or chemical modification (10, 44, 99). 
Fluorimetric investigations of complexes of damaged DNA and KWK 
have shown that the peptide binds preferentially in the vicinity 
of pyrimidine dimers induced by UV irradiation (27), of guanine
amino fluorene derivative adducts (93), and of cis-diaminodi
chloroplatinum-modified bases (94). These damages are all known 
to induce a local opening of the DNA double helix. In contrast, 
chemical modification of double-stranded DNA by dimethyl sulfate 
or by trans-diaminodichloroplatinum does not result in a signif

icant destabilization of double-stranded DNA and KWK does not 
exhibit a higher affinity for these modified DNAs than for 
native DNA (94, 95). These observations must be related to the 
fact that the initial formation of a stacked complex requires a 
local distortion or unwinding of the double helix which probably 
involves an increase of the distance between two adjacent bases. 
Whether the stacked complex will form depends on the balance 
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between the further energy required for structural change in the 
polynucleotide and that gained from stacking of the aromatic 
amino acid with nucleic acid bases. From this point of view, 
apurinic sites are expected to be the strongest peptide binding 
sites: the cavity left by the removal of a purine is exactly 
the correct size to accommodate an indole ring. Thus, no energy 
has to be provided for unstacking of bases. As a matter of 
fact, the equilibrium constant K2 between the outside and the 
stacked complexes (see above) was found to be two orders of 
magnitude higher for association of KWK with apurinic sites than 
with native double-stranded sites (95, 96). Therefore, stacking 
of indole can be a very efficient way for a peptide to recognize 
single-stranded structures. For tyrosine, a similar mechanism 
is potentially even more discriminating: no stacking of the 
tyrosyl ring was detected when tyrosine-containing peptides 
bound to double-stranded polynucleotides, whereas, stacking was 
readily observed with single-stranded ones (20). 

Stacking of aromatic amino acids could therefore be a very 
efficient way for repair enzymes to recognize their target. It 
has been reported that gp32 is able to bind to damaged regions 
in double-stranded DNA in so far as the damage will result in a 
local destabilization of nucleic acid (97). Stacking inter
actions involving tyrosine, phenylalanine, and possibly trypto
phan could play a role in the binding of SSB proteins to single
stranded nucleic acids. The results presented above suggest 
that this is indeed the case for gp5 from fd and gp32 from T4 
phages. Whether such stacking interactions are of general 
importance in interactions of other SSB proteins with DNA will 
await detailed investigations of those proteins and their inter
actions. 

ACKNOWLEDGEMENTS 

Thanks are due to Professor Claude Helene (Paris) and Dr. 
Dennis Searcy (Amherst, MS) for critical reading of the manu
script. I am grateful to Drs. Alexander McPherson and Gary D. 
Brayer for permission to reprint their gp5-binding site model. 

279 



REFERENCES 

1. HELENE, C. and LANCELOT, G. (1982). Interactions between 
functional groups in protein-nucleic acid associations. 
Prog. BiophYs. Mo1ec. Biol. 39, 1. 

2 . GOUREVITCH, M., PUIGDOMENECH, P. , CAVE, A., ETIENNE, G., 
MERY, J., and PARELLO, J. (1974). Model studies in rela
tion to the molecular structure of chromatin. Biochimie 
56, 967. 

3. PINKSTON, M.F. and LI, H.J. (1974). Studies on inter-
actions between po1y(L-1ysine 4{}, L-a1anine60 ) and deoxy
ribonucleic acids. Biochemistry 13, 5227. 

4. PORSCHKE, D. (1979). The binding of Arg- and Lys-peptides 
to single-stranded po1yribonuc1eotides and its effect on 
the polymer conformation. Biophys. Chem. 10, 1. 

5. LENG, M. and FELSENFELD, G. (1966). The preferential 
interactions of po1y1ysine and po1yarginine with specific 
base sequences in DNA. Proc. Natl. Acad. Sci. USA 56, 
1325. -- -- -- --

6. WEHLING, K., ARFMANN, H.A., STANDKE, K.H.C. and WAGNER, 
K.G. (1975). Specificity of DNA-basic polypeptide inter
actions. Influence of neutral residues incorporated into 
po1y1ysine and po1yarginine. Nucleic Acids Res. ~, 799. 

7. RECORD, M.T., Jr., ANDERSON, C.F., and LOHMAN, T.M. (1978). 
Thermodynamic analysis of ion effects on the binding and 
conformational equilibria of proteins and nucleic acids: 
the roles of ion association or release, screening, and ion 
effects on water activity. Quarterly Rev. Biophys. 11, 
103. 

8. CARTER, C.W., and KRAUT, J. (1974). A proposed model for 
interaction of polypeptides and RNA. Proc. Nat1. Acad. 
Sci. USA 71, 283. 

9 . GURSKY, G . V ., ZASEDETELEV, A. S ., TUMANYAN, V . G., ZHUZE, 
A.L., GROKHOVSKY, S.L., and GOTTIKH, B.P. (1979). Comple
mentarity and recognition code between regulatory proteins 
and DNA. ~ Proc. 51, 23. 

10. HELENE, C. and MAURIZOT, J.C. (1981). Interactions of 
oligopeptides with nucleic acids. CRC Crit. Rev. Biochem. 
10, 213. 

11. HELENE, C. (1977). Specific recognition of guanine bases 
in protein-nucleic acid complexes. FEBS Lett. 74, 10. 

12. McPHERSON, A. (1982). X-ray crystallofiraphic studies of 
nucleic acid binding proteins. In: ' Topics in Nucleic 
Acid Structure," (S. Neid1e, ed.) part 2, p. 199. Mcmillan 
Press, New York. 

13. MONTENAY-GARESTIER, T. and HELENE, C. (1968). Molecular 
interactions between tryptophan and nucleic acid components 
in frozen aqueous solutions. Nature 217, 844. 

14. MONTENAY-GARESTIER, T. and HELENE, C. (1971). Reflectance 
and luminescence studies of molecular complex formation 
between tryptophan and nucleic acid components in frozen 
aqueous solutions. Biochemistry 10, 300. 

280 



15. DIMICOLI, J.L. and HELENE, C. (1973). Complex formation 
between purine and indole derivatives in aqueous solutions. 
Proton magnetic resonance studies. J. Amer. Chem. Soc. 95, 
1036. 

16. RASZKA, M. and MANDEL, M. (1971). Interaction of aromatic 
amino acids with neutral poly(adenylic) acid. Proc. Natl. 
Acad. Sci. USA 68, 1190. 

17. BROWN, P.E. (1970). The interaction of basic dipeptide 
methyl ester with DNA. Biochim. Biophys. Acta 213, 282. 

18. GAB BAY , E.J., SANFORD, K., BAXTER, C.S., and KAPI CAK, L. 
(1973). Specific interaction of peptides with nucleic 
acids. Evidence for a "selective bookmark" recognition 
hypothesis. Biochemistry 12, 4021. 

19. DIMICOLI, J.L. and HELENE, C. (1974). Interactions of 
aromatic residues of proteins with nucleic acids. I. PMR 
studies of the binding of tryptophan-containing peptides to 
poly(adenylic acid) and deoxyribonucleic acid. Biochem
istry 13, 714. 

20. MAYER, R., TOULME, F., MONTENAY-GARESTIER, T., and HELENE, 
c. (1979). The role of tyrosine in the association of 
proteins and nucleic acids. ~. BioI. Chem. 254, 75. 

21. NOVAK, R.L. and DOHNAL, J. (1973). Tyrosy1 peptide models 
for acidic protein-DNA interactions. Nature New Bio1. 243, 
155. 

22. MONTENAY-GARESTIER, T. (1975). Singlet energy transfer 
between aromatic amino acids and nucleic acid bases. 
Theoretical calculations. Photochem. Photobio1. 22, 3. 

23. ALEV-BEHMOARAS, T., TOULME, J.J., and HELENE, C. (1979). 
Effect of phosphate ions on the fluorescence of tryptophan 
derivatives. Implication in fluorescence investigation of 
protein-nucleic acid complexes. Biochimie 61, 957. 

24. DURAND, M., MAURIZOT, J.C., BORAZAN, H.N., and HELENE, C. 
(1975). Interactions of aromatic residues of proteins with 
nucleic acids. Circular dichroism studies of the binding 
of oligopeptides to poly(adenylic acid). Biochemistry 14, 
563. 

25. MONTENAY-GARESTIER, T., BROCHON, J.C., and HELENE, C. 
(1981). Complex formation between tryptophan-containing 
peptides and nucleic acids: fluorescence decay studies 
using synchrotron radiation. Int.~. Quantum Chem. 20, 41. 

26. BRUN, F., TOULME, J.J., and HELENE, C. (1975). Inter
actions of aromatic residues of proteins with nucleic 
acids. Fluorescence studies of the binding of oligo
peptides containing tryptophan and tyrosine residues to 
polynucleotides. Biochemistry 14, 558. 

27. TOULME, J.J. and HELENE, C. (1977). Specific recognition 
of single-stranded nucleic acids. Interaction of trypto
phan-containing peptides with native, denatured, and ultra
violet-irradiated DNA. ~. Bio1. Chem. 252, 244. 

28. PORSCHKE, D. (1980). Structure and dynamics of a trypto
phan peptide-polynucleotide complex. Nucleic Acids Res. ~, 
1591. 

281 



29. HELENE, C. (1973). Energy transfer between nucleic acid 
bases and tryptophan in aggregates and in oligopeptide
nucleic acid complexes. Photochem. Photobiol. 18, 255. 

30. HELENE, C., TOULME, J.J., and LE DOAN, T. (1979). A spec
troscopic probe of stacking interactions between nucleic 
acid bases and tryptophan residues of proteins. Nucleic 
Acids Res. I, 1945. 

31. CHA, T.A. and MAKI, A.H. (1982). Influence of the mercury 
blocking reagent 2-mercaptoethanol on the spectroscopic 
properties of complexes formed between lysyltryptophyl
lysine and mercurated poly(uridylic acid). Biochemistry 
24, 6586. 

32. LE DOAN, T., TOULME, J.J., SANTUS, R., and HELENE, C. 
(1981). The photophysical and photochemical processes of 
tryptophan in interaction with polynucleotides: laser
flash photolysis study. Photochem. Photobiol. 34, 309. 

33. MAURIZOT, J.C., BOUBAULT, G., and HELENE, C. (1978). In
teractions of aromatic residues of proteins with nucleic 
acids. Binding of oligopeptides to copolynucleotides of 
adenine and cytosine. Biochemistry 17, 2096. 

34. GAB BAY , E.J., ADAWADKAR, P.D., and WILSON, W.D. (1976). 
Stereospecific binding of diastereomeric peptides to salmon 
sperm DNA. Biochemistry 15, 146. 

35. SHARDY, R.D. and GABBAY, E.J. (1983). Stereospecific 
binding of diastereomeric peptides to salmon sperm DNA. 
Further evidence for partial intercalation. Biochemistry 
22, 2061. 

36. COLOT, V., TOULME, J. J ., and HELENE, C. (1984). Interac
tion of a tryptophan-containing peptide with chromatin core 
particles. A fluorescence study. FEBS Lett. 169, 205. 

37. ALBERTS, B.M. and FREY, L. (1970). T4 bacteriophage gene 
32: a structural protein in the replication and recombi
nation of DNA. Nature 227, 1313. 

38. ALBERTS, B.M., FREY, L., and DELIUS, H. (1972). Isolation 
and characterization of gene proteins of filamentous bac
terial viruses. ~. Mol. BioI. 68, 139. 

39. MOLINEUX, I.J., FRIEDMAN, S., and GEFTER, M.L. (1974). 
Purification and properties of the E. coli DNA-unwinding 
protein. ~. BioI. Chem. 249, 6090. 

40. HERRICK, G. and ALBERTS, B.M. (1976) . Purification and 
physical characterization of nucleic acid helix-unwinding 
proteins from calf-thymus. ~. BioI. Chem. 251, 2124. 

41. DUGUET, M. and DE RECONDO, A.M. (1978). A DNA unwinding 
protein isolated from regenerating rat liver. J. Biol. 
~. 253, 1660. 

42. COLEMAN, J.E. and OAKLEY, J.L. (1980). Physical chemical 
studies of the structure and function of DNA binding (helix 
destabilizing) proteins. CRC Crit. Rev. Biochem. I, 247. 

43. KOWALCZYKOWSKI, S.C., BEAR, D.G., and VON HIPPEL, P.H. 
(1982) . Single-stranded DNA binding proteins. In: "The 
Enzymes," Vol. XIV (P.D. Boyer, ed.) p. 373. Academic 
Press, New York. 

282 



44. HELENE, C., TOULME, J.J., and MONTENAY-GARESTIER, T. 
(1982). Recognition of natural and chemically-damaged 
nucleic acids by peptides and proteins. In: "Topics in 
Nucleic Acid Structure," part 2, (S. Neid1e, ed.) p. 229. 
Mcmillan Press, New York. 

45. NAKASHIMA, Y., DUNDER, A.K., MARVIN, D.A., and KONIGSBERG, 
w. (1974). The amino acid sequence of a DNA-binding pro
tein, the gene 5 product of fd filamentous bacteriophage. 
FEBS Lett. 40, 290. 

46. ANDERSON, R.A., NAKASHIMA, Y., and COLEMAN, J.E. (1975). 
Chemical modifications of functional residues of fd gene 5 
DNA-binding protein. Biochemistry 14, 907. 

47. ALMA, N.C.M., HARMSEN, B.J.M., DEJONG, E.A.M., VEN, J.V.D., 
and HILBERS, C. w. (1983) . Fluorescence studies of the 
complex formation between the gene 5 protein of bacterio
phage M13 and po1ynuc1eotides. ~. Mol. ~. !2l, 47. 

48. PORSCHKE, D. and RAUH, H. (1983). Cooperative, exc1uded
site binding and its dynamics for the interaction of gene 5 
protein with po1ynuc1eotides. Biochemistry 22, 4737. 

49. ALMA, N.C.M., HARMSEN, B.J.M., VAN BOOM, J.H., VAN DER 
MAREL, G., and HILBERS, G. w. (1983) . A 500-MHz proton 
nuclear magnetic resonance study of the structure and 
structural alterations of gene 5 protein-oligo (deoxy
adenylic acid) complexes. Biochemistry 22, 2104. 

50. SHIMAMOTO, N. and UTIYAMA, H. (1983). Mechanism and role 
of cooperative binding of bacteriophage fd gene 5 protein 
to single-stranded deoxyribonucleic acid. Biochemistry 22, 
5869. ---

51. BRAYER, G.D. and McPHERSON, A. (1983). Refined structure 
of the gene 5 DNA binding protein from bacteriophage fd. 
~. Mol. Bio1. 169, 565. 

52. BRAYER, G.D. and McPHERSON, A. (1984). Mechanism of DNA 
binding to the gene 5 protein of bacteriophage fd. Bio
chemistry 23, 340. 

53. DAY, L.A. (1973). Circular dichroism and ultraviolet ab
sorption of a deoxyribonucleic acid binding protein of a 
filamentous phage. Biochemistry 12, 5329. 

54. COLEMAN, J.E., ANDERSON, R.A., RATCLIFFE, R.G., and 
ARMITAGE, I.M. (1976). Structure of gene i pr~9ein-01i§~
deoxynuc1eotide complexes as determined by H, F, and P 
nuclear magnetic resonance. Biochemistry 15, 5419. 

55. GARS SEN , G.J., KAPTEIN, R., SCHOENMAKERS, J.G.G., and 
HILBERS, C. w. (1978). A photo-CIDNP study of the inter
actions of oligonucleotides with gene 5 protein of bac
teriophage M13. Proc. Nat1. Acad. Sci. USA 75, 5281. 

56. O'CONNOR, T.P. and COLEMAN, J.E. (1983). Proton nuclear 
magnetic resonance (500 MHz) of mono-, di-, tri-, and 
tetradeoxynuc1eotide complexes of gene 5 protein. Bio
chemistry 22, 3375. 

57. GRAY, D.M., GRAY, C.W., and CARLSON, R.D. (1982). Neutron 
scattering data on reconstituted complexes of fd DNA and 
gene 5 protein show that the DNA is near the center. Bio
chemistry 21, 2702. 

283 



58. EPSTEIN, R.A., BOLLE, A., STEINBERG, C.M., KELLENBERGER, 
E., BOY DE TO LATOUR, E., CHEVALLEY, R., EDGAR, R.S., SUSMAN, 
M., DENHARDT, G.H., and LIELAUSIS, A. (1963). Physio
logical studies of conditional lethal mutants of bacterio
phage T4. Cold Spring Harbor ~. Quant. BioI. 28, 375. 

59. HIBNER, U. and ALBERTS, B.M. (1980). Fidelity of replica
tion catalyzed in vitro on a natural DNA template by the T4 
bacteriophage multi-enzyme complex. Nature 285, 300. 

60. HUBERMAN, J .A., KORNBERG, A., and ALBERTS, B.M. (1971). 
Stimulation of T4 bacteriophage DNA polymerase by the pro
tein product of T4 gene 32. ~. Mol. BioI. 62, 39. 

61. TOPAL, M.D. and SINHA, N.K. (1983). Products of bacterio
phage T4 genes 32 and 45 improve the accuracy of DNA repli
cation in vitro. ~. BioI. Chem. 258, 12274. 

62. MOSIG, G. and BRESCHKIN, A.M. (1975). Genetic evidence for 
an additional function of phage T4 gene 32 protein: inter
action with ligase. Proc. Natl. Acad. Sci. USA 72, 1226. 

63. CURTIS, M.J. and ALBERTS, B.M. (1976). Studies on the 
structure of intracellular bacteriophage T4 DNA. J. Mol. 
BioI. 102, 793. 

64. KRISCH, H.M. and VAN HOUWE, G. (1976). Stimulation of the 
synthesis of bacteriophage T4 gene 32 protein by ultra
violet light irradiation. ~. Mol. BioI. 108, 67. 

65. KRISCH, H.M., BOLLE, A., and EPSTEIN, R.H. (1974). Regula
tion of the synthesis of bacteriophage T4 gene 32 protein. 
~. Mol. BioI. 88, 89. 

66. LEMAIRE, G., GOLD, L., and YARUS, M. (1978). Autogenous 
translational repression of bacteriophage T4 gene 32 ex
pression in vitro. ~. Mol. BioI. 126, 73. 

67. KRISCH, H.M. and ALLET, B. (1982). Nucleotide sequences 
involved in bacteriophage T4 gene 32 translational self
regulation. Proc. Natl. Acad. Sci. USA 79, 4937. 

68. WILLIAMS, K.R., LO PRESTI, M.B., and SETOGUCHI, M. (1981). 
Primary structure of the bacteriophage T4 DNA helix
destabilizing protein. ~. BioI. Chern. 256, 1754. 

69. HOSODA, J. and MOISE, H. (1978). Purification and physico
chemical properties of limited proteolysis products of T4 
helix destabilizing protein (gene 32 protein). J. BioI. 
Chem. 253, 7547. 

70. WILLIAMS, K.R. and KONIGSBERG, W. (1978). Structural 
changes in the T4 gene 32 protein induced by DNA and poly
nucleotides. ~. BioI. Chem. 253, 2463. 

71. KOWALCZYKOWSKI, S.C., LONBERG, N., NEWPORT, J.W., and VON 
HIPPEL, P. H. (1981). Interactions of bacteriophage T4-
coded gene 32 protein with nucleic acids. I. Characteriza
tion of the binding interactions. ~. Mol. BioI. 145, 75. 

72. HELENE, C., TOULME, F., CHARLIER, M., and YANIV, M. (1976). 
Photosensitized splitting of thymine dimers in DNA by gene 
32 protein from phage T4. Biochem. Biophys. Res. Commun. 
71, 91. 

73. JENSEN, D.E., KELLY, R.C., and VON HIPPEL, P.H. (1976). 

284 

DNA "melting" proteins. II. Effects of bacteriophage T4 
gene 32-protein binding on the conformation and stability 
of nucleic acid structures. ~. BioI. Chem. 251, 7215. 



74. DELIUS, H., MANTELL, N.J., and ALBERTS, B.M. (1972). Char
acterization by electron microscopy of the complexes formed 
between T4 bacteriophage gene 32-protein and DNA. ~. Mol. 
BioI. 67, 34L 

75. TOULME, J.J. and HELENE, C. (1980). Fluorescence study of 
the association between gene 32 protein of bacteriophage T4 
and poly(1,N6-ethenoadenylic acid). Evidence for energy 
transfer. Biochim. Biophys. Acta. 606, 95. 

76. NEWPORT, J.W., LONBERG, N., KOWALCZYKOWSKI, S.C., and VON 
HIPPEL, P. H. (1981) . Interactions of bacteriophage T4-
coded gene 32 protein with nucleic acids. II. Specificity 
of binding to DNA and RNA. ~. Mol. BioI. 145, 105. 

77 . VON HIPPEL, P . H. , KOWALCZYKOWSKI, S . C ., LONBERG, N. , 
NEWPORT, J. W., LELAND, S . P., STORMO, G. D., and GOLD, L. 
(1982) . Autoregulation of gene expression. Quantitative 
evaluation of the expression and function of the bacterio
phage T4 gene 32 (single-stranded DNA binding) protein 
system. ~. Mol. BioI. 162, 795. 

78. FULFORD, W. and MODEL, P. (1984). Specificity of transla
tional regulation by two DNA-binding proteins. J. Mol. 
BioI. 173, 211. 

79. GREVE, J., MAESTRE, M.F., MOISE, H., and HOSODA, J. (1978). 
Circular dichroism studies of the interaction of a limited 
hydrolysate of T4 gene 32 protein with T4 DNA and poly[d(A
T)l-poly[d(A-T)l. Biochemistry 17, 893. 

80. LONBERG, N., KOWALCZYKOWSKI, S . C ., LELAND, S . P ., and VON 
HIPPEL, P. H. (1981) . Interactions of bacteriophage T4-
coded gene 32 protein with nucleic acids. III. Binding 
properties of two specific proteolytic digestion products 
of the protein (G32 P*I and G32 P*III). J. Mol. BioI. 145, 
123. - - -- --

81. LOHMAN, T.M. and KOWALCZYKOWSKI, S.C. (1981). Kinetics and 
mechanisms of the association of the bacteriophage T4 gene 
32 (helix destabilizing) protein with single-stranded 
nucleic acids. Evidence for protein translocation. J. 
Mol. BioI. 152, 67. 

82. LOHMAN, T .M. (1984). The kinetics and mechanism of disso
ciation of cooperatively bound T4 gene 32 protein-single 
stranded nucleic acid complexes. I. Irreversible dissocia
tion induced by [NaCll jumps. Biochemistry 23, 4656. 

83. McKAY, D.B. and WILLIAMS, K.R. (1982). Crystallization of 
a tryptic core of the single-stranded DNA binding protein 
of bacteriophage T4. ~. Mol. BioI. 160, 659. 

84. COHEN, H.A., CHIU, W., and HOSODA, J. (1983). Structural 
analysis of T4 helix destabilizing protein (gp 32~L) 
crystal by electron microscopy. ~. Mol. BioI. 169, 235. 

85. KELLY, R.C. and VON HIPPEL, P.H. (1976). DNA "melting" 
proteins. III. Fluorescence "mapping" of the nucleic acid 
binding site of bacteriophage T4 gene 32 protein. J. BioI. 
Chem. 251, 7229. - --

86. ANDERSON, R.A. and COLEMAN, J.E. (1975). Physicochemical 
properties of DNA binding proteins: gene 32 protein and E. 
coli unwinding protein. Biochemistry 14, 5485. 

285 



87. TOULME, J.J., LE DOAN, T., and HELENE, C. (1984). Role of 
tryptophy1 residues in the binding of gene 32 protein from 
phage T4 to single-stranded DNA. Photochemical modi
fication of tryptophan by trich1oroethano1. Biochemistry 
23, 1195. 

88. CASAS-FINET, J.R., TOULME, J.J., CAZENAVE, C., and SANTUS, 
R. (1984). Role of tryptophan and cysteine in the binding 
of gene 32 protein from phage T4 to single-stranded DNA. 
Modification of crucial residues with selective free
radical anions. Biochemistry 23, 1208. 

89. LE DOAN, T., TOULME, J.J., and HELENE, C. (1984). Involve
ment of tryptophy1 residues in the binding of model pep
tides and gene 32 protein from phage T4 to single-stranded 
po1ynuc1eotides. A spectroscopic method for detection of 
tryptophan in the vicinity of nucleic acid bases. Bio
chemistry 23, 1202. 

90. SAITO,!', ITO, S., MATSUURA, T., and HELENE, C. (1981). 
Specific photocoupling of 5-bromouridine to tryptophan in 
aqueous frozen solution. Photochem. Photobio1. 33, 15. 

91. CASAS-FINET, J.R., TOULME, J.J., SANTUS, R., BUTLER, J., 
LAND, E.J., and SWALLOW, A.J. (1984). Influence of DNA 
binding of the formation and reactions of tryptophan and 
tyrosine radicals in peptides and proteins. Int. J. 
Radiat. Bio1. 45, 119. -

92. PRIGODICH, R.V., CASAS-FINET, J., WILLIAMS, K.R., 
KONIGSBERG, W., and COLEMAN, J.E. (1984). IH NMR (500 MHz) 
of gene 32 protein-oligonucleotide complexes. Biochemistry 
23, 522. 

93. TOULME, F., HELENE, C., FUCHS, R., and DAUNE, M. (1980). 
Binding of a tryptophan-containing peptide (lysy1trypto
phany11ysine) to deoxyribonucleic acid modified by 2- (N
acetoxy acetyl amino) fluorene. Biochemistry 19, 870. 

94. HELENE, C., TOULME, J.J., BEHMOARAS, T., and CAZENAVE, C. 
(1982). Mechanisms for the recognition of chemica11y
modified DNA by peptides and proteins. Biochimie 64, 697. 

95. BEHMOARAS, T., TOULME, J.J., and HELENE, C. (1981). Speci
fic recognition of apurinic sites in DNA by a tryptophan
containing peptide. Proc. Nat1. Acad. Sci. ~ 78, 926. 

96. BEHMOARAS, T., TOULME, J.J., and HELENE, C. (1981). A 
tryptophan-containing peptide recognizes and cleaves DNA at 
apurinic sites. Nature 292, 858. 

97 . TOULME, J. J ., BEHMOARAS, T., GUIGUES, M., and HELENE, C. 
(1983). Recognition of chemically-damaged DNA by the gene 
32 protein from bacteriophage T4. EMBO~.~, 505. 

98. CHA, T.A., and MAKI, A.H. (1984). Close range interactions 
between nucleotide bases and tryptophan residues in an 
Escherichia coli single-stranded DNA binding protein
mercurated po1y(uridy1ic acid) complex. J. Bio1. Chem. 
259, 1105. - --

99. TOULME, J.J. and SAISON-BEHMOARAS, T. (1985). Recognition 
of damaged regions in DNA by oligopeptides and proteins. 
Biochimie 67, 301. 

286 



ORGANIZATION AND EVOLUTION OF THE PROTAMINE GENES OF SALMONID 

FISHES 

Gordon H. Dixon, Judd M. Aiken, Jacek M. 
Jankowski, Deborah I. McKenzie, Robert Moir, 
and J. Christopher States 

Department of Medical Biochemistry 
Faculty of Medicine 
Health Sciences Centre 
University of Calgary 
3330 Hospital Drive N.W. 
Calgary, Alberta T2N 4Nl Canada 

INTRODUCTION 

In the final stages of development of the male gametes of 

almost all animals and some plants, new sperm-specific basic 

proteins are synthesized and form complexes with the DNA. This 

process, which is a characteristic feature of male gametogene

sis, is frequently, but not always, accompanied by a replacement 

of the pre-existing, somatic histones by the new sperm proteins 

and very often correlates with a profound re-organization of the 

chromatin involving the formation of a highly-condensed and 

transcriptionally-inactive sperm nucleus. The variety of sperm 

basic proteins is extremely wide and the distribution of diffe

rent types through phylogeny, apparently quite irregular. This 

is in strong contrast with the somatic histones which are 

amongst the proteins most strongly conserved in evolution. In 

1969, Bloch (I), compiled a catalogue of sperm histones and in 

Figure I, a classification based on the one suggested by Bloch 

is presented. There 

proteins classified 

difference from the 

are four broad categories of sperm basic 

in order of their increasing degree of 

somatic histones. They are as follows: 

(a) Histone-like proteins, whose amino-acid composition and 

electrophoretic behavior are very similar to the somatic 

histones, and which are found in some Echinoderms (2), some 
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Anuran amphibia and some fishes, e.g. Carpio; (b) Intermediate 

proteins, which are clearly different in composition (often 

being more arginine-rich) and electrophoretic mobility, and 

which are seen in some Echinoderms, some mollusks, some am

phibia, and some fishes; (c) True protamines, which are very 

arginine-rich, often quite small, and which are seen in some 

mollusks, amphibia, fishes (particularly Sa1monids and C1u

peids), reptiles, birds, and metatherian mmmna1s; (d) Stable 

protamines or basic keratins, which are somewhat longer poly

peptides that, in addition to being arginine-rich, also contain 

"'6 - 9 residues of \-cystine; they occur in some insects, an 

amphibian, and all eutherian mammals. The presence of the high 

content of \-cystine confers great mechanical and chemical 

stability to the sperm nuclei since a three-dimensional network 

of disulfide bridges is formed which can only be disrupted in 

vitro by thio1s in the presence of strong denaturing agents 

(3-5). There is, in addition, another class of sperm proteins 

found in the very unusual ameboid sperm of crabs and crayfish 

(Arthropoda), which have nuclei in which the chromatin is less 

condensed than in somatic cells. These proteins of ameboid 

sperm are not basic but acidic in nature (5, 6) and have not 

been extensively characterized. 

In Figure 2 is depicted the distribution of the four major 

classes of sperm basic proteins in a variety of organisms on the 

phylogenetic tree. The major conclusion is that there appears 

to be little regularity of occurrence of a particular class of 

sperm proteins in any group of organisms. For example, in 

(a) HISTONE-LIKE PROTEINS 

some Echinoderms, some Anurans, some Fishes 

(b) INTERMEDIATE PROTEINS 

between 'True' Histones and "True' Protamines 
some Echinoderms, Molluscs, Amphibians and Fishes 

(c) TRUE PROTAMINES V.Arginine-Rich 

Molluscs, Amphibians, Fishes, Reptiles, 
Birds and Metatherian Mammals 

(d) 'STABLE' PROTAMINES or "BASIC KERATINS' 

rich in Arg. and '/zCystine 
some Insects.an Amphibian, all Eutherian Mammals 

Figure 1. Classification of spermatozoan basic proteins after 
Bloch (1). 
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1 2 3 4 
SPERM PROTEINS IN PHYLOGENY 2. 

PROTOZOA ) 

PLANTS ~"'Al.S EUKARYOTES 4 

-·-·~::".::~-·-·-·Za:~~~-·-·-·-·-·-·-·-PROKAR-YOTES 
. ,\/L~g~E 

MAN 4 

·Stable
Protamines 
(eys-rich) 

Figure 2. Distribution of the four classes of sperm proteins in 
the phylogenetic tree. The symbol 07 indicates that 
a basic male gamete protein has been observed. 

vertebrates, among the amphibia, all four classes occur and 
among fishes, three different classes are represented. This 
apparently sporadic distribution suggests two possibilities. 
First, the genes that specify sperm basic proteins might diverge 
rapidly since they might be under less stringent selective 
forces than, for example, those for the somatic histones whose 
structures are under strong evolutionary constraints so as to 
maintain the histone-histone interactions essential for nuc1eo
some core formation (7). The second possibility is that several 
alternative sperm protein gene sets might have evolved, anyone 
of which would provide a functional sperm protein so that even 
in fairly closely related forms, e.g., among amphibia, different 
members of the gene set might have been expressed. It is diffi
cult to choose between these two hypotheses, but evidence to be 
described below for the protamine genes of Sa1monid and related 
fishes (8) tends to support the first possibility that these 
genes diverge in evolution much more rapidly than the histone 
genes in the same fishes. (See chapter by Kasinsky et a1., this 
volume, for an extended analysis of the diversity of sperm basic 
proteins in vertebrates.) 

We will be concerned in the remainder of this article with 
the true protamines, the third class of sperm basic proteins, 
since a substantial amount of data at the molecular level has 
accumulated for them. In Figure 3, the amino acid sequences for 
protamines from three species of teleost fishes, Pacific herring 
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(9), rainbow trout (9), and tuna (10) -- all of which are 30-33 

residues long and contain approximately 2 out of every 3 resi

dues as arginines are compared with chicken protamine 

(galline) (11, l2a), which is equally arginine-rich but twice as 

long (65 residues). It seems evident that the increased length 

of galline is due to a partial duplication event during bird 

evolution since there is evidence of an internal homology bet

ween residues 21-39 and residues 40-65. The amino acid se

quences of true protamines of the fishes are characterized by 

the presence of four blocks of arginine residues. The blocks 

are most often four residues long. This pattern is expanded to 

7 blocks in galline as a result of its doubling in length. 

There is a very limited range of non-arginine amino acids, 

usually, in order of frequency: proline, serine, alanine, 

glycine, valine, and isoleucine and, more rarely, threonine, 

glutamine, and tyrosine. 

In Figure 4, the amino acid sequence of chicken protamine 

(galline) is compared with the known sequences, as compiled by 

Coelingh and Rozijn (4), of the fourth class of sperm basic 

proteins that are characteristic of eutherian mammalian sperm, 

the stable protamines or basic keratins. The proteins in this 

group are ~50 residues long and, as indicated in Figure 4, can 

be divided into a central 24 residue domain (residues 15-38) 

which is extremely arginine-rich but with 2-3 ~-cystines in the 

cases of boar and bull. The N-terminal 12-14 residues are 

Figure 3. 
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CWPEINE Z 
(Pacific Herring) 

IRlDlNE lb 
( Ra i ntJa; T reM ) 

IRlDINE 10 

1lffitIINE Y2 
(Tuna) 

GAllINE 
(chicken) 

1 10 20 30 
oRRRRsRroSRPv-RRRRPRRVSRRRR-o-RRRR 

pRRRRrRssSRPi-RRRRPRRVSRRRRRggRRRR 

pRRRR--ssSRPvrRRRRPRRVSRRRRRggRRRR 

pRRRRq--oSRPvrRRRRyRR RRRRRvvRRRR 
~taal 

1 ID 30 
oRyRRgRsrSR-rtRRRR RRrSpRRRRsrRRRRy 

I \ 
sprsg 
20 

liIl 50 60 65 
gsa R ~ ~ v R R R R,(vR R R R R y 

srrsg gy r 

Amino acid sequences of various fish "true prota
mines" compared with that of chicken (galline). 
Sequences collected from references 9-12. Capitals 
indicates conserved residues. 



quite well conserved with an identical tetrapeptide sequence at 

the N-terminus in chicken, rat, human I, boar, and bull, but 

again the mammalian protamines (with the exception of human I) 

differ from chicken in possessing a pair of ~-cystine residues 

at positions 5 and 6. There is less similarity in the C

terminal region amongst the mammalian protamines but there are 

additional ~-cystine residues -- 4 in boar for a total in the 

molecule of 9, and 2 in bull for a total of 6. From a compari

son of sequence similarities in Figure 4, it seems most likely 

that the appearance of ~-cystine residues in the mammalian 

protamines may have been the result of single base mutations in 

the Arg codons CGU or CGC or the Ser codons AGU or AGC to the 

Cys codon UGU and UGC. Direct evidence of this must await 

isolation and sequencing of mammalian protamine cDNAs or genes. 

COMPARISON OF GALLINE WITH MAMMALIAN PROTAMINES 

GALlINE 
1 5 10 14 40 45 50 
ARYRsagRSrSrRt ygsarrsrrsggvr---

RAT ARYRCC-RSkS-RS tfxCkRyry 

ARYRCC-RSrS-hS vccrrytvirCrRc 

BULL ARYRCC-lthS-gS VC---ytvirCtRq 

HllW'Il ARYRCC-RSqS-RS rccrpryrprCrRh 

GALlINE R r r R s p r s 9 r R R s p r r r r s R R R r r 

RAT Rcr---

BOAR RrrrcrprrrRRrccrprrRRRrr 

BULL RcrrrrrrrcRRrrrrfgrRRRrr 

HllWU RyyrqrqrsrRRrrrscqtRRRam 

'-----COORAL 24 RESIDUES ____ ..J 

Figure 4. Amino acid sequences of the "stable protamines" of 
eutherian mammals compared with that of chicken 
protamine (galline) after CoeUngh and Rozijn (4). 
Capitals indicate conserved residues. The data for 
Human 1 protamine are from a recently completed amino 
acid sequence analysis (l2b). 
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[ 1 ~:Ir-C: 1 jB -{~:Ii Primary Spermatocyte J-LB -{secondarY Spermatocyte 

10 -[spermatid 

2 0 

Mitosis Meiosis Spermatid-Sperm 

- repeated mitoses 

- intense histone-gene transcription 

- intense histone synthesis 

-histone gene expression 
ceases 

-protamine transcription 
begins 

-protamine mRNA stored as 
inac'i ve mRN P in cell sap 

I Spermiagenesis 

-protamine mRNP's activated 

-intense protamine synthesis 

-replacement of histone. by 
protamine in sperm chrom
atin 

-profound condensation of 
sperm chromatin 

Figure 5. Scheme of spermatogenesis and spermiogenesis in 
rainbow trout. 

Presumably, cysteine residues first appeared in the ancestors to 
eutherian mammals, and their ability to form covalent disulfide 
links, which resulted in increased mechanical stability of the 
DNA- protamine complex, had selective advantage and was con
served. 

THE TRUE PROTAMINES 

Our laboratory has been mainly concerned with the true 
protamines and their genes in the Salmonid fishes, and in our 
investigations of the regulation of protamine gene expression we 
have studied primarily the developing trout testis. In Figure 
5, the processes of spermatogenesis and spermiogenesis in the 
rainbow trout are outlined in simplified form. The rainbow 
trout, like other Salmonids, spawns seasonally. The process is 
initiated by shortening of the day length which, in turn, stimu
lates pituitary gonadotrophin production. The immature testes 
are thin threads of tissue containing a relatively small number 
of spermatogonial stem cells. Under the influence of increased 
levels of gonadotrophins, these spermatogonia undergo repeated 
mitotic divisions (13), usually 11-12 in number, thus increasing 
their population by a factor of 2000-4000 (2 11 _2 12). These type 
A spermatogonial stem cells then become committed to meiosis as 
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Type B spermatogonia and then primary spermatocytes. Two meio
tic divisions follow, the first giving rise to secondary sperma
tocytes and the second to spermatids. The haploid spermatids no 
longer synthesize DNA and undergo terminal differentiation to 
mature sperm. Many interesting gene regulatory events occur in 
this complex process and in Figure 5 only those concerning the 
histone and protamine genes are depicted. During the early 
mitotic phase there is intense DNA synthesis accompanied by 
rapid histone gene transcription. DNA and histone synthesis 
probably continue in primary spermatocytes but at about this 
time there is a profound down-regulation of histone gene tran
scription and histone mRNA levels fall rapidly as judged by 
Northern hybridization with histone H2B and H4 gene probes 
(Winkfein and Dixon, in preparation). During this same time 
period, protamine mRNA sequences can be detected for the first 
time in the cell sap of primary spermatocytes (14), so that 
there appear to be reciprocal regulatory events, a "turn-off" of 
histone genes and a "turn-on" of protamine genes. 

Gedamu et al. (15) and Sinclair and Dixon (16) were able to 
show that the protamine mRNAs are initially sequestered in 
trans1ationa11y-inactive mRNP particles confined to the cell 
supernatant. Only much later, at the spermatid stage of 
development, can these mRNPs be bound to po1ysomes (15) in a 
trans1ationa11y-active state (16) so that protamine polypeptide 
synthesis can begin. Protamine polypeptides do not accumulate 
in the cytoplasm but are mono-phosphorylated (17) and rapidly 
transported into the spermatid nucleus (18). Further phosphory
lation to the di- or tri-phospho state follows in the nucleus 
(17). (This is dependent on the amino acid sequence: some 
protamines have only two serine residues while others have 3 or 
4 (19).) The somatic histones, particularly H3 and H4, in early 
and middle spermatid nuclei become hyperacety1ated (20, 21) in 
domains of up to 50 nuc1eosomes in length. These regions appear 
as smooth fibers in the electron microscope (21) (as if they 
contain unfolded nuc1eosomes). Hyperacety1ation thus seems to 
"prime" spermatid chromatin for the displacement of the his tones 
by phospho-protamine, starting in these domains. The displace
ment occurs as a highly ordered process in which the his tones 
are removed in the order H3, H4 > H2A, H2B > H1 (22). After the 
displacement, the phospho-protamines are dephosphory1ated and 
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the nucleoprotamine complex becomes progressively more condensed 
and highly refractile. It is possible that the dephosphoryl
ation reactions provide an energy-source which may drive the 
physical condensation and packaging of the sperm nucleoprot
amine. 

PROTAMINE cDNAs 

A family of 68 mRNAs coding for rainbow trout protamines 

(23) was isolated, purified in milligram quantities (24), and 
characterized by partial RNA sequence analysis (25). Both 
poly(A)+ and poly(A)- forms were isolated (26) and shown to fall 

into four separable 
denaturing gels (27). 

size classes upon 
However, cell-free 

electrophoresis in 
translation of the 

pRTP 43 

pRTP 178 

pRTP 94 

pRTP 59 

pRTP 242 

pRTP 43 

pRTP 178 

pRTP 94 

pRTP 59 

pRTP 242 

Met Pro Arg Arg Arg Argl Ala Ser Arg Arg Val Arg Arg Arg Arg Arg Pro 
ATG CCC AGA AGA CGC AGAI--- GCC AGC CGC CGT GTC CGC AGG CGC CGT CGC CCC 

I 

Met Pro Arg Arg Arg Arg' Ala Ser Arg Arg lie Arg Arg Arg Arg Arg Pro 
ATG CCC AGA AGA CGC AGAI--- GCC AGC CGC CGT ATC CGC AGG CGC CGT CGC CCC 

I 

I 

Ala Ser Arg Arg lie Arg Arg Arg Arg Arg Pro 
GCC AGC CGC CGG ATC CGC AGG CGC CGT CGC CCC 

ISer Ser Ser Arg Pro Val Arg Arg Arg Arg Arg Pro 
ITCC TCC AGC CGA CCT GTC CGC AGG CGC CGC CGC CCC , 
,Ser Ser Arg Arg Pro Val Arg Arg Arg Arg Arg Pro 

TCC TCC AGA CGA CCT GTT CGC AGG CGC CGC CGC CCC 

Arg Val Ser Arg Arg Arg Arg Arg Gly Gly Arg Arg Arg Arg Term 
AGG GTG TCC CGG --- CGT CGC AGG AGA GGA GGC CGC AGG AGG CGT TAG 
Arg Val Ser Arg Arg Arg Arg Arg Gly Gly Arg Arg Arg Arg Term 
AGG GTG TCC CGG --- CGT CGC AGG AGA GGA GGC CGC AGG AGG CGT TAG 
Arg Val Ser Arg Arg Arg Arg Arg Gly Gly Arg Arg Arg Arg Term 
AGG GTG TCC CGG --- CGT CGC AGG AGA GGA GGC CGC AGG AGG CGT TAG 
Arg Val Ser Arg Arg Arg Arg Arg Arg Gly Gly Arg Arg Arg Arg Term 
AGG GTG TCC CGA CGT CGT CGC AGG AGA GGA GGC CGC AGG AGG CGT TAG 
Arg Val Ser Arg Arg Arg Arg Arg Arg Gly Gly Arg Arg Arg Arg Term 
AGG GTG TCC CGA CGT CGT CGC AGG AGA GGA GGC CGC AGG AGG CGT TAG 

Figure 6. Nucleotide sequences of the amino acid coding por
tions of five cloned protamine cDNA components 
together with the predicted amino acid sequence 
The area enclosed in the box is the "variable 
region". Since the 5' boundary of this region is 
uncertain, a dotted line has been placed at the left 
margin. Dashes indicate gaps introduced for optimal 
sequences alignment. The sequences are from reference 
30. 
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FAMILY I 

FAMILY II 

FAMILY I 

FAMILY II 

FAMILY I 

FAMILY II 

fAlc~ . ~G Y C ~G G T· •• A A C C T A C C T G A A CJT A • A C 

~T A m G A A Y G G G TAm G A A C C T A C C T G A C C TAT C (A) L-___ -' 

A 

~ (C) (Cl (Cl (5) [TTC] T C C C T C C A G ACT C jGACClA C [TGGTl R iGT"G1 C fAG 
~ ••• Gl!..9rCCCTCCC·····~CY~IRWY~ 

AlG R fTGTTl A A A A G T C T G C T T A A A T A A A A GAT G .~ A ~ G T T T T A ACT 

~~ R~· A A A G T C T G C T T A A A T A A A A GAT G A A ~ (G) T T T T A ACT 
GO~ 

Figure 7. Family I and II 3'-untranslated sequences. Each 
sequence from Figure 6 has been placed into one of 
two distinct categories. Nucleotides in parentheses 
are present only in some sequences belonging to that 
family. Asterisks (*) indicate that no nucleotide 
occurs at that particular position, in that family, 
after alignment of sequences as in Figure 6. R = 
purine and Y = pyrimidine. Nucleotides enclosed in 
boxes are totally conserved in every sequence thus 
far examined. The sequences are from reference 30. 

apparently physically separated protamine mRNAs (28) as well as 
hybridization studies of protamine cDNA to poly (A) + protamine 
mRNA (27, 29) showed that although enrichment of particular mRNA 
components was obtained, complete purification of the individual 
mRNA components from one another had clearly not been achieved. 
It was necessary, therefore, to prepare a cDNA library from the 
protamine mRNA fraction .and clone and sequence individual 
clones. Five cDNA clones were sequenced by us (30) and several 
others by Jenkins (31). The sequences could be divided into two 
families, I and II, on the basis of systematic differences in 
both coding and 3'-untranslated sequences. Th~ coding regions 
of Family I sequences (Figure 6) are 30 residues long and show 
an Ala residue at position 6, and Arg residue at position 9, and 
have a 5-membered Arg tract at positions 20-24. The systematic 
differences in Family II (Figure 6) are that the coding region 
is now 32 residues long with an additional Ser between positions 
5 and 6 (of Family I), a second Ser replacing Ala at position 6 
(now position 7 in Family II), a Pro relacing Arg at position 9, 
and a 6-membered Arg tract at positions 21-26. Position 10 in 
both families can be either lIe or Val. The sequences in the 
3' -untranslated region are highly conserved within each of the 
two families but there are clear differences between Family I 
and II. For example, in Figure 7, in which the identities are 
boxed, it can be seen that tri- and penta-nucleotide sequences 
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are present in Family I but deleted (marked by asterisks) in 

Family II. Similarly, an ATG sequence in Family II is deleted 

in Family I. These clear differences in a generally conserved 

3' -untranslated sequence imply that the two present-day 

"families" of protamine sequences have diverged from a common 

ancestral gene sequence by a series of duplications. 

The argument is further strengthened when the variable 

portion of the coding region (see Figure 6, box) is examined 

closely. Because a disproportionate number of nucleotide and 

amino acid replacements have occurred here, this region is quite 

valuable as an indication of the evolutionary history of the 

entire sequence and provides a convenient way to sub-classify 

individual members of each family. As depicted in Figure 8, it 

seems probable that the sequences represented by pRTP43 and 

pRTP59 diverged from one another first and have since formed the 

two families of sequences, I and II. Other variable region se

quences can all be related to either pRTP43 or pRTP59 by one or 

two additional nucleotide replacements. These data strengthen 

the proposition that the present-day protamine genes have arisen 

from a common ancestral sequence through a series of gene dupli

cation events. The two sequence families thus produced seem to 

pRTP 94 
FAMILY I 

COMMON 
pRTP 43 

.---'--~-- - --

ANCESTOR? 

FAMILY I I 

, 
I? 

pRTP 59", 

GCC (Ala) AGC (Ser) CGC (Arg) eGG (Arg) ATC (lIe) 

I 
GCC (Ala) AGC (Ser) CGC (Arg) CGT (Arg) ATC (lIe) 

1 
GCC (Ala) AGC (Ser) CGC (Arg) CGT (Arg) GTC (Val) 

I I r 
TCC (Ser) Tec (Ser) AGC (Ser) eGA (Arg) CCT (Pro) GTC (Val) 

I 
TCC (Ser) TCC (Ser) AGA (Arg) CGA (Arg) CCT (Pro) GTC (Val) 

1 
TCC (Ser) TCC (Ser) AGA (Arg) CGA (Arg) CCT (Pro) GTT (Val) 

Figure 8. A possible scheme for the evolutionary divergence of 
known protamine sequences based upon nucleotide 
changes in the variable regions of the cDNA se
quences. Branching order was determined by the 
principle of maximum economy; components having the 
fewest nucleotide changes (indicated by arrows) are 
considered to have diverged more recently. The 
sequence of pTP8 is from reference 31 and the 
remainder from reference 30. 
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be evolving in parallel, since the level of positional identi

ties between sequences within the same family is high (greater 

than 90%), whereas inter-family sequence conservation is signif

icantly lower. Nevertheless, these two families seem not to be 

diverging very rapidly from one another, since at least 70-80% 

identity still exists between any two sequences compared across 

family boundaries. 

PROTAMINE GENES 

The cDNA probes described above were used to isolate clones 

containing protamine genes from a partial Eco R1 genomic library 

of rainbow trout DNA prepared in the lambda vector, Charon 4A 

(32). From this library 1.2 x 106 clones equivalent to 

1. 8 x 1010 bp or 3.2 genomes of trout DNA were searched pro

viding a 97% probability of isolating any given protamine gene 

(33). Forty-nine positive clones were isolated using the 
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Restriction maps of six protamine gene-containing 
inserts isolated from an Eco R1 lambda charon 4A 
library. The arrows indicate the location, approxi
mate size, and direction of transcription (5' to 3'). 
B Bam H1, E = Eco R1, H = Hind III, K = KpnI, and 
X = Xba I. Taken from reference ~5. 
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20 40 
* * * ATG eee AGA AGA eGe AGA Tee Tee AGA eeA eeT GTe CGC AGG CGC CGC CGC TP 14 
met pro arg arg arg arg ser ser arg pro pro val arg arg arg arg arg 

ATG eee AGA AGA eGe AGA Tee Tee AGA eGA eCT GTe CGC AGG CGC CGC CGC TP 15 
met pro arg arg arg arg ser ser arg arg pro val arg arg arg arg arg 

ATG eee AGA AGA eGe AGA Tee TCT AGC CGA CCT GTC CGC AGG CGC CGC CGC TP 16 
met pro arg arg arg arg ser ser ser arg pro val arg arg arg arg arg 

ATG CCC AGA AGA CGC AGA TCC TCC AGA CGA CCT GTC CGC AGG CGC CGC CGC TP 17 
met pro arg arg arg arg ser ser arg arg pro val arg arg arg arg arg 

ATG CCC AGA AGA CGC AGA TCe TCC AGe eGA ceT GTC eGe AGG CGC CGC CGC TP 21 
met pro arg arg arg arg ser ser ser arg pro val arg arg arg arg arg 

ATG cee AGA AGA eGC AGA TeC TCC AGe CGA CCT GTC eGC AGG eGC CGC CGC TP 101 
met pro arg arg arg arg ser ser ser arg pro val arg arg arg arg arg 

60 80 100 

* * * CCC GG GTG TCC CGA CGT CGT CGC AGG AGA GGA GGC CGC AGG AGG CGT TAG TP 14 
pro rg val ser arg arg arg arg arg arg gly gly arg arg arg arg ter 

CCC GG GTG Tec eGA CGT CGT CGC AGG AGA GGA GGC CGC AGG AGG CGT TAG TP 15 
pro rg val ser arg arg aig arg arg arg gly gly arg arg arg arg ter 

GCC GG GTG TCC eGA CGT CGT CGC AGG AGA GGA CGC CGe AGG AGG CGT TAG TP 16 
ala rg val ser arg arg arg arg arg arg gly gly arg arg arg arg ter 

eec GG GTG Tee CGA eGT CGT CGe AGG AGA GGA CGC CGC AGG AGG CGT TAG TP 17 
pro rg val ser arg arg arg arg arg arg gly gly arg arg arg ari ter 

Gce GG GTG Tec eGA CGT eGT CGC AGG AGA GGA GGC CGe AGG AGG CGT TAG TP 21 
ala rg val ser arg arg arg arg arg arg gly gly arg arg ari arg ter 

ecc GG GTG Tec eGA eGT CGT CGC AGG AGA GGA GGC CGC AGG AGG CGT TAG TP 101 
pro rg val ser ari ari arg ari arg arg gly gly ari arg arg arg ter 

Figure 10. DNA sequences of the coding regions of six protamine 
genes. The potential amino acid residues are given 
beneath each codon. Regions of nucleotide hetero
geneity are boxed. The TP101 sequence is from 
reference 32. Met, the initiating amino acid, is not 
found in mature protamine polypeptides. Taken from 
reference 35. 

pRTP242 probe, and by restriction mapping these were classified 

into six different classes (Figure 9). The protamine gene

containing regions were located by Southern blotting of a series 

of restriction digests and hybridization with a pRTP242 probe, 

and approximately 1 kb of DNA containing the protamine gene was 

subc10ned into pBR322 and sequenced. Sequences were determined 

270 bp upstream and "'500 bp downstream of the 102 bp coding 

region. 

The most important conclusions from the sequence data are 

as follows. The protamine genes are intron-1ess, a feature 
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shown by relatively few other genes including those for his

tones, human interferon and yeast glyceraldehyde-3- phosphate 

dehydrogenase (34). The protamine genes are also precisely co

linear with the expressed polypeptide so that no precursor to 

the final peptide exists. However, unlike the organization of 

most histone genes, including those of the rainbow trout (35), 

the protamine genes occur singly and not clustered and, in TP17 

at least, a seven kilobase region of each side of the gene does 

not contain another protamine gene. 

THE CODING REGION 

The coding regions of the six different protamine genes 

isolated are compared in Figure 10. The clones are either iden

tical to or slightly changed from Family II cDNA clones, pRTP43 

and 242 (36). The nucleotide sequence varies at only six posi

tions and only three of these changes result in alterations of 

the coding sequence. Position +27 can either contain a C or an 

A coding for respectively Arg (AGA) or Ser (AGC) at amino acid 

position B. TP14 differs form the other genes in having a C 

replacing a G at position 29, a change that leads to a Pro (CCA) 

instead of an Arg (CGA). At position 52, either a G or C is 

present, a shift that produces Ala (GCC) or a Pro (CCC) at the 

17th amino acid residue. 

The coding sequences in TP14, TP16, and TP2l provide the 

first evidence of such genes 

sequences so far published 
th th sequence at the Band 9 

in the trout. Protamine amino acid 

(9) had not indicated a Pro-Pro 

amino acid residues or that on Ala 

could be present at residue 17. although more recently, fol

lowing further fractionation of protamine polypeptides, first by 

CM-52 and then by HPLC on a C-lB reverse phase column (McKay, 

Renaux, and Dixon, in preparation), a protamine corresponding to 

TP16 has been isolated and sequenced. 

The 49 positive clones isolated from the Charon 4A library 

and classified in the six classes in Figure 9, are. 11 members 

of protamine Family II. So far, no genomic clone representative 

of the Family I cDNA sequences has been isolated. It is likely 

that such sequences are not represented in this particular 
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library possibly because 
flanking Family I genes is 
yields fragments either too 
packaged in the A vector. 

the distribution of Eco Rl sites 
such that the partial Eco Rl digest 
small or too large to be efficiently 

Other libraries in Charon 30 using a 
partial MboI digest of trout genomic DNA are presently under 
construction and should provide an alternative route to the 
missing Family I sequence. 

THE 5' FLANKING REGION 

In Figure 10, the 5' flanking regions of the group of 
cloned protamine genes are compared. The first 25 bp upstream 
of the coding region display a high degree of conservation 
between the six clones. Studies investigating the precise point 
of protamine mRNA initiation have produced conflicting results. 
States et al. (32) indicated initiation of protamine mRNA tran
scription of clone TPlOl at position -19 (by Sl protection 
experiments). However, Gregory et al. (37), with a clone almost 
identical with TPlOl, found the transcription initiation point 
to be at -14, five base pairs downstream. Since it has been 
shown previously by Gedamu et al. (38) that the protamine mRNA 
population is heterogeneous at the 5' end, with both A and G as 
the 5' terminal nucleotide after removal of the m7G cap, it is 
likely that both initiation sites are used in vivo. In either 
instance, the 5' untranslated leader sequence is exceptionally 
short, being either 14 or 19 nucleotides long. (For comparison, 
in the trout histone genes (35), it is 33-93 nucleotides long.) 

The Goldberg-Hogness or TATA box is very well-defined and 
is located at -29 or -34 bp respectively upstream of the two 
alternative initiation points. An 11 bp sequence, TATAAAAGGGA, 
is totally conserved in all our clones and, as has been pointed 
out (37), this promoter element is identical to a sequence in 
the adenovirus major late promoter (39) and the chicken conalbu
min promoter (40). In a series of experiments by Jankowski and 
Dixon (41), a 920 bp Bgl II-BAM HI fragment containing the 
protamine gene from the lambda clone pTPlOl was subcloned into 
pBR322 and transcribed in the in vitro polymerase II HeLa lysate 
system (42) to yield a protamine mRNA transcript. It was found 
that restriction cutting at 15 bp upstream (Alu I) of the TATA 
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gene's natural promoter. The effect is strongest in plasmid 
constructs in which the eukaryotic TATA box had been deleted. 

There are three other regions upstream of the coding region 
that are conserved in all sequenced protamine genes (Figure 11). 
At approximately 90 bp upstream (positions -92 to -71) is a 
22 bp region (CATCATTTATCCATAATGACA) about the same distance 
upstream as the CAAT or Chambon box found in many other gene 
systems (45). A second conserved region (ATTTAAACTGTCTTTAA) is 
A-T rich, 17 bp in length and located 121 bp upstream. The 
third conserved sequence (CTGCCATTGCTACTATGACGTCACA) in the 
5'-f1anking region extends for 25 bp (-165 to -141). Although 
we have not yet performed any functional assays for these 
regions (e.g., by injecting a series of deletion mutant p1asmids 
into Xenopus oocytes), it might be expected that specific 
sequences involved in the co-ordinate expression of the appar
ently widely scattered protamine genes might be conserved among 
the protamine gene set. Such sequences might provide binding 
sites either for protamine-specific protein transcription 
factors or a set of factors that might control transcription of 
sperm-specific genes. 

THE 3' FLANKING REGION 

The sequence immediately downstream of the coding region 
(positions 103-232), corresponding to 3' untrans1ated region of 
the mRNA, is very highly conserved as summarized in Figure 12. 
Contained within this region is the canonical po1yadeny1ation 
signal, AATAA, and the point at which the mRNA terminates 
AACTAAAA (positions 211-219). Thus, the first 4 adenines of the 
po1y(A) tail are coded in the genome, whereas the coding region 
and most of the 3' untrans1ated region of the protamine mRNA is 
exceedingly G-C rich. The extreme 3' end of the mRNA (positions 
179-215) and the adjacent 76-80 nuc1eotides (depending on the 
particular clone) is equally highly enriched in AT sequences, 
and there are 7 tandem1y arranged motifs very similar to the 
po1yadeny1ation signal AATAA in this region. Whether such 
regions are functional, perhaps in termination of transcription, 
remains to be determined. 
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box or at points further upstream at 117 (Fok I), 222 (RSa I), 
or 238 (Hpa II) had no effect on the efficiency of in vitro 
transcription. However, cutting 6 bp 3' to the TATA box into 
Ava II completely abolished transcription. Replacement of the 
native protamine TATA box with that of herpes virus thymidine 
kinase (43) led to a down regulation of protamine mRNA tran
scription by a factor of 10, indicating that the natural 
protamine promoter is a strong one. Some recent studies by 
Jankowski, Walczyk, and Dixon (44) have shown that in addition 
to the strong eukaryotic promoter in the 5' region of the prot
amine gene, there is also a strong prokaryotic promoter sequence 
upstream of the eucaryotic TATA box. This prokaryotic promoter 
can control the transcription of a prokaryotic gene, chloram
phenicol acetyl transferase , almost as efficiently as does that 

-260 -240 -220 
• • • 

ACCA TTT AA T AAACACCTTTTATTTTACT AGAGTTCATTGTGTTGGCCAAACACACAGATCACGATTTAC TP 14 

ACCATTTAATAAAGACCTTTTATTTTACTAGAGTTCATTGTGTTGGCCAAACACACAGATCACGATTTAC TP 15 

ACCATT'fAATAAACACCTTTTATTTTACTAGAGTTCATTGTGTTGGCCAAAGACACAGATCACGATTTAC TP 17 

TGAACAAGACTGGTTACTCGCATCMTGCCTCTCTCGTCATTTAACATTCACACACAGATCACTATTTAA TP 101 

-200 -180 -160 -140 -120 .. .. .. . 
ATTTGCAACATATAAAATATCACTATTGCGTCATACTGCCATTGCTACTATGACGTCACAGAGTTCACAAGTTTTCTCAATTTAAACTGTCTTTAATCAT TP 14 

ATTTGCAACATATAAAATATCACTATTGCGTCATACTGCCATTGCTACTATGACGTCACAGAGTTCACAAGTTTTCTAAATTTAAACTGTCTTTAATCAT 

GAATTCAGATGTTTTCTCAATTTAAACTGTCTTTAATACT 

ATTTGCAACATATAAAATATCACTATTGCGTCATACTGCCATTGCTACTATGACGTCACAGAGTTCACAAGTTTTCTACATTTAAACTGTCTTTAATCAT 

GAATTCAGATGTTTTCTCAATTTAAACTGTCTTTAATACT 

AAT-GACAAAATAAAAATATCATTATTACATCATCCTGCCATTGCTACTATpACGTCACATAATTCAGATGTTTTCTCAATTTAAACTGTCTTTAACACT 

-100 -80 -60 -40 -20 

.. .. * * * 
TATTGCATCATCATTTATCCCATAATGACATCACTCCAGC-CCCCTCCAGCCCTATAAAAGGGAGCA-CGGCCGTCTAAAAGTCTTATCCATCAATCACA 

TATTGCATCATCATTTATCCCATAATGACA--------GC-CCCCTCCAGCGCTATAAAAGGGAGCA-CGGCCGTCTAAAAGTCTTATCCATCAATCACA 

TATTGCATCATCATTTATCCAATAATGACATCA-----------CTCCAGCCCTATAAAAGGGACCACCGCCCGTCTAAAAATTTTATCCATCAATCACA 

TATTGCATCATCATTTATCCCATAATGACATCGCTCCAGC-CCCCTCCAGCCCTATAAAAGGGAGCA-CGGCCGTCTAAAAGTCTTATCCATCAATCACA 

TATTGCATCATCATTTATCCAATAATGACATCACTCCAGC-CCCCTCCAGCCCTATAAAAGGGACCACCGCCCGTCTAAAAATTTTATCCATCAATCACA 

TATTG- __ CATCATTTATCCCATAATGACATCACTCCAGCTCCCCTCCAGCCCTATAAAAGGGACCACCGCCCGTCTAAACATTTTATCCATCAATCACA 

Goldberg-Hognes8 
Box 

, , 

TP 15 

TP 16 

TP 17 

TP 21 

TP 101 

TP 14 

TP 15 

TP 16 

TP 17 

TP 21 

TP 101 

Figure 11. 5'-untrans1ated and flanking regions of the Family II 
protamine genes. The two vertical arrows below the 
lowest sequence indicate the two initiation (CAP) 
sites discussed in the text. The Go1dberg-Hogness 
(TATA) box is underlined as are other extensive, 
totally conserved sequences. Hyphens have been 
inserted to indicate gaps which have been introduced 
for optimal sequence alignment. Sequence data beyond 
-140 are not available for TP16 and TP21. Taken from 
reference 35. 
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120 140 160 180 200 

* * * * * 
ATACAATGGGTAGAACCTACCTGACCTATCCGCCCCCTCCGGGTTCTCCCTCCCGACCCTTGGTGGTGTAGACGTGTTAAACTCTGCTTAAATAAAAGAT 

ATAGAATGGGTAGAACCTACCTGACCTATCCGCCCCCTCCGGGTTCTCCCTCCCGACCCT-GGTGGTGTACACGTGTTAAACTCTGCTTAAATAAAAGAT 

ATAGAACGGGTAGAACCTACCTGACCTATCCGCCCCCTCCGGGTTCTCCCTCCCGACCCTTGGTACTGTACATGTGTTAAAGTCTGCTTAAATAAAAGAT 

ATACAATGGGTACAACCTACCTGACCTATCCGCCCCCTCCGGGTTCTCCCTCCCGACCCCTGGTGGTGTACAGGTGTTAAACTCTGCTTAAATAAAAGAT 

ATACAACGGGTAGAACCTACCTGACCTATCCGCCCCCTCCGGGTTCTCCCTCCCGACCCTTGGTACTGTACATGTGTTAAACTCTGCTTAAATAAAAGAT 

ATACAACGGGTAGAACCTACCTGACCTATCCGCCCCCTCCGGGTTCTCCCTCCCGACCCTTGGTACTGTACAGGTGTTAAACTCTGCTTAAATAAAAGAT 
POIy""lt 
Signal 

220 240 260 280 300 

* * * * * 
GGGCTTTTAA-CTAAAACTGTTACGACTTTCTTTATTTTA-TAACAT-GGTGTTC-TTTTT-GGC-ATAA--GTTTTAGGCAATACACTTAATCATACAT 

GGACTTT-AAACTAAAACTGTTACGACTTTCTTTATTTTA-TAACAT-GGTGATC-TTTTT-GGCTATAA--GTTTTAGGCAATACACTTAATCATACAT 

GGGCTTTTAA-CTAAAACTGTTACGACTTT----ATATTA-GTAGATAGG-----TTTTTTAGGCTGTAACAGTTTTTGGCCCTACAGTTAATAAT--AT 

GGGCTTTTAA-CTAAAACTGTTACGACTTTCTTTATTTTA-TAAGAT-GGTGTTC-TTTTT-GGCTATAA--GTTTTAGGCAATAGAGTTAATCATAGAT 

GGGCTTTTAAACTAAAACTGTTACGACTTT----ATATTAGATAGATAG-T----TTTTTT-GGCTGTA-GAGTTTTTGGCGGTAGAGTTAATAAT--AT 

GGGCTTTTAA-CTAAAACTGTTACGACTTT----ATTTTA-GTAGATAGG-----TTTTTTAGGCTGTAACAGTTTTAGGCGGTAGAGTTAATAAT--AT 

ml 
-~ ~ ~ ~ ~ 

* * * * * ATTTGA-ATAACTGTGTC--T-GTCCCTAACAAA-TGAATAAATAA-----------------------------ATT-CAAACAATGTTTTT-------

ATTTGA-ATAACTGTGTC--T-GTCCCTAACAAA-TGAATAAAT-AAATTCAAACAATGTTTTTATTTAAAACATATTTCAAACAATGTTTTt-------

ATTTGAGATAATACAAATAATAG--{;CTA-CTTACTG--TTAGTAATATATATATAATTAAAACGTTTTAATAATTGT---ATC--TGTCCCTAATAAAT 

ATTTGA_ATAACTGTGTC __ T-GTCCCTAACAAA_TGAATAAAT_AAATTCAAACAATGTTTTtATTTAAAACATATTTCAAACAATGTTTTt-------

ATTTGAGATAATACAAATAATAG--CCTA-CTTACTG--TTAGTAATATATATATAATTAAAACGTTTTAATAATTGT---ATC--TGTCCCTAATAAAT 

ATTTGAGATAATATAAATAATAG--CCTACT-A-TG--TTAGTAATATATATATAATTAAAACGTTTTAATA-T------------TGTCCCTAATAAAT 

420 440 460 480 500 

* • * * * _____ ATTTAAAACA _____ -GTATTGAGAAA ___ TG_CACTCTT ________ AACCG-TCAAGTCAGATGATGCATTGCACTATtATGGTTCAAGT-C 

_____ ATTTAAAACA-----GTATTGAGAAA---TG-CACTCTT-----ATCAACCG-TCAACTCACATGATGCATTGCACTATTATGGTtCAAGT-{; 

AAATACA_TTAAAACAATATATTtATTGA-AAAC--TGACACA-TTCAATCATCAACCGTTCAAGTCAGATAATGCTT-GTACCATTATGGTTTA-GTTC 

___ A_ATTTAAAACA------GTATTGAGAAA---TG-CAGTCTT-----ATCAACCG-TCAACTCACATGATGCATTGCACTATTATGGTTCAACT-G 

AAATAC_ATTAAAACAATATATGTATTGA-AAAC--TGACACA-TTCAATCATCAACCG-TCAACTCAGATAATGCTTTGTACCATTATGGTtTAA---C 

AAATACA_TTAAA ___________________ CGGTGACACA_TTCAATCATC_ACCG-TCAACTCACATAATGCTTTGTACCATTATGGTTTA-GTTC 
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Figure 12. 3'-untrans1ated and flanking regions of the protamine 
genes. The poly(A) signal is underlined and the mRNA 
termination is indicated. Hyphenated regions repre
sent gaps introduced to optimize sequence similarity. 
Taken from reference 35. 

A-C RICH REGION 

Extensive A-C rich regions have been found in three differ
ent forms of organization approximately 1 kb downstream of 
several protamine genomic clones (36, 46). In Figure 13, it can 
be seen that these regions are organized as single, double, or 
triple tandem duplications of a perfect 46 bp repeat which con
tains a predominantly alternating 
The 46 bp repeats are separated 

purine-pyrimidine sequence. 
20 bp by highly conserved 
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spacers, also predominantly of alternating purine-pyrimidines. 

In Figure l3c, a catalogue of the dinucleotide repeats indicates 

that C-A is by far the most frequent dinucleotide and 86-88% of 

the sequences are composed of alternating purine-pyrimidines. 

Since, in studies of model synthetic repeating oligonucleotides, 

A 
-----_ ..... '!'_--------...;.; ...... '!' 

................... . ..........•............. .., 
• , 

B 

C 

TP 
TP 
TP 

TP 1 III 
TP 15 
TP 17 

TP 1&3 
TP 15 
'l'P 17 

TP 1&3 
TP IS 
TP 17 

IS 
17 

1113 

Figure l3. 
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18 29 30 · · · 49 59 . · 69 . 

L....J 

•• ~ 

C----CACACACACACTACACaCAIbGCATGCACACACATGCATTCTGACGCCACACACAC--------
GCACACACACACACACTACACACAIAGCaTGCACACACATGCATTCTGACGCCACACACACACCCACACA 
G--CACACACACACACT&CACaCATAGCATGCACACACATGCATTCTGACGCCACACACACACGCACACA 

sa 99 lU U9 1211 139 149 · · · • · • 
CACTACGTACAGGCTACACACATAGCATGCACACACATGCATTCTGACGCCACACACAC----------
CACTACGTACAGGCTACACACATAGCATGCACACACATGCATTCTGACGCCACACACACACGCACACACA 

158 168 179 189 199 · · · · 
CIACGTACAGGCTACACACATAGCATGCACACACATGCATTCTGACGCCACACACAC 

Length G-C G-T A-I C-A CoT G-A A-A C-C T-T G-G , Pu [- Pyr 

129 bp 15 7 14 75 7 5 II 2 2 1 86 
195 bp 24 11 22 1111 11 8 (I 3 3 2 86 

57 bp 6 3 6 34 3 2 II 1 1 II 88 

A. Location and organization of the (A-C) rich 
regions downstream of three protamine genomic c~ones. 
The (A-C) rich sequences are schematically repre
sented by~he solid bars indicating the 46 bp repeat 
common to all three clones. B = Bam Hl, M = MspI, 
K = KpnI. 

B. Comparison of the sequences of the (A-C) 
rich regions of the three clones TP103, TP15, anti 
TP17 determined by Maxam-Gilbert sequencing. The 
46 bp repeat region is underlined. Base number one 
is 10 nucleotides downstream of the KpnI site in 
Figure l3A. Dashes have been inserted to indicate 
gaps introduced to optimize sequence alignment. 

C. Catalogue of dinucleotide frequencies in 
clones TP103, TP15 , and TP17. 



it has been shown that po1y(dG-dC) (47) and po1y(dA-dC)/(dT-dG) 

(48, 49) can assume the left-handed Z-DNA conformation under 

appropriate conditions of ionic strength, dielectric constant or 

negative supercoi1ing in closed covalent circular DNAs, we have 

been interested in the possibility that the A-C/T-G regions in 

the protamine clones could also become left-handed in the Z

conformation. Using three criteria competition with an 

authentic labelled Z-form DNA (po1y(dG-m5dC» for binding to an 

anti-Z DNA antibody (50), immuno-e1ectron microscopy to locate 

the sites of binding of anti-Z antibodies on plasmid TP17 (con

taining the triple tandem (A-C) repeat), and the mapping of B-Z 

junctions by Sl nuclease digestion it has been clearly 

established that these A-C rich regions could flip to the Z

conformation under conditions of physiological ionic strength if 

incorporated into a negatively supercoi1ed plasmid (46). The in 

vivo significance of this structural traansition can presently 

only be speculated upon, but in the Pau1son-Laemm1i model (51) 

of chromosome structure, which involves a series of DNA loops 

covalently closed by insertion upon a chromosome scaffold, it is 

possible to envisage that potential Z-DNA-forming regions could 

profoundly modify the topology of such a chromosomal loop and 

hence the susceptibility to transcription of sets of genes 

within the transcriptional unit defined by the loop, if 

mechanisms were available to achieve B to Z conformational 

"flipping." It is possible, for example, that developmental 

regulation of such gene sets could be controlled by the inter

action of Z-DNA binding proteins with the potential Z-region 

thus displacing the B to Z equilibrium in favor of Z-DNA. 

PROTAMINE GENE EVOLUTION IN THE SALMONID AND CLUPEID FISHES 

With the availability of rainbow trout probes for protamine 

genes, it was possible to pose the question of how rapidly have 

the protamine genes diverged among a series of fishes of varying 

degrees of taxonomic relatedness. 

As noted in Figure 1, true protamines of very similar amino 

acid sequence were found in both Sa1monoidea (salmons, trouts, 

chars, graylings, and whitefish) and Clupeomorpha (herrings and 

sprats). We therefore compared the hybridization of a rainbow 
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CLUPEINE Z 
(Pacific Herring) 

IRlDINE 1b 
(RainlJct,; Trout) 

IRlDINE 1a 

1 10 20 30 
aRRRRsRraSRPV-RRRRPRRVSRRRR-a-RRRR 

pRRRRrRssSRPi-RRRRPRRVSRRRRRggRRRR 

pRRRR--ssSRPvrRRRRPRRVSRRRRRggRRRR 

RAINBOW TROUT • 
CUTTHROAT TROUT • 
CHUM SALMON • 
PACIFIC HERRING 

Figure 14. A comparison of the amino acid sequences of "true" 
protamines from Pacific herring (Clupeine Z) and two 
rainbow trou~ protamines, iridine Ia and Ib (9, 10) 
and a ~ompar1son by "dot-blot" of the hybridization 
of a 3 P-labelled rainbow trout protamine probe with 
total genomic DNA from the indicated species. Capi
tals indicates variable residues. 

trout protamine probe with total genomic DNA from rainbow trout, 

a closely related member of the Salmo genus, §.. clarkii, the 

cut-throat trout, the Pacific chum salmon, Oncorhynchus keta and 

the Pacific herring (Clupea pallasii). As indicated in Figure 

14, the amino acid sequences of Pacific herring protamine 

(clupeine Z) and rainbow trout protamines (iridine Ia and Ib) 

are very similar, but at the DNA level the nucleotide sequences 

have diverged so much that no hybridization is possible (52). 

This suggests that divergence between the protamine genes of 

herring and trout has been far more rapid than, for example, 

among histone genes. However, the more closely related 

Salmonids, S. clarkii and Q.. keta, had protamine genes appar

ently homologous with tho~e of §.. gairdnerii under these condi

tions of hybridization stringency. In order to explore the 
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relationships of the protamine genes among the Sa1monoidea in 
more detail, DNA was collected from a series of fishes whose 
relationships are given in Figure 15. These DNAs were then 
spotted onto nitrocellulose filters and probed with the rainbow 
trout probe under conditions of increasing stringency of hybrid
ization by increasing progressively the temperature of washing. 
The resultant dot-blot experiment (52) is illustrated in Figure 
16, in which it may be seen at the highest stringency (80°C), 
the protamine genes of the rainbow trout (genus Sa1mo) appear to 
be most closely related to those of the lake trout (genus Sa1ve
linus) and less so to the mountain whitefish (genus Coregonus), 
which is in a different family, Coregonidae. Interestingly, in 
another member of the Sa1monidae family, the Pacific chum salmon 
(Q.. keta) , the protamine genes seem to be more diverged and 
there is no hybridization at 80°C. 

The preliminary conclusion from this sort of experiment is 
that, as suggested as a possibility at the beginning of this 

SUBORDER 

SALMONOIDEA 

FAf1ILY 
-----'l.~ SM E L T S (il.s.!1E.Ru.s S£....) 

/ OSf1ERIDAE 

---t.~ FMlILY ___ --I.~ ARCTIC GRAYLING (JHYMAI LUS ARCLLCUS) 

"" THYMALL\D,~E 

FAMILY INCONNU (STENODUS LEN~~~~~~b~) -----l~~ LAKE WHITEFISHITOREG CLUPEAFORMIS) 
COREGONIDAE MOUNTAIN WHITEFISH (~ ________ WILLIAMSONI I) 

FAMILY 
SALMDNIDAE~ 

GENUS ARTIC CHAR TS, AL£llillS) 
ALVELINUS~ aLLY VARDEN (S, tlALMA) 

r- ruLUE BACK (S, ~) 
{CHARS) ~ROOK TROUT (S, FONTINALjS) 

LAKE TROUT (S, tlAMAYCllSH 

~UTTHROAT TROUT (S, CiARKl) 
GENUS RAINBOW TROUT (S, GAIR9NERII) 
SALMO BROWN TROUT (S, LaUlJA 

ATLANTIC SALMON \~, 5ALAR) 

m
OCKEYE SALMON (0, NERKA) 

GENUS COHO SALMON (0, UTCH) ONCORHYNCHUS~ CHINOOK SALMON (e~S~~~~WYTSCHA) 
(PACIFIC CHUM SALMON (8' K£lA 

SALMON) PINK SALMON ( , GORBUSCHA) 

Figure 15. Taxonomic relationships in the Sub-order Sa1monoidea 
of the members of the Families Osmeridae, Thymal-
1idae, Coregonidae, and Sa1monidae. 
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RA OW TOUT • • • 
CH 5 lMO • • • • lAK TROUT 

A CT C G Yll • • 
OU TAl WHIT IH • • • 

CA P 

SOC 60C 70C C 

Figure 16. A "dot-blot" hybridization of a 32P-labelled rainbow 
trout protamine probe with total genomic DNA blots of 
the indicated species. The increasing temperatures 
represent increasing stringencies of hybridization. 

paper, protamine genes are inherently quite variable and, com
pared with the histones at least, perhaps hyper-variable. 

PROTAMINE GENE NUMBER 

It has proved quite difficult to determine the copy number 
of protamine genes in the rainbow trout. Initial studies using 
cDNA probes (53, 54) suggested that there were 1-2 copies of 
each of perhaps 4-6 protamine genes per sperm DNA equivalent for 
a total of 4-12 copies. Isolation of six different protamine 
cDNA sequences (30), three in Family I and three in Family II, 
was reasonably consistent with this copy number, as was the 
subsequent isolation of six classes of genomic Family II genes. 
However, the inability to isolate any Family I genes suggested 
that the gene number might be higher, perhaps by a factor of 2. 
When Southern blots of restricted DNA from individual rainbow 
trout were probed with the 920 bp Bgl II-Bam HI probe from plOl, 
complex band patterns were seen. Qualitative scanning of these 
gels indicated that up to 150 protamine genes might be present 
per sperm DNA equivalent (Aiken, unpublished result). It could 
also be seen that there was little similarity in the complex 
band patterns in other Salmonoidea. This copy number paradox 
has recently been cleared up by the finding that protamine genes 
are flanked by moderately repetitive DNA sequences, some of 
which are included in the Bgl II-Bam HI probe. Using a smaller 
probe that comprises only the coding region of the gene (Ava 11-
Hpa II), the complexity of the Southern blot decreases and the 
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copy number decreases to a value of 15-20. This value cannot 
yet be regarded as definitive since there appears to be appre
ciable variability between individual trout DNA samples. The 
majority of the protamine genes must be expressed, however, 
since recently, by careful fractionation of the protamine 
polypeptides from a single trout testis by CM-52 followed by 
HPLC chromatography, six different protamines have been resolved 
and sequenced (McKay, Renaux, and Dixon, in preparation). 

ORIGIN OF PROTAMINE GENES 

The sporadic occurrence of the "true protamines" primarily 
among certain fishes, reptiles, and birds suggests that the 
genes may have arisen by horizontal transmission from, for 
example, a virus rather than by vertical 
normal evolutionary processes. There is 
evidence supporting this view as follows: 

transmission as in 
some circumstantial 

1. The lack of introns in the protamine genes is more 
characteristic of prokaryotic than eukaryotic genes. 

2. The protamine promoter is identical to the viral 
adenovirus major late promoter over an 11 bp region. 

3. There is an extremely arginine-rich sequence in the 
DNA-binding cor~ protein of hepatitis B virus residues 149 181 
(53) which is very similar to chicken protamine (ga11ine) 
residues 9-36. 

4. A small open reading frame exists 3' to the tRNAl Tyr 
gene of E. coli (56) which encodes a putative polypeptide 33 
amino acids in length and which bears a striking resemblance to 
fish protamines. This gene is apparently expressed and gives 
rise to the translation of two small basic proteins in ~. coli. 

5. A strong prokaryotic promoter exists 5' to the TATA box 
of the protamine gene, p101, which can control the expression of 
a prokaryotic gene, chloramphenicol acety1transferase (57), and 
could represent a vestigial prokaryotic signal. 
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6. There are sequences flanking the protamine gene which 

are quite similar to the long terminal repeats (LTRs) character-
1 

istic of retrovirus genes inserted into genomic DNA (44). 

The structural domain encoded by the fish and chicken prot

amine genes is extremely arginine-rich and has as its function 

the ability to complex with and condense DNA. The arginine-rich 

region in the hepatitis B core protein (55) has precisely the 

same structure and apparently the same function, i.e., to pack

age and condense the viral DNA. Thus, a case can be made that 

if a primordial arginine-rich functional gene were to be intro

duced into the germ line of primitive vertebrates, its ability 

to condense DNA efficiently may have had sufficient advantage in 

the maturation of the sperm nucleus to have been conserved in 

evolution. 
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INTRODUCTION 

During spermatogenesis, the population of stem cells 
(diploid spermatogonia) divides and differentiates into tetra

ploid spermatocytes. Spermatocytes undergo meiosis, in which 

genetic recombination occurs, producing haploid spermatids. 

Spermatids, through an extraordinary process of metamorphosis 

called spermiogenesis, develop into a highly specialized motile 

vector for transportation of genetic information: the sperma
tozoa (Figure 1). 

Spermatogenesis offers an excellent model to investigate 
the relationship between changes in nuclear protein composition 

and the structural and functional transitions that chromatin 
undergoes during the differentiation of the germinal cell line. 
Although the replacement. of histones by protamine is not an 
obligatory step in the spermiogenesis of every organism studied, 

this chapter is addressed especially to the phenomena that take 

place during the nucleohistone-nucleoprotamine transition. In 
this transition, the nucleosomes are disassembled and the DNA is 
organized in anew, highly condensed structure. This chapter 
summarizes the evidence obtained so far on the correlation 
between changes in chromatin composition and chromatin structure 
during spermatogenesis. 
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Figure 1. 
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Diagram illustrating changes in gene activity and 
chromatin structure during spermatogenesis. Sperma
togenesis -- the process by which spermatogonia are 
transformed into spermatozoa -- can be divided into 
three major phases: mitosis, meiosis and spermio
genesis. During the mitotic phase, chicken spermato
gonial cells (left) replace themselves and generate 
spermatocytes (center) . Spermatocytes undergo 
meiosis and give rise to haploid spermatids (right). 
During spermiogenesis, spermatids, through an extra
ordinary process of metamorphosis, develop into 
spermatozoa. DNA replication occurs in spermatogonia 
and in spermatocytes before meiosis (1, 2). Sperma
togonia, spermatocytes, and early spermatids are 
active in nuclear transcription, whereas spermatids 
undergoing differentiation and spermatozoa are 
totally inactive (3-6). In meiotic cells at pachy
tene, occurs a period of regulated DNA nicking 
probably related with genetic recombination (7). 
Late spermatids are genetically inactive in DNA 
replication and transcription, however, these cells 
still are able to repair their genetic damage before 
the final nuclear condensation of chromatin occurs at 
the end of spermiogenesis (8, 9). The most dramatic 
changes in chromatin structure observed in eukaryotes 
take place during the nucleohistone-nucleoprotamine 
transition when nucleosomes are disassembled in late 
spermatids and replaced by a highly condensed nucleo
protamine complex (10, 11). 

QUANTITATIVE AND QUALITATIVE CHANGES OF NUCLEAR PROTEINS DURING 
SPERMATOGENESIS 

Basic Proteins 

In premeiotic, meiotic, and early spermatid chicken cell 

nuclei, obtained by sedimentation at unit gravity, the ratio of 
basic proteins to DNA is 1.0 (w/w). This ratio decreases to 0.5 
in nuclei of late spermatids and spermatozoa (3). Similar 
losses of nuclear basic proteins have been reported to occur in 
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different species during the nucleohistone-nucleoprotamine 

transition (12, 13). 

Chicken spermatids, at successive stages of differen

tiation, show decreasing levels of nucleosomal his tones and 

increasing amounts of protamine galline (Figure 2). Galline is 

a very basic protein (63% arginine residues) with a higher 

molecular weight, 9,829, than other protamines (14). Transitory 

proteins present in the spermatid nuclei and disappearing in 

spermatozoa could play a role during the nucleohistone-nucleo

protamine transition of certain species (12, 15-17). Such 

proteins have not been detected in trout or chicken spermio

genesis (3, 18, 19). In addition to nuclear spermatidal 

proteins, several testis-specific histone variants synthesized 

in the pachytene stage of mammalian spermatogenesis have been 
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The nucleohistone-nucleoprotamine transition during 
chicken spermiogenesis. Chicken spermatids at suc
cessive stages of differentiation, obtained by 
sedimentation at unit gravity (66), show decreasing 
levels of nucleosomal core histones ( 0--0 ) and 
increasing amounts of protamine ( e-. ). A sig
nificant increase in the steady-state level of hyper
acetylation of histone H4, i. e., the ratio three
acetylated H4/non-acetylated H4 ( 0---0 ), occurs 
during spermiogenesis (R. Oliva, unpublished 
results). A concomitant rise in the cellular concen
tration of spermine (ratio spermine/sedimentation 
velocity) ( .--. ) and ornithine decarboxylase 
activity ( 0--0 ) also has been detected during the 
nucleohistone-nucleoprotamine transition (66). V s' 
sedimentation velocity, mm/h. 
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detected. 

20-22). 

Their biological function is as yet unknown (15, 

Acetylation of Histones 

During spermatogenesis, a significant increase in the 
steady-state level of hyperacetylation of histones -- especially 
of histone H4 -- has been reported in trout, rat, and chicken 
spermatids (Figures 2 and 3) (23-26). Long chromatin domains 

enriched in hyperacetylated H4, have been isolated from rainbow 

trout spermatids (24). A rapid turnover of histone H4 acetyl 

groups takes place in chicken elongated spermatids (26). 

Through hyperacetylation of histone H4 and rapid turnover 

of its acetyl groups, sites on DNA can be rapidly and reversibly 

exposed, facilitating the binding of chromosomal proteins to DNA 

(Figure 3). In genetically active cells, such proteins could be 
enzymes and regulatory proteins involved in DNA replication, 
transcription, recombination, or repair. DNA repair is the only 
genetic activity that remains in late spermatids before the 

condensation of the chromatin occurs (8, 9). In these cells, 
extensive histone hyperacetylation could be involved in exposing 

DNA binding sites to protamine and to other nuclear proteins 

with a putative role in the nucleohistone-nucleoprotamine 
transition. 

Although it is not clear at present to what extent the 

hyperacetylation of his tones changes the stability of the 

nucleosome or polynucleosomal structures (27, 28), it has been 
suggested that the level of acetylation of lysine residues per 
nucleosome during spermiogenesis (8-10 residues) would open up 

the nucleosome (24, 29, 30). Using core particles with hyper
acetylated histones, a nearly stoichiometric complex of all core 
histones can be liberated by the protamine (29). Acetylation of 

histones is not detectable at the end of spermiogenesis in 
species which retain histones in the sperm nucleus (31, 32). In 
addition to hyperacetylation of histones, other changes in nuc

leosomal proteins could be necessary for the disassembling of 

nucleosomes during spermiogenesis. 
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Figure 3. Changes in chromatin structure and composition during 
chicken spermatogenesis. Nuclei at different stages 
of chicken spermatogenesis were separated by sedimen
tation at unit gravity (3). Stage I, tetraploid 
primary spermatocytes; Stage II, small primary sper
matocytes, secondary spermatocytes, and spermato
gonia; Stage III, early spermatids; Stage IV, late 
spermatids and testicular spermatozoa; Stage V, 
spermatozoa from the vas deferens. 

A. Unmasking of DNA during spermiogenesis: 
initiation sites for E. coli RNA polymerase in vitro 
( .--. ); rate of propagation of growing RNA chains 
in vitro ( .---. ); actinomycin D binding ( 0---0 ). 

B. Changes in chromatin proteins during sperma-
togenesis: ubiquitin-H2A ( .--. ); HMG-l ( _____ ); 
HMG-2 (0--0 ); acetylation of histone H4 ( 0--0 ). 

Ubiguitin-Histone H2A Conjugates 

The covalent conjugate, ubiquitin-histone H2A (uH2A or 

A24) , resulting from the post-translational addition of ubiqui

tin to histone H2A at Lys 119, increases markedly in chicken 

testis cell nuclei during spermiogenesis, reaching a maximum 

(3.5% and 11% of the total amount of nucleosomal core histones) 

in late spermatids (Figure 3) (33). This modification has 

little influence at the level of individual nucleosomes (34). 

However, ubiquitin attachment to the core histone H2A may pre

vent formation of higher order chromosomal structures by 

modifying nucleosome-nucleosome interactions (35, 36), and may 

contribute to the relaxation of chromatin that occurs during the 

nucleohistone-nucleoprotamine transition in chicken spermio

genesis. 
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Protein-ubiquitin conjugates 

strates for an ATP-dependent 
in the cytoplasm are sub

proteolytic system (37-39) . 
Although proteolysis has been proposed as a mechanism for 
histone removal during the nucleohistone-nucleoprotamine tran
sition (40, 41), it is not yet known if an ubiquitin-ATP proteo
lytic system could be involved in the disassembly of nucleosomes 
during chicken spermiogenesis. Ubiquitin is an abundant protein 
in testicular cells (42, 43). This protein, in addition to 
forming protein conjugates, might be involved in modulation of 
certain enzymatic activities as has been observed in the case of 
histone deacetylase activity assayed in vitro (44). 

ADP-Ribosylation of Nuclear Proteins 

The nuclear enzymatic activity ADP-ribosyltransferase 
(ADPRT) attaches ADP-ribose moieties from NAD to chromatin pro
teins to form mono- or poly-ADP-ribosyl derivatives (45). The 
structural and functional changes of chromatin during spermato
genesis could be potentially regulated by ADP-ribosylation of 
nuclear proteins. 

ADPRT activity and the turnover of ADP-ribosyl residues 
decrease drastically during the transition from premeiotic, 
meiotic cells, and early spermatids to late spermatids and 
spermatozoa. ADPRT activity can be induced in late spermatids 
but not in mature spermatozoa by agents that damage DNA, such as 
dimethyl sulfate (46). 

ADPRT activity is induced by DNA strand breaks (47). ADP
ribosylation could be involved in DNA ligation during the inter
val of regulated DNA nick-repair activity at pachytene and in 
other gene rearrangements occurring in genetically active meio
tic and premeiotic cells. Late spermatids, where no physio
logical breaking and rejoining of DNA presumably occur, show low 
ARPRT activity and no turnover of ADP-ribosyl residues. The 
ADPRT activity can be stimulated in these cells by dimethyl 
sulfate treatment in a process probably related with DNA repair 
activity. Late spermatids still are able to repair their gene
tic damage before the final condensation of chromatin occurs at 
the end of spermiogenesis (8). 
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ADP-ribosy1ation of nuclear proteins might be involved in a 
shuttle mechanism for removing proteins from DNA (48). In the 
absence of removal of ADP-ribosy1 residues from nuclear proteins 
in late spermatids, ADP-ribosy1ation could contribute to protein 
displacement at the end of spermiogenesis. Determination of the 
steady-state level of ADP-ribosy1ation of nuclear proteins in 
elongated spermatids in vivo is necessary to test this possibi
lity. 

Nonhistone Proteins 

The nuclear nonhistone protein content decreases from 0.8 
(w/w ratio of nonhistone protein to DNA) in chicken meiotic and 
premeiotic cells to 0.2-0.3 in elongated spermatids and sperma
tozoa (3). Similar losses of nonhistone nuclear proteins have 
been reported to occur during spermiogenesis in many species. 
The electrophoretic analysis of nonhistone proteins at different 
stages of chicken spermatogenesis reveals a drastic decrease in 
the heterogeneity of the nonhistone proteins at the end of 
spermiogenesis (3). Most of the nonhistone nuclear proteins 
have not yet been identified. Changes in the components of the 
nuclear lamina and other nuclear matrix proteins occur during 
spermatogenesis (49, 50). 

The quantitative changes of a well characterized group of 
nonhistone chromosomal proteins -- the high mobility group HMG-1 
and HMG-2 -- have been determined in chicken spermatogenesis 
(51). The ratios of HMG-1/nuc1eosoma1 histones and HMG-2/nuc-
1eosoma1 histones increase at the end of spermiogenesis during 
the transition from nucleohistone to nuc1eoprotamine, when 
nuc1eosomes are being disassembled in elongated spermatids. The 
HMG-1 and HMG-2 are not detectable in the nuclei of chicken 
spermatozoa (Figure 3). 

The enrichment of nucleohistone in HMG-1 and HMG-2 in 
chicken late spermatids could play some role in the nuc1eo
histone-nuc1eoprotamine transition. A remarkable feature of the 
sequence of HMG-1 and HMG-2 is the presence of an unbroken run 
of glutamic acid and aspartic residues in the carboxyl half of 
the molecules (52). Po1yg1utamic acid is capable of facili
tating the assembly of core histones and DNA into nuc1eosomes 
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(53) . Rat liver HMG-l has been considered as a physiological 

nucleosome assembly factor (54). Through interaction of the 

highly acidic C-terminal domain of HMG-l and HMG-2 with the very 

basic regions of histones, the high mobility group proteins 

might contribute to the nucleosome disassembly during chicken 

spermiogenesis. 

CHANGES IN METHYLATION OF DNA DURING SPERMATOGENESIS 

Although many genes are hypermethylated in spermatozoa, DNA 

isolated from sperm of different species is undermethylated in 

relation to the 5-methyl cytosine content of DNA isolated from 

the corresponding somatic tissues (55, 56). To study whether 

changes in methylation of DNA were related to the structural and 

functional changes that chromatin undergoes throughout spermato

genesis, the 5-methyl cytosine content of DNA, purified from 

chicken testis cells at successive stages of differentiation, 

has been determined. The DNA of meiotic and postmeiotic cells 

appears hypomethylated, containing 30% less methyl cytosine than 

the DNA obtained from premeiotic and somatic cells (57). 

An important question to be solved is which DNA sequences 

are undermethylated in meiotic and postmeiotic cells. Certain 

chicken genes are undermethylated in expressing tissues and 

heavily methylated in sperm, while other genes are not differen

tially methylated (58). The major cause of undermethylation in 

bovine sperm DNA (2.5% of cytosine is methylated in sperm com

pared with 5.4% in calf thymus DNA) is the presence of methyl 

deficient satellite DNA (55). Undermethylation of satellite DNA 

has also been detected in the germinal cell line of the mouse 

(59, 60). 

Hypomethylation stimulates genetic recombination of bac

teriophage lambda (61). The methyl cytosine content of certain 

DNA sequences might control the extent of the recombination 

reaction that occurs in meiotic and somatic cells. Highly 

repetitive DNA sequences are found in constitutive heterochroma

tin; undermethylation of satellite DNA might cause structural 

changes in this particular domain during spermatogenesis. A 

drastic reduction in the number of constitutive heterochromatin 

322 



blocks per cell nucleus has been detected during the transition 

from diploid chicken spermatogonia to haploid late spermatids 

(62) . 

Thus, two classes of DNA sequences operate differently with 

respect to methylation during spermatogenesis (63). One group 

of genes, active in somatic cells, are highly methylated in 

sperm DNA. These genes are activated in the zygote through 

replication and cell division. Another group of DNA sequences, 

including some of the highly repeated DNA and certain integrated 

viral genomes, arrive in the zygote in an unmethylated state and 

are methylated during development (64). Hypomethylated se

quences in the germinal cell line could play some role during 

spermatogenesis and are inactive in somatic cells. The inte

grated viral genomes could be inactivated by the same mechanism 

acting in the other hypomethylated sequences if their methyla

tion signal came under the same control system (63). 

CHANGES IN CELLULAR CONTENT AND BIOSYNTHESIS OF POLYAMINES 

DURING SPERMATOGENESIS 

In addition to the changes observed in nuclear proteins and 

DNA at different stages of spermatogenesis, the ionic ambiance 

in which the structural and functional transitions of chromatin 

occur should be considered. The organic polycations spermine, 

spermidine, and putrescine, are particularly interesting, 

because these polyamines are involved in genetic activities and 

structural changes of DNA (65, 66). 

During chicken spermiogenesis, the ratio of polyamines/cell 

volume undergoes a marked increase (Figure 2) (67). This fact, 

together with the high enzymatic activities of polyamine biosyn

thesis detected in late spermatids (Figure 2) (67), suggests 

that the dramatic changes in chromatin composition and structure 

that take place during spermiogenesis could occur in an ambiance 

of high polyamine concentration. The transition from nucleo

histone to nucleoprotamine could be facilitated by polyamines in 

a similar way to that proposed for DNA compaction in several 

bacteriophages. In this system, during DNA condensation, the 
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entropic force, the work required to bring the negatively 

charged segments of DNA into close proximity, and the energy 

necessary to bend the stiff DNA chains would be strongly dimin

ished by the presence of polyamines (66). 

In addition to a possible structural role of polyamines, 

facilitating the condensation of DNA at the end of spermiogen

esis, other possible functions of polyamines can be postulated: 

1) competition with his tones for DNA binding during histone 

removal; 

and 3) 

2) protection of DNA against nucleases and mutagens; 

regulation of enzymatic activities involved in the 

nucleohistone-nucleoprotamine transition. The polyamine 

spermine stimulates histone acetyl transferase in chicken testis 

chromatin in vitro (68). 

CHANGES IN CHROMATIN STRUCTURE DURING SPERMATOGENESIS 

Most of the information on the structural changes of chro

matin during spermatogenesis has been obtained with the electron 

microscope and by cytochemical methods. Nucleases and RNA poly

merases have also been used as a tool for probing the major 

changes in chromatin structure that take place during the 

nucleohistone-nucleoprotamine transition. 

Primary Spermatocytes 

Chromosomal structures in primary spermatocytes have been 

identified as lampbrush loop-like differentiations. RNA synthe

sis and processes other than transcription have been demon

strated in association with these chromatin loops by electron 

microscopy and autoradiography of pachytene chromosomes (2, 69). 

In species that are as phylogenetically distant as lily and 

mouse, a common pattern for the organization of meiotic recombi

nation has been reported (7). Four components of the pattern 

have been identified: transient appearance of a protein that 

facilitates DNA reannealing; the programmed introduction of 

single strand nicks, many of them extended to gaps; the repair 

of endogenous formed nicks and gaps; and the preferential local

ization of nicks and gaps in specific DNA sequences. 
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During meiotic prophase, the sites of DNA that undergo 

nick-repair activity and could be initiation sites for genetic 

recombination, show a unique organization (70, 71). A group of 

small nuclear RNA molecules (PsnRNA) transcribed by RNA polym

erase III during the zygoten-pachytene interval, are associated 

with these sites by sequence complementarity. The altered chro

matin domains containing PsnRNA become accessible to meiotic 

endonuclease and DNase II. These domains probably contain a 

nonhistone protein rather than the usual histones. 

Spermiogenesis 

The initiation pattern of RNA synthesis in vitro, obtained 

on chromatin of chicken spermatids by using E. coli RNA poly

merase differs from the pattern observed on chromatin of pre

vious stages of spermatogenesis (10) in the following ways: 

1) increased number of binding sites; 2) increased rate of 

propagation of growing RNA chains; 3) presence of strong and 

weak polymerase binding sites; 4) shorter half time of formation 

of high-affinity enzyme-chromatin complexes (RS complexes) and 

higher temperature dependence of the RS-comp1ex formation. The 

eukaryotic RNA polymerase II enzyme is far less efficient for 

initiation of RNA synthesis and shows higher temperature depen

dence on chromatin obtained from elongated spermatids than on 

chromatin of meiotic and premeiotic cells. 

The characteristics of the initiation pattern of RNA syn-

thesis in vitro ----
undergoing the 

gether with the 

on chromatin of genetically inactive spermatids 

nuc1eohistone-nuc1eoprotamine transition, to

high capacity for binding of actinomycin D in 

vivo and in vitro of this chromatin, reflects unmasking of DNA 

during spermiogenesis (Figure 3) (3, 10). Electron microscopic 

visualization of the nuc1eohistone-nuc1eoprotamine transition 

also shows marked changes in chromatin structure. The beaded 

chromatin fibers of mouse testis cells are replaced in late 

spermatids by smooth fibers (4). Domains of chromatin obtained 

from late stage trout testis also show a highly relaxed struc

ture with reduced nuc1eosome density or an entirely nuc1eosome

free appearance (24). 
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Bulk cell chromatin consists of static nucleosomes with DNA 

supercoils constrained and packaged by the nucleosomal core his

tones and histone Hl (72, 73). As a consequence of histone 

modification or by the presence of additional proteins, together 

with a possible induction of DNA supercoiling by an active 

energy-driven process, static nucleosomes undergo transition 

into dynamic nucleosomes (72, 73). The generated supercoils of 

dynamic nucleosomes are able to interact with proteins. The 

term "dynamic chromatin" is used instead of "active chromatin" 

because gene expression requires the presence of enzymes and 

protein factors in addition to supercoiled DNA. 

Bulk chromatin of spermatids, before the nucleohistone

nucleoprotamine transition COIIlIIlences, might consist of static 

nucleosomes. Histones cannot be removed from static nucleosomes 

by protamine (29). The canonical histone octamer in static 

nucleosomes should be altered during spermiogenesis by histone. 

modifications (hyperacetylation, ubiquitination, or ADP

ribosylation) or by the presence of additional components (HMG 

proteins) to become dynamic nucleosomes. The DNA of these 

dynamic nucleosomes is genetically inactive, but it is able to 

interact with the protamine. Through interaction with the pro

tamine in an ambiance of high polyamine concentration, the 

disassembly of nucleosomes would become possible. We do not yet 

know if an active ATP-driven reaction is necessary for the tran

sition from static to dynamic nucleosomes during spermiogenesis. 

Besides the possibility of an active induction, supercoiled 

DNA in spermatids must be present as a consequence of histone 

removal. The superhelical density induced by histone removal 

(74) is in the range sufficient to drive alternating dG-dC 

sequences towards the Z-DNA conformation. Polyamines and pro

teins containing large numbers of basic residues stabilize Z-DNA 

(75). Supercoiled DNA and Z-DNA conformation could play some 

role during the nucleohistone-nucleoprotamine transition. 

The binding of the protamine to DNA occurs when the serine 

residues of the protamine are phosphorylated (76). Phosphor

ylated protamines displace histones and avoid a premature 

condensation of DNA, which probably could interfere with the 

process. Once histones have been displaced, the dephosphoryla-
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tion of protamine produces extensive DNA condensation (77). 
Granules of about 400 A in diameter appear scattered throughout 

the nucleus of chicken late spermatids, and then coalesce to 

form the compact nucleoprotamine complex of the head of sperma

tozoa (78). The volume of chicken early spermatid nuclei 

(25 ilm3) decreases to 2 ilm3 during spermiogenesis. The DNA 

becomes tightly packed (0.6 g of DNA/ cm3), reaching a degree of 

condensation similar to that found in the bacteriophage head. 

The condensed DNA of spermatozoa possesses a low capacity for 

binding of actinomycin D and shows a drastic decrease in the 

number of initiation sites for RNA polymerase (Figure 3) (3, 

10) . The process of condensation of DNA during spermiogenesis 

is similar to that observed when viral DNA is packaged into 

virions. Arginine-rich peptides, responsible for the condensa

tion of the nucleoprotein cores released from virions, are 

remarkably similar to protamines (79). Extensive sequence simi

larity is found in nucleotides of the core protein gene of 

hepatitis B virus compared with nucleotides of the trout prota

mine gene (80). 

The end product of differentiation of the male germinal 

cell line, the spermatozoan, shows an efficient packaging of 

DNA. The DNA of this cell is highly protected against nucleases 

and mutagens in a nucleus that possesses a hydrodynamic shape 

that facilitates the delivery of the genetic information with a 

minimum energetic cost. 
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INTRODUCTION 

In this paper we try to explain the variability of sperm 

basic proteins in nature by taking the subphylum Vertebrata as a 

starting point. The data presently available indicate that the 

appearance of unique sperm basic proteins has not been a spo

radic phenomenon during vertebrate evolution. Rather there is a 

general macroevolutionary trend; namely, extreme variability of 

sperm basic proteins in bony fish and frogs gives way to a 

relative constancy of sperm protein types within urodeles, 

snakes, lizards, turtles, birds, metatherian and eutherian mam

mals. Cartilaginous fish also have similar sperm basic 

proteins. Furthermore, within particular orders of frogs and 

bony fish, certain families of sperm basic proteins are charac

teristic for particular genera and even individual species can 

be distinguished by their typical set of sperm proteins. This 

burst of sperm protein variability in the bony fish and frogs 

during vertebrate phylogeny coincides with the absence of inter

nal fertilization in these orders, the appearance of sperm 

motility in the testis rather than the excurrent duct, the 

existence of polyploidy and the general absence of heteromorphic 

sex chromosomes. This seems to relieve selection pressure to 
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maintain some relative constancy of sperm protein type in these 

orders. We speculate that perhaps the set of basic chromosomal 

proteins required to produce a functional sperm in a particular 

species of frog or bony fish is due to the time of onset of 

sexual maturity in that species. Thus, from a phylogenetic 

point of view, although sperm basic protein evolution in the 

vertebrates has been much less conservative than that of the 

nucleosomal histones, it has not been entirely a random affair. 

DIVERSITY OF BASIC PROTEINS IN SPERM 

The basic proteins associated with DNA in the mature sperm 

are highly variable amongst the numerous animals and plants that 

have been examined (I, 2), in contrast to the evolutionarily 

conservative nucleosomal his tones . It is possible to cluster 

this diversity into five main groups (2): type I, the salmon 

type of arginine-rich monoprotamines; type 2, the mouse

grasshopper type of stable protamine or keratinous protamine 

containing cystine; type 3, the Mytilus or mussel intermediate 

type of di- or tri-protamine with lysine and/or histidine as 

well as arginine; type 4 or the Rana somatic-like histone type; 

type 5, the crab type, in which no basic protein is found in the 

mature sperm. 

Subirana (3) has attempted to rationalize the classifi

cation of the first four types by distinguishing two broad 

groups: protamine-containing and histone-containing sperm. 

Proteins in the protamine class contain lysine and arginine to 

the extent of 45-80 mole percent and usually no histidine. 

Proteins in the histone class may be one of four types having: 

a) no detectable change in the histone HI family, b) slight 

change in the histone HI family, c) additional sperm-specific 

basic proteins, and d) considerable changes in histones HI and 

H2B. 

Whatever scheme of classification one adopts, the variety 

of sperm basic chromosomal proteins in nature appears to be 

overwhelming. There does not seem to be any logic to the 

seemingly sporadic appearance of different sperm proteins in 

different phylogenetic groups of animals and plants (2). 
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Is this indeed the case? Perhaps evolutionary trends in 

sperm basic protein evolution do not emerge because one is 

trying to compare too many taxa all at once. What if we limit 

our observations on the diversity of sperm proteins to a single 

subphylum: the vertebrates? If we do so, we believe that a 

macroevolutionary trend is apparent; namely, that the variabil

ity of sperm basic chromosomal proteins is limited to particular 

orders of bony fish and the frogs. Within other vertebrate 

orders these proteins are relatively constant (4). Furthermore, 

within the anurans and the teleosts, another evolutionary trend 

is apparent: variability may extend to the species level. 

Thus, different frog genera are characterized by different fami

lies of sperm basic proteins (4, 5, 6) and in the genus Xenopus, 

each species has a typical electrophoretic profile for its sperm 

proteins (7a,b). In the case of the stickleback, Gasterosteus 

aculeatus, variability extends even to the slightly different 

electrophoretic profiles between saltwater and freshwater forms 

of this species of teleost (Lemke and Kasinsky, ;~ preparation). 

In this paper we present a brief systematic survey of the 

sperm basic proteins found in a limited number of the approxi

mately 40,000 vertebrate species (8). From these data we 

develop the phylogenetic point of view that sperm protein evolu

tion has not been entirely sporadic in the vertebrates. We 

speculate that where sperm basic chromosomal proteins are most 

variable, in frogs and bony fish, consideration of the time of 

the onset of sperm protein synthesis in ontogeny might help to 

explain the phylogenetic patterns. 

SUPERCLASS AGNATHA 

The sperm proteins of j awless fishes have not yet been 

examined. 

CLASS CHONDRICHTHYES 

Amongst the cartilaginous fishes are found the sharks, 

skates, and rays in the subclass Elasmobranchi and the ratfish 

or chimaeras in the subclass Holocephali. Each animal has a 
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A composite cytochemical classification of sperm 
his tones in the vertebrates. This is the classifi
cation scheme of Bloch (1976, 1969) as modified for 
type 3 sperm basic proteins by Kasinsky et a1. 
(1985). The type 3 intermediate category can be 
subdivided into two sUbtypes depending on the ex
tractability of sperm basic chromosomal proteins in 
5% trichloroacetic acid at different temperatures. 
Type 3A requires higher temperatures of 95-100°C for 
extraction whereas type 3B can be extracted at the 
lower temperatures of 85-90°C. 

zonate testis (9) in which spherical ampullae contain germ 

elements at the same stage of development. Cytochemica11y, the 

sperm basic chromosomal proteins of representatives of this 

class are type 2 keratinous protamines (Figure 1). Squa1us 

acanthias, the spiny dogfish, Raja rhina, the longnose skate, 

and Hydro1agus co11iei, the ratfish, all show a transition from 

somatic histones to the salmon type 1 protamine in the elon

gating spermatid to the mouse/grasshopper type 2 protamine, 

containing cystine, in the mature sperm (10-12). Biochemically, 

this transition is marked by the appearance of two basic pro

teins, Sl and S2, that replace the somatic his tones at the 

beginning of nuclear elongation in Scy1iorhinus canicu1us, the 

1es ser spot ted dogfish (13, 14). These proteins are in turn 

replaced by four proteins in elongated spermatids, one of which 

(Z3) is arginine-rich, and the other three (Zl, Z2, S4) are 

arginine- and cysteine-rich (15). In mature sperm cells the 

latter proteins form disulfide crosslinks. Bloch (1, 2) had 

originally characterized the sperm protein type of another shark 

and a ray as intermediate or type 3 based on the earlier studies 

of Kosse1 (16). Recent electrophoretic analysis on acid/urea 

polyacrylamide gels of the testis-specific proteins of 

Hydro1agus (Kasinsky, Bo1s, Stanley, and Tsui, in preparation) 

and of Sgua1us and Rhina (Kasinsky and Tsui, in preparation) 
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indicate that the basic proteins of these cartilaginous fish are 

similar to those of Scyliorhinus. In Figure 2 the Sgualus 

electrophoretic profile for the rapidly migrating sperm proteins 

is shown as a representative for Chondrichthyes. The top four 

bands also represent the electrophoretic profile for Hydrolagus. 

We can conclude from these data that the basic sperm proteins of 

four representatives of the class Chondrichtyes are similar to 

each other and fall into the category of type 2 keratinous 

protamines. 

One totally unexpected difference between spermatogenesis 

in Holocephali and Elasmobranchi deserves mention. Cytochemical 

and electron microscopic examination of ratfish testis has re

vealed an instance of the rare phenomenon of germline chromatin 

diminution during meiotic prophase in this holocephalan fish 

(17). This does not occur in the dogfish or skate. About 10% 

of the DNA is set aside as a chromatin diminution body in the 

ratfish secondary spermatocyte which then is phagocytized in a 

sertoli cell in mid-spermiogenesis. 
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Figure 2. A composite, schematic electrophoretogram of 
vertebrate sperm basic proteins on acid/urea 
polyacrylamide gels. Abbreviation$ are: C = carp; 
G = Gasterosteus; T = Tilapia; P = herring protamine; 
R = Rana; H = Hyla; X = Xenopus; S = Scaphiopus; 
B = Bufo. 
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CLASS OSTEICHTHYES 

The bony fish contain a great variety of sperm basic chro

mosomal proteins falling into the cytochemical categories 

(Figure 1) of type 1 protamines, type 3 intermediate proteins 

and type 4 somatic-like histones (I, 2). Great variability is 

the rule. Salmonid fishes (infraclass Teleostei, suborder 

Salmonoidei) display the protamine type, as Gordon Dixon and 

colleagues have elegantly demonstrated at both the protein (18) 

and DNA levels (see chapter by Dixon et al., this volume). This 

is also true of herring (infraclass Teleostei, order Clupei

formes) and sturgeon (infraclass Chondrostei, order Acipenseri

formes). (See the reviews by Subirana (3) and Chevaillier (15) 

for pertinent references.) Perciformes, with nearly 7000 spe

cies, is the largest order of vertebrates (19) with sperm basic 

proteins falling into cytochemical types 1,3, and 4 (I, 2). 

The goldfish Carassius auratus (infraclass Teleostei, sub

order Cyprinoidei) is the only organism studied thus far in 

which the sperm basic proteins appear to be identical with the 

somatic histones (20). In Figure 2 a variety of electrophoretic 

profiles is displayed for Osteichthyes ranging from the type 4 

somatic-like histones of the carp to the type 3 intermediate 

proteins of Gasterosteus and Tilapia to the type 1 protamines of 

trout and herring. In the case of Gasterosteus, the threespine 

stickleback, Lemke and Kasinsky (in preparation) can detect 

slight electrophoretic differences between saltwater and fresh-

water forms and the electrophoretic profiles of fish 

sticklebacks all appear to be species- ecific. 

variability of sperm proteins amongst the bony fishes 

the species level. 

CLASS AMPHIBIA 

related to 

Thus, the 

extends to 

The phenomenon of marked sperm protein diversity is also 

apparent in anurans but not in urodeles. Thus, cytochemical 

(Figure I), electrophoretic (Figure 2), and amino acid analysis 

of sperm basic proteins in anurans distinguishes type 4 somatic

like histones in Rana with its testis-specific histone HI (21) 
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from the type 3 intermediate proteins of Bufo, Xenopus, Hy1a, 
and Schaphiopus (4-6, 22). In fact extractability in 5% tri
chloroacetic acid at different temperatures can split the type 3 
intermediate histone category into two cytochemical groups: 
type 3B intermediate sperm proteins of Bufo (as well as the 
"typical" representative of this category, the mussel Myti1us) 
are extractable at 85-90°C while Xenopus intermediate type 3A 
sperm proteins require temperatures of 95-100°C for extraction 
(Figure 1). This may be due to the higher content of arginine 
in the more rapidly migrating (Figure 2) Bufo proteins (5). 
Both Xenopus and Bufo sperm proteins contain histidine and 
lysine as well as arginine. In the case of the genus Xenopus, 
the spermatid/sperm basic chromosomal protein profile is 
specific for each of 12 species in the genus and shows subtle 
variations within subspecies of 1aevis (7a, 7b). This is a 
polyploid genus with two lines. One line, including Xenopus 
1aevis (diploid chromosome number 2n = 36) has representatives 
with 2n = 36, 72, and 108 (23, 24). The other line includes 
Xenopus tropica1is (2n = 20) and Xenopus epitropica1is (2n = 40) 
(25). Both cytochemica11y and e1ectrophoretica11y, each of 
these polyploid lines can be distinguished from the other. 
Thus, representatives of species with 2n = 36, 72, and 108 have 
intermediate type basic proteins migrating more rapidly than 
histone H4 (7). On the other hand, Xenopus tropica1is (2n = 20) 
has type 4 somatic-like his tones and does not reveal any inter
mediate bands upon electrophoresis. We predicted a similar 
result for Xenopus epitropica1is (2n = 40) and this proved to be 
the case (7). To our knowledge, this is the first instance of a 
sperm protein profile being successfully predicted with regard 
to an evolutionary trend. In addition, the fact that sperm 
nuclei of different species in the genus Xenopus look similar 
but have different sperm protein profiles (26) rules out the 
possibility that these basic proteins determine the shape of the 
nucleus (27), at least amongst these anurans. It will be 
interesting to find out whether the e1ectrophoretica11y distin
guishable intermediate sperm proteins present in some species of 
Xenopus are multiples of a basic peptide unit, as appears to be 
the case in the protamines of certain molluscs (28). 

In the newts and salamanders (order Urode1a), the story is 

one of constancy of sperm basic protein type, rather than varia-
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bility, as in the frogs. Notophthalmus viridescens, the eastern 

red spotted newt, has a type 1 protamine in the sperm according 

to cytochemical tests (Figure 1), but the fast moving testis

specific band moves more slowly than trout protamine upon elec

trophoresis (Figure 2) and closer to the type 3 intermediate 

protein of Bufo (29). Pleurodeles waltl shows similar cytochem

ical properties (30) as do Taricha torosa, Plethodon vehiculum, 

and Cynops pyrrhogaster (Kasinsky and Mann, in preparation). 

The electrophoretic profiles of Pleurodeles waltl, Ambystoma, 

Salamandra, and Euproctes (31) are similar to each other and to 

that of Notophthalmus (29). During spermiogenesis, a transition 

from somatic his tones to type 2 keratinous protamines in sperma

tids to type 1 protamines in the sperm takes place in both 

Notophthalmus (29) and Pleurodeles (30). Bedford and Calvin 

(32) utilized disulfide reducing reagents and detergents to 

arrive at a similar conclusion. Bloch (1, 2) might have been 

looking at Triturus viridescens spermatids rather than mature 

sperm in classifying these as type 2 keratinous protamines. 

In the class Amphibia, then, we see an evolutionary pattern 

similar to that in fish. Cartilaginous fish display little 

variability in sperm protein type; bony fish are very diverse in 

this respect. Frogs, like bony fish, have many different kinds 

of sperm basic chromosomal proteins. These proteins appear to 

differ between genera and are species-specific within genera in 

some instances. Urodeles, like cartilaginous fish, display 

little variability in their sperm protein type. In the con

cluding section of this paper we will attempt to indicate where 

an explanation for these phenomena might be sought. 

CLASS REPTILIA 

In the order Squamata, the sperm basic proteins of snakes 

and lizards appear to be very similar both electrophoretically 

(4), with several proteins migrating in the vicinity of Bufo 

type 3 intermediate protamine (Figure 2), and with respect to 

their amino acid compositions (7b), containing histidine and 

lysine as well as arginine (Kasinsky, Mann, Huang, Coyle, Fabre, 

and Byrd, in preparation). They, therefore, appear to be inter

mediate type 3 sperm proteins. Cytochemically, four represen-
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tatives of snakes in the suborder Serpentes fall into the 

intermediate type 3B category (Figure 1) rather than the type 1 

protamine category for the snake Natrix natrix as reported by 

Bloch (1, 2). Kharchenko et al. (33) also observe that sperm 

proteins of the grass snake Natrix migrate close to those of 

Bufo. However, three lizards in the suborder Lacertilia show 

type 1 protamine staining in the mature sperm after passing 

through a type 3A intermediate protein transition (Kasinsky et 

al., in preparation). Bloch (1, 2) also observes type 1 prot a

mines in the lizard Holbrookia texana. Why the cytochemical and 

biochemical results are reconciled for snakes but not for liz

ards cannot be explained at this time. The overall impression, 

however, is one of similarity of sperm basic proteins amongst 

snakes and also amongst lizards. 

Turtles (order Testudines) show cytochemical staining that 

places their sperm basic proteins in the type 3A category 

(Figure 1). Electrophoretically, they show a principal fast 

moving band in the middle of the triplet displayed for reptiles 

(Figure 2) (Kasinsky et al., in preparation). Sperm basic 

proteins extracted from the epididymis of the Mississippi alli

gator (order Crocodylia) show three principal bands migrating 

close to that of the turtle. The amino acid composition 

suggests that, like turtle sperm proteins, these are the inter

mediate type of proteins containing histidine, lysine, and 

arginine. Both alligator and turtle sperm proteins are somewhat 

higher in arginine composition than the proteins of Squamata. 

Thus, in reptiles as a class, the evolutionary trend is towards 

relative constancy of sperm basic protein type, rather than 

variability. 

CLASS AVES 

The type 1 protamine of rooster (Gallus domesticus, order 

Galliformes) has been sequenced by Nakano et al. (34a). An 

electrophoretically similar protein can also be extracted from 

the ductus deferens of the mallard, Anas platyrhynchos (order 

Anseriformes) (34b). Because of an active acrosomal protease, 

characterization of intact bird protamines is difficult (35). 

However, Mezquita and colleagues (see his chapter in this 
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volume) have succeeded in characterizing the biochemical tran

sitions associated with histone changes during spermiogenesis in 

the rooster. Examination of five species of birds, representing 

four avian orders (Kasinsky and Mann, in preparation), shows 

that, cytochemica11y, avian sperm proteins can be classified as 

type 1 protamines (Figure 1). Once again, it is the relative 

constancy of sperm basic proteins in this class that stands out, 

although the total number of bird species examined is too low to 

come to a firm conclusion as yet. 

CLASS MAMMALIA 

Here too the sperm proteins show relative constancy with 

one important exception: seven species of mammals in the infra

class eutheria display a type 2 keratinous protamine containing 

cystine and arginine and, more occasionally, lysine and histi

dine (36). However, two mammals of the infrac1ass Metatheria, 

the oppossum Didelphis virginiana and the marsupial rat Smith

opsis crassacaudata, cytochemica11y (1) show type 1 protamines 

without cystine, similar to the sperm histones of birds (Figure 

1). Preliminary data (Kasinsky and Johnstone, unpublished) 

indicate that a single protamine can be extracted from both the 

testis and the epididymis of Antechinus stuarti, a brown marsu

pial mouse representing Mammalia in Figure 2. This protein has 

somewhat slower mobility than that of mouse protamine (36). 

CONCLUSION 

Several evolutionary trends in the diversity of sperm basic 

chromosomal proteins in the vertebrates are apparent from this 

analysis. First, there is a macroevolutionary trend from rela

tive constancy of sperm proteins in cartilaginous fish to great 

variability in bony fish and frogs to relative constancy within 

the reptiles, birds, and mammals. Thus, particular sperm basic 

proteins do not appear sporadically in vertebrate phylogeny. 

Most of the variability is present in particular orders of bony 

fish and frogs and here sperm proteins of the type 1 protamines, 

type 3 intermediate proteins, and type 4 somatic-like histones 

are to be found. Why might this be the case? The sperm basic 
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proteins in these taxa are probably under less selective pres

sure than they are in cartilaginous fish, reptiles, birds, and 

mammals. Bloch (1, 2) and Subirana (37) have suggested that the 

significance of these sperm-specific proteins may lie simply in 

their ability to condense the sperm chromatin and provide 

protection for the male genome, roles which may be rather unspe

cific. The only requirement of the sperm proteins appears to be 

their basicity. The trend away from sperm protein diversity 

towards a more narrow range of arginine-rich or arginine- and 

cystine-rich proteins in the higher vertebrates appears to cor

relate with the occurrence of internal fertilization and the 

appearance of heteromorphic sex chromosomes in vertebrate evolu

tion (4). 

A study of post-testicular sperm maturation has shown that, 

in teleosts and anurans, optimal sperm motility is attained in 

the testis. The sperm of elasmobranchs, urodeles, reptiles, 

birds, and mammals require a period of maturation in the excur

rent ducts before becoming optimally motile (38). The necessity 

for post-testicular maturation appears to coincide with the 

situation in which internal fertilization has been adopted by 

these taxa, precisely those vertebrate groups which show rela

tive constancy of sperm protein type (Table 1). Thus, in 

contrast to Bloch's (2) view, there does appear to be a correla

tion between the relative constancy of sperm basic proteins and 

animal groups where internal fertilization is the general rule. 

In teleosts and anurans, where fertilization is generally exter

nal, sperm proteins may have diverged in response to environ

mental factors and perhaps partly in response to the effects of 

genetic drift on proteins with an unspecific function. By 

contrast, the internal environment of the female tract may have 

placed certain selective constraints on the evolution of the 

sperm basic proteins in animals with internal fertilization. 

In order to explain the variability of highly arginine-rich 

sperm basic proteins, Bloch (2) proposed that, in organisms with 

chromosomally-based sex-determination, some of the histone genes 

might have been freed from the selective restraints which ordi

narily cause histones to be evolutionarily conservative. By 

becoming localized on the heteromorphic regions of the sex chro

mosomes, these genes would be protected from crossing over and 
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point-mutations might accumulate. Since the only requirement of 

sperm proteins appears to be their basicity and since there are 

more codons for arginine than for lysine or histidine, the 

genetic code might provide a "statistical trap." Thus, genetic 

drift would be the motivating force behind the accumulation of 

arginine in these proteins. 

Kasinsky et al. (4) proposed that the trend toward relative 

constancy of sperm basic proteins might be explained by a modi

fication of Bloch's (1, 2) original hypothesis. We suggested 

that the amount of sperm protein variability in a given class 

might be related to the degree to which sex-determination is 

chromosomally based. As Ohno (39) has pointed out, it is with 

the reptiles that nature ceased its experimentation with poly

ploidization, as seen by the appearance of heteromorphic sex 

chromosomes that determine sex-differentiation. Heteromorphic 

sex chromosomes are known to be present in certain species of 

lizards and then appear more regularly in snakes, birds, and 

mammals (40). Rare cases of sex chromosome heteromorphism have 

also been noted among the urodeles (4la). With some exceptions 

(4lb) , fish and anurans do not generally display heteromorphic 

sex chromosomes and sex reversal is still possible by hormone 

treatment (42). Numerous cases of polyploidy are also observed 

in fish and frogs (43-46). It may not be simply a coincidence 

that in organisms where sex-determination is less chromosomally 

based (fish and anurans), we see diversity of sperm protein 

types, whereas in reptiles, birds, and mammals, with their 

chromosomal sex-determination, we see only the arginine-rich 

types of sperm proteins (Table 1). According to Bloch's (1, 2) 

hypothesis, one would expect to see an accumulation of arginine 

if the genes coding for sperm basic proteins had become located 

on the sex chromosomes. The appearance of cysteine in the 

mammalian protamines could be attributed to a simple point 

mutation from an arginine codon and its significance might be 

related to the fact that the mammalian sperm head must be highly 

stabilized in order to get through the very thick zona pellucida 

of the ovum in eutherian mammals (32). As we noted earlier (4), 

this hypothesis might be testable by isolation of protamine mRNA 

from reptiles, birds, or mammals and localization of the sperm 

protein genes on the sex chromosomes by in situ hybridization. 

The recent isolation of a mammalian protamine mRNA by Krawetz 

345 



and Dixon (47) makes this experiment a distinct possibility. 

Nevertheless, the overall conclusion is that sperm protein evo

lution has not been entirely sporadic. Sperm basic proteins 

might be more variable precisely in those species of bony fish 

and frogs that are not constrained by internal fertilization and 

chromosomally-based sex-determination typified by heteromorphic 

sex chromosomes (Table 1). 

While these considerations may help to explain the overall 

macroevolutionary trend in vertebrate sperm protein diversity, 

they still do not account for the species-specific sperm basic 

proteins in particular anurans, such as the genus Xenopus, or in 

bony fish like the sticklebacks. To explain these findings it 

may be necessary to compare the timing of the onset of sperm 

protein synthesis in different species of a single genus. Gould 

(48) has developed a clock model to explain heterochrony, or 

"changes in the relative time of appearance and rate of develop

ment for characters already present in ancestors." Such a model 

emphasizes that changes in developmental timing produce paral

lels between the stages of ontogeny and phylogeny. Bloch (1) 

has suggested that we might examine such relationships between 

ontogeny and phylogeny to search out clues for sperm protein 

variability. 

Perhaps we can apply a clock model similar to Gould's (48), 

but at the molecular level, to the genus Xenopus. In Figure 3, 

above such a clock is the pathway for sperm protein changes in 

development: somatic-like sperm histones to intermediate type 

sperm proteins to protamines to keratinous protamines. Both the 

2n = 20, 40 polyploid line represented by Xenopus tropica1is and 

the 2n = 36, 72, 108 polyploid line starting with Xenopus 1aevis 

and Xenopus borealis have diverged from a common ancestor which 

may have had 2n = 24, judging by the diploid chromosome numbers 

of closely related primitive frog genera (44, 45). Let us 

assume that tropica1is has more closely maintained the ontogenic 

pathway of that ancestor (49) so that, on a relative basis, 

1aevis and borealis have shifted their age of first maturity 

("puberty") to a longer interval after fertilization. This 

means that tropica1is, closer to the ancestral form, synthesizes 

a set of somatic-like sperm histones to produce a functional 

sperm. Therefore, both the "genus hand" and the "species hand" 
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XenoRus 
borealis 

Xenopus 
laevis 

Figure 3. A speculative model based on the heterochrony clock 
of Gould (1977) to explain sperm basic chromosomal 
protein variability in the polyploid genus Xenopuls. 

of the clock in the Figure 3 are set to the left. In borealis 

and laevis, less like the ancestral form, the longer time inter

val to sexual maturity means that these organisms utilize genes 
for intermediate type proteins to .produce functional sperm. 
They both have their "genus hand" facing up in Figure 3. The 
"species hand" varies somewhat 

laevis has a somewhat different 

borealis (7a, 7b). 

since, electrophoretically, 

sperm protein profile than 

The essence of this proposal is that individuals in a 
species select their particular set of sperm basic chromosomal 
proteins from the entire family of sperm protein genes phylo

genetically available in that genus depending on the timing of 

sexual maturity. As the sperm basic proteins are relatively 
non-specific and anyone of a variety of basic protein sets are 
suitable to incorporate into a functional sperm, the particular 

set of proteins chosen is due to other features of the organ-
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ism's development. The protein set is species-specific not 
because it has been intensely selected but because it reflects 
the time after fertilization at which the organism terminates 
the possible ontogenetic pathway for sperm basic protein pro
duction and actually synthesizes a functional sperm. Such a 
proposal predicts that Xenopus tropicalis has a set of inter
mediate sperm protein genes similar to those of laevis, 
borealis, and other species in the genus Xenopus but does not 
express them. This possibility is open to experimental verifi
cation, as is the determination of relative rates for the onset 
of sexual maturity in the two polyploid lines of the genus. 
From a phylogenetic point of view, therefore, it may be possible 
to understand why sperm basic protein evolution in the verte
brates, although far from being as conservative as that of the 
nucleosomal histones, has not been a completely sporadic 
phenomenon. 

ACKNOWLEDGMENTS 

We are pleased to acknowledge the helpful comments offered 
by Professor Juan Subirana. We also thank NSERC of Canada for 
operating and equipment grants that supported the studies cited 
in this review as originating from our laboratory, as well as 
for a travel grant to H.E.K. 

REFERENCES 

1. BLOCH, D.P. (1976). Histones of sperm. In: "Handbook of 
Genetics," Vol. 5 (R.C. King, ed.) pp. "T36-167. Plenum 
Press, New York. 

2. BLOCH, D.P. (1969). A catalog of sperm histones. Genetics 
(suppl.) 61, 93-111. 

3. SUBlRA}lA, J.A. (1983). Nuclear proteins in spermatozoa and 
their interactions with DNA. In: "The Sperm Cell," (J. 
Andre, ed.) pp. 197-213. Martinus Nijhoff, The Hague. 

4. KASINSKY, H .. E., HUANG, S.Y., KAWUK, S., MANN, M., SWEENEY, 
M.A.J., and YEE, B. (1978). On the diversity of sperm 
histones in the vertebrates. III. Electrophoretic varia
bility of testis-specific histone patterns in Anura con
trasts with relative constancy in Squamata. J. Exp. Zool. 
203, 109-126. --

348 



5. KASINSKY, H.E., HUANG, S.Y .. MANN, M., ROCA, J., and 
SUBlRAJTA, J.A. (1985). On the diversity of sperm histones 
in the vertebrates. IV. Cytochemical and amino acid anal
ysis in Anura. ~. Exp. Zool. 234, 33-46. 

6. BOLS, N.C. and KAS IN SKY , H.E. (1973). An electrophoretic 
comparison of histones in anuran testes. Can.~. Zool. 51, 
203-208. 

7a. MANN, M., RISLEY, M.S., ECKHARDT, R.A., and KASINSKY, H.E. 
(1982). Characterization of spermatid/sperm basic chromo
somal proteins in the genus Xenopus (Anura, Pipidae). J. 
Exp. Zool. 222, 173-186. 

7b. KASINSKY, H. E. (1985). Why are sperm histones more vari
able in frogs than in salamanders, snakes, and lizards? 
Bio10gia Molecular: Segones Jornades, Societat Catalana de 
Biologia, 34-40. 

8. VILLEE, C.A., WALKER, Jr. C.A., and BARNES, R.D. (1973). 
"General Zoology," fourth edition. W. B. Saunders, Phila
delphia. 

9. DODD, J .M. (1983). Reproduction in cartilaginous fishes 
(Chondrichthyes). In: "Fish Physiology," Vol. IX, Part A 
(W.S. Hoar, D.J. Rauua1l, and E.M. Donaldson, eds.) pp. 31-
95. 

10. BOLS, N.C., BOLISKA, S.A., RAINVILLE, J.B., and KASINSKY, 
H.E. (1980). Spermiogenesis in the 10ngnose skate and the 
spiny dogfish. ~. Exp. Zool. 212, 423-433. 

11. BOLS, N.C. and KASINSKY, H.E. (1976). On the diversity of 
sperm histones in the vertebrates. II. A cytochemical 
study of basic protein transitions during spermiogenesis in 
the cartilaginous fish Hydro1agus colliei. J. Exp. Zool. 
198, 109-114. - --

12. BOLS, N.C. and KASINSKY, H.E. (1974). Cytochemistry of 
sperm histones in three cartilaginous fish. Can. J. Zool. 
52, 437-439. 

13. GUSSE, M. and CHEVAILLIER, P. (1981). Microelectrophoretic 
analysis of basic protein changes during spermiogenesis in 
the dogfish Scylliorhinus caniculus (L) . Exp. Cell Res. 
136, 391-397. 

14. GUSSE, M. and CHEVAILLIER, P. (1978). Etude ultrastructu
rale et chimique de la chromatine au cours de la spermio
genese de la roussette Scyliorhinus caniculus(L). Cyto
biologie 16, 421-443. 

15. CHEVAILLIER, P. (1983). Some aspects of chromatin organi
zation in sperm nuclei. In: "The Sperm Cell," (J. Andre, 
ed.) pp. 179-196. MartinUS-Nijhoff, The Hague. 

16. KOSSEL, A. (1928). "The Protamines and Histones." 
Longmans Green, London. 

17. STANLEY, H.P., KASINSKY, H.E., and BOLS, N.C. (1984). 
Meiotic chromatin diminution in a vertebrate, the holo
cephalon fish Hydrolagus co11iei (Chondrichthyes, Holo
cephali). Tissue and Cell 16,203-215. 

18. DIXON, G. H. (1974). The basic proteins of trout testis 
chromatin: Aspects of their synthesis, post-synthetic 
modifications, and binding to pNA. Karo1ynska~. ~ 
Res. Meth. in Reprod. BioI. ~, 130-154. 

349 



19. MOYLE, P.B. and CECH, Jr. J.J. (1982). "Fishes: An Intro
duction to Ichthyology." Prentice Hall, New Jersey. 

20. MUNOZ-GUERRA, S., AZORIN, F., CASAS, M. T ., MARCET, X., 
MARISTANY, M.A., ROCA, J., and SUBIRANA, J .A. (1982). 
Structural organization of sperm chromatin from the fish 
Carassius auratus. Exp. Cell Res., 137, 47-53. 

21. ALDER, D. and GOROVSKY, M.A. (1975). Electrophoretic anal
ysis of liver and testis histones of the frog Rana pipiens. 
~. Cell Biol. 64, 389-397. 

22. BOLS, N.C. and KASINSKY, H.E. (1972). Basic protein compo
s i tion 0 f anuran sperm: a cytochemical study. Can. J. 
Zool. 50, 171-177. 

23. TYMOWSKA, J. (1977). A comparative study of the karyotypes 
of eight Xenopus species and subspecies possessing a 36-
chromosome complement. Cytogen. Cell Genet. 18, 165-181. 

24. TYMOWSKA, J. and FISCHBERG, M. (1973). Chromosome comple
ments of the genus Xenopus. Chromosoma 44, 335-342. 

25. FISCHBERG, M., COLOMBELLI, B., and PICARD, J.J. (1982). 
Diagnose preliminaire d'une espece naturelle de Xenopus du 
Zaire. Alytes~, 53-55. 

26. RISLEY, M.S., ECKHARDT, R.A., MANN, M., and KASINSKY, H.E. 
(1982). Determinants of nuclear shaping in the genus 
Xenopus. Chromosoma 84, 557-569. 

27. FAWCETT, D.W., ANDERSON, W.A., and PHILLIPS, D.M. (1971). 
Morphogenetic factors influencing the shape of the sperm 
head. Dev. Biol. 26, 220-251. 

28. COLOM, J. and SUBIRANA, J.A. (1979). Protamines and re
lated proteins from spermatozoa of molluscs. Characteriza
tion and molecular weight determination by gel electro
phoresis. Biochim. Biophys. Acta 581, 217-227. 

29. BOLS, N.C., BYRD, E.W., Jr., and KASINSKY, H.E. (1976). On 
the diversity of the sperm histones in the vertebrates. I. 
Changes in basic proteins during spermiogenesis in the newt 
Notophthalmus viridescens. Differentiation I, 31-38. 

30. PICHERAL, B. (1970). Nature et evolution des proteines 
basiques au cours de la spermiogenese chez Pleurodeles 
waltl Michah, amphibien urodele. Histochemie 23, 189-206. 

31. PICHERAL, B. (1979). Structural, comparative, and func
tional aspects of spermatozoa in urodeles. In: "The 
Spermatozoon," (D. W. Fawcett and J .M. Bedford, eos.) pp. 
267-287. Urban and Schwarzenberg, Baltimore. 

32. BEDFORD, J.M. and CALVIN, H.I. (1974). The occurrence and 
possible functional significance of -S-S- cross links in 
sperm heads with particular reference to eutherian mammals. 
~. Exp. Zool. 188, 137-156. 

33. KHARCHENKO, E.P., NALIVAEVA, N.N., and SOKOLOVA, T.V. 
(1980). Heterogeneity of cationic proteins of the chroma
tin of various tissues. Biokhimi~a 45, 1630-1638 (in 
Russian). English translation in 1 8l,-Plenum Publishing 
Corp. 

34a. NAKANO, M., TOBITA, T., and ANDO, T. (1976). Studies on a 
protamine (galline) from fowl sperm. 3. The total amino 
acid sequence of the intact galline molecule. Int. J. 
Pept. Prot. Res. ~, 565-578. 

350 



34b. CHIVA, M., KASINSKY, H.E., and SUBlRANA, J.A. (1985). 
Caracteritzacio de protamines d'aus. I. Proteins testicu
lars d'anec (Anas platyrhynchos). Biologia Molecular: 
Segones Jornades, Societat Catalana de Biologia, 64-65. 

35. MEZQUITA, C. and TENG, C.S. (1977). Studies on sex organ 
development: changes in nuclear and chromatin composition 
and genomic activity during spermiogenesis in the maturing 
rooster testis. Biochem.~. 164, 99-111. 

36. BELLVE, A.R. (1979). The molecular biology of mammalian 
spermatogenesis. In: "Oxford Reviews of Reproductive 
Biology," Vol. 1 ('C":'"A. Finn, ed.) pp. 159-261. Clarendon 
Press, Oxford. 

37. SUBlRANA, J .A. (1975). On the biological role of basic 
r.roteins in spermatozoa and during spermiogenesis. In: 
'The Biology of the Male Gamete," (J.G. Duckett and P.A. 

Racey, eds.) pp. 239-244. Academic Press, New York. 

38. BEDFORD, J.M. (1979). Evolution of the sperm maturation 
and sperm storage functions of the epididymis. In: "The 
Spermatozoon," (D.W. Fawcett and J.M. Bedford, eds-:) pp. 7-
21. Urban and Schwarzenberg, Baltimore. 

39. OHNO, S. (1969). The role of gene duplication in verte
brate evolution. In: "The Biological Basis of Medicine," 
Vol. 4 (E.E. Bitta~ ed.) pp. 109-132. Academic Press, New 
York. 

40. BECAK, M.L., BECAK, W., CHEN, T.R., and SCHOFFNER, R.M. 
(1975). "Chromosome Atlas: Fish, Amphibians, Reptiles and 
Birds," Vol. 3, Springer Verlag, New York. 

4la.SCHMID, M., OLERT, J., and KLETT, C. (1979). Chromosome 
banding in amphibia. III. Sex chromosomes in Triturus. 
Chromosoma 71, 29-55. 

4lb. SCHMID, M., HAAF, T., GEILE, and SIMS, S. (1983). Unusual 
heteromorphic sex chromosomes in a marsupial frog. Experi
entia 39, 1153-1155. 

42. REINBLOTH, R. (1975). "Intersexuality in the Animal King
dom." Springer-Verlag, New York. 

43. OHNO, S., WOLF, S., and ATKIN, N.B. (1968). Evolution from 
fish to mammals by gene duplication. Hereditas 59, 179-
193. -

44. MORESCALCHI, A. (1973). Amphibia. In: "Cytotaxonomy and 
Vertebrate Evolution," (A.B. Chiarilli and E. Capanna, 
eds.) pp. 233-348. Academic Press, New York. 

45. MORESCALCHI, A. (1977). Phylogenetic aspects of karyolog
ical evidence. In: "Major Patterns in Vertebrate Evolu
tion," (M.K. Hecht, P.C. Goody, and B.M. Hecht, eds.) pp. 
149-167. Plenum Press, New York. 

46. BOGART, J.P. (1980). Evolutionary implications of poly
ploidy in amphibians and reptiles. In: "Polyploidy: 
Biological Relevance," (W.H. Lewis, ea.) pp. 341-378. 
Plenum Press, New York. 

47. KRAWETZ, S.A. and DIXON, G.H. (1984). Isolation and in 
vitro translation of a mammalian protamine messenger RNA. 
Bioscience Rep. ~, 593-604. 

351 



48. GOULD, S.J. (1977). "Ontogeny and Phylogeny." Belknap 
Press, Harvard. Cambridge, Mass. 

49. MORESCALCHI, A. (1979). New developments in vertebrate 
cytotaxonomy. I. Cytotaxonomy of the amphibians. 
Genetica 50, 179-193. 

352 



CONTRIBUTORS 

AIKEN, J.M., Department of Medical Biochemistry, Health Sciences 
Centre, University of Calgary, 3330 Hospital Drive N.W., 
Calgary, Alberta T2N 4N1 CANADA 

ARENDES, J., Institut fur Physio10gische Chemie, Johannes
Gutenberg-Universitat, D-6500 Mainz, WEST GERMANY 

AZORIN, F., Departament Quimica Macromolecular, E.T.S.I.I.B., 
Diagonal 999, 08028 Barcelona, SPAIN 

BALDWIN, J., Department of Physics, Liverpool Polytechnic, Byrom 
Street, Liverpool L3 3AF UK 

BEATO, M., Institut fur Physio10gische Chemie, der Phi11ipps
Universitat, Deutschhausstrasse 1-2, D-3550 Marburg, FRG 

CATO, A.C.B., Institut fur Physio10gische Chemie, der Phi11ipps
Universitat, Deutschhausstrasse 1-2, D-3550 Marburg, FRG 

CRANE-ROBINSON, C., Biophysics Laboratories, Portsmouth Poly
technic, St. Michael's Building, White Swan Road, 
Portsmouth POl 2DT, Hants UK 

DAVIES, S.G., Dyson Perrins Laboratory, South Parks Road, 
Oxford, OX1 3QU ENGLAND 

DIXON, G.H., Department of Medical Biochemistry, Health Sciences 
Centre, University of Calgary, 3330 Hospital Drive N.W., 
Calgary, Alberta T2N 4N1 CANADA 

EARNSHAW, W.C., Department of Cell Biology and Anatomy, Johns 
Hopkins School of Medicine, 725 North Wolfe Street, 
Baltimore, Maryland 21205 USA 

ELGIN, S.C.R., Department of Biology, Washington University, 
St. Louis, Missouri 63130 USA 

GOODWIN, G.H., Chester Beatty Laboratories, Institute of Cancer 
Research, Fu1ham Road, London, SW3 6JB UK 

HEGUY, A., Department of Microbiology, University of Southern 
California, School of Medicine, 2011 Zonal Avenue, Los 
Angeles, California 90033 USA 

HOLTLUND, J., Department of Biochemistry, University of Oslo, 
Oslo, NORWAY 

HUANG, S.-Y., Department of Zoology, University of British 
Columbia, Vancouver, B.C. V6T 2A9 CANADA 

JANICH, S., Institut fur Physio10gische Chemie, der Phi11ipps
Universitat, Deutschhausstrasse 1-2, D-3550 Marburg, FRG 

JANKOWSKI, J.M., Department of Medical Biochemistry, Health 
Sciences Centre, University of Calgary, 3330 Hospital Drive 
N.W., Calgary, Alberta T2N 4N1 CANADA 

353 



JOSE, M., Institut de Biologia de Barcelona del CSIC, Jordi 
Girona Salgado, 18, 08034 Barcelona, SPAIN 

KARIN, M., Department of Microbiology, University of Southern 
California, School of Medicine, 2011 Zonal Avenue, Los 
Angeles, California 90033 USA 

KASINSKY, H.E., Department of Zoology, University of British 
Columbia, Vancouver, B.C. V6T 2A9 CANADA 

KORANT, B.D., Central Research & Development Department, 
Experimental Station, E.I. du Pont de Nemours & Company, 
Inc., Wilmington, Delaware 19898 USA 

KRAUTER, P., Institut fur Physiologische Chemie, der Phillipps
Universitat, Deutschhausstrasse 1-2, D-3550 Marburg, FRG 

LALAND, S.G., Department of Biochemistry, University of Oslo, 
Oslo, NORWAY 

LASTERS, I., Labo Algemene Biologie, Vrije Universiteit Brussel, 
Paardenstraat 65, 1640 Sint Genesius Rode, Brussels, 
BELGIUM 

LEMKE, M., Department of Zoology, University of British 
Columbia, Vancouver, B.C. V6T 2A9 CANADA 

LUND, T., Department of Biochemistry, University of Oslo, 
Oslo, NORWAY 

MANN, M., Department of Zoology, University of British Columbia, 
Vancouver, B.C. V6T 2A9 CANADA 

McKENZIE, D.I., Department of Medical Biochemistry, Health 
Sciences Centre, University of Calgary, 3330 Hospital Drive 
N.W., Calgary, Alberta T2N 4Nl CANADA 

MEZQUITA, C., Department of Physiology, Faculty of Medicine, 
University of Barcelona, Casanova, 143, 08036 Barcelona, 
SPAIN 

MOIR, R., Department of Medical Biochemistry, Health Sciences 
Centre, University of Calgary, 3330 Hospital Drive N.W., 
Calgary, Alberta T2N 4Nl CANADA 

MUYLDERMANS, S., Labo Algemene Biologie, Vrije Universiteit 
Brussel, Paardenstraat 65, 1640 Sint Genesius Rode, 
Brussels, BELGIUM 

NAHON, J.-L., Laboratoire d'Enzymologie de C.N.R.S., 91190 Gif
sur-Yvette, FRANCE 

NICOLAS, R.H., Chester Beatty Laboratories, Institute of Cancer 
Research, Fulham Road, London, SW3 6JB UK 

PUIGDOMENECH, P., Institut de Biologia de Barcelona del CSIC, 
Jordi Girona Salgado, 18, 08034 Barcelona, SPAIN 

REECK, G.R., Department of Biochemistry, Kansas State 
University, Manhattan, Kansas 66506 USA 

RICH, A., Department of Biology, Massachusetts Institute of 
Technology, Cambridge, Massachusetts 02139 USA 

SALA-TREPAT, J.M., Laboratoire d'Enzymologie de C.N.R.S., 91190 
Gif-sur-Yvette, FRANCE 

SCHEIDEREIT, C., Institut fur Physiologische Chemie, der 
Phillipps-Universitat, Deutschhausstrasse 1-2, D-3550 
Marburg, FRG 

354 



SCHOFIELD, P.N., Department of Zoology, University of Oxford, 
South Parks Rd., Oxford, OXI 3PS, ENGLAND 

SCHUMPERLI, D., Institut fur Molekularbiologie II, Universitat 
Zurich, ETHZ-Honggerberg, 8093 Zurich, SWITZERLAND 

SIEGFRIED, E., Department of Biology, Washington University, 
St. Louis, Missouri 63130 USA 

STATES, J.C., Department of Medical Biochemistry, Health 
Sciences Centre, University of Calgary, 3330 Hospital Drive 
N.W., Calgary, Alberta T2N 4Nl CANADA 

SUSKE, G., Institut fur Physiologische Chemie, der Phillipps
Universitat, Deutschhausstrasse 1-2, D-3550 Marburg, FRG 

THOMAS, G.H., Department of Biology, Washington University, 
St. Louis, Missouri 63130 USA 

TOULME, J.-J., Laboratoire de Biophysique, INSERM U.20l, Museum 
National d'Histoire Naturelle, 61, Rue Buffon, F-75005 
Paris, FRANCE 

VON DER ARE, D., Institut fur Physiologische Chemie, der 
Phillipps-Universitat, Deutschhausstrasse 1-2, D-3550 
Marburg, FRG 

WASYLYK, B., Laboratoire de Genetique Moleculaire des Eucaryotes 
de CNRS, Unite 184 de Biologie Moleculaire et de Genie 
Genetique de l'INSERM, II, rue Humann, 67085 Strasbourg
Cedex, FRANCE 

WESTPHAL, H.M., Institut fur Physiologische Chemie, der 
Phillipps-Universitat, Deutschhausstrasse 1-2, D-3550 
Marburg, FRG 

WRIGHT, C.A., Chester Beatty Laboratories, Institute of Cancer 
Research, Fulham Road, London, SW3 6JB UK 

WYNS, L., Labo Algemene Biologie, Vrije Universiteit Brussel, 
Paardenstraat 65, 1640 Sint Genesius Rode, Brussels, 
BELGIUM 

ZAVOU, S., Chester Beatty Laboratories, Institute of Cancer 
Research, Fulham Road, London, SW3 6JB UK 

355 



INDEX 

Aromatic amino acids in DNA
binding proteins, 265-
269 

Autonomously replicating se
quences (ARS) , 204-206 

72-Base pair repeat of SV40, 
88, 107-110, 198 

Cap site, 104-105 
Cell division cycle (CDC) 

genes, 206-208 
Chromosome, see Mitotic chro

mosome structure 
Chromatin structure 

in albumin and a-fetoprotein 
genes, 161-165 

electron microscopy studies, 
38-39 

in enhancers, 109-110 
and gene expression, 77-102, 

112, 221 
in globin genes, 231-234 
higher order structure, 27, 

33-34, 37-53 
HMG proteins and chromatin 

structure, 230-234, 
251-253 

in hypersensitive sites, 77-
102, 164-165 

in ovalbumin gene, 231-234 
in spermatogenesis, 315-332 
at SV40 origin of replica-

tion, 87, 88, 93, 109-
110 

Chromosome scaffold, 58-68 
Conformation of nuc1eosoma1 

DNA, 3 
Crystallographic structure 

determinations 
gene 5 protein, 271-272 
hexanuc1eotide in Z conforma

tion, 189-191 
histone octamer, 4-7 
nuc1eosome core particle, 

2-4 
Damaged DNA, interactions with 

proteins, 278-279 

Domains 
in chromosomes, 60, 89 
in core histones, 10-13 
in histone H1 family, 29 
in HMG-1 family, 253-256 
in gene 32 protein, 274 
in glucocorticoid receptor, 

123 
Double-stranded RNA in inter

feron induction, 179 
DNA conformations, 91, 189-

201 
DNA-binding proteins, non

his tones (also see 
HMG proteins) 

binding parameters, 250, 
268-270, 273 

in DNA replication in 
yeast, 210 

glucocorticoid receptor, 
122-126, 129, 130, 146 

in hypersensitive sites in 
chromatin, 88, 90-92 

interactions with satellite 
DNA, 234 

single-stranded DNA binding 
proteins, 250, 269-278 

stacking interactions, 263-
286 

as transcription factors, 
106, 172 

Z-DNA binding proteins, 
197-199 

DNA po1ymerases in yeast, 
210-212 

DNA replication, 203-220 
cell division cycle (CDC) 

genes and their pro
teins, 206-208 

and hypersensitive sites in 
chromatin, 93 

in vitro studies in yeast 
system, 208-210 

topological considerations, 
67 

yeast replication proteins, 

357 



210-212 
DNA replication proteins, 210-

213 
3'-Editing of histone mRNAs, 

173-174 
Enhancers, 88, 107-112, 128, 

171, 198 
Evolution 

of histones, 10-13, 27-29 
of protamines, 287-314 
of sperm basic proteins, 

333-352 
Evolutionary origin of prota

mine genes, 309 
ex-Fetoprotein 

chromatin structure of gene, 
161-165 

occurrence and properties, 
154-156 

transcriptional regulation 
of gene, 156-158 

Gene 5 protein, 270-273 
Gene 32 protein, 273-278 
Genes 

adenovirus genes, lOS, 106, 
108, 110 

alcohol dehydrogenase, 84, 85 
CDC genes in yeast, 206-208 
c-myc gene, 85, 88 
collagen, 87 
erb gene, 85 
ex-fetoprotein, 156-165 
globin genes, 85, 86, 90-93, 

lOS, 109, 230-234 
heat shock genes, 60, 78-79, 

85, 88, 90-91, 94, 106 
histones, 60, 84, 107-108, 

171-176, 299 
immunoglobulins, 85, 106, 110 
insulin, 79, 84, 86 
interferon-induced genes, 

182-185 
interferons, 179-182, 299 
lysozyme, 84, 87,.124, 130-

132 
meta11othionein, 79, 84, 92, 

94, 124, 129-130, 144-
150 

mouse mammary tumor virus 
genes, 93, 124, 126-
129 

ovalbumin, 87, 231-234 
polyoma genes, 87 
prolactin, 87 
protamines, 297-314 
ribosomal DNA, 87, 92 
ribosomal protein rp49, 84 
serum albumin, 156-165 
sgs4 glue protein gene, 86, 

89 
SV40 genes, 87, 90, 105-109 

358 

thymidine kinase, 79, 84, 
105-106, 129, 145 

vite11ogenin, 87, 93 
Glucocorticoid receptor 

domain structure, 124-125 
interaction with DNA, 84, 

Ill, 122-135 
Heterochrony clock model for 

sperm protein evolu
tion, 347 

Heterogeneity in chromatin, 
1-2, 37-38, 50 

Higher order structure in 
chromatin, 27, 33-34, 
37-53, 256 

Histone genes, transcription
al regulation, 174-
176 

Histones 
evolution, 10-13 
interaction with HMG pro

teins, 253 
modular construction, 10-13 
proteolytic digestion, 17-

24, 29 
in spermatogenesis, 293, 326 

Histone HI 
amino acid sequences, 28-29 
domain structure, 29 
localization on nuc1eo-

somes, 30-32 
roles in chromatin, 27, 37, 

42 
Histone tails, 11-13, 17-24 
Histones of core particle 

conformations, 2-7 
modular architecture, 10-13, 

17-24 
three-dimensional model of 

histone octamer, 4-7 
HMG proteins 

HMG-1 family, 248-261 
association with chromatin 

particles, 251-253 
domain structure, 253-256 
interactions with DNA, 

250-251 
interactions with his

tones, 253 
in spermatogenesis, 321-

322 
HMG-14/17 family, 221-247 

amino acid compositions, 
225 

amino acid sequences, 228 
postsynthetic modifica

tions, 227-230, 239-
247 

relationship to transcrip
tional activity, 230-
234 



structural properties. 
222-227 

Hypersensitive sites in chro
matin (also see Genes) 

absence of nuc1eosomes. 89-90 
in albumin and a-fetoprotein 

genes. 164-165 
constitutive sites. 84 
inducible sites. 84-87 
mapping. 78-89 
probes for. 78-79. 86. 88 
relationship to transcrip-

tion, 79-88 
RNA polymerase I genes, 86 
structural basis for, 87-94 
table, 80-83 

Indirect end labeling, 78 
Interferon, 177-188 

biological activities and 
assay. 177-178 

structures of the proteins, 
178-179 

Interferon-induced genes, 182-
185 

Long terminal repeats (LTR) , 
84, 88. 93, 125-127. 
129-130, 171. 310 

Messenger RNAs 
albumin, 156-158 
a-fetoprotein. 156-158 
histones, 173-174 
interferon. 179. 181 
protamine. 293 

Meta11othioneins 
biological roles, 143-144 
chromosomal location of 

genes. 149 
gene expression, 144 
gene structure, 143-152 
regulatory elements in gene. 

79, 84. 92, 94, 124. 
145-149 

Methylation of DNA 
absence in yeast. 205 
occurrence during spermato

genesis, 322-323 
relationship to transcrip

tional activity. 92. 
159-160 

stabilization of Z-DNA. 192 
Mitotic chromosome structure 

folded fiber model. 55-57 
helical models. 57-58 
loops or domains. 59-60. 66. 

256 
presence of topoisomerase II 

as structural compo
nent. 65-69 

scaffold models, 58-64 
Modular construction of pro

teins, 10-13 

Nuclease digestion of chro
matin 

DNase I digestion. 3. 77-
94. 109. 161-165. 
221, 230-234 

micrococcal nuclease diges
tion, 39-43. 46-49. 
252 

Nuc1eosome core particle 
sequence preference. 7-9 
three-dimensional mode1,2-7 
in yeast chromatin, 205 

Nuc1eosome structure, 1-16, 
23-24, 37, 87 

Oligopeptide interactions 
DNA, 264-268 

Origin of protamine genes. 
309-310 

Phenylmethy1sulfonyl fluo
ride, 17-24 

Plasmid (2 micron) in yeast. 
67. 208-210 

Polyamines in spermatogenesis. 
323-324 

Postsynthetic modifications 
of histones, during sperma

togenesis. 293. 
318-321 

of members of the HMG-1 
family, 250. 256 

of members of the HMG-14/17 
family. 227-229, 239-
247 

of nuclear proteins during 
spermatogenesis, 316-
322 

Promoters. 66, 77. 79. 84, 88. 
103-119. 145 

definition. 103 
in histone genes, 171-174 
in interferon genes. 181-182 
in lysozyme gene. 130-132 
in metal1othionein genes. 

129, 145-149 
in protamine genes. 300-302, 

309 
Protamine evolution, 287-314 
Protamine gene number, 308-309 
Promoter elements 

cap site. 104-105 
enhancers. 88. 107-112. 128. 

171. 198 
glucocorticoid regulatory 

elements, 111, 126-
132. 145-147 

metal regulatory elements. 
147-148 

in protamine genes, 300-302 
TATA box, 104-107. 110. 145. 

172, 181. 300-302 
upstream elements, 105-107 

359 



Proteolytic digestion 
of histones, 17-24 
of HMG-l, 254-256 
of glucocorticoid receptor, 

125 
Satellite-DNA-binding protein, 

234 
Scaffold of chromosome, 58-66 
Sequence alignments 

fish true protamines and 
chicken galline, 290 

3'-flanking regions in pro
tamine genes, 303 

5'-flanking regions in pro
tamine genes, 301 

glucocorticoid regulatory 
element, 126 

histones HI, 28-29 
HMG-14/17 family, 228 
iridine and true protamines, 

306 
mammalian stable protamines 

and chicken galline, 
291 

metallothionein promoter 
elements, 147, 148 

protamine cDNAs, 294-295 
protamine genes, 298 

Sequence specificity in DNA 
binding 

of glucocorticoid receptor, 
122-125 

in nucleosomes, 7-9 
to Z-DNA, 197-199 

Serum albumin 
chromatin structure of gene, 

161-165 
occurrence and properties, 

154-156 
transcriptional regulation 

of gene, 156-158 
Single-stranded DNA binding 

proteins, 209, 211, 
250, 264, 269-279 

Solenoid of nucleosomes, 38-39 
47, 49 

Sperm basic proteins 
in chicken spermiogenesis, 

316-318 
classification schemes, 287-

289, 334-336 
evolution in vertebrates, 

333-355 
protamines in salmonid 

fishes, 287-314 
Spermatogenesis, 292-294, 315-

332 
Stacking interactions in DNA/ 

protein interactions, 
263-286 

360 

Steroid hora~ne action, 121-122 
Superbeads, 38, 49, 252 
Supercoiling of DNA, 66, 89, 

193-196, 250, 256 
SV40 

enhancer, 107-108 
hypersensitive site at ori

gin/promoter, 87, 88, 
93, 109-110 

interaction of DNA with 
Z-DNA binding pro
teins, 198 

TATA box, 104-110, 145, 172, 
181, 300-302 

Topoisomerase I, 93 
in yeast, 212 

Topoisomerase II 
in chromosome scaffold, 

65-69 
in yeast, 67, 212 

Transcription factors, 105, 
109-112, 172 

Transcriptional regulation 
of albumin and a-fetopro

tein, 156-158 
of genes.under interferon 

control, 182-185 
of histones, 171-176 
of interferons, 179-182 
of meta11othionein, 144-149 
and methylation of DNA, 92, 

159-160 
relationship to hypersensi

tive sites in chro
matin, 77-87 

Ubiquitin conjugates with 
histone H2A, 319 

Upstream promoter elements, 
105-107 

X-ray diffraction and scatter
ing of chromatin and 
chromatin particles, 
44-49 

Yeast DNA 
autonomously replicating 

sequences (ARS) , 204-
205 

centromere DNA segments 
(CEN) , 87, 204 

genome description, 204 
MAT locus, 87 
plasmid (2 micron), 208-210 

Z-DNA, 189-201 
binding proteins, 197-198 
in enhancers, 108 
in protamine genes, 304-305 
relationship to DNA super-

coiling, 90, 193-197 
role in spermiogenesis, 376 
stabilizing factors, 191-197 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




