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PREFACE

Today’s fast-paced growth of mechanistic information on enzyme reactions
even astonishes those who have personally conducted decades of research
on biological catalysis. The confluence of structural and dynamic informa-
tion now provides a highly efficient means for discerning subtle features of
enzyme catalysis, and the lessons learned from studies on a particular en-
zyme can no longer be viewed in isolation. Instead, these lessons serve as
beacons that will illuminate and guide future explorations, often on entire
classes of enzyme-catalyzed reactions. Part B in this Advances in Enzymol-
ogy subseries entitled “Mechanism of Enzyme Action” continues the mis-
sion to provide new and valuable information about the nature of enzyme
intermediates, the stepwise organochemical transformations of substrate to
product, as well as the nature of barriers to interconversion of the various en-
zyme-bound species. Presented here are authoritative accounts by leading
scientists who have taken this opportunity to share insights that are the prod-
uct of highly imaginative and productive research. As has become the cus-
tom for Advances in Enzymology, these authors were encouraged to
acknowledge the relevant findings from many research groups, while focus-
ing greater emphasis on the scaffolding of logic that guided the research ac-
complished in their own laboratories. In this respect, the editor bears full
responsibility for discouraging authors from providing exhaustive treat-
ments that recapitulate findings already well described in earlier reviews on
a particular topic.

Daniel L. Purich

Gainesville, Florida
February 2000
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ABSTRACTS

Phosphotriesterase:
An Enzyme in Search of Its Natural Substrate

The phosphotriesterase from Pseudomonas diminuta catalyzes the hydroly-
sis of a broad range of organophosphate nerve agents. The kinetic constants,
k., and k_ /K _, for the hydrolysis of paraoxon, diethyl p-nitrophenyl phos-
phate, are 2200 s™ and 4 x 10’ M™'s™, respectively. The utilization of sub-
strates that are chiral at the phosphorus center has demonstrated that the
overall hydrolytic reaction occurs with inversion of configuration. The na-
tive enzyme contains Zn>* bound to the active site and catalytic activity is
retained upon substitution with Mn*, Ni%*, Cd*', or Co?*. NMR and EPR
spectroscopy has revealed the presence of an antiferromagnetically coupled
binuclear metal center. X-ray crystallography shows the enzyme to exist as
a homodimer and the protein adopts an o3, folded structure. The binuclear
metal center is ligated to the protein via four histidine residues, an aspartate,
and a carbamoylated lysine residue that serves as a bridge between the two
metal ions. The overall structure is very similar to the binuclear nickel cen-
ter in urease. A naturally occurring substrate has not been identified for this
enzyme but this protein has received considerable attention as a possible
catalyst for the detoxification of organophosphate insecticides and military
chemical weapons.

Phosphorivulokinase:
Current Perspectives on the Structure/Function Basis
for Regulation and Catalysis

Phosphoribulokinase (PRK), an enzyme unique to the reductive pentose
phosphate pathway of CO, assimilation, exhibits distinctive contrasting
properties when the proteins from eukaryotic and prokaryotic sources are
compared. The eukaryotic PRKs are typically dimers of —39 kDa subunits

ix



X ABSTRACTS

while the prokaryotic PRKs are octamers of —32 kDa subunits. The enzymes
from these two classes are regulated by different mechanisms. Thioredoxin
f mediated thiol-disulfide exchange interconverts eukaryotic PRKs between
reduced (active) and oxidized (inactive) forms. Allosteric effectors, includ-
ing activator NADH and inhibitors AMP and phosphoenolpyruvate, regulate
activity of prokaryotic PRK. The effector binding site has been identified in
the high resolution structure recently elucidated for prokaryotic PRK and
the apparatus for transmission of the allosteric stimulus has been identified.
Additional contrasts between PRKs include marked differences in primary
structure between eukaryotic and prokaryotic PRKs. Alignment of all avail-
able deduced PRK sequences indicates that less that 10% of the amino acid
residues are invariant. In contrast to these differences, the mechanism for
ribulose 1,5-bisphosphate synthesis from ATP and ribulose 5-phosphate
{RuSP) appears to be the same for all PRKs. Consensus sequences associ-
ated with M™-ATP binding, identified in all PRK proteins, are closely jux-
taposed to the residue proposed to function as general base catalyst.
Sequence homology and mutagenesis approaches have suggested several
residues that may potentially function in Ru5P binding. Not all of these pro-
posed Ru5P binding residues are closely juxtaposed in the structure of unli-
ganded PRK. Mechanistic approaches have been employed to investigate the
amino acids which influence K _ s, and identify those amino acids most di-
rectly involved in RuSP binding. PRK is one member of a family of phos-
pho or sulfo transferase proteins which exhibit a nucleotide monophosphate
kinase fold. Structure/function correlations elucidated for PRK suggest
analogous assignments for other members of this family of proteins.

The Molecular Evolution of
Pyridoxal-5'-Phosphate-Dependent Enzymes

The pyridoxal-5'-phosphate-dependent enzymes (B, enzymes) that act on
amino acid substrates are of multiple evolutionary origin. The numerous
common mechanistic features of B, enzymes thus are not historical traits
passed on from a common ancestor enzyme but rather reflect evolutionary
or chemical necessities. Family profile analysis of amino acid sequences
supported by comparison of the available three-dimensional (3-D) crystal
structures indicates that the B, enzymes known to date belong to four inde-
pendent evolutionary lineages of homologous (or more precisely paralo-
gous) proteins, of which the a family is by far the largest. The o family
(with aspartate aminotransferase as the prototype enzyme) includes en-
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zymes that catalyze, with several exceptions, transformations of amino acids
in which the covalency changes are limited to the same carbon atom that
carries the amino group forming the imine linkage with the coenzyme (i.e.,
Ca in most cases). Enzymes of the B family (tryptophan synthase 3 as the
prototype enzyme) mainly catalyze replacement and elimination reactions at
Cp. The p-alanine aminotransferase family and the alanine racemase family
are the two other independent lineages, both with relatively few member en-
zymes. The primordial pyridoxal-5'-phosphate-dependent enzymes appar-
ently were regio-specific catalysts that first diverged into reaction-specific
enzymes and then specialized for substrate specificity. Aminotransferases as
well as amino acid decarboxylases are found in two different evolutionary
lineages. Comparison of sequences from eukaryotic, archebacterial, and eu-
bacterial species indicates that the functional specialization of most B, en-
zymes has occurred already in the universal ancestor cell. The cofactor
pyridoxal-5'-phosphate must have emerged very early in biological evolu-
tion; conceivably, organic cofactors and metal ions were the first biological
catalysts. In attempts to simulate particular steps of molecular evolution,
oligonucleotide-directed mutagenesis of active-site residues and directed
molecular evolution have been applied to change both the substrate and re-
action specificity of existent B, enzymes. Pyridoxal-5'-phosphate-dependent
catalytic antibodies were elicited with a screening protocol that applied
functional selection criteria as they might have been operative in the evolu-
tion of protein-assisted pyridoxal catalysis.

O-Acetylserine Sulfhydrylase

0-Acetylserine sulfhydrylase (OASS) is a pyridoxal 5’-dependent enzyme
that synthesizes L-cysteine in enteric bacteria, such as Salmonella ty-
phimurium and Escherichia coli, and plants. OASS is a member of the
B-family of PLP-dependent enzymes that specifically catalyze B-replace-
ment reactions. Enzymes in this class include the 3-subunit of tryptophan
synthase (B-TRPS), cystathionine B-synthase, 3-cyanoalanine synthase, and
cysteine lyase. Other than OASS, only B-TRPS has been extensively stud-
ied, and thus mechanistic comparisons will be limited to it. This review
focuses on the structure that has been solved recently, kinetic and acid-base
chemical mechanisms, and spectroscopic studies using *'P NMR, UV-
visible, rapid-scanning stopped-flow phosphorescence, static and time-
resolved fluorescence techniques. In addition, kinetic isotope effects and
stereochemistry of the OASS reaction are discussed.
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The Aromatic Amino Acid Hydroxylases

The enzymes phenylalanine hydroxylase, tyrosine hydroxylase, and trypto-
phan hydroxylase constitute the family of pterin-dependent aromatic amino
acid hydroxylases. Each enzyme catalyzes the hydroxylation of the aromatic
side chain of its respective amino acid substrate using molecular oxygen and
a tetrahydropterin as substrates. Recent advances have provided insights into
the structures, mechanisms, and regulation of these enzymes. The eukary-
otic enzymes are homotetramers comprised of homologous catalytic do-
mains and discrete regulatory domains. The ligands to the active site iron
atom as well as residues involved in substrate binding have been identified
from a combination of structural studies and site-directed mutagenesis.
Mechanistic studies with nonphysiological and isotopically substituted sub-
strates have provided details of the mechanism of hydroxylation. While the
complex regulatory properties of phenylalanine and tyrosine hydroxylase
are still not fully understood, effects of regulation on key kinetic parameters
have been identified. Phenylalanine hydroxylase is regulated by an interac-
tion between phosphorylation and allosteric regulation by substrates. Tyro-
sine hydroxylase is regulated by phosphorylation and feedback inhibition by
catecholamines.

L-Aspartase: New Tricks From an Old Enzyme

The enzyme L-aspartate ammonia-lyase (aspartase) catalyzes the reversible
deamination of the amino acid L-aspartic acid, using a carbanion mechanism
to produce fumaric acid and ammonium ion. Aspartase is among the most
specific enzymes known with extensive studies failing, until recently, to
identify any alternative amino acid substrates that can replace L-aspartic
acid. Aspartases from different organisms show high sequence homology,
and this homology extends to functionally related enzymes such as the class
I fumarases, the argininosuccinate and adenylosuccinate lyases. The high-
resolution structure of aspartase reveals a monomer that is composed of
three domains oriented in an elongated S-shape. The central domain, com-
prised of five ~-helices, provides the subunit contacts in the functionally ac-
tive tetramer. The active sites are located in clefts between the subunits, and
structural and mutagenic studies have identified several of the active site
functional groups. While the catalytic activity of this enzyme has been
known for nearly 100 years, a number of recent studies have revealed some
interesting and unexpected new properties of this reasonably well-charac-
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terized enzyme. The non-linear kinetics that are seen under certain condi-
tions have been shown to be caused by the presence of a separate regulatory
site. The substrate, aspartic acid, can also play the role of an activator, bind-
ing at this site along with a required divalent metal ion. Truncation of the
carboxyl terminus of aspartase at specific positions leads to an enhancement
of the catalytic activity of the enzyme. Truncations in this region also have
been found to introduce a new, non-enzymatic biological activity into aspar-
tase, the ability to specifically enhance the activation of plasminogen to
plasmin by tissue plasminogen activator. Even after a century of investiga-
tion there are clearly a number of aspects of this multifaceted enzyme that
remain to be explored.
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I. Introduction

In 1935 heterotrophic assimilation of carbon dioxide was advanced by
Wood and Werkman (1) as a definite and experimentally supported con-
cept. They stated, “It has been established with several species of
Propionibacterium that the total carbon dioxide liberated during fermenta-
tion of glycerol plus that remaining in the form of carbonate is less than the
original carbon dioxide added as carbonate. This decrease is believed to
result from utilization of carbon dioxide by the bacteria during their dis-
similation of glycerol. Carbon and oxidation-reduction balances support
this view.” The unexpected finding of carbon dioxide utilization by such
typically heterotrophic organisms as the propionic acid bacteria had been

® Presented in part at the Seminar of Organic Chemistry, Fordham University, New
York, on February 4, 1942.

Advances in Enzymology and Related Areas of Molecular Biology, Volume 74:
Mechanism of Enzyme Action, Part B, Edited by Daniel L. Purich
ISBN 0-471-34921-6 © 1998 John Wiley & Sons, Inc.



4 WERKMAN AND WOOD

first obtained some two years previous, but the unexpected nature of the
results led to additional experiments in order to obtain convincing and, if
possible, conclusive proof. It was for this reason that the authors in their
initial proposal of heterotrophic utilization of carbon dioxide took a definite
stand and have remained firm in their pronouncement notwithstanding
considerable doubt and eriticism expressed in private communications and
in print.

The concept of heterotrophic utilization of ecarbon dioxide was first pro-
posed at the Spring (1935) Meeting of the North Central Branch of the
Society of American Bacteriologists in connection with studies on the fer-
mentation of glycerol by bacteria belonging to the genus Propionibacterium.
These bacteria do not form sufficient carbon dioxide from the glycerol to
mask the uptake of carbon dioxide. Therefore, in a medium containing
carbonate to neutralize the acids formed from glycerol, <. e., propionic and
succinic with a trace of acetic, determination of the carbon balance indi-
cated that the carbon dioxide at the end of the experiment was not equiva-
lent to that of the original medium in the form of carbonate, and that the
products of fermentation contained more carbon than was present in the
glycerol fermented.

Table I taken from the original work of Wood and Werkman (2) clearly
shows that carbon dioxide was utilized by four species of the heterotrophic
propionic bacteria used in the experiment. It was pointed out at this time
(1936) that:

“The fact that chemical analysis shows a decrease of carbon dioxide (accountable as
carbonate carbon dioxide) is, perhaps, proof enough of carbon dioxide utilization. How-
ever, the carbon and oxidation-reduction balances furnish additional evidence.”

The authors then continued (1936), “This observation (carbon dioxide
utilization) requires a reinterpretation of previous results. Investigators
have not considered the possibility of carbon dioxide utilization in con-
structing schemes of dissimilation. If one considers the limited number of
bacteria which have been shown to utilize carbon dioxide and also that such
forms (autotrophic) differ markedly from the propionic acid bacteria, failure
to consider the possibility of carbon dioxide utilization may be under-
stood.” The principle of heterotrophic carbon dioxide utilization was
again presented before the Second International Congress of Microbiology,
meeting in London during the Summer of 1936. It was not, however,
readily accepted and opposing comments were made.

It is significant that the same authors (4) made the following comment
in 1938 regarding the utilization of carbon dioxide by animal tissue.
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“Krebs and Johnson (1937) have recently shown that citric acid is synthesized by
avian tissue from oxalacetic acid and some unknown compound. It is possible that this
synthesis involves utilization of carbon dioxide.”

TaBLE I

DissMiLATION oF GLYCEROL BY PRoPIONIC AciD BACTERIA

CO1 | prod 00 mM. idation-reduc-
Glycerol “m‘e.red °rf {;f::;ﬂ::j lgly ‘;:"01 Carbon recovery Oxlgi:ﬁ‘zﬁd':f“

Culture | fermented | 100 mM. - -
Lo k},er. of h:;:i pli:::i-u Acetic 3:‘1': l';?e“-l lllu;n-l Baais- Basis-
mM. men ) € ) g rol | glycero | 1] gl 1
alyogrol, | ‘acid | sl | acidi? |phug OO only. | 05 €0, | oy
49W 212.6 37.7 |55.8| 2.9 | 42.1|101.2(114.0 | 1.081 | 2.550
34w 209.0 43.2 | 59.3 | 2.0 | 34.5 93.1 | 106.6 | 0.925 | 2.270
52W* 112.0 200 [ 78.4| 5.9 8.7 94.6 ] 101.0 | 0.918 | 1.386
11Wt 218.4 1.1 | 8.3 2.6 3.9 96.5| 96.8]1.135 | 1.162
15W 176.4 12.3 [78.4| 5.8 7.8 89.1 | 92.6 | 1.047 | 1.376

* 7.0 mM. of lactic acid produced per 100 mM. of fermented glycerol.
t 0.5 mM. of lactic acid produced per 100 mM, of fermented glycerol.
1 Succinic acid identified by melting point and mixed melting point.

The experimental proof of carbon dioxide assimilation by animal tissue
came in 1940 through the work of Evans and Slotin (3).

Since the isotopes of carbon have become available for use as tracers of
fixed carbon dioxide, there has been a tendency to disregard the work done
previously. It is true that with the advent of the tracer technique, detec-
tion of the fixation of carbon dioxide and its behavior in metabolism have
been facilitated; nevertheless, fixation by heterotrophic forms already had
been clearly demonstrated by quantitative data obtained with the propionic
acid bacteria. Moreover, since all the products were aliphatic carbon
compounds of two or more carbon atoms, fixation in a carbon to carbon
linkage was shown to occur. Location of the fixed carbon among the
products and its position within the molecule was a matter of speculation
at that time. The isotopic investigations have been of particular service
in clearing up these latter points.

Wood and Werkman (4) showed an equimolar relationship between the
carbon dioxide fixed and the succinic acid formed, and found that inhibition
of fixation by sodium fluoride (5) resulted in a corresponding reduction in
succinic acid. As a result the proposal was made that the succinic acid
was the result of a C; and C, synthesis. Pyruvic acid was suggested as the
possible C; compound since it could be isolated from the fermentation (6).
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This was essentially the situation at the beginning of 1940 when isotopes of
carbon first became available.

Autotrophism and Heterotrophism

It is desirable at this point, and before detailed consideration of the phe-
nomenon, to define in the light of present knowledge the expression
“heterotrophic carbon dioxide assimilation.” The photosynthetic utiliza-
tion of carbon dioxide has been known for nearly a hundred years but less
generally known to oceur is the process referred to as chemosynthesis in
which carbon dioxide is utilized by an organism employing ‘chemical
energy’’ in contradistinction to “‘radiant energy,”’ to reduce the carbon
dioxide to form a product of assimilation. Previous to the discovery of the
utilization of carbon dioxide by heterotrophic forms, chemosynthesis re-
ferred to the utilization of carbon dioxide by a group of organisms known. as
chemo-autotrophs, discovered in 1890 by the eminent bacteriologist, Sergius
Winogradsky (7). Winogradsky established the existence of chemo-auto-
trophic bacteria which grow and reproduce in a wholly inorganic medium
in the dark, . e., they contain no photosynthetic pigment. The energy
required to build cell substance and to carry on metabolism is obtained
from relatively simple chemical reactions involving the oxidation of such
inorganic compounds as ammonia and nitrite in the case of the nitrifying
bacteria (Nitrosomonas and Nitrobacter, respectively) or sulfur compounds
in the case of the non-photosynthetic sulfur bacteria. Hydrogen sulfide is
oxidized to free sulfur by Beggiatoa, and sulfur to sulfate by Thiobacillus
thio-oxidans. Hydrogen gas is oxidized by Carborydomonas oligoearbo-
philia, methane by Methanomonas methanica and certain organisms such as
Didymoheliz and Crenothriz may oxidize Fe++ or Mn+ to Fet++ or Mn++,
In all cases carbon dioxide is, of course, reduced, generally along with oxy-
gen of the air. The autotrophs are, in large measure, aerobic forms or
reduce nitrate. Their nitrogen is generally obtained from ammonium
salts or other inorganic salts such as nitrates or nitrites, but the important
point is that carbon requirements of these bacteria are satisfied wholly by
carbon dioxide.

The metabolism of the autotrophs is either (a) relatively simple or, more
likely, (b) the organisms are able to synthesize the essential complex sub-
stances of the nature of vitamins (coenzymes) which must be supplied to
the heterotrophs.

The existence of chemo-autotrophic forms of life is frequently not appre-
ciated, to wit, the following statement,
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“It is generally known to scientists that photosynthesis is the synthesis of organic
matter in green plants with the help of sunlight, and that this process is the only source of
organic matter existing on earth’ (8).

In similar relationship stands heterotrophic carbon dioxide fixation. Thus
the idea has become fixed in mind that the assimilation of carbon dioxide is
a process uniquely limited to photosynthesis by green plants.

Autotrophs may be photosynthetic, rather than chemosynthetic, such as
certain of the sulfur bacteria (Thiobacteriales) which contain chlorophyll.
Bacterial photosynthesis was confirmed by van Niel (9) after considerable
controversy initiated by the original work of Engelmann (10) in 1883.
These investigations constitute probably the first evidence for the existence
of a photosynthetic process among bacteria. Engelmann found that the
red pigmented (purple sulfur) bacteria possess a well-defined absorption
spectrum and congregate in portions of the spectrum identical with those
absorbed. Engelmann concluded that the pigment plays an essential role
in the metabolism of these bacteria.

Winogradsky’s original conception of autotrophism envisaged only the
chemosynthetic aspects. He could not explain satisfactorily the role of
hydrogen sulfide and light required for the growth of the photosynthetic
purple sulfur bacteria (Thiorhodaceae). It was difficult to explain the
light energy requirement in view of the oxidation of hydrogen sulfide to
sulfur or sulfate, inasmuch as no rational reason was at hand for the two
apparently independent sources of energy. Molisch’s (11) discovery of the
Athiorhodaceae, organisms which require organic substances as hydrogen
donators to replace hydrogen sulfide or water in the case of the Thiorho-
daceae or typical green plants, respectively, further confused the problem of
bacterial photosynthesis until the investigations of van Niel offered a ra-
tional explanation and cleared the way for a better understanding of bac-
terial photosynthesis. Kluyver and Donker (12) in 1926 had suggested
that with the purple sulfur bacteria hydrogen sulfide functions as a hydro-
gen donator replacing water in the typical green plant photosynthesis.

Van Niel (13) represents bacterial photosynthesis by the following equations:

4%1,_? g-oh) —_—_— %&I%IB)O_*I:I) Light reaction
_— .
20H + H’:A . 2H.6 + A Dark reaction

H;A is usually hydrogen sulfide although molecular hydrogen, organic Hy-donators,
such as fatty acids, or sulfur oxides may serve, depending on the species of purple bac-
terium used. In all photosynthesis water is the original source of hydrogen which is
ultimately responsible for the reduction of carbon dioxide. In the case of the typical
green plants the two “OH” groups form a peroxide which is decomposed into oxygen and



8 WERKMAN AND WOOD

water. With bacteria the “OH” is reduced, for example, by hydrogen sulfide by the
purple sulfur bacteria to form sulfur and water. For further details the reader is re-
ferred to the review by van Niel (13).

The general concept of photosynthesis as portrayed by van Niel is im-
portant in that the explanation of the dark reaction which results in the
reduction of carbon dioxide may involve the same type of reduction as
described by Wood and Werkman (4) for the heterotrophic assimilation of
carbon dioxide and represented by: CQ; + CH,CO-COOH —— COOH-
CH; CO-COOH. This point will be further discussed. The function of
light is to form active hydrogen; from here on photosynthesis may bear a
close analogy to heterotrophic assimilation of carbon dioxide as proposed
by Wood and Werkman.

In contrast to the autotrophic bacteria are the heterotrophic organisms
which require a source of carbon more complex than carbon dioxide, <. e.,
they are unable to utilize carbon dioxide (and now must be added) as a sole
source of carbon. In view of the work of Wood and Werkman (1, 2, 14),
Slade, et al. (15), Carson and Ruben (16), Ruben and Kamen (17),
Barker, et al. (18), and others, the distinction between autotrophs and
heterotrophs is becoming less evident; however, the terms are useful and
carry a practical meaning. It is not possible at present to express in clear
terms an explanation of the implied difference between an autotroph and a
heterotroph; it remains a question just why heterotrophic forms require
complex carbon sources when they are able to utilize carbon dioxide. It
may be that inability of heterotrophic bacteria to use carbon dioxide as a
sole source of carbon is linked with an inability to synthesize a certain
molecular structure essential in their metabolism. On the other hand, this
suggestion may be questioned, inasmuch as no such specific structure
seems required by heterotrophs.

The differentiation of heterotrophs and autotrophs on the basis of carbon
assimilation is difficult to apply in practice. The first difficulty is to deter-
mine whether the carbon (e. g., from carbon dioxide) is assimilated. What
constitutes assimilation? It is generally defined as the incorporation or
conversion of nutrient material into body substance. If, then, the carbon
of carbon dioxide is found at one stage in the protoplasm of the organism,
assimilation clearly has taken place; if the carbon is found in a molecule of
an enzyme active in metabolism, this would be accepted, probably by all, as
assimilation. On the other hand, if the carbon is found in an excretion
product, a question may be raised. Possibly a thermodynamic approach
is to be preferred, but here again certain difficulties may arise in differenti-
ating exergonic from endergonic reactions.
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From the standpoint of mechanism, the difference between a typical
heterotroph and a typical autotroph, as judged from present studies, is
that the heterotroph can bring about a carbon to carbon linkage if one
component of the linkage is organic, but it cannot repeat the process to
form a linkage in which both components originate from inorganic carbon.
In the case of the autotroph this can be done, however, and adjacent car-
bons can be inorganic. This only tells what the difference is but does not
answer the fundamental question of why there is this difference. There
are, however, certain borderline cases. For example, it is not to be con-
cluded that certain organisms will not be found which require the presence
in the medium of a substance of the nature of a vitamin which is essential
for an autotrophic type of synthesis. An organism, Clostridium aceticum,
isolated and described by Wieringa (19), is able to live an essentially chemo-
autotrophic existence when an unknown organic constituent of Dutch mud,
which certainly cannot furnish appreciable energy, is added to the inorganic
medium. Since the organism apparently reduces carbon dioxide by
molecular hydrogen to form acetic acid, sufficient energy is available and
only a coenzyme-like substance is required, and this is provided by the mud.
In this case we have the picture of a typically autotrophic organism losing
the property of synthesizing an essential organic constituent which must be
supplied in the medium. The loss of the property in this case is a first
step toward heterotrophism. The organism can, in fact, use sugars and
function as a heterotroph.

It is likely that various organisms manifest heterotrophism for different
reasons. One may be heterotrophic because it is unable to oxidize an in-
organic substrate to provide the energy required to assimilate carbon
dioxide, whereas inability to synthesize essential growth factors may force
heterotrophism on another. It is not important and quite impossible to
draw a sharp line of demarcation. An example of an essentially hetero-
trophic form requiring organic compounds as a source of carbon, and yet
possessing the synthetic properties of an autotroph, is the organism re-
cently isolated by Barker (18), Clostridium acidi-urici, which attacks purine
compounds such as uric acid, xanthine and hypoxanthine anaerobically to
form cell substance, ammonia, carbon dioxide and acetic acid. By the use
of radioactive carbon dioxide (18) it was shown that the acetic acid was
synthesized from carbon dioxide and that the fixed carbon occurred in
both the methyl and carboxyl groups. While it was not possible to prove
that individual molecules contained the fixed carbon in both groups since in
any one molecule fixation may have occurred in only one group, neverthe-
less it seems quite likely that fixation does occur in both groups in indi-
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vidual molecules. This organism may be an example of a heterotroph
forming a carbon chain from C, compounds, <. e., an autotrophic property.

Both Clostridium acidi-urict and Clostridium aceticum are examples of
intermediate forms and manifest their autotrophism particularly by their
ability to synthesize a carbon to carbon linkage from the C, compound,
carbon dioxide. The heterotrophic utilization of carbon dioxide has not
been proved, as yet, to be an essential step in cellular metabolism and may
be no more than a vestige of autotrophism incapable of providing the carbon
requirements of heterotrophic bacteria. Later discussion, however, will
point out the probable importance of the utilization in the metabolism of
the cell.

There is no evidence to indicate that chemo-autotrophic bacteria do not
utilize carbon dioxide by the same or similar mechanism employed by the
heterotrophs. Inasmuch as carbon dioxide is the sole source of carbon for
the autotroph, it is to be expected that all the carbon to carbon linkages
formed will comprise atoms originating from carbon dioxide, whereas prob-
ably only a small fraction of the typically heterotrophic assimilation em-
ploys carbon from carbon dioxide. Urgently needed are studies on auto-
trophic bacteria employing tracer carbon dioxide, preferably C*0,. The
use of isotopes has opened new methods of attack and the whole problem
of intermediary metabolism needs intensive study.

Probably the earliest suggestion that carbon dioxide plays an active role in hetero-
trophic metabolism was the result of the work of Novak (20) and Smith (21). The
necessity for carbon dioxide became apparent in the case of Brucella abortus which was
found to grow more readily, particularly if freshly isolated, when grown in the presence
of an aerobe (Bacillus subtilis); although the effect was first attributed to decrease in
oxygen tension, it was soon found to be due to an increased tension of carbon dioxide.
Rockwell and Highberger (22) from a study of bacteria, yeasts and fungi, ventured the
suggestion that heterotrophic microorganisms utilize carbon dioxide in their metabolism.
Winslow, et al. (23), and Gladstone, et al. (24), examined the subject more closely. Car-
bon dioxide-free air bubbled continuously through liquid cultures of a large number of
aerobes, and anaerobes prevented or greatly retarded growth, whereas when ordinary air
was used growth was normal. The early work was largely qualitative and the effect
of the carbon dioxide was frequently ascribed to its physical behavior. Thus until 1935
our ideas regarding the role of carbon dioxide in cellular metabolism were largely limited
to the photosynthetic and chemosynthetic processes of the autotrophs.

It was mentioned that with the discovery of heterotrophic carbon dioxide
assimilation, differentiation between the autotrophs and the heterotrophs
became less distinct. It is not, however, implied that formerly a sharp line
of demarcation was drawn between the groups. It was early recognized
that intermediate forms occurred, and they were called facultative hetero-
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trophs, if they were able to grow in an inorganic medium but tolerated the
presence of organic constituents, especially in small concentration, and
facultative autotrophs if organic material was preferred but growth could
take place in its absence in a mineral medium. Even the early distinetion
between the autotroph and the heterotroph was appreciated to be a matter
of convenience and rested in considerable degree on the assumption that
heterotrophs were unable to assimilate carbon dioxide.

Inasmuch as the differentiation of autotrophs and heterotrophs is based
on nutritional requirements of the organisms, it is convenient to visualize a
spectrum (Fig. 1) in which the autotrophs and heterotrophs represent the

[
AUTOTROPHS HETEROTROPHS

Synthesize all constituents Require organic carbon for
from mor%amc materials, asgimilation. CO, does
g H,, ions. CO, not serve as sole source of
" 1a'sole source of carbon carbon
I 1 f
CHEMOSYNTHETIC PHOTOSYNTHETIC SAPROPHYTIC PaARrasITIC
Utilize “chemical Utilize “radiant Do not require Require living
energy”’ energy”’ living tissue tissue

Fig. 1. Classification of organisms based on nutritional requirements.

two extremes and between these occur an indeterminate number of inter-
mediate forms. The Athiorhodaceae, photosynthetic bacteria discovered
by Molisch (11), apparently are unique in that they require organic com-
pounds but in this case the organic substance serves simply as a hydrogen
donator in a manner not clear, for the photosynthetic reduction of carbon
dioxide. The carbon chain is not dissimilated and the fractions then
assimilated to form cellular material. These bacteria are essentially auto-
trophic; however, in the present system of classification, their requirement
of organic compounds would place them nearer the heterotrophs. A finer
distinction might be made on the basis of function performed by the organic
compound required. Further examples of intermediate forms are the
organisms discovered by Wieringa (19) and by Barker, et al. (18).

There are, however, discernible differences in the type of function per-
formed by carbon dioxide in cellular physiology. 1t may serve (1) simply
as a hydrogen acceptor, or (2) it may be incorporated to form more complex
carbon compounds in the cell, <. e., assimilated by the creation of a carbon
to carbon linkage. The two types have not been differentiated heretofore.
The studies of Woods (25), Barker (26) and Hes (27) illustrate the first
type, and although a utilization of carbon dioxide by heterotrophic organ-
isms is involved, the same implications do not result as in investigations in
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which heterotrophic assimilation has been shown to occur, ¢. e., creation of
a carbon to carbon linkage. This point will be discussed in further detail.

II. Mechanism of Heterotrophic Carbon Dioxide
Fixation by Bacteria

No attempt will be made to give detailed consideration to all articles
that have appeared. Only those that have a direct bearing on the mecha-
nism of fixation will be discussed. The recent reviews (28, 29, 30) should
be consulted for additional information. It is clear that the present con-
sideration of the mechanism of heterotrophic fixation of carbon dioxide by
bacteria will not offer a final solution to the problem raised by the discovery.
Investigation of the mechanism has only recently begun in earnest, and it is
true that future observations may change the general picture. Neverthe-
less, an outline of the present position should be of value in realizing short-
comings of present ideas, and in pointing out the next steps to be taken.
It is hoped that the present review will be of value in investigations on
animal physiology, a field in which the results of bacterial fixation of earbon
dioxide have become only recently so pertinent. It is likely that extensive
application of the fundamental facts discovered in bacterial physiology
will be made to animal physiology. In fact, some applications have already
been made, and these will be discussed. Thus far, most of the work on the
actual mechanism of fixation of carbon dioxide has been done with bacteria,
and particularly with the propionic acid bacteria. For this reason studies
on the linkage of carbon atoms with carbon dioxide have been largely con-
fined to the C; and C, addition. There are fixations in a number of other
heterotrophic fermentations which fundamentally may be examples of C,
and C; addition but the evidence is not clear at present. The mechanisms
of bacterial fixation of carbon dioxide, therefore, will be considered under
the following heads: (1) fixation of carbon dioxide not involving carbon
to carbon linkage; (2) fixation of carbon dioxide involving carbon to carbon
linkage. Under the latter will be discussed (a) C; and C, addition and (b)
miscellaneous fixation reactions.

A. FixarioN oF CarBoN Droxipe Not INvoLviNg CARBON To CARBON
LINKAGE

Formation of Formic Acid.—The reduction of carbon dioxide to formic
acid by gaseous hydrogen with Escherichia coli has been clearly shown (25)
and it presumably occurs with other bacteria that contain hydrogenylase,
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1. e., produce carbon dioxide and hydrogen from formic acid. The exact
kinetics of the reaction are not known, perhaps:

H H
0 0 0
HO-C:0 + H, HO-C-OH HO-C + H,0
H H

The enzymes have not been isolated or purified so as to permit a detailed
study of possible coenzymes or carriers that may be involved. The reac-
tion may be more complicated than pictured and, perhaps, include phos-
phorylation.

A problem of some importance is the mechanism of formation of formic
acid, particularly whether it is usually formed by reduction of carbon di-
oxide. It is generally accepted that formic acid originates from pyruvic
acid by a hydroclastic split:

CH,-CO-COOH —— CH,-C:0 + HCOOH
EOH OH

and that carbon dioxide and hydrogen are formed from the formic acid.
It seems just as likely that the reaction may occur stepwise as follows:

CH,-CO-COOH + HOH + 24 ——— CH,;COOH + CO; + 2HA (2)
CO; + 2HA ———— HCOOH + 24 (3)
HCOOH ———=CO0; + H, (4)

1

A in the above reactions functions as a hydrogen carrier. Accordingly
formic acid would not be a direct intermediary product of pyruvic acid
breakdown but would result by reduction of carbon dioxide. The hydro-
clastic reaction thus would be only a special case of pyruvic acid break-
down in which carbon dioxide was the hydrogen acceptor. The donator
function of the pyruviec acid would be the same as in the dissimilation of
pyruvic acid by a number of organisms to form acetic acid and carbon
dioxide, ¢. g., the aerobic dissimilation studied by Lipmann (31) and Barron
(32), the dismutations of Nelson and Werkman (33) and Krebs (34), and the
formation of acetic acid from pyruvate in the propionie acid fermentation
(35, 36). The hydroclastic reaction was originally proposed to account
for formation of formic acid from pyruvate before it was known that
carbon dioxide is an active metabolite. Therefore, consideration has not
been given to the reduction of carbon dioxide. Reactions (2) and (3)
appear to account for the facts as readily as does reaction (1). For exam-
ple, Eberthella typht would be able to reduce carbon dioxide to formic acid
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with the proper hydrogen donator but not with gaseous hydrogen. In all
fermentations in which formic acid is formed in the presence of labelled
carbon dioxide, the acid should contain isotopic carbon, even though
reaction (4) did not ocecur. This point should be investigated further.

Formation of Methane.—Foster and his co-workers (28) have described
the methane fermentation as

“One of the most interesting and up to now best understood of the biological processes
utilizing carbon dioxide. . .”

Whether the process is considered well understood depends largely on
the point of view. If one is comparing the old concept of the fermentation
with the new concept, then our present understanding appears favorable.
According to the present concept (26), methane fermentations of all types
may be considered as a process of oxidation in which carbon dioxide acts as
a hydrogen acceptor:

4H,A + CO, ——— 44 + CH, + 2H,0

H.A is the oxidizable molecule and A the oxidation product. H,A may be
ethyl alcohol and be oxidized to acetic acid, e. g., Methanobacterium omeli-
anskei, or it may be acetic acid and be oxidized to carbon dioxide as by
Methanosarcina methanica. The reaction has been proved in the case of
Methanobacterium omelianskii but with Methanosareina methanica the proof
of the reduction of carbon dioxide to methane as a result of oxidation of
acetic acid is yet considered inconclusive (37) although quite likely.

On the other hand, when one views the methane fermentation from the
standpoint of understanding the actual mechanism of the reduction of car-
bon dioxide to methane, it must be admitted that we are almost completely
in the dark. The intermediate steps are completely unknown, and a set of
reactions for a possible explanation of the process has not been ventured.
According to Barker (38) formic acid is not an intermediary in the process
since it would not replace carbon dioxide in the fermentation by Methano-
bacterium omelianskii. It is evident that much important work is yet to be
done before we have any understanding of the reactions which take place
in the conversion of the most highly oxidized form of carbon to its state of
greatest reduction.

B. TFrxamioN orF CArBON DioxipE INvoLviNG CARBON To CARBON
LINKAGE
1. Csand C, Addition

Evidence That Succinate Is Formed by Fixation of Carbon Dioxide.—
The first evidence of fixation of carbon dioxde by C; and C, addition was
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obtained by fermentation of glycerol with the propionic acid bacteria (2, 4).
It was established that for each mole of succinic acid formed from the
glycerol one of carbon dioxide was fixed, <. e., there was a net decrease in
carbon dioxide of the system and in amounts equivalent to the suceinic
acid formed. When the fermentation was conducted in phosphate buffer
in the absence of carbon dioxide little or no succinic acid was formed. It
was, therefore, clear that carbon dioxide played an important role in suc-
cinic acid formation. Since the succinic acid (C,) was formed from the
glycerol (C;) in amounts equivalent to the consumed carbon dioxide (C,),
the synthesis by C; and C, addition seemed the most probable mechanism.
Pyruvic acid was proposed as the probable intermediary C; compound of
the fixation reaction because it could be easily isolated from the fermenta-
tion liquor by the addition of sulfite to fix carbonyl compounds (6).

CO; + CHyCO-COOH = COOH.-CH,-CO-COOH
COOH-CH,-CO-COOH + 4H = COOH-CH,-CH;-COOH + 2H,0

It was recognized that the equivalence of succinic acid formed and the
carbon dioxide utilized might be the result of the stoichiometric demands
of the exidation-reduction balance, succinic being oxidized and earbon di-
oxide reduced. But this explanation did not seem correct because other
acceptors such as oxygen (39) did not increase the yield of succinic acid;
likewise increased yields of the reduced compound propyl alcohol were not
accompanied by an increase in suceinic acid.

The fact that Elsden (40) had shown that the rate of succinic acid forma-
tion by Escherichia coli is a function of the concentration of carbon dioxide
in the medium, further supported the role of carbon dioxide in succinic acid
synthesis, and indicated that the phenomenon was not limited to the
propionic acid bacteria.

Further investigations (41, 5) on the propionic acid fermentation did not bring forth
much additional information as to the actual mechanism of the fixation. Carbon dioxide
fixation was demonstrated with several substrates, and such inhibitors as malonate, azide,
arsenite, cyanide and pyrophosphate were found to have no effect on the fixation, whereas
sodium fluoride and iodoacetate did. The inhibition by fluoride caused an equivalent
decrease in succinic acid formation in accordance with the concept of C; and C, addition.
Some indication was obtained that phosphate had a function in carbon dioxide fixation.

The availability of carbon isotopes provided a great impetus to further
investigation. Heretofore, studies on the mechanism of fixation were of
necessity largely speculative, for although one could prove that carbon
dioxide was fixed and actually entered into a carbon to carbon linkage,
there was no method of determining its location in the carbon compound.



16 WERKMAN AND WOOD

With isotopes the fixed carbon dioxide may be located in the compound.
Work on the propionic acid fermentation with radioactive carbon was im-
mediately initiated at the University of California and simultaneously a
cooperative investigation between Iowa State College and the University of
Minnesota was started with heavy carbon (C'?). Fixation by the propi-
onic acid bacteria fermenting glycerol was confirmed with both the radio-
active (16) and with heavy carbon dioxide (42, 14). The picture was not
as simple, however, as previously thought, for the isotopic earbon was found
in both the propionic acid and in the succinic acid in contrast to predictions
made on the basis of the stoichiometric relationship between carbon dioxide
fixed and succinic acid formed.

The fixation of carbon dioxide by coliform bacteria likewise was investi-
gated by Wood et al. (42, 14), and with the C!? isotope a clear-cut fixation
was demonstrated in the fermentation of galactose, pyruvate and citrate.
Previous investigations, not using the isotope, had led to the proposal that
these bacteria fix carbon dioxide but the results could not be conclusive,
since there was always a net production of carbon dioxide in these fermenta-
tions. It is virtually impossible to prove conclusively, without isotopes,
that carbon dioxide is both produced and assimilated in experiments in-
volving a net increase in carbon dioxide, but with labelled carbon dioxide
this can be accomplished. Fixation of carbon dioxide by the coliform bac-
teria occurred solely in the succinic and formic acids. The indications
were, therefore, that all fixation in these fermentations was by C; and C,
addition, except that formed by reduction of carbon dioxide to formic acid
as described by Woods (25).

Nishina, Endo and Nakayama (43) by use of radioactive carbon have
demonstrated the synthesis of malic acid and fumaric acid from pyruvic acid
and carbon dioxide in fermentations by Escherichia coli. These authors
prepared recrystallized derivatives of the acids; thus there is every reason
to believe they were dealing with pure compounds. The results are signifi-
cant because they demonstrate the presence of fixed carbon in compounds
proposed to occur as intermediates in the conversion of oxalacetate to
succinate. ' Radioactive fumarate also was demonstrated from a fermenta-~
tion of glucose, and when ammonium chloride was added to the dissimila-
tion of pyruvate, aspartate containing fixed carbon could be isolated. The
scheme first proposed by Wood and Werkman (5) involving oxalacetate
synthesis from pyruvate and carbon dioxide and a subsequent stepwise
conversion to malate, fumarate and succinate, is suggested as the mecha-
nism involved in these fixations. Krebs and Eggleston (44) have shown
that this set of reversible reactions from oxalacetate to succinate occurs in
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the propionic acid fermentation, demonstrating that such a set. of reactions
is feasible. No new data were supplied, however, on the actual fixation of
carbon dioxide.

Other Possible Mechanisms of Succinate Formation.—Whether
succinic acid is ever formed from carbohydrate by a mechanism other
than fixation, e. ¢., by acetic acid condensation or by decarboxylation of a-
ketoglutaric acid as in the Krebs cycle, must await further investigation,
The authors have presented evidence on several occasions which they
believed to indicate a formation of succinic acid in the propionic acid
fermentation by acetic or pyruvic acid condensation. The fact that
fluoride had only a partial inhibitory effect on succinate formation from
glucose, at concentrations which in glycerol fermentations almost com-
pletely inhibited the fixation of carbon dioxide as measured manometri-
cally by the net decrease in carbon dioxide, led to this suggestion (5).
These results together with other evidence made it appear that there was a
fluoride insensitive mechanism of succinic acid formation which was inde-
pendent of carbon fixation. This point has now been examined with heavy
carbon dioxide, on the supposition that if there were such a mechanism, suc-
cinate formed in the presence of fluoride would not contain heavy carbon.
The results (unpublished) show that fluoride does not prevent fixation of
carbon dioxide in either the succinate or propionate formed from glucose by
the propionic acid bacteria.or in succinate formed from galactose, arabinose
or mannose by Escherichia coli. This is apparent, for the C!? concentration
was practically the same in the succinate from fermentations with or with-
out addition of fluoride, and there was substantial fixation of carbon dioxide
in each case. The yield of succinic acid per mole of substrate fermented
was reduced in the presence of fluoride but apparently the succinate which
was formed involved a fixation reaction. There was thus no indiecation by
this method that succinate formation occurred by any other than the
fixation reaction.

An explanation is now available for this incomplete inhibition of carbon
dioxide fixation by fluoride. Studies with heavy carbon have shown that
there is a formation of carbon dioxide from glycerol by propionic acid bac-
teria even in those experiments in which there is a net decrease in carbon
dioxide in the system (14). This fact is apparent, for the C!3 of the sodium
bicarbonate and carbon dioxide was diluted during the fermentation.
That the dilution was caused by C**0, produced from the substrate is cer-
tain, inasmuch as the possibility of dilution by a miscellaneous exchange
reaction was eliminated since all the C!? of the original system was ac-
counted for in the products, residual sodium bicarbonate and carbon di-



18 WERKMAN AND WOOD

oxide, at the conclusion of the experiment. Actually the carbon dioxide
fixed in the glycerol fermentation by propionic acid bacteria is not just that
observed manometrically as a net decrease in carbon dioxide but it is this
quantity plus that produced from the glycerol by fermentation. The in-
hibition observed by fluoride was only that fraction of the total carbon
fixation measured manometrically by a net decrease in gas. Thus the
fixation in the glycerol fermentations was never completely inhibited by
fluoride.

The carbon dioxide fixed in the presence of fluoride is almost entirely in
propionic acid since there is little succinic acid formed under these condi-
tions. There is reason to believe, however, that this carbon dioxide is
initially fixed by C; and C; addition, and propionate is formed from the
resulting C, dicarboxylic acid. This point will be considered later.

Recently Krebs and Eggleston (44) have rejected the idea that succinate
may be formed by acetic acid condensation in the propionic acid fermenta-
tion. This reaction (or pyruvic acid condensation prior to formation of
acetic acid) was proposed (45, 6) to account for low yields of acetic acid fre-
quently found. Since in some cases the yield of succinate was not sufficient
to account for the carbon dioxide formed on the basis that carbon dioxide
equals the acetate plus twice the succinate, it was proposed that part of the
succinate was in turn broken down to propionic acid and carbon dioxide.
Krebs and Eggleston reject this explanation on the basis of the following
points:

(a) They could not demonstrate an anaerobic breakdown of succinate
and conclude that it is not metabolized by Propionibacterium shermanii
anaerobically.

(b) They observed the simultaneous formation of both fumarate and
succinate and state concerning this observation:

“8ince the reaction, succinate — fumarate, does not occur under anaerobic condi-
tions, fumarate formed anaerobically canpot have arisen from succinate; if the formation
of succinate by reduction is rejected, the improbable assumption of two separate mecha-
nisms for the formation of succinate and fumarate must be made.”

They suggest that the acetic acid is oxidized to carbon dioxide anaerobi~
cally by an unknown mechanism, and it is this reaction that causes the low
yields of acetate and high yields of CO..

The points raised in rejection of the Wood and Werkman scheme are not
conclusive for the following reason. Shaw and Sherman (48), Hitchner
(47), Wood et al. (6), and Fromageot and Bost (48) have all reported that
succinate is fermented by propionic acid bacteria. In view of these findings
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by so many different investigators, and extended over a period of eighteen
years, it can be concluded that Krebs and Eggleston’s conclusion that
succinate is not fermented by Propiontbacterium shermanit is incorrect.
Erb (49) in this laboratory has studied the anaerobic breakdown of sucein-
ate by these bacteria (Propionibacterium shermanii included) rather ex-
tensively. He has found that washed cell suspensions from a five-day cul-
ture grown on & medium of yeast extract (Difco) 0.3 per cent, peptone
(Difco) 0.2 per cent and glucose 1.0 per cent decarboxylate succinate
anaerobically. The optimum pH for the reaction is 5.2; at pH 6.4 there
was hardly any activity. The inactivity in Krebs and Eggleston’s experi-
ments may have been caused by the alkaline pH of the NaHCO,; buffer.

Wood and Werkman (unpublished) have determined the products of
this anaerobic breakdown of succinate. The rate of succinate fermentation
falls off rapidly after the first six hours so that a large conversion was not
obtained (15.7 mM per liter were fermented in two days by Propioni-
bacterium arabinosum). After applying a correction for endogenous values
(1.07 mM propionic acid, 1.36 mM acetic acid and 2.93 mM carbon di-
oxide), 15.84 mM propionic acid, 16.93 mM carbon dioxide and 3.6 mM
acetic acid were obtained for the products. No other products were de-
tected. The results show that the succinate was appreciably decarboxyl-
ated to propionic acid and carbon dioxide.

The experiments quoted by Krebs and Eggleston from Wood and Werk-
man (45) as direct evidence that succinate is not formed by condensation
are satisfactorily explained, if one assumes a subsequent breakdown of
succinate.

With regard to the second point three objections may be raised.

1. Under the proper experimental condition, 1. e., with methylene blue
as an acceptor, the reaction succinate — fumarate does occur. Whether it
occurs in a natural dissimilation of glucose is a question that awaits further
experimentation.

2. Itisdoubtful whether anyone would agree to rejection of the formation
of succinate by reduction, for few would deny the possibility of succinate
formation by carbon dioxide fixation yielding oxalacetate which is subse-
quently reduced to succinate.

3. Apparently a more crucial objection of Krebs and Eggleston to
succinate formation by condensation is that this gives two mechanisms
for formation of dicarboxylic acids, the second being by the fixation re-
action. There is, however, a clear-cut example of the formation of suc-
cinate by two mechanisms. In the aerobic dissimilation of pyruvate
by pigeon liver with addition of malonate as an inhibitor, succinate is
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formed which contains no fixed heavy earbon, and in the same dissimilation
fumarate is formed containing fixed heavy carbon (50). Obviously these
two dicarboxylic acids arise by different reactions. Anaerobically in the
absence of malonate, both succinate and fumarate are formed from pyru-
vate by pigeon liver. In this latter case, in which no inhibitor is added,
there is every reason to believe that these acids arise by both the fixation
reaction and a modified Krebs cycle. These reactions have not been
shown to oceur in the propionic acid fermentation but they certainly serve
to illustrate that there is no reason a prior? to conclude there cannot be two
mechanisms. The authors have always held the view that propionic dcid
fermentation is more complex than generally believed, and that some
modification is necessary in the scheme, be it inclusion of acetic acid con-
densation, pyruvic acid condensation or a modified Krebs cycle. The point
is that Krebs and Eggleston have not furnished the necessary information
to warrant rejection of any given proposal as yet—not that their proposals
may not be correct. It may be of some interest in this connection to point
out that the aerobic oxidation of propionic acid with liberation of carbon
dioxide by propionic acid bacteria is more rapid than acetic acid oxidation.

Of some significance is the fact that in the large number of dissimilations
studied with a variety of bacteria (Propiontbacterium, Escherichia, Aero-
bacter, Citrobacter, Proteus, Staphylococcus and Streptococcus paracitrovorus)
(14, 15) there has been fixation of carbon dioxide in succinate without ex-
ception, whenever it was formed. This indicates the general occurrence of
the fixation reaction but does not necessarily eliminate the possibility that
there are two mechanisms of formation of succinate. The fact that the
amount, of C!2 fixed in succinate varies over a rather wide range in different
experiments may be an indication that there is more than one source of
succinate. The formation of succinate by a mechanism not involving C!?
fixation would dilute the C!? of the succinate formed by fixation.

The Location of Fixed Carbon in Succinate.—There is good evidence
that carbon dioxide is fixed by a C; and C, addition; however, assuming
that fixation does occur by C; and C, addition, the elucidation of the actual
mechanism is difficult even with the use of isotopes. The evidence that
there is fixation by C; and C, addition will be considered first, and then pre-
liminary studies will be discussed of what is believed to be the initial reac-
tion of carbon dioxide fixation.

The formation of succinic acid, particularly, is believed to involve C; and
C; addition. In this case the fixed carbon dioxide should be in the terminal
carboxy! group of succinic acid. That this is the location of the fixed car-
bon has been definitely shown (51, 52) by degrading succinic acid contain-
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ing fixed C*0,. Succinic acid isolated from fermentations by Propioni-
bacterium pentosaceum, Escherichia coli, Proteus vulgaris, Aerobacter in-
dologenes and Streptococcus paracitrovorus has been tested, and in each the
methylene carbon atoms have been found to contain the normal comple-
ment of C!8, whereas the carboxyl groups contain all the fixed heavy carbon.
The succinic acid was decarboxylated (51) by converting it to a mixture of
fumaric and malic acids with a heart muscle preparation containing suc-
cinic dehydrogenase and fumarase. The malic acid was oxidized to two
molecules of carbon dioxide and one of acetaldehyde by acid permanganate.
The aldehyde is from the methylene groups and the carbon dioxide from the
carboxyl groups.

Only by quantitative methods is it possible to prove that a symmetrical
dicarboxylic acid contains fixed carbon in both its carboxyl groups. If the
concentration of C'® in the carboxyl groups is greater than the average
value calculated on the basis that one carboxyl group has a normal comple-
ment of C!® and the other a complement equivalent to that of the C130,
available for fixation, obviously fixation has occurred in both carboxyl
groups of at least part of the dicarboxylic acid molecules. If the C'?
concentration in the carboxyl groups is less than or equal to this average
value there is no means available at present to determine whether any one
molecule has more than one carboxyl containing fixed carbon. In none of
the fermentations so far examined (51, 52) has there been a concentration
of C1 in the carboxyl carbons of the succinate sufficiently high to prove
fixation in both carboxyl groups. In the propionic acid fermentation of
glycerol the concentration of C!? in the carboxyl groups of succinate ap-
proaches rather closely the value estimated for fixation in only one carboxyl
group. This fact may be interpreted as evidence that succinate is formed
in this fermentation solely by Cs and C, addition, the Cs compound being
formed from the glycerol with little or no exchange of its carbon with C'2Q,.

The Initial Reaction in C; and C, Addition.—As a working hypothesis
the reaction CO; + CHyCO-COOH = COOH-CH,CO-COOH was
proposed (4, 42) as the possible initial conversion in fixation of carbon
dioxide by C; and C, addition. It should be clearly understood that at
best the reaction represents merely the over-all conversion. It is quite
possible and even probable that phosphorylated intermediates are involved
and that the reaction is more complex than represented. The proposal
that the fixation of earbon dioxide by C; and C, addition is a reaction of
general biochemical importance has been advanced by the authors for the
past several years (4) without general acceptance until recently. The pres-
ent tendency is, perhaps, to the other extreme in that suggestions involving



22 WERKMAN AND WOOD

some speculation may now be too readily accepted. This results, in part,
from the great general interest in isotopic investigations and a consequent
focussing of attention on studies on fixation of carbon dioxide. The fixa-
tion reaction has recently been suggested by Solomon, et al. (53), as a part
of a possible mechanism of fixation of carbon dioxide in glycogen synthe-
sized from lactate by liver; also Meyerhof (54) has used the reaction to ex-
plain the Pasteur effect. These authors are fully aware that they are
dealing with complex phenomensa for which a number of possible explana-
tions may be offered, and, furthermore, that since the mechanism of the
fixation reaction has not been fully elucidated, there can be no certainty as
to how it fits into a scheme. It is desirable, however, that such ideas be
advanced as working hypotheses. Inasmuch as the fixation reaction is
used frequently in a wide variety of schemes, there is a tendency to accept
the reaction as fact and to forget that the actual mechanism of the reaction
is not completely established.

Krebs and Eggleston (65, 44) in two articles entitled, “ The Biological
Synthesis of Oxalacetate from Pyruvic Acid and Carbon Dioxide,” imply
that they show carbon dioxide fixation with pyruvic acid to form oxal-
acetate. In no case, however, was a synthesis of oxalacetate shown; fur-
thermore, fixation of carbon dioxide was not demonstrated and in one of
the investigations pyruvic acid was not used as & substrate. Their princi-
pal experimental contribution, in so far as carbon dioxide fixation is con-
cerned, was to show that an increased carbon dioxide concentration stimu-
lates succinate formation from pyruvate by pigeon liver. In addition they
provided evidence that cocarboxylase has a function in fixation (¢f. page
158).

The present status of evidence relative to the actual mechanism of the
fixation reaction is outlined below. It should be emphasized that the un-
certainty as to the mechanism of C; and C, addition in no way alters the
evidence (51, 52) that there is such a fixation. The question is not so much
whether it oceurs, but how it occurs. Krebs’ (56) statement:

“This (Evans and Slotin’s demonstration of fixed carbon in a-ketoglutarate) com-
pletes the proof of the occurrence of reaction (9) (COOH-CO-CH, + CO; = COOH-
CO-CHy COOH) in pigeon liver,”

is hardly accurate. The position of the fixed carbon in a-ketoglutarate was
not known at this time, and even now that the position of the fixed carbon
is known, it can only be said that the results do not conflict with the pro-
posed mechanism of fixation. Fixation in the carboxyl group of fumarate
or malate, for example, will give the same result as fixation in oxalacetate
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since these compounds are convertible to oxalacetate. For that matter, it
has not been proved that oxalacetate, as such, is the compound that reacts
with pyruvic acid in the Krebs’ cycle. The only way to prove that carbon
dioxide can be fixed by addition to pyruvic acid is to use isolated enzyme
systems and to isolate the oxalacetic acid under acceptable conditions.
The enzyme system must be such as to eliminate miscellaneous reactions
which confuse the picture. Even with evidence such as this, objection can
be raised that the fixation was not conducted under natural conditions.

The fixation reaction as represented in the above equation is a carboxyla-
tion of pyruvic acid and implies that the decarboxylation of oxalacetic acid
is reversible. Until recently the only enzymes known to decarboxylate
oxalacetic acid were carboxylase and the thermostable enzyme from muscle
studied by Breusch (57). There is no certainty that carboxylase acts on
the carboxyl next to the methylene carbon in oxalacetate. Its action may
well be on the carboxyl next to the carbonyl to yield malonic aldehyde,
which breaks down spontaneously to acetaldehyde and carbon dioxide.

Carboxylase
COOH-CH,-CO-COOH ———————— COOH-CH,-CHO + CO,

COOH.CH;>CHO — CO, 4 CH,CHO

In this case carboxylase would not be a component of the fixation reaction
since it activates the carboxyl adjacent to the carbonyl group instead of the
one adjacent to the methylene group. The thermostable enzyme studied
by Breusch has a very low activity and is probably not concerned in the
fixation reaction.

Krampitz and Werkman (58) have recently discovered a new enzyme
which offers promise of being one involved in the fixation reaction. The
enzyme is heat-labile and catalyzes the decarboxylation of oxalacetate to
pyruvate. An acetone and alkaline phosphate washed preparation of
Micrococcus lysodeikticus is used to demonstrate the presence of the enzyme.
Such preparations are free from cocarboxylase and Mg++ and will not de-
carboxylate or oxidize either oxalacetate or pyruvate. When Mg*+ is
added, the enzyme decarboxylates the oxalacetate, and there is no further
action on the resulting pyruvate. When cocarboxylase is then added, the
resulting pyruvate is oxidized to acetic acid and carbon dioxide. It is
therefore evident that the decarboxylation of oxalacetate by this enzyme is
dependent on Mg*+ but independent of cocarboxylase.

On the basis that this enzymic reaction is reversible, and that the equi-
librium is not too far to the side of pyruvic acid, the synthesis of oxalacetate
from pyruvate and carbon dioxide should be possible with this enzyme.
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Krampitz and his co-workers (59) attempted this synthesis but were unable
to demonstrate any formation of oxalacetate. With C1*0, they have ob-
tained evidence, however, that the enzyme is involved in the carboxylation
or fixation reaction.

A decarboxylation of oxalacetic acid was conducted in the presence of
C10,; with the deficient preparation to which Mg+*+ was added. The de-
carboxylation was allowed to proceed until it was approximately 50 per
cent complete, and then the C!® concentration in the carboxyl adjacent to
the methylene group was determined in the residual oxalacetate. The
necessary carboxyl was obtained by decarboxylation with citric acid and
aniline (60). The resulting carbon dioxide contained a concentration of
C*3 (1.4 per cent) significantly above the normal. On the contrary, similar
experiments conducted without addition of the enzyme contained sub-
stantially no fixed carbon. Clearly the enzyme catalyzed the induction or
exchange of carbon dioxide with the carboxyl group of oxalacetate. Essen-
tially this exchange is C, and C, addition, for the products of the enzymic
conversion are solely C; and C, compounds and there is no reason to believe
the intermediate steps involve other carbon chains. The following reac-
tions are proposed as a possible explanation of the observed exchange during
decarboxylation of oxalacetate and the failure to obtain a synthesis of oxal-
acetic acid from pyruvic acid and carbon dioxide.

COOH-CH,;.CO-COOH CO; + (C; compound)

(Cs compound) + C10, C100H-CH,-CO-COOH
(Cs compound) ——— CH,;-CO-COOH

It is suggested that the Cy compound in parentheses is a derivative of pyru-
vic acid, possibly a phosphorylated compound, and that it is this compound
rather than pyruvic acid that is a component of the fixation reaction. In
addition it is suggested that the unknown C; compound is converted to
pyruvic acid, and that in the system as employed by Krampitz et al., this
reaction is not reversible. Pyruvic acid thus would not be suitable for
demonstration of the synthesis of oxalacetic acid. Furthermore, the de-
carboxylation of oxalacetic acid may not be by a direct splitting out of
carbon dioxide but may involve a preliminary phosphorylation. Addi-
tional studies are necessary before these possibilities can be evaluated
fully. Nevertheless, the above results offer the first direct evidence that
oxalacetic acid is a component in the fixation reaction. No previous in-
vestigation has shown a fixation in oxalacetic acid, assumed to be the initial
product of C; and C, addition.
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The question arises whether or not an exchange of carbon dioxide with
the carboxyl group occurs during the action of carboxylases in general or is
specific for the particular carboxylase which acts on the carboxyl beta to
the keto group of oxalacetic acid. If there is a similar exchange with other
carboxylases, the possibility exists of fixation of carbon dioxide by a rather
large number of reactions, and the theory that Cs and C; addition is the
principal path for fixation of carbon dioxide by typical heterotrophs would
probably have to be revised. The evidence for fixation of carbon dioxide
by other mechanisms will be considered in a later section, but usually such
mechanisms have not been found in typical heterotrophs. It is true that
some exchange might be expected when any carboxylase is active but for
most carboxylases the equilibrium may be so far to the side of decarboxyla-
tion that from a practical standpoint the reaction is irreversible. The ex-
tent of exchange of carbon dioxide with the carboxyls of pyruvie, lactic and
a-ketoglutaric acids during aerobic decarboxylation by Micrococcus lyso-
deikticus has been determined by Krampitz et al. (59). The decarboxyla-
tion of the acids was allowed to proceed in the presence of C1*Q, until some-
what over 50 per cent of the acid was converted, then the C!* concentration
in the carboxyl group was measured. The results showed that there was
practically no exchange in the carboxyl group of these acids under the con-
ditions of the experiments. Pyruvate arising from lactate was, likewise,
tested with negative results. The absence of exchange in this pyruvate is,
perhaps, of greater significance than in the direct use of pyruvate since it
was formed within the cell and in all probability came in contact with the
active enzyme centers, whereas there is no assurance that such are the con-
ditions when starting with pyruvate and determining C** in the unfer-
mented portion. More extensive studies are needed before a definite con-
clusion can be drawn, but at present the possibility of a general fixation of
carbon dioxide through the action of carboxylases as a group seems remote.
Fixation by carboxylases may be limited largely to the enzyme studied by
Krampitz et al. Evans (61), likewise, has found no evidence of exchange
during the action of carboxylase on pyruvate. The exchange was studied
by use of radioactive carbon dioxide at pressures as high as 300 atmospheres.
Ruben and Kamen (17) also consider the reaction irreversible.* Their
evidence is hardly conclusive. Experiments were conducted in which yeast
suspensions, with no added substrate, fixed radioactive carbon dioxide.
By use of pyruvate as a carrier, a fraction was isolated as the hydrazone.
This hydrazone contained but a small per cent of the total fixed radioactive
carbon. There was no proof provided, however, that there actually was

* However, ¢f. Proc. Natl. Acad. Sci. U. 8., 27, 475 (1941).
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any pyruvate formed in the dissimilation (none was added apparently).
The negative result, therefore, could have been caused either by the absence
of an exchange or because there was not enough pyruvate present to give a
detectable amount of fixed carbon, even though an exchange did occur.

Proof that there is no exchange in pyruvate is of considerable importance
because, both in bacterial fermentations (15) and in the dissimilation of
pyruvate by animal tissue (50), lactate is formed containing fixed carbon in
the carboxyl group. Since pyruvate is generally believed to be the pre-
cursor of lactate, fixation by exchange in the pyruvate is one of the possible
mechanisms of fixation in lactate. Other mechanisms for this fixation will
be considered later.

Relationship of Cocarboxylase to the Fixation Reaction.—In contrast
to the findings of Krampitz and Werkman (58) and Krampitz et al. (59),
Krebs and Eggleston (55) and Smyth (62) believe that cocarboxylase is
essential for the fixation of carbon dioxide in oxalacetate. Krebs and
Eggleston (55), reasoning from indirect evidence with pigeon liver and from
analogy with bacterial fixation of carbon dioxide (5), concluded that there
is a synthesis of oxalacetic acid from pyruvic acid and carbon dioxide in
pigeon liver. The evidence will be considered in greater detail in the sec-
tion on animal fixation of carbon dioxide, but it is entirely indirect since a
net uptake of carbon dioxide was not demonstrated. The proposed func-
tion of thiamin in the fixation reaction is based on the observation that
thiamin, on addition to muscle and liver suspensions from thiamin-de-
ficient pigeons, causes an increased dissimilation of pyruvate by liver but
not by muscle. The vitamin, therefore, was presumed to take part in a
reaction present in liver but absent in muscle. The fixation reaction was
believed by Krebs and Eggleston to meet this requirement, and they,
therefore, concluded that the vitamin acts in this fixation reaction. Evans
and Slotin (63) have since presented evidence that there is, in fact, no
fixation of carbon dioxide by pigeon breast muscle. The action of car-
boxylase in pyruvate oxidation, according to Krebs and Eggleston’s concept,
is to synthesize oxalacetate which is necessary as a hydrogen carrier and as
a component of the Krebs cycle. The stimulating action of cocarboxylase
in apparently dissimilar reactions, s. e., the non-oxidative decarboxylation
of pyruvate by yeast and oxidative decarboxylation by animal tissue and
bacteria, was believed to be explained on the basis that decarboxylation of
pyruvate and carboxylation of oxalacetate-were enough alike so that they
would be catalyzed by similar or identical enzymes, both requiring co-
carboxylase. The usual assumption of a dual function of a carboxylase as
a catalyst was thus avoided.
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Although the above explanation of an analogous function of carboxylase
in oxidative and non-oxidative decarboxylation of pyruvate may seem
attractive, there are several facts that argue against these proposals. The
experimental evidence presented by Krebs and Eggleston in support of the
proposed function of cocarboxylase is hardly conclusive. They presented
no evidence to show that the breast muscle preparation was actually de-
ficient in cocarboxylase. If such were not the case, addition of cocarboxyl-
ase would not increase the rate of pyruvate oxidation by the muscle.
Ochoa and Peters (64) have shown that there is a marked difference in the
vitamin content of the different organs of an animal showing effects of vita-
min deficiency, and that liver usually has a lower content of the vitamin
than the muscle. The observed difference in the effect of the vitamin on
addition to muscle and liver may not have resulted from a stimulation of a
reaction present in liver and absent in muscle but, instead, because the liver
was deficient in cocarboxylase and the muscle was not. It also has been
pointed out by Barron (65) that the difference may have resulted because
minced muscle is unable to phosphorylate thiamin rapidly (66). The neces-
sary cocarboxylase, in this case, would not be formed in muscle, but would
be formed in liver.

Aside from these weaknesses in experimental proof, and the evidence of
Krampitz and Werkman that cocarboxylase is not necessary in the reaction
in the case of Micrococcus lysodeikticus, the concept is not convincing, for
it is not in agreement with known facts of pyruvate oxidation. Banga and
her co-workers (687) have shown that besides cocarboxylase, a C, di-
carboxylic acid is an essential component of the pyruvate oxidizing system.
Clearly in these oxidations, the function of the carboxylase is not to syn-
thesize C; dicarboxylic acids as proposed by Krebs and Eggleston.

Smyth’s evidence (62) that thiamin is a component of the fixation reac-
tion was obtained from a study of the dismutation of pyruvate by thiamin
deficient Staphylococcus. The dismutation could be stimulated either by
the addition of thiamin or oxalacetate. In accordance with the Krebs and
Eggleston concept, it was proposed that the function of the thiamin in the
pyruvate dismutation was to promote synthesis of oxalacetate which is
necessary as a hydrogen carrier. When oxalacetate is present, the need
of thiamin, therefore, is removed. At present there seems to be no other
ready explanation of Smyth’s results. The system is complex, however,
and it is by no means certain that Smyth’s explanation is correct. Krebs
and Eggleston (44) have reported recently that addition of oxalacetate,
fumarate or malate catalytically accelerated the fermentation of glycerol
by propionic acid bacteria. There is no reason to believe the fixation reac-
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tion was impaired in any way in these fermentations, yet oxalacetate stimu-
lated the dissimilation. This serves to illustrate that stimulation with
oxalacetate as observed by Smyth may not have resulted because of a
weak fixation reaction, but for some other reason, as in the propionic acid
fermentation. At any rate it can be concluded that the above-proposed
action is not the function of cocarboxylase in the dissimilation of pyruvate
by Micrococcus lysodeikticus (58) for in this case both Mg+*+ and cocar-
boxylase are necessary for the oxidation of pyruvate even when oxalacetate
is added.

On the basis of present results it is apparent that there is fairly direct
evidence (58) that cocarboxylase is not a component of the fixation reaction
as such. It is conceivable that in the complex reactions studied by Krebs
and Eggleston and by Smyth there may be an indirect connection between
carboxylase activity and carbon dioxide fixation, but if there is, the mecha-
nism is obscure at present.

The Location of Fixed Carbon in Propionic Acid.—The only compound
other than C, dicarboxylic acids that definitely has been proposed to arise
by C; and C, addition is propionic acid. Carson and Ruben (16) and Wood
et al. (42, 14), independently with isotopic carbon found that propionic acid
formed in the fermentation of glycerol by Propionibacterium contains fixed
carbon dioxide. Both proposed that the carbon is initially fixed by C; and
C, addition and that the propionate arises from a dicarboxylic acid. Ac-
cordingly, the fixed carbon would be in the carboxyl group. Carson and
his co-workers (68), degraded propionate obtained from the fermentation
of glyeerol, and erroneously concluded that the fixed carbon is located not
only in the carboxyl group but is probably equally distributed among all
three carbon atoms of the molecule. Wood et al. (69), then isolated propi-
onic acid containing fixed C!? from a fermentation of glycerol and degraded
the acid by a different set of reactions. They found the fixed carbon to be
exclusively in the carboxyl group. The degradation was accomplished by
a-bromination to give bromo-propionic acid, conversion of this compound
to lactate with silver hydroxide, and oxidation of the lactic acid with acid
permanganate to acetaldehyde and carbon dioxide. The carbon dioxide is
formed from the carboxyl group of the propionate, the acetaldehyde from
the o- and B-carbon atoms. The aldehyde contained a normal per cent of
C13, and the carbon dioxide a high per cent, 2. e., all the fixed carbon. In
order to make certain that the conflicting observations were not the result
of a difference in the synthetic reactions of the bacteria under the respective
experimental conditions, the reliability of the reactions used by Carson et
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al., was determined with propionic acid synthesized by the following reac-
tion:

H,0
CH,-CHy MgBr + C%0; — CH,-CH,-C*00OMgBr ——» CHy-CH, COOH

The resulting acid was degraded by the reactions used by Carson et al.
(68), i. e., alkaline permanganate oxidation and dry distillation of the
barium salt. Oxalate and carbonate are formed in the permanganate oxi-
dation. It was assumed by Carson et al., that the carbonate arose from
the carboxyl group and oxalate from the a- and S-carbon atoms. The
results (70) from the degradation of the synthetic acid showed definitely
that the reaction does not occur as assumed, for the carboxyl carbon was
found in both the oxalate and carbonate. In the dry distillation of barium
propionate, diethyl ketone and carbonate are formed. According to the
accepted mechanism of the reaction 50 per cent of the carboxyl carbon
should be in the carbonate, the other 50 per cent in the ketone. This dis-
tribution of carboxyl carbon was found with the synthetic acid (70).
Carson et al. (71), and Nahinsky and Ruben (72) independently have re-
investigated the problem. They likewise have found with synthetic propi-
onic acid containing C'* radioactive carbon in the carboxyl group, that the
alkaline permanganate oxidation is not reliable. The dry distillation of the
barium salt apparently was not checked with the synthetic acid to deter-
mine the reliability of this degradation. Judging from the results of Wood
et al. (70), however, it seems probable that the reaction is reliable, and a
faulty experimental procedure was used in the original experiments of Car-
son el al. At any rate Carson and his co-workers (71) on reinvestigation
with the biological acid have found the fixed carbon only in the carboxyl
group.

This series of investigations serves to illustrate the difficulty faced in
determining the location of isotopic carbon in a compound, and also in syn-
thesizing compounds which will contain isotopic carbon in certain positions.
The exact mechanism of the chemical reactions which are employed are
often not known. Under the circumstances it is necessary to study the
mechanism of the reaction before use. Much experimental work is needed
in this field before the full benefits of isotopes can be realized.

The Mechanism of Fixation of Carbon Dioxide in Propionic Acid.—
With the position of the fixed carbon definitely shown to be in the
carboxyl group of the propionate, the problem of the mechanism of fixation
can be considered more accurately. The following mechanism has been
proposed by Carson, et al. (71), and Krebs and Eggleston (44) for formation
of propionate containing fixed carbon:
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CHOH __ COOH . COOH
CHOH co CH, + H,0
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0OH COOH COOH COOH
co  +2H cuom -HO cm _+2H g,
éH. —2H éH, m CH —2H éHx
COOH COOH COOH COOH
Fig. 2.

Viewed critically there is not a great deal of evidence to support the scheme,
other than the fact that it provides a mechanism for the fixation of carbon
dioxide in the carboxyl group of propionic acid. Krebs and Eggleston (44)
have shown that the reactions from oxalacetic acid to succinic acid are
reversible with the propionic acid bacteria. It has not been shown con-
clusively, however, that under the conditions of a glycerol fermentation a
significant amount of fumarate or succinate is converted to propionate.
According to the scheme (Fig. 2) it is essential that the reaction proceed as
far as a symmetrical molecule (fumarate or succinate) and then reverse it-
self so that pyruvate may be formed containing fixed carbon. It is ques-
tionable whether much fumarate would be oxidized to oxalacetate in the
presence of glycerol which is a good hydrogen donator.

If there was a rapid shifting back and forth from pyruvate to fumarate,
part of the dicarboxylic acids should contain fixed carbon in both carboxyl
groups, since some pyruvic acid containing fixed carbon would be present
and could re-enter the fixation reaction. According to the scheme those
dicarboxylic acids not containing two fixed carbons would contain at least
one, therefore the average should be well above Tixation of one carbon.
Actually the quantitative data of Wood et al. (14), indicate that the suec-
cinate formed in the glycerol fermentation contains only one fixed carbon
atom. This fact is a strong argument against any scheme that implies
a part of the succinate is to contain two fixed carbons. The evidence sup-
porting the contention that there is approximately only one fixed carbon in
each succinate molecule has been arrived at by the following calculation.
It has been assumed that the concentration of C!? in the carbon dioxide
fixed by the cell is equal to that of the medium at the conclusion of the
fermentation. It is difficult to estimate the concentration of C!? in the
carbon dioxide available to the cell, since there is no assurance that the
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carbon dioxide produced within the cell comes to equilibrium with that
dissolved in the medium. The above assumption probably gives a minimal
value for the available C'?0,, for at the start of the experiment the C!3 eon-
centration is higher than at the conclusion when dilution with C'20, from
the substrate has occurred. At any rate, on this basis and the assumption
that only one C!Q, is fixed in each succinate molecule, the calculated
values for the C in the succinate of two experiments are 1.72 and 1.34
per cent. The observed values were 1.65 and 1.28 per cent, respectively.
Calculated on the basis that both carboxyls contain fixed carbon, the values
are 2,71 and 1.77 per cent, The calculations are approximations but,
nevertheless, they seem to indicate that fixation occurs in only one car-
boxyl group.

Accordingly, the scheme in Fig. 2 involves the splitting of a carboxyl
from a symmetrical dicarboxylic acid containing fixed carbon in only one
position to form propionate containing fixed carbon. Wood and bis co-
workers (14) have presented quantitative evidence to show that practically
every molecule of propionate formed from glycerol would have to pass
through fumarate if the above scheme holds. If every molecule of pro-
pionate was formed via decarboxylation of a symmetrical dicarboxylic acid
and none directly from the glycerol, the C!? concentrations in the carboxyl
group of the succinic and propionic acids should be equal. In the two
fermentations so far examined the values were 2.21 and 1.47 per cent C*3 for
the carboxyl of propionic acid as compared to 2.29 and 1.54 per cent, re-
spectively, for the carboxyls of succinate. The implication is that none of
the propionate formed in the fermentation of glycerol has arisen by direct
reduction of pyruvate prior to its conversion to fumarate and back again.
This argument holds whether it is accepted that succinate contains only
one fixed carbon or not. It seems unlikely on the basis of Fig. 2 that not
any of the propionate will be formed by reduction of pyruvate before it
passes through fumarate and back again. Furthermore, it is unlikely that
once the propionate is formed there will be any extensive passage back to
pyruvate. There is every reason to believe that if there is an equilibrium
between pyruvate and propionate, it is far to the side of propionate, for
in a propionic acid fermentation, pyruvate can be detected only by special
methods.

Carson and his co-workers (71) have offered evidence which they suggest
may show that there is interconversion of propionate and succinate.
They admit that the rates of interconversion may be too slow to account for
the radioactivity usually found in propionic acid formed from glycerol. In
fact, on addition of radioactive succinate (obtained from the propionic fer-
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mentation) to glycerol or pyruvate fermentations containing no other
source of C!!, the radioactivity of the formed propionate was found to be
2 + 2 and 1 + 1 units, respectively, on the addition of 100 units of suc-
cinate. In the case of added propionate the recovered succinate was 5 + 2
and 9 == 2 units. Even if these figures are considered significant, there is
no assurance that the succinate and propionate are formed by the reversible
series of reactions of Fig. 2. There is a possibility that the succinate may
be decarboxylated directly to propionate; also that the propionate is oxi-
dized with liberation of radioactive carbon dioxide which then is fixed in the
succinate. In one fermentation in which radioactive propionate was
added 8 == 1 units of carbon dioxide were formed.

Most of the above discussion relative to the mechanism of formation of
propionate has been of a negative type, in that it has pointed out only the
weaknesses of existing scheme of Fig. 2. What constructive suggestions
can be offered? Frankly, sufficient data are not available with which to
formulate a defensible scheme. It is likely that the mechanism of succinate
formation from glyeerol by the propionic acid bacteria is substantially as
shown in the above scheme with the exception that in the presence of
glycerol the series of equilibria between pyruvate and succinate are largely
shifted to succinate, owing to the reducing intensity of the glycerol. This.
would account for the succinate containing only one fixed carbon per
molecule, a conception which has been our basic assumption since 1938.
Elucidation of the mechanism of propionic acid formation has always been
a difficult problem. Of several mechanisms proposed, that involving
removal of water from lactic acid to form acrylic acid which is then reduced
to propionic acid has seemed the most probable.

~H,0 +2H
CH,-CHOH-COOH —— CH,:CH-COOH —— CH,CH,-COOH

Up to the present, however, the reduction of acrylic acid by propionic acid
bacteria has not been demonstrated. As shown in the previous discussion,
there is some basis for assuming that all the propionic acid formed in the
fermentation of glycerol may arise by decarboxylation of a symmetrical
dicarboxylic acid containing one fixed carbon. Accordingly, 50 mM of
C'2Q, will be formed for each 100 mM of propionate, since there is an equal
chance of splitting out the carboxyl of the dicarboxylic acid which originates
from the glycerol and the carboxyl that is formed by fixation of C13Q,. If
the C'3of the sodium bicarbonate be calculated on the basis of this dilution by
C12Q,, there is reasonable agreement between the experimentally observed
and calculated values (calculated: 3.76 and 2.23; observed: 3.62 and
2.10 per cent C'¥). This is further evidence that the propionic acid is
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formed in the glycerol fermentations exclusively by decarboxylation of a
symmetrical dicarboxylic acid. It is the mechanism of the decarboxylation
that particularly is uncertain, The evidence that the mechanism does not
involve the reversible reactions of Fig. 2 has already been discussed.
There is some evidence that the propionic acid bacteria can decarboxylate
succinate anaerobically (COOH-CH:CHyCOOH — CO, + CH,CH,-
COOH) but it is questionable whether or not the rate of this reaction is
high enough to be of any considerable importance.

Whether or not propionate may be formed from glucose and pyruvate
exclusively by the fixation reaction, 7. e., by C; and C; addition with subse-
quent decarboxylation of a dicarboxylic acid is uncertain, and there is some
evidence to the contrary. Carson and his co-workers (71) in the fermenta-
tion of pyruvic acid by the propionic acid bacteria found 5 per cent of the
fixed radioactive carbon in the volatile acids and 95 per cent in the non-
volatile acid. Since the yield of volatile acids, and especially of propionic
acid, was not given, no definite idea can be reached as to how much of the
total propionic acid was formed by the fixation reaction. If the yield of
volatile acid was at all normal, however, and the propionic acid was formed
through the fixation reaction, there would have been more fixed carbon in
the volatile acid fraction than was observed.

In a preliminary unpublished experiment by the authors, it has been
found, contrary to the results of Carson ef al., that a large part of the fixed
carbon is in the volatile acid from a pyruvate fermentation. However, by
the same method of calculation that was employed in the glycerol fermenta-
tion, only 60 per cent of the propionic acid is indicated to have arisen by
the decarboxylation of a symmetrical dicarboxylic acid. In this calcula-
tion it is assumed that all the C, dicarboxylic acids are formed by the fixa-
tion reaction. In the fermentation of glucose and pyruvate there is some
indication that more than one mechanism of succinate formation occurs.
Therefore, there is a possibility that all the propionate is formed by decar-
boxylation of a symmetrical dicarboxylic acid.

The experiment by Carson et al. (71), was of short duration (50 minutes),
whereas that of the authors ran for 18 hours, <. ¢., until the pyruvate was
all fermented. This experimental difference may account for the dis-
crepancy in the amount of fixed carbon in the volatile acids. Carson and
his co-workers also reported the formation of a non-volatile keto acid which
contained 70 per cent of the fixed carbon of the non-volatile acid fraction.
The acid was not pyruvic acid and was not identified. Its identification is
of interest because of the light that might be thrown on the mechanism of
carbon dioxide fixation. The compound can hardly be oxalacetic acid, for
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this acid is rapidly decomposed on heating in acid solution and very likely
would have been converted to pyruvate during the steam distillation.

It is evident from the above discussion that propionic acid is formed by a
fixation reaction and probably by decarboxylation of a C, dicarboxylic acid
that is formed by C; and C, addition. The mechanism of decarboxylation
is not known, neither is it known whether or not this reaction is the general
mechanism by which propionate is formed in all propionic acid fermenta-
tions.

2. Miscellaneous Fization Reactions

There have been a number of other fixation reactions demonstrated, but
information is as yet too meager to allow any definite idea of their mech-
anisms, In some cases it is probable that the mechanism is simply the
cleavage of a C, compound in which carbon dioxide has been fixed by C,
and C; addition. The mechanism, thus, is fundamentally the same as
deseribed under C; and C, addition, in so far as the fixation itself is con-
cerned. In others it is evident that the fixation reactions may involve the
formation of a carbon chain entirely from C, compounds. Particularly this
latter type of synthesis is not well understood. It is here that information
is needed to solve the mechanism of the strict autotrophs and of photosyn-
thesis.

Examples of fixations that may occur by C; and C, addition or, on the
other hand, may be proved to involve a mechanism quite different, have re-
cently been demonstrated by Slade ef al. (15, 52). They have investigated
fixation of carbon dioxide by several of the typical heterotrophic bacteria
through use of C'*0,. The compounds found in the different fermentations
have been isolated and their C!3 content determined. The species used
were Staphylococcus candidus, Aerobacter indologenes, Streptococcus para-
citrovorus, Clostridium welchii, Clostridium acetobutylicum, Proteus vulgaris,
Lactobacillus plantarum and Streplococcus lactis. Glucose and citrate were
used aa substrates with cell suspensions in most cases. The last two species
are homo-lactic acid bacteria, . e., bacteria that form substantially nothing
but lactic acid. There was no evidence of fixation by either of these
bacteria but there was fixation by all the other cultures. It has been
pointed out previously that all the genera forming succinate (Staphylo-
coccus, Aerobacter, Streptococcus and Proteus) fixed carbon in this compound.

Fixation in Lactate and Acetate.—Of particular interest is the observed
fixation in lactic acid and acetic acid (15, 52). There was fixation in lactic
acid by the following species: Staphylococcus candidus, Streptococcus para-
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citrovorus, Clostridium welchii, Clostridium acetobutylicum, Proteus vulgaris
and Aerobacter indologenes. The carbon fixed in the lactic acid has been
found in each case to be exclusively in the carboxyl group as located by acid
permanganate oxidation of the lactic acid to carbon dioxide and acetalde-
hyde. The carbon dioxide arises from the carboxyl carbon, the acetalde-
hyde from the a- and g-carbons. The fact that the homo-lactics do not fix
carbon dioxide, as do the hetero-lactics, may be of some significance in
indicating that a cleavage of the C; chain is necessary before fixation of
carbon dioxide in lactate can occur. On the other hand, the failure of the
homo-lactic acid bacteria to fix carbon dioxide in lactic acid may result
from an inability to fix carbon dioxide by a direct Cs and C, addition. A
possible mechanism of fixation of carbon dioxide in lactic acid by C, and
C, addition is as follows:

C40; + CH,-CO-COOH = C1OOH-CH:COH-COOH = Ct#OOH-COH:CH-COOH
= CB00OH.CO-CH; + CO,

Pyruvic acid containing heavy carbon is formed in this reaction by shifting
the hydroxyl and hydrogen of enol-oxalacetic acid and subsequently de-
carboxylation. Meyerhof (54) has proposed this reaction and suggests
that the shifting of hydroxyl with hydrogen occurs spontaneously. The
formation of pyruvate containing fixed carbon thus can be explained with-
out passage through a symmetrical C, dicarboxylic acid. The pyruvate is
then reduced to lactate. A similar scheme might apply to the formation
of propionate. The same objection may be raised to this scheme as with
others, 1. e., if heavy carbon pyruvate is present, part of the dicarboxylic
acids should contain two fixed carbons. In no case has the content of
fixed carbon in succinate been sufficient to indicate such an occurrence.
This may be due, however, to the simultaneous formation of succinate by a
non-fixation reaction.

It is significant that, in contrast to the fermentation of glucose, the
fermentation of citrate by Streptococcus paracitrovorus yields succinate
which contains fixed carbon and lactate which does not contain it. This
fact may indicate that carbon is not fixed in lactate by the above equilibria
for if such were the case, it would be expected that whenever C, dicarboxylic
acids were formed containing heavy carbon, heavy carbon pyruvate and
lactate would likewise occur. It is apparent that more information is
needed before a decision can be reached on the mechanism of fixation of
carbon in lactate. The possibility must be left open that heavy carbon
lactate is formed by C; and C, addition but there is no evidence to support
this idea at present.
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Acetic acid containing fixed carbon was formed by Aerobacter indologenes
and by Clostridium welchii. The fixed carbon has been shown to be ex-
clusively in the carboxyl group. The procedure of degradation (cf. Barker
et al. (18)) involved dry distillation of the barium salt to yield acetone and
barium carbonate.

(CH,C'*00);Ba ——— CH,.C1#0-CH; + BaC!0,
The acetone was then degraded by the iodoform reaction.
CH,-C»Q-CH; + 3I; + 4NaOH —— CHI, + CH,;C!*00Na + 3Nal + 3H,0

The barium carbonate contained heavy carbon, whereas there was none
in the iodoform. The mechanism of this fixation is unknown. It is pos-
sible that the acetic acid is formed by cleavage of a C, dicarboxylic acid.
No detectable amount of C, dicarboxylic acid was formed in the fermenta-
tion by Clostridium welchii but this does not necessarily mean that it did
not occur as an intermediate. Further studies are being made on the
mechanism of this fixation, for it offers possibilities of representing a type
differing from any heretofore investigated.

It is noteworthy that in the fermentation by Aerobacter, ethyl alcohol
was formed which did not contain fixed carbon. This fact indicates that
the aleohol was not from the same source as the acetate containing fixed
carbon. These bacteria under proper conditions reduce acids to alcohols
(73) but apparently did not do so in the present experiment.

Carbon to Carbon Linkage, Both Components from Carbon Dioxide.—
None of the typical heterotrophic bacteria studied by Slade et al. (15, 52),
formed a carbon to earbon linkage in which both members of the link
were from carbon dioxide. It may be a characteristic of most heterotrophs
that one member of the link must be organic. In contrast, the typical
autotroph uses inorganic carbon for both members of the link. That there
are intermediate types is not unexpected. Barker and his co-workers (18)
have made an interesting contribution concerning this intermediate group.
With radioactive carbon it was shown that the formation of acetic acid by
Clostridium acidi-urict involves fixation of carbon dioxide. By use of the
degradation reactions described above 67 per cent of the radioactive carbon
was demonstrated in the methyl and 33 per cent in the carboxyl groups.
The unequal distribution of the fixed carbon in the two groups of the mole-
cule may indicate that the acid is not synthesized entirely from carbon
dioxide. There is no information available on the mechanism of this fixa-
tion. Its solution, obviously, is of fundamental importance.

The organism studied by Wieringa (19) apparently falls in the same cate-
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gory as that of Barker et al., only it is even more autotrophic. It reduces
carbon dioxide with molecular hydrogen to acetic acid.

Barker and his co-workers (18, 37) claim to have shown fixation of carbon
dioxide in cell protoplasm. The mechanism of this fixation has not been
investigated, and the type of linkage is unknown.

III. Mechanism of Carbon Dioxide Fixation by Animal Tissue

Understanding of the mechanism of fixation of carbon dioxide by bac-
teria is admittedly inadequate but the situation is even less satisfactory for
animal tissue. It has been known since 1935 that even the more fastidious
heterotrophs can utilize carbon dioxide. Although the true significance
and the fundamental importance of the phenomenon were not generally
recognized, there was considerable attention devoted to it by a number of
bacteriologists. It is, however, only within the last year that any extensive
consideration has been given to the potentialities of carbon dioxide assimila-
tion by animals. True, Krebs and Henseleit (74) in 1932 offered proof of
the participation of carbon dioxide in the formation of urea, but the signifi-
cance of the conversion was largely overlooked. The possibilities of carbon
dioxide fixation by animals, therefore, have been investigated to only a
very limited extent. Much has been accomplished on the fixation of car-
bon dioxide by pigeon liver in the oxidation of pyruvate, because the
groundwork had been laid by bacterial studies, and the course of action to
be followed was apparent. The scope of fixation by animal tissues has by
no means been completely probed, and it is very probable that carbon di-
oxide will be found to have a function in a number of physiological proc-
esses.

The same outline will be followed in considering the mechanism of fixa-
tion by animal tissue as was used for bacteria, 1. e., (1) fixation of carbon
dioxide not involving a carbon to carbon linkage; (2) fixation of carbon
dioxide involving a carbon to carbon linkage, under which will be considered
(a) Cs and C, addition, and (b) miscellaneous fixation reactions.

A. FixartioN oF CarBoN DioxipE Not INvoLviNg A CARBON TO CARBON
LINKAGE

Two examples of such a synthesis are known, formation of ecarbamino-
hemoglobin (75)

HbNH,; + CO, = HbNHCOOH

and of urea (74). The demonstration by Krebs and Henseleit of urea syn-
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thesis (Fig. 3) from carbon dioxide by liver tissue was the first clearly de-
fined example of heterotrophic utilization of carbon dioxide. Conclusive

COOH COOH COOH NH,
CH-NH, CH-NH, CH-NH, (00)
(CHy)s +CO; (CHy), +NH, (CHa)s +H,0 NH,
. _ _— ———» Urea
NH, +NH:, NH NH arginase 4
C:0 C:NH Ornithine
NH, NH,
Ornithine Citrulline Arginine
Fig. 3.

proof that carbon dioxide is fixed in urea by liver has been provided by
Rittenberg and Waelsch (76) by use of C'? and by Evans and Slotin (77)
with C!t, Hemingway (private communication) has demonstrated urea
synthesis 1n vivo with mice by use of C!3, In this connection it is interesting
to note that the demonstration of Ruben and Kamen (17) of fixation of car-
bon dioxide by liver has been cited (53, 55) as evidence for mechanisms of
carbon dioxide fixation by liver which involve a carbon to carbon linkage.
It is evident that the observed fixation could have been due to urea forma-
tion. Therefore, the demonstration of fixation, unaccompanied by
identification of the compound concerned, does not give reliable evidence-
for the suggested reactions.

B. FixaTioN oF CarBON DioxipE INvoLviNG A CArRBON TO CARBON
LINEAGE

1. Ca and C] Addition

The evidence for the occurrence of Cz and C; addition in bacterial me-
tabolism has already been considered and particularly the evidence for the
reaction:

CO; + CH,-CO-COOH = COOH.CH,-CO-COOH

The reader is referred to this discussion (p. 153) for a more detailed account
concerning the above fixation reaction, for despite Krebs’ statement; no
direct evidence has been obtained as yet with animal tissue which permits
the definite conclusion that pyruvic or oxalacetic acid is a component of
the fixation reaction.
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Apparently carbon dioxide fixation with formation of a carbon to carbon
linkage has been demonstrated in only one tissue—liver. This may be be-
cause other tissues have not been examined; it is known, however, that
there is no fixation of carbon dioxide during the dissimilation of pyruvate
by pigeon breast muscle (63). In‘liver fixed carbon has been demonstrated
in glycogen (53) and in products of pyruvate oxidation (3, 78, 63, 50).

Fixation of Carbon Dioxide in the Dissimilation of Pyruvate by Liver
Tissue.—Attention was focussed on this fixation particularly by the
experiments of Evans (79), who found that pyruvate is oxidized by pigeon
liver even in the presence of malonate, and is converted to C, dicarboxylic
acids, a-ketoglutaric acid and carbon dioxide. No theory was advanced
by Evans (79) to explain the mechanism but viewed in the light of the
experiments of Krebs and Eggleston (80) on pyruvate oxidation by pigeon
breast muscle, it was evident that pigeon liver very likely possessed a
malonate-insensitive mechanism for formation of C, dicarboxylic acids and
dissimilated pyruvate by the Krebs cycle. With pigeon breast muscle it
was necessary to add a C, dicarboxylic acid to the malonate-inhibited reac-
tion in order to get oxidation of pyruvate. Apparently breast muscle can-
not synthesize C, dicarboxylic acids under the conditions as can liver.
The only malonate-insensitive reaction that had been described in the
literature for synthesis of C, dicarboxylic acids is the fixation reaction
studied by Wood and Werkman (41, 42). The fact that oxalacetic acid
is an intermediate in the Krebs cycle further added to the attractiveness
of the hypothesis that the oxalacetate is formed by the fixation reaction
occurring in the dissimilation of pyruvate by pigeon liver. Independently
Evans and Slotin (3) and Krebs and Eggleston (55) and shortly after-
wards Wood et al. (78, 50), presented evidence that carbon dioxide may
be fixed by C,; and C, addition in pigeon liver.

Krebs and Eggleston, handicapped by not having an available source of
carbon isotopes, were forced to rely on indirect methods of demonstrating
the role of carbon dioxide in the pyruvate oxidation. They showed that
the rate of oxidation of pyruvate and formation of a-ketoglutarate, citrate,
malate and fumarate was stimulated by the presence of carbon dioxide.
This specific effect of carbon dioxide in connection with other considerations
led them to propose that oxalacetate is synthesized by the Wood and Werk-
man reaction and then is metabolized by the Krebs cycle. The proposed
role of thiamin in this reaction has been considered in connection with re-
sults obtained with bacteria (page 158).

Evans and Slotin (3) independently provided conclusive evidence that
carbon dioxide is fixed during the oxidation of pyruvate by isolation of
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radioactive a-ketoglutarate from experiments in which C!'O, was used as a
tracer. Following this Wood et al. (78, 50), with heavy carbon, and inde-
pendently Evans and Slotin (63) with radioactive carbon, determined the
position of the carbon fixed in isolated a-ketoglutaric acid. The isolated
acid was degraded by acid permanganate oxidation to succinic acid and
carbon dioxide.

COOH-CH,-CH,-.CO-C300H = COOH-CH,-CH,-COOH + Cu0,

All the fixed carbon was in the carbon dioxide. The identical results of
both investigations prove conclusively that the fixed carbon is exclusively
in the carboxy! group alpha to the keto group. Krebs (56), convinced that
pyruvate was dissimilated in pigeon liver by a combination of oxalacetate
synthesis through the fixation reaction and the Krebs cycle, had predicted
that the fixed carbon would be found in both carboxyls of the a-ketoglutar-
ate. This, in fact, would be the location of the fixed carbon if pyruvate
were fermented by pigeon liver according to the Krebs cycle, since it in-
cludes the symmetrical citrate molecile as an intermediate. Wood et al.
(78), and Evans and Slotin (63), therefore concluded that citrate is not an
intermediate in the dissimilation of pyruvate by pigeon liver.

Evans and Slotin (63) have provided further proof that citrate is not an
intermediate. Non-radioactive citrate was added to a dissimilation of
pyruvate in a radioactive bicarbonate medium and the a-ketoglutarate was
isolated. Neither the yield of ketoglutarate nor the ratio of its activity to
that of the medium was affected. If citrate were an intermediate in the
formation of a-ketoglutarate, it would be expected that the activity of the
ketoglutarate would have been lowered due to dilution by ketoglutarate
from the citrate.

The status of the Krebs cycle with respect to liver is placed in doubt since
citrate is not an intermediate in the dissimilation. Even as applied to
pigeon breast muscle the cycle must be accepted with reservations. Un-
questionably Krebs’ fine investigations have established the general skele-
ton of the cycle but further investigation is needed to determine the identity
of the intermediates. Furthermore, the proof that o-ketoglutarate con-
tains fixed carbon by no means establishes the fixation of carbon dioxide by
pigeon liver through C; and C; addition.

Further investigations by Wood et al. (50), on the dissimilation of
pyruvate by pigeon liver have more nearly completed this proof, and addi-
tional support has been obtained for a modified Krebs cycle.
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Figure 4 presents a tentative mechanism which is adaptable to the observed facts.
It is a Krebs cycle from which citrate has been deleted and isocitrate retained. It is
recognized that most tissues contain aconitase which would induce formation of citrate,
but as a working hypothesis the skeleton of the original cycle may as well be retained
until information is available which dictates the proper change. It is probable that
phosphorylated intermediate compounds are involved.

Three new facts were established in this study and are related to the
scheme as follows:

(a) Carbon dioxide was found to be fixed exclusively in the carbozxyl groups
of Cs dicarbozylic acids formed from pyruvate. Malate, fumarate and
succinate were isolated and degraded. The a- and S-carbons were found
free from fixed carbon, which was contained in the carboxyl carbons.
This observation more nearly completes the proof that the C, dicarboxylic
acids are formed by C, and C, addition, since the fixed carbon was
located directly in the carboxyls of the C, dicarboxylic acids. The fixa-
tion reaction is the only malonate-insensitive reaction that has been pro-
posed which accounts for these facts. Acetic acid condensation, for
example, could not account for the observations, even if an exchange of
carbon dioxide with the carboxyl carbons were assumed, because this con-
version passes through succinate prior to malate and fumarate formation.
This apparently was not the case, for it was shown that the conversion of
succinate to fumarate can be blocked without inhibition of the formation of
malate or fumarate. If there were interconversion of succinate and fuma-
rate, both acids would contain fixed carbon. This was not always the case.

(b) In the presence of malonate, succinale was shown to contain little or no
fized carbon, whereas the other C, dicarbozylic acids did contain fixed carbon.
This observation is of considerable importance. In fact Krebs (81) has
referred to the oxidative formation of succinate from oxalacetate in the
presence of malonate as the crucial experiment. It is crucial, for, provided
one can assume that the anaerobic formation of succinate by reduction of
oxalacetate is inhibited by malonate, it proves that there is an oxidative
reaction leading from oxalacetate to succinate. Critics of the  Krebs
cycle (65) have contended that this assumption is without adequate proof.
The second fact shows that in the case of pigeon liver, inhibition by ma-
lonate was effective and succinate did not arise by anaerobic reduction
over malate and fumarate. If such were the case, the C!® concentration
would have been approximately the same in each compound, as it was
when malonate was not added. It is clear that there are two mechanisms
for the formation of C, dicarboxylic acids. The one is quite probably
by Cs and C, addition and is not inhibited by malonate. The other is
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by an oxidative process, and the resulting C, dicarboxylic acids do not
contain fixed carbon. This then removes one of the major criticisms of
the Krebs cycle, at least as applied to the dissimilation by liver. Much
of the criticism of the Krebs cycle has centered around this point, and
whether or not citrate is an intermediate. In so far as liver is concerned,
the first criticism is not valid, while the second is. However, in viewing
objections to the cycle, the fact must not be overlooked that this scheme
does give a fairly logical mechanism for oxidation of pyruvate to carbon
dioxide. The scheme should not be considered a substitute for the Szent-
Gyorgyi system of hydrogen transfer, for the latter scheme only attempts
to tell where the hydrogen goes and not how the carbon chain is cleaved.
No other scheme adequately explains the mechanism of oxidation of
pyruvate to carbon dioxide, and although certain details of the Krebs
cycle may be in error, it seems probable that the general framework is
correct. At any rate the scheme in Fig. 4 accounts for all observed facts
in so far as location of the fixed carbon is concerned. Additional informa-
tion on the fixation reaction as such has been given in the section dealing
with bacteria (page 153).

(¢) Lactate formed either aerobically or anaerobically contained fixed carbon
in the carbozxyl group and none in the a- and B-carbons. Further study is
required before the significance of these results can be evaluated fully.
Probable mechanisms of the formation of lactate containing fixed carbon
have already been considered in the section on bacteria (page 166).

A logical objection can be raised to the scheme in Fig. 4 which assigns
an essential role to a fixation reaction solely on the basis of the presence
and location of fixed carbon in a compound. Fairly reliable information
on the mechanism of fixation can be obtained, but the answer as to whether
or not the process as a whole is dependent on the fixation reaction cannot
be obtained by this method. The carbon may have been fixed, for example,
by a non-essential exchange reaction. Some attempt has been made to
answer this criticism. For example, the general occurrence of exchange
during decarboxylation has been disproved by Krampitz et al. (59).
Evans and Slotin (63) have considered the problem in some detail. They
have presented evidence that the utilization of carbon dioxide is stoichio-
metric, one molecule of carbon dioxide being utilized for each molecule
of a-ketoglutarate. Wood and his co-workers (14) also have shown that
there is a stoichiometric relationship of carbon dioxide to propionic and
succinic acids formed in the fermentation of glycerol by the propionic
acid bacteria. If there is fixation by exchange, it seems questionable
whether the reaction would be stoichiometric.
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Evans and Slotin (3) have found that a-ketoglutarate formed by breast
muscle in the presence of radioactive carbon dioxide is inactive. In muscle,
C. dicarboxylic acids cannot be formed from pyruvic acid by a fixation reac-
tion; however, if carbon enters the molecule through miscellaneous ex-
change reactions, there should have been fixation in a-ketoglutarate even
in the absence of the true fixation reactions. These results are indicative
but admittedly are not conclusive proof that fixation is an essential reaction.
There may be a specific fixation by C; and C, addition and the reaction still
be non-essential. For example, the initial oxalacetate synthesis might
occur by some other reaction than fixation, and then the carboxyl groups
come to equilibrium with the isotopic carbon dioxide by the enzyme ex-
change reaction of Krampitz et al. (59). The C!3 concentration in the
resulting oxalacetate would be the same as if it arose initially by the fixation
reaction, and, furthermore, if one blocked fixation the synthesis of oxal-
acetate and a-ketoglutarate would still go on. There is ample evidence,
however, that carbon dioxide does not function solely in a non-essential
exchange reaction for it is known to be necessary for growth of micro-
organisms (22) and in the reduction of methylene blue by dehydrogenases
(27).

In summary, the results obtained on fixation of CO. by pigeon liver in
pyruvate dissimilation, indicate that the CO, is fixed by C; and C, addi-
tion, just as in bacterial metabolism. The fact that the fixed carbon of
the C, dicarboxylic acids has been shown to be exclusively in the carboxyl
group supports this view. Proof of fixation of COz in oxalacetaté is needed,
however, to confirm the occurrence of the reaction:

CH,-CO-COOH + CO; = COOH-CH,-CO-COOH

in liver. Although it is likely that C, dicarboxylic acids can be formed by
fixation, it is not certain whether this is an essential part of the dissimilation
or not,

2. Miscellaneous Fizalion Reactions

Fixation of Carbon Dioxide in Glycogen by Liver Tissue.—Solomon
and his co-workers (53) in an interesting investigation have found that
carbon dioxide is fixed ¢n vivo by fasted rats when lactate is fed and radio-
active sodium bicarbonate is injected intraperitoneally, Part of the fixed
carbon occurs in the liver glycogen. The following are the more pertinent
results.

The liver glycogen derived from fixed carbon dioxide was calculated to
vary from 7 to 16 per cent. If one carbon atom in six of the glycogen had
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such an origin, the value would be 16.6 per cent. The calculation was made
(a) on the assumption that the C!* : C? ratio is the same in tissue fluid in
all parts of the body at any particular moment and (b) that the ratio of
carbon dioxide excretion to carbon dioxide synthesis into glycogen is con-
stant. If these assumptions hold, then the mM of carbon dioxide incor-
porated into the glycogen are equal to the mM of excreted carbon dioxide
multiplied by the ratio of radioactivity in the glycogen to the radio-
activity in the excreted carbon dioxide. The truth of these assumptions
is of considerable importance because much of the evidence for the pro-
posed mechanism of fixation is based on the incidence of not more than
one carbon atom derived from carbon dioxide in six of the glycogen.

The fixation reaction is proposed by Solomon et al., to constitute an
essential step in the glycogen synthesis. The steps of glycolysis are all re-
versible (82) except that involving phosphopyruvate (83). It is suggested
that the phosphopyruvic acid is formed through the fixation reaction by
decarboxylation of the phosphorylated C, dicarboxylic acid (84, 85).

C1'Q, + CH,-CO-COOH = C'*00OH-CH,-CO-COOH

PO;H, POH,
H 0] o
HO H,;PO, H . —CO, .
CU'OOH-C:C:COOH -—— CUOOH.C:C:COOH — CH,;:C-COOH
PO,H, PO,H,
(0] (o)
H H H,PO,

. —-Co .
CuUQOH . C:C-COOH -—— CHOOH-C:CH-COOH —3 CU00H-C:CH

A random distribution of the C!! in the two carboxyl group of the dicar-
boxylic acid may arise from the shift of hydroxyls in enol oxalacetate (54)
or by passage through fumarate. Each pair of phosphopyruvate molecules
transformed into glycogen would, therefore, contain one labelled carbon
atom. Significance is given to the fact that the experimental value never
exceeded this but did approach it rather closely in three of the seven ex-
periments. The above proposal is an attractive explanation of the results
but, as Solomon and his co-workers suggest, it should be considered only as
a working hypothesis. The fixation reaction, in the first place, has not
been elucidated as to details of mechanism; second, the evidence of Kalckar
(84) that phosphopyruvate is formed from C, dicarboxylic acids is only
presumptive since the compound was not isolated; and finally Solomon
and his co-workers have indicated a possible inconsistency. They find
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that about the same amount of carbon dioxide is fixed in liver glycogen
after feeding glucose as after feeding lactate. Accordingly it must be as-
sumed that the glucose is broken down to pyruvate before glycogen is syn-
thesized. This seems unlikely for the path of breakdown of glucose would
be through the same phosphorylated hexose as would be needed for the
glycogen synthesis. It might be expected that part of the glucose after
phosphorylation will go directly to glycogen and that, therefore, the
amount of carbon dioxide fixed would be less than when lactate was fed.

Several other observations by Solomon et al., are of interest. Sub-
stantially no fixation in glycogen was observed when the rats were not fed
lactate, and radioactive sodium bicarbonate was injected into non-fasted
rats. Apparently the animal must be actually making and depositing
glycogen before there is fixation in the glycogen. The muscle glycogen, in
contrast to liver glycogen, contained no fixed carbon. It is apparent, there-
fore, that there was no significant interchange between liver and muscle
glycogen and that the muscle glycogen did not have an origin similar to
that of the liver glycogen.

Fixation of Carbon Dioxide by Trypanosoma.—Searle and Reiner (87)
found that in the dissimilation of glucose by Trypanosoma lewist carbon
dioxide is fixed with formation of succinie, lactic, pyruvic and acetic acids.
The carbon dioxide assimilated was equivalent to the succinic acid formed.
One molecule of carbon dioxide was assimilated for each two molecules of
glucose fermented. Glucose was not metabolized in the absence of bi-
carbonate unless pyruvate was added. The activating effect of pyruvate
differed from that of bicarbonate since succinate was not formed in the
absence of bicarbonate and the products were principally lactate with
some acetate.

It was suggested that two results were not in agreement with the
Wood and Werkman reaction: (a¢) pyruvate remains unchanged in the
presence of bicarbonate, and (b) carbon dioxide is required for the dissimi-
lation of glucose and especially glycerol under aerobic conditions. With
glycerol there was no evidence that either pyruvate or succinate was
formed as an intermediate or final product; the oxidation goes completely
to CO..

Although CO, may participate in a manner other than through C, and
C, addition in the oxidation of glycerol, the above evidence is not entirely
conclusive. It is only by special methods that intermediate products can
be demonstrated. This is the case in the oxidation of pyruvate by liver
tissue, yet it is very probable that CO, functions by C; and C, addition.
Whether a product will accumulate will depend on whether its rate of
formation is more rapid than its rate of oxidation to CO;. In the case
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of the glycerol oxidation the rates may be such as to cause only CO, to
accumulate.

Failure to observe dissimilation of pyruvate in the presence of CO; may
be explained. For example, C; and C, addition may have occurred but
pyruvate may not function as an adequate hydrogen donator to reduce
the oxalacetate. The reaction might therefore stop after slight accumu-
lation of oxalacetate. Furthermore, the reaction of pyruvate and CO,
is merely a picture of the over-all conversion and pyruvate as such may
not be an actual component of the fixation reaction.

Probably both the fixation of CO, by T'r. lewis: and by liver in glycogen,
which here are classified as miscellaneous fixation reactions, may with
more complete data be shown to fall in the category of C; and C, addition.

Unidentified Fixation of Carbon Dioxide.—Aside from the specific
studies on fixation of carbon dioxide in urea, dicarboxylic acids and glyco-
gen, there have been indications of additional fixations. How many of
these are by types already studied is not known. Solomon and his co-
workers (53), for example, could not account for 39 per cent of the ad-
ministered C!* and believed that much of it was fixed in organic com-
pounds. Evans and Slotin (63) found that a part of the fixed carbon
dioxide that could not be accounted for as a-ketoglutarate was released as
carbon dioxide by treatment with ninhydrin and with chloramine T.
This fact suggests that there is fixed carbon in amino acids or similar
compounds. Such a fixation can readily be explained on the basis of
the existence of transaminase in liver and its action on oxalacetic acid and
a-ketoglutarie acid (86). There seems little doubt that as our investiga-
tions of carbon dioxide fixation are broadened we shall find an ever-
widening field of its application.
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I. Introduction

Approximately 25 years ago two strains of unrelated soil bacteria
(Pseudomonas diminuta and Flavobacterium sp.) were isolated that had the
ability to hydrolyze, and thus detoxify, a broad range of organophosphate in-
secticides and military-type nerve agents (Munnecke, 1976). The specific
chemical reaction catalyzed by these bacterial strains, as exemplified with
the insecticide paraoxon, is shown in Scheme 1. This enzymatic transforma-
tion is rather interesting since there are very few, if any, naturally occurring
organophosphate triesters that have been isolated and characterized. More-
over, a protein that is capable of hydrolyzing organophosphates may eventu-
ally find commercial applications for the detoxification of agricultural
insecticides and chemical warfare nerve agents.

Organophosphate triesters and related phosphonate diesters are ex-
tremely toxic because of their ability to specifically inactivate the enzyme
acetylcholinesterase (AchE). Upon incubation of AChE with activated
organophosphates, the enzyme rapidly forms a phosphoenzyme intermedi-
ate with an active site serine residue. This intermediate cannot be further
processed by AChE at a significant rate and thus the catalytic function of the
enzyme is destroyed. Since AChE is critical for nerve function, via the hy-
drolysis of acetylcholine, this inactivation event is lethal to a variety of cell
types. The reactions catalyzed by AChE with acetylcholine and paraoxon are
summarized in Scheme 2.

The bacterial phosphotriesterase (PTE) treats this class of organophos-
phate nerve agents not as potent inactivators of enzyme function, but rather
as very good substrates with extraordinary turnover numbers. Since
organophosphate triesters were not widely released into the environment as
agricultural pesticides prior to World War 11, it has been difficult to under-
stand how the catalytic activities discovered for PTE could have rapidly
evolved during this very short time interval. If PTE has not evolved to specif-
ically hydrolyze organophosphate nerve agents, then the protein must cat-
alyze another metabolic function that has not been discovered. The complete
gene sequence for this enzyme has provided no substantive clues as to the
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metabolic role of this enzyme. At the time of discovery, there were no known
protein sequences that were homologous to PTE. However, this situation has
been clarified somewhat in the intervening period (Holm and Sander, 1997).
Our goal for this review is to provide a detailed account of the relation-
ship between structure, function, and mechanism of this fascinating enzyme
and then attempt to correlate the mechanism and structure of this protein
with related examples of a growing superfamily of hydrolase enzymes.

II. Structure
A. PROTEIN SEQUENCE

The gene for the bacterial PTE has been sequenced from P diminuta and
Flavobacterium sp. (Mulbry and Karns, 1989; Serdar et al., 1989). The genes
for PTE from both organisms are found within extra chromosomal plasmids.
Surprisingly, the DNA sequences are identical, and in both cases the protein
is translated as a larger precursor protein prior to the cleavage of a 29-amino
acid leader peptide from the N-terminal end of the proenzyme to form the
mature enzyme (Mulbry and Karns, 1989). The complete sequence of the un-
processed protein is presented in Figure 1. The constitutively expressed pro-
teins in the native organisms are found as membrane-associated complexes
(Brown, 1980; McDaniel, 1985).

The gene for the bacterial PTE has been subcloned into a variety of ex-
pression vectors (McDaniel, 1985) and the protein purified to homogeneity
using insect cells (Dumas et al., 1989a; Dumas and Raushel, 1990a), Strep-
tomyces lividans (Rowland et al., 1991), and Escherichia coli (Serdar et al.,
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1 MQTRRVVLKS AAAAGTLLGG LAGCASVAGS IGTGDRINTV RGPITISEAG 50
51 FTLTHEHICG SSAGPFLRAWP EFFGSRKALA EKAVRGLRRA RAAGVRTIVD 100
101 VSTFDIGRDV SLLAEVSRAA DVHIVAATGL WFDPPLSMRL RSVEELTQFF 150
151 LREIQYGIED TGIRAGIIKV ATTGKATPFQ ELVLKAAARA SLATGVPVIT 200
201 HTAASQRDGE QQAAIFESEG LSPSRVCIGH SDDTDDLSYL TALAARGYLI 250
251 GLDHIPHSAI GLEDNASASA LLGIRSWQTR ALLIKALIDQ GYMRQILVSN 300
301 DWLFGFSSYV TNIMDVMDRV NPDGMAFIPL RVIPFLREKG VPQETLAGIT 350
351 VINPARFLSP TLRAS

Figure 1. Amino acid sequence for the bacterial phosphotriesterase from Pseudomonas
diminuta.

1989). Significant improvements in the levels of protein expression have
been obtained by deletion of the DNA encoding the 29-amino acid leader
sequence (Mulbry and Karns, 1989; Serdar et al., 1989).

B. ACTIVE SITE RESIDUES

In order to catalyze the hydrolysis of an organophosphate triester, an en-
zyme must function to activate the hydrolytic water molecule for nucle-
ophilic attack and enhance the electrophilic properties of the phosphorus
center. Initial speculation on the chemical mechanism of PTE suggested that
the hydrolytic water molecule could be activated by general base catalysis
and that the leaving group of the organophosphate triester could be activated
by general acid catalysis (Donarski et al., 1989; Dumas and Raushel,
1990b). This particular aspect of the reaction mechanism and active site
structure was first examined for the purified enzyme via the determination
of the pH-rate profile. When paraoxon is used as the substrate, the pH pro-
file versus k_, with PTE is as shown in Figure 2. There is a plateau of cat-
alytic activity above pH ~7 and a loss of activity below pH ~6.5. A fit of the
experimental data to the appropriate equation gave a pK, for a single ioniz-
able group of 6.1 (Dumas and Raushel, 1990b). A similar profile was found
for k_/K . Since the substrate cannot lose protons within the pH range ex-
amined, it thus appeared that a single group at the active site of PTE must be
ionized for maximum catalytic activity. The pH-rate profile was thus con-
sistent with a residue that served to activate the hydrolytic water molecule
via general base catalysis. Since there was no loss of activity at high pH
there was no evidence for general acid catalysis during the departure of the
leaving group phenol. This outcome was not entirely unexpected since the
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pK, of p-nitrophenol is approximately 7.0 and there is little to be gained by
stabilization of the leaving group phenol. In an effort to determine the iden-
tity of the active site residue responsible for the single ionization that was
found in the pH-rate profile, the effect of temperature on the pK, value was
measured. The AH,, was determined to be 7.9 kcal/mol (Dumas and
Raushel, 1990b). The effect of organic solvents indicated that the group was
a cationic acid. These data were most consistent with the ionization of a sin-
gle histidine residue at the active site of PTE.

Confirmation of this assignment was sought through the utilization of
group-specific reagents. No significant inactivation could be obtained upon
incubation of the enzyme with dithionitrobenzoic acid (DTNB), carbodi-
imide, pyridoxal, butanedione, or iodoacetate (Dumas and Raushel, 1990b).
These results appeared to eliminate cysteine, lysine, arginine, aspartate, and
glutamate as accessible residues within the active site. However, the enzyme
could be quantitatively inactivated with the histidine-specific reagent di-
ethylpyrocarbonate (DEPC) and the metal chelator, o-phenanthroline. Analy-
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Figure 2. pH-rate profile for the hydrolysis of paraoxon as catalyzed by the bacterial phos-
photriesterase.
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Figure 3. Initial model for the mechanism of organophosphate hydrolysis by phosphotri-
esterase.

sis of the DEPC inactivation kinetics as a function of pH was consistent with
a pK, value of 6.1 for the histidine that was labeled under the experimental
conditions (Dumas and Raushel, 1990b). No loss of activity was observed in
the presence of substrate analogs and thus the labeled histidine appeared to
be within the active site. Atomic absorption spectroscopy confirmed the pres-
ence of zinc bound to the protein. Based upon these results a working cat-
alytic mechanism was proposed as illustrated in Figure 3. In this mechanism
the function of the ionized histidine is to remove a proton from the metal-
bound water molecule. In addition to serving as a template for the hydrolytic
water molecule, the lone zinc ion could serve to polarize the phosphoryl oxy-
gen bond and thus make the phosphorus center more electrophilic.

C. RECONSTITUTION OF APO-ENZYME

The initial discovery that the bacterial phosphotriesterase contained bound
zinc prompted a series of experiments designed to substitute other divalent
cations into the enzyme active site (Omburo et al., 1992). The most success-
ful of these experiments involved the utilization of a metal chelator to make
apo-enzyme and then reconstitution of the metal-free enzyme with a variety
of divalent cations. Metal chelators such as o-phenanthroline were found to
be far more efficient at the removal of bound-metal from the protein than eth-
ylenediaminetetraacetic acid (EDTA). Thus, the second-order rate constant
for the inactivation of PTE by o-phenanthroline and EDTA are 1.6 M's™ and
8 x 10+ M s, respectively (Omburo et al., 1992). The apo-enzyme has less
than 1% of the catalytic activity exhibited by the wild-type enzyme. The apo-
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enzyme was stable when frozen at —78°C for a period of at least six months
and full enzymatic activity could be recovered upon the addition of zinc.
Reconstitution of the apo-enzyme with a variety of divalent cations re-
vealed two very interesting structural and mechanistic features about PTE,
Shown in Figure 4 is a plot of the recovered enzymatic activity as a function
of metal ion added per equivalent of apo-enzyme. Remarkably, the protein
could be reconstituted with Co**, Cd*, and Zn*. The Co*- and Cd*-substituted
proteins were even more active than the Zn*-substituted protein. For each of
the divalent cations added to the system there was a linear increase in the cat-
alytic activity until the ratio of two metal ions per protein equivalent was
achieved. Thus, PTE requires two metal ions for full catalytic activity rather
than the single metal ion as originally believed (Omburo et al., 1992). Addi-
tional experiments (not shown) demonstrated that Mn* and Ni** were also able
to activate the enzyme. The optimum pH for reconstitution of apo-enzyme
was found to be pH 7-8.5. A summary of the catalytic constants by each of the
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Figure 4. Reconstitution of the apo-phospho*riesterase with various amounts of Co?", Zn®",
and Cd*".
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TABLE 1
Kinetic Constants for Metal Substituted Phosphotriesterase®
Km k:i( kCIJKm
Metal (uM) s (10°M s
Zn* 90 2400 2.7
Co® 200 7800 4.0
Mn*" 80 1800 22
i 400 4600 1.2
Ni** 150 6000 3.9

*Determined for paraoxon at pH 9.0.

metal-substituted forms of PTE for the hydrolysis of paraoxon is presented in
Table 1. Unfortunately, the titration of apo-enzyme with the various divalent
cations provided no clues with regard to whether one or both metal ions were
required for catalytic activity. Moreover, it could not be determined whether
these metal ions were required for structural or catalytic functions.

D. '"“Cd-NMR SPECTROSCOPY

The environment of the metal ion binding site(s) was initially probed
with nuclear magnetic resonance (NMR) spectroscopy (Omburo et al.,
1993). Cadmium has two isotopes that are NMR active, '*Cd?* and '"'Cd*.
Prior investigations with model systems and metal binding sites in proteins
of known structure had clearly demonstrated that a great deal of information
could be obtained about the direct ligands to each of these metals from a de-
termination of the chemical shift (Summers, 1988). In model systems the
chemical shift range for '“Cd* extends in excess of 900 ppm. The most
downfield signals are observed for complexes that are composed of all thio-
late ligands from cysteine while the most upfield signals are those for com-
plexes with all-oxygen bearing ligands from water or carboxylates (aspartate
or glutamate). Nitrogen ligand sets are intermediate in chemical shift be-
tween the sulfur and oxygen ligands.

The '“Cd* spectrum of PTE containing two Cd** per monomeric protein
is presented in Figure 5A. The spectrum clearly shows that each of the metal
ions is in a slightly different chemical environment. The observed chemical
shifts are 116 and 212 ppm. The chemical shift position excluded ligation by
even a single cysteine group and strongly suggested that the ligand set con-
sisted of a mixture of oxygen (water, carboxylate) and nitrogen (histidine)
ligands. The more downfield signal was expected to arise from Cd*, which
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T 1 | |
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Figure 5. '"*Cd-NMR spectra of bacterial phosphotriesterase. (A) Apo-enzyme reconstituted
with 2 equivalents of Cd*". (B) Apo-enzyme reconstituted with one equivalent each of Zn?**
and Cd”.

had a higher percentage of nitrogen ligands than the more upfield signal.
The best estimates, made at that time, proposed that the cadmium with the
more downfield signal was bound to three nitrogen ligands and one oxygen
ligand while the cadmium exhibiting the upfield signal was bound to two ni-
trogen ligands and two oxygen ligands. This analysis assumed that the envi-
ronment for each metal ion was tetrahedral. These conclusions were not
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entirely correct, as later discovered by the solution of the X-ray crystal struc-
ture for PTE. Nevertheless, these studies clearly demonstrated that a major-
ity of the ligands to each of these metal ions originated from the imidazole
side chain of histidine residues (Omburo et al., 1993).

"3Cd-NMR spectroscopy provided further insight into the structure of an
unusual hybrid of PTE. It was found that a hybrid containing one Cd* and
one Zn* could be constructed (Omburo et al., 1993). The catalytic properties
of the Cd/Zn-hybrid more closely resembled those of Zn/Zn—PTE rather than
Cd/Cd-PTE, and thus one metal ion appears to dominate the catalytic prop-
erties. The "*Cd-NMR spectrum of the hybrid is presented in Figure 5B. Only
the single upfield resonance was observed and thus it appeared that cadmium
was uniquely occupying only one of the two sites while zinc was located at
the other site. This metal hybrid complex may be of great utility in defining
the specific functions of the individual metals in binding and catalysis.

E. EPR SPECTROSCOPY

Since the divalent cations bound to PTE could be substituted with Mn*
with high occupancy and relatively high catalytic activity, electron para-
magnetic resonance (EPR) spectroscopy was utilized to provide additional
information with regard to protein—metal and metal-metal interactions
(Chae et al., 1993). The '"Cd-NMR evidence provided no information about
whether the protein contained two mononuclear metal centers or if a single
binuclear metal center was operable. Shown in Figure 6 is the EPR spectrum
of the Mn*/Mn*-PTE at 10 K. The X-band EPR spectrum is quite complex.
The predominant features were near g-2 and exhibited what appeared to be
more than 26 Mn hyperfine splittings at ~45 gauss intervals. The large num-
ber of hyperfine splittings, separated by approximately half the magnitude
expected for a mononuclear Mn*-center, suggested the presence of two
spin-coupled Mn* ions. This conclusion was also supported by the Q-band
spectrum obtained under similar experimental conditions (Chae et al.,
1993). The temperature dependence of the X-band signals provided further
evidence that the two manganese ions were antiferromagnetically coupled to
one another (Chae et al., 1993). Similar spectra had previously been noted
with arginase (Reczykowski and Ash, 1992), enolase (Poyner and Reed,
1992), concanavalin A (Antanaitis et al., 1987), and catalase (Khangulov et
al., 1990). These data ruled out the existence of two independent mononu-
clear sites. Thus, the most likely structure was a coupled binuclear center
with a bridging ligand of unknown identity (Chae et al., 1993, 1995). Taken
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Figure 6. Electron paramagnetic resonance spectrum (X-band) of the apo-enzyme reconsti-
tuted with two equivalents of Mn®".

together the 'Cd*-NMR studies and the Mn*'-EPR investigations pointed to
the existence of a binuclear metal center where a majority of the direct lig-
ands to the metal ions originated with the imidazole side chains of histidine.

MUTAGENESIS OF ACTIVE SITE RESIDUES.

The spectroscopic and chemical labeling experiments implicated the es-
sential nature of one or more histidine residues at the active site of the bacte-
rial phosphotriesterase. These results prompted two independent
investigations toward the identification of those histidine residues required
for catalytic activity (Kuo and Raushel, 1994; Lai et al., 1994). In PTE there
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are only seven histidine residues in the entire molecule and each of these his-
tidine residues was mutated to an asparagine residue. Of the seven residues
only His-123 was without measurable effects on the catalytic activities after
mutation to asparagine. The remaining six residues, His-55, His-57, His-201,
His-230, His-254, and His-257, were all diminished in activity to some ex-
tent. Working models, constructed at that time, that attempted to assign indi-
vidual histidine residues to specific metal ions within the binuclear metal
cluster proved later to be slightly incorrect. However, the X-ray structure of
PTE clearly demonstrated that His-123 was away from the active site and that
the remaining six histidines were in the active site but that only His-55, His-
57, His-201, and His-230 had coordinate bonds to to either of the two metals
(Benning et al., 1995). All of these histidine residues have also been mutated
in a combinatorial library to cysteine (Watkins et al., 1997a)

G. STRUCTURE OF THE Apo-FORM OF
PHOSPHOTRIESTERASE

The various structural analyses of phosphotriesterase that were initiated
in the spring of 1994 can be aptly described as one surprise after another. In-
deed, crystals of the Cd*-substituted enzyme were first observed with poly-
ethylene glycol 8000, 100 mM bicine (pH 9.0), and 1 M LiCl as the
precipitant (Benning et al., 1994). As the X-ray model of phosphotriesterase
was being built, however, it became obvious that there were no large peaks
in the electron density map corresponding to the bound Cd* ions of the bin-
uclear metal center and, in fact, the crystallization conditions employed had
effectively removed the metals from the protein. While the structural deter-
mination of the apo-form of phosphotriesterase was unintentional, this
analysis did provide the first three-dimensional glimpse of the enzyme. In-
deed, from the packing arrangement of the molecules in the crystalline lat-
tice, it was immediately obvious that, contrary to previous reports (Dumas
et al., 1989a), the quaternary structure of the enzyme was dimeric rather
than monomeric. Shown in Figure 7 is a ribbon representation of the phos-
photriesterase dimer. The total surface area buried upon dimer formation is
approximately 3200 A? using a search probe radius of 1.4 A. The
subunit:subunit interface is formed primarily by two regions delineated by
Ser-61 to Phe-73 and Met-138 to Phe-149. In particular, there are four aro-
matic residues, Phe-65, Trp-69, Phe-72, and Phe-73, that participate in var-
ious stacking interactions as indicated by the ball-and-stick representations
in Figure 7. Apart from these aromatic contacts, there are numerous electro-
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Figure 7. Ribbon representation of the phosphotriesterase dimer. Those amino acid residues
forming a hydrophobic patch at the dimeric interface are displayed in ball-and-stick represen-
tations.

static interactions that also serve to stabilize the subunit:subunit interface of
the dimer.

Each subunit of the dimer is roughly globular with overall dimensions of
51 A x 55 A x 51 A. As can be seen in Figure 7, the fold of each subunit is
dominated by eight B-strands that wrap around to form a parallel -barrel.
This B-barrel is flanked on the outer surface by a total of 14 a-helices. In ad-
dition to the barrel motif, there are two antiparallel B-strands at the N-ter-
minus. At the time of this investigation, amino acid sequence analyses failed
to detect any similarity between phosphotriesterase and other proteins of
known structure. Yet, this a/f-barrel motif is a very commonly occurring
tertiary structural element in enzymes and is typically referred to as a “TIM-
barrel” (Farber and Petsko, 1990). In these TIM-barrel enzymes, the active
sites are invariably located at the C-terminal portion of the B-barrel. A close-
up view of this region in PTE is shown in Figure 8. As originally predicted
from site-directed mutagenesis experiments, His-55, His-57, His-201, His-
230, His-254, and His-257 are, indeed, clustered within this active site re-
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Figure 8. Close-up view near the C-terminal portion of the B-barrel. The gray spheres repre-
sent ordered solvent molecules.

gion (Kuo and Raushel, 1994; Lai et al., 1994). There is a striking stacking
interaction between the imidazole rings of His-201 and His-254. In addition,
there is a close contact between the e-amino group of Lys-169 and N* of
His-201 (2.1 A). Even though this first structural analysis of phosphotri-
esterase was that of the apo-protein, nevertheless it resulted in the determi-
nation of the overall molecular motif of the enzyme, its active site location,
and its proper quaternary structure.

H. STRUCTURE OF THE CD*/CD*-SUBSTITUTED ENZYME

In an attempt to prepare samples of the native, metal-containing phos-
photriesterase, the apo-enzyme crystals were subsequently transferred to
various metal-containing solutions such as CdCl,. Unfortunately the X-ray
diffraction quality of the crystals deteriorated significantly such that it was
not possible to collect X-ray data beyond 3.5 A resolution. The next set of
experiments involved crystailization of the cadmium-containing enzyme
with polyethylene glycol but this time in the absence of lithium chloride and
with the replacement of the buffer bicine with CHES. Again these experi-
ments met with limited success until the substrate analog, diethyl 4-methyl-
benzylphosphonate, was added to the precipitant solution. Under these
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conditions, crystals appeared within one week and diffracted to a nominal
resolution of 2.0 A. The structure of the holoenzyme was subsequently
solved by the techniques of molecular replacement, solvent flattening, and
molecular averaging (Benning et al., 1995).

A ribbon representation of the Cd*/Cd*-containing PTE is displayed in
Figure 9A. As predicted from the apo-enzyme structure, the binuclear metal
center is, indeed, located at the C-terminal portion of the B-barrel. The sub-
strate analog did not bind within this region, however, but rather at the in-
terface between two symmetry-related molecules in the crystalline lattice.
Quite unexpectedly, the bridging ligand for the binuclear metal center was
not an aspartate, glutamate, or histidine residue but rather Lys-169, which,
as indicated by the electron density, was carbamylated. Of the six histidine
residues clustered at the end of the B-barrel, four are directly involved in
metal ligation (His-55, His-57, His-201, and His-230). In addition, the car-
boxylate group of Asp-301 functions as a metal ligand.

A cartoon of the coordination geometry for the binuclear metal center is
depicted in Figure 9B. The two cadmium ions are separated by 3.8 A and are
bridged by both the carbamylated lysine and a solvent molecule, most likely
a hydroxide ion. The deeper buried cadmium ion is surrounded in a trigonat
bipyramidal arrangement by His-55, His-57, Lys-169, Asp-301, and the
bridging solvent. Lys-169, His-201, His-230, the bridging hydroxide ion,
and two additional waters form a distorted octahedral arrangement around
the more solvent-exposed cadmium. The metal:ligand bond lengths range
from2.1 At02.7 A.

Superpositions of the polypeptide chain backbones for the apo- and
holoenzymes are given in Figure 10A. Even though these polypeptide
chains are identical in amino acid sequence, they superimpose with a re-
markable root-mean-square difference of 3.4 A, The three-dimensional dif-
ferences in these polypeptide chains are limited, however, to a few specific
regions, the most striking of which occurs near Asp-301. In the apo-enzyme
model, Asp-301 adopts dihedral angles of ¢ = -54.2° and y = -45.2° while
in the holoprotein, it assumes torsional angles of ¢ = 58.3° and y = 44.0°.
This reversal from a right-handed to a left-handed helical conformation
forces the polypeptide chains into completely different directions as can be
seen in the close-up view presented in Figure 10B. A superposition of the
active site regions for the apo- and holoenzyme models is depicted in Figure
11. In retrospect, it is not surprising that metal-soaking experiments with
preformed apo-enzyme crystals met with limited success. As can be seen,
apart from the position of His-57, there is a complete restructuring of the
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Structure of the Cd**/Cd*"-containing phosphotriesterase. A ribbon representation
of one subunit is given in (a). Those residues involved in metal ligation are displayed as ball-

and-sticks. A schematic of the coordination geometry about the binuclear metal center is dis-
played in (b).

Figure 9.

amino acid side chains upon metal binding and, indeed, these dramatic dif-
ferences clearly highlight the difficulties in predicting protein structures
based simply upon amino acid sequences. In the case of phosphotriesterase,
the three-dimensional architecture of the protein is dependent not only upon
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(a)

(b)

Figure 10. Comparison of the apo- and holo-enzyme structures. a-Carbon traces for the apo-
and holo-enzyme models are displayed in gray and black, respectively. The two structures dif-
fer most in the region shown in (b). Those amino acid residues indicated in lower- and upper-
case refer to the apo- and holo-enzymes, respectively. The cadmium ions are represented by the
large spheres near Asp 301.
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Figure 11.  Superposition of the active site regions in the apo- and holo-enzyme models. The
apo- and holo-forms of the enzyme are depicted in gray and black, respectively

its primary structure but also upon the presence or absence of the binuclear
metal center.

I. STRUCTURE OF THE Zn*/Zn*-CONTAINING ENZYME

While the molecular model of the Cd*/Cd*-substituted PTE was infor-
mative with regard to the overall fold of the holoenzyme and the coordina-
tion geometry of the binuclear metal center, the naturally occurring enzyme
contains zinc. Consequently, the next goal in the structural analysis of PTE
was to grow crystals of the Zn*/Zn*-containing enzyme. Again, crystals
were obtained in the presence of the substrate analog, diethyl 4-methylben-
zylphosphonate (Vanhooke et al., 1996). This time the inhibitor not only
bound within the hydrophobic pocket located between two monomers in the
crystalline lattice, but also adjacent to the binuclear zinc center. Note that
the a-carbon traces for the zinc- and cadmium-containing proteins superim-
pose with a root-mean-square deviation of 0.20 A.

A ribbon representation of the Zn*/Zn*-containing enzyme with the
bound inhibitor is depicted in Figure 12A and a cartoon of the coordination
geometry for the binuclear metal center is displayed in Figure 12B. In the
Zn*/Zn*-containing protein, the metals are separated by 3.3 A and the
zinc:ligand bond lengths range from 1.8 A to 2.3 A. Again, the deeper
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Figure 12.  Structure of the Zn?"/Zn* -containing phosphotriesterase. A ribbon representation
of one subunit is given in (A) and a cartoon of the coordination geometry is shown in (B).

buried metal ion is coordinated to the protein via the side chain functional
groups of His-55, His-57, Lys-169, Asp-301, and the bridging solvent in a
virtually identical trigonal bipyramidal arrangement as observed for the cad-
mium-substituted enzyme. The coordination geometry around the more sol-
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vent-exposed zinc, however, has changed from octahedral to tetrahedral with
the simple removal of water molecules from the coordination sphere. While
the atomic radii for Zn?* and Cd* are 0.74 A and 0.97 A, respectively, it ap-
pears that the polypeptide chain backbone of phosphotriesterase is ideally
suited for accommodating such differences. Indeed, the protein atoms for
these two forms of PTE, including side chains, superimpose with a root-
mean-square deviation of 0.40 A.

Perhaps the most notable aspect of the PTE active site is the lack of hy-
drogen bonding interactions between the protein and the inhibitor. A close-
up view of the binding pocket is given in Figure 13. There is only one direct
electrostatic interaction between the inhibitor and the protein. Specifically,
the phosphoryl oxygen of the substrate analog is located 3.3 A from N*' of
Trp-131 and 3.2 A from N® of His-201. In addition, this oxygen is situated
within 3.5 A of the more solvent accessible zinc ion. The methylbenzyl
group, as displayed in Figure 13, is wedged into a fairly hydrophobic pocket
formed by His-257, Leu-271, Phe-306, and Met-317. Each of the two enan-
tiotopic ethoxy groups of the inhibitor occupy quite distinct chemical envi-
ronments. The pro-R ethoxy group is pointed toward Ile-106, Trp-131,

Tyr
Phe 306 Phe 306

.‘3 Leu 271 u 271
Trp 131 Trp 181
Met 317 Met 317
His 57 His 57
His 257 His 357
Asp 301 Asp 301
His 201 i
His 254 His 254 His 201
His 56 Ly» 169 His 55 Lye 169
Asp2ss @ His280 Asp2s3 @  Hia 230

Figure 13. Close-up view of the region surrounding the bound inhibitor diethyl 4-methylben-
zyl phosphonate. The protein model is depicted in open bonds while the inhibitor is displayed
in filled bonds.

309 Tyr 309
Le
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Leu-303, Phe-306, and Ser-308 while the pro-S moiety is directed away
from the binuclear metal center toward the solvent and surrounded by Trp-
131, Phe-132, Leu-271, Phe-306, and Tyr-309.

J.  COMPARISON WITH OTHER ENZYMES

The employment of a binuclear metal center for catalytic activity is, by
no means, limited to PTE. Binuclear metal centers are quite common and
have been observed, for example, in bovine lens leucine aminopeptidase
(Striter and Lipscomb, 1995), kidney bean purple acid phosphatase (Striter
et al., 1993), E. coli alkaline phosphatase (Kim and Wyckoff, 1991), human
inositol monophosphatase (Pollack et al., 1994), mammalian protein phos-
phatase-1 (Goldberg et al., 1995), Bacillus cereus phospholipase C (Hough
et al., 1989), E. coli DNA polymerase I (Beese and Steitz, 1991), Penicil-
lium citrinum P1 nuclease (Volbeda et al., 1991), among others. An elegant
review of these enzymes can be found in Wilcox (1996). In these above-
mentioned enzymes, the two metals are typically bridged by either solvent
molecules, aspartate and glutamate residues, or both.

Thus far, the only other example of an enzyme that employs a carbamy-
lated lysine as a bridging ligand is urease. This enzyme catalyzes the hy-
drolysis of urea and employs a binuclear nickel center for activity. Recent
X-ray structural analyses of urease from Klebsiella aerogenes (Jabri et al.,
1995) confirmed the participation of a carbamylated lysine residue in the
formation of the binuclear metal center (Park and Hausinger, 1995). As can
be seen in the superposition presented in Figure 14, the binuclear metal cen-
ters in PTE and urease are remarkably similar. As observed for PTE, the
polypeptide chain of one domain of urease folds into a TIM-barrel. Like-
wise, in urease, the nickels are separated by a comparable distance of 3.5 A.
The more buried nickel ion in urease is surrounded by His-134, His-136,
Asp-360, the bridging carbamylated Lys-217, and a hydroxide ion in a dis-
torted trigonal bipyramidal arrangement. The second nickel is ligated to the
protein via His-246, His-272, and the bridging lysine residue. Other than the
similarities in their overall tertiary structures and the immediate environ-
ments surrounding the metal ions, however, the chemical nature of the ac-
tive sites for PTE and urease are quite different.

Following the three-dimensional analyses of urease and PTE, Scanlan and
Reid (1995) demonstrated that a portion of the nucleic acid sequence of the
E. coli chromosome encodes a protein with 28% amino acid sequence iden-
tity to PTE. The three-dimensional structure of this protein, referred to as
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Figure 14. Superposition of the metal binding regions for the Zn**/Zn”*-containing phospho-
triesterase (PTE) and for urease. The PTE model is shown in black and the urease model is de-
picted in gray.

PHP (phosphotriesterase homology protein), was subsequently determined in
the Fletterick laboratory to 1.7 A resolution (Buchbinder et al., 1998) and, as
expected, the fold is very similar to PTE. The two zinc ions observed binding
to PHP are separated by 3.4 A but in this case the bridging ligand is a gluta-
mate (Glu-125) rather than a carbamylated lysine. As observed in urease and
PTE, the deeper buried metal is again surrounded in a trigonal bipyramidal
arrangement, specifically by His-12, His-14, Glu-125, Asp-243, and a mole-
cule of unknown identity. The other zinc ion is ligated to PHP in a tetrahedral
coordination sphere formed by His-158, His-186, Glu-125, and the unknown
solvent molecule. The physiological function of PHP is presently unknown.
On the basis of both amino acid sequence analyses and the structural ho-
mologies between urease, PTE, and adenosine deaminase (that only binds
one metal) Holm and Sander (1997) have recently identified an even larger
set of enzymes that are predicted to have similar active site architectures. In-
deed, a characteristic sequence signature of this superfamily includes the as-
partate and the four histidine residues involved in metal binding within the
active site. Many of the enzymes belonging to this superfamily are involved
in nucleotide metabolism, including dihydroorotase, allantoinase, hydan-
toinases, and the AMP-, adenine, and cytosine deaminases. Also included in
this superfamily are proteins involved in animal neuronal development and
other enzymes such as imidazolonepropionase, aryldialkylphosphatase,
chlorohydrolase, and formylmethanofuran dehydrogenase. Note that some
of these enzymes bind only one metal as in the case of adenosine deaminase.
Thus far, no invariant lysine residues have been detected for other members
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of this superfamily, suggesting that urease and PTE are unique in their em-
ployment of a carbamylated lysine residue as a bridging ligand.

K. MODIFICATIONS TO CARBAMYLATED LYSINE

The carbamylated lysine residue that serves to bridge the binuclear metal
center is unusual. It is not clear why this function could not have been per-
formed by a carboxylate side chain of either glutamate or aspartate. Perhaps
this post-translational modification actively participates in the catalytic func-
tion of the active site or serves as a regulatory control mechanism for the as-
sembly of the binuclear metal center. Hong et al. (1995) demonstrated that
elevated levels of bicarbonate enhanced the rate of formation of the binuclear
metal center when the apo-enzyme was mixed with divalent cations. For ex-
ample, full reconstitution of the metal center in the absence of added bicar-
bonate is typically observed in 3 hours at room temperature. Preincubation
with 100 mM bicarbonate prior to reconstitution with Cd* enhanced the rate
of reactivation by a factor of about six. When the bridging lysine residue is
mutated to either methionine (K169M) or alanine (K169A) the catalytic ac-
tivity is drastically reduced. However, a significant fraction of the wild-type
activity can be restored upon the addition of low molecular weight carboxylic
acids. The activity of K169A was enhanced 25-fold in the presence of 100
mM propionic acid. Similarly, the activity of K169M was enhanced five-fold
in the presence of 100 mM acetic acid (Kuo et al., 1997). The rescue of cat-
alytic activity by the low molecular weight carboxylic acids demonstrate that
the carbamate functional group is not absolutely required for the proper func-
tioning of the binuclear metal center. It appears that these carboxylates can
substitute for the bridging carbamate as shown in Scheme 3.

Z 2N

Go\roe 08,0
NH®
HC
CHs
Lysine-169 Lys-169-Ala

Scheme 3
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Although the binuclear metal center in PTE is very similar to the one
found in urease there are some notable differences. For example, the binu-
clear Ni* center in urease cannot be fully reassembled in vitro (Park and
Hausinger, 1995). In fact, there appears to be a collection of accessory pro-
teins that participate in the in vivo assembly of the binuclear metal center in
urease.

III. Mechanism of Action
A. STEREOCHEMISTRY AT PHOSPHORUS CENTER

The general mechanism for the enzymatic hydrolysis of paraoxon can be
viewed as proceeding by one of three possible routes (see Scheme 4). In
mechanism A there is a nucleophilic attack at C-1 of the aromatic ring. This
mechanism may appear to be highly unlikely but when these experiments
were initiated the broad substrate specificity was not known for PTE. More-
over, removal of the electron withdrawing —-NO, substituent diminished the
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Scheme 4
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overall reactivity by over five orders of magnitude. The intermediate or tran-
sition state in this particular mechanism could be stabilized by the resonance
capability of the nitro group at C-4 of paraoxon. Subsequent C-O bond
cleavage would yield the two products.

The second and third mechanisms can be described as variants of an S,2-
like process that differ by the presence of a covalent enzyme-product inter-
mediate. The second mechanism (B) involves a single displacement reaction
at the phosphorus center. In this mechanism hydroxide, or an activated water
molecule, attacks the phosphorus center yielding diethylphosphate and 4-ni-
trophenol in a single step. In the third mechanism (C) there are two in-line
displacement reactions at the phosphorus center. The first would occur by a
nucleophilic attack at the phosphorus atom by a side chain of a protein
residue. This step would be followed by expulsion of 4-nitrophenol to pro-
duce the covalent enzyme product complex. Direct nucleophilic attack by
water at the phosphorus would then yield diethylphosphate and regenerate
free enzyme.

Two rather simple experiments were conducted that were able to differ-
entiate among these three reaction mechanisms. When the reaction was con-
ducted in oxygen-18 water, the heavy isotope was found exclusively in the
diethylphosphate, proving that the bond cleavage occurred between the oxy-
gen and phosphorus (Lewis et al., 1988). This result eliminated mechanism
A from further consideration. In order to distinguish between mechanisms
B and C the stereochemical course of the reaction at phosphorus was deter-
mined. If mechanism C was operable, then the reaction would proceed with
net retention of configuration since each of the two steps in this mechanism
would proceed with inversion of configuration. Since mechanism B has but
a single step, the stereochemical course of the reaction would proceed with
inversion of configuration.

Since neither the substrate nor product of paraoxon hydrolysis is chiral,
this substrate cannot be utilized for this endeavor. Fortunately the substrate
specificity was found to be promiscuous enough such that the S,-isomer of
the insecticide ethyl-p-nitrophenyl phenylphosphonothiate (EPN) was a
good substrate for PTE. When the S;-isomer of EPN is hydrolyzed by the
enzyme, the product, ethyl phenylphosphonothioic acid, was found to have
the S,-configuration. Comparison of the relative stereochemistry of the sub-
strate and product clearly indicated that the overall reaction proceeded with
net inversion of configuration. Therefore PTE operates via mechanism B
with a direct attack of an activated water molecule at the phosphorus center
(Lewis et al., 1988). See Scheme 5.
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B. DETERMINATION OF RATE-LIMITING STEPS

The minimal reaction mechanism that can be written for PTE is pre-
sented in Scheme 6. In this scheme there is the simple binding of the triester
to form the Michaelis complex (EA), the phosphorus-oxygen bond is
cleaved to generate the enzyme-product complex (EPQ), and finally the
products dissociate to regenerate the free enzyme for another round of catal-
ysis. The reaction mechanism thus consists of a reversible association step,
followed by an irreversible chemical event, and then the final dissociation of
the reaction products. The relative magnitude for these three consecutive
events was ascertained by a Brensted analysis of the reaction. The objective
of these experiments was to systematically alter the inherent chemical
strength of the P—O bond to be cleaved. In the reaction catalyzed by PTE this
objective was achieved through the utilization of leaving-group phenols hav-
ing a range of pX, values.

Caldwell et al. (1991a) reported the preparation of organophosphate tri-
esters having the general structure shown in Scheme 7. The range of pK,, val-
ues spanned from 4.0-10.0. A plot of pK, of the phenol versus k_, is
presented in Figure 15 (a plot of k,/K,, versus pK, is similar). The change in
the kinetic parameters does not appear to be the result of steric complica-
tions and thus the results can be interpreted based only on alterations in the
step that involves the cleavage of the phosphorus-oxygen bond. Given this
assumption, it is clear that there is a major change in the rate-limiting step
as the pK, of the leaving group phenol increases from 4 to 10.

k1A K3 ks
E=—=EA » EPQ —> E + Products
k2

Scheme 6
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Scheme 7

For the kinetic model that appears in Scheme 6, the relationships for £_,
and k_/K_ are shown in equations 1 and 2.

kcal = k3k5 / (k3 + ks) (1)
k! K= kik; | (b, + k) @)

The value of k, will vary according to the magnitude of the pK, of the leav-
ing group phenol as shown in Equation 3 (Jencks and Carriuolo, 1961)

log k, = (BpK,) + C 3

These equations predict that as the chemical step, k,, becomes very fast, the
maximum value for &k, will be limited by the step for product release, ;.
Conversely, the relative rates of slow substrates will be inversely propor-
tional to the pK, of the leaving group phenol. Similarly, the limiting values
for k/K_, will approach £, as the pK, of the phenol becomes small. A fit of
the data that appears in Figure 15 to a combination of equations 1 through 3
provides values of k,, k,, and k, of 4.1 x 10’ M 57!, 2600 s', and 2200 s™', re-
spectively (Caldwell et al., 1991a). The value of B is —1.8. There is clearly a
change in rate-limiting step from product dissociation to bond cleavage as
the pK, of the phenol increases.

The kinetic analysis of this mechanism yields a rather large B value of
—1.8 compared to the values of —1.0 and —0.44 that have been observed for
the chemical hydrolysis using water and hydroxide, respectively, as nucle-
ophiles (Khan and Kirby, 1970). Therefore, for the enzymatic reaction, there
is a higher sensitivity of the leaving group to the overall rate of hydrolysis.
This result is consistent with a significant amount of charge transferred to
the phenol in the transition state structure and thus implies that the P-O
bond is very nearly completely broken. The observed difference between the
f3 value for chemical and enzymatic hydrolysis may be attributed the hy-
drophobic environment at the active site.
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Figure 15. Brensted plot for the enzymatic hydrolysis of a series of compounds with variable
leaving groups.

C. EFFECTS OF SOLVENT VISCOSITY

Alterations in solvent viscosity have also been utilized to determine the rel-
ative magnitude of the rate constants presented in Scheme 6. Kirsch demon-
strated that alterations in solvent viscosity alter those rate constants for
processes that involve either the association or dissociation of enzyme-ligand
complexes (Brouwer and Kirsch, 1982). The steps that involve the actual bond
making or breaking within the active site are not affected. Thus, in Scheme 6,
the rate constants k,, k,, and k, would be susceptible to changes in solvent vis-
cosity while k, would not. The solvent viscosity experiments thus offered a
nice complement to the previously described Brensted analysis where these
constants were held constant while k, was manipulated by changes in the pX,
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of the leaving group phenol. The effect on the kinetic parameter k_ /K, with
changes in solvent viscosity conforms to Equation 4 (Caldwell et al., 1991a).

(k./ K.,/ (k

‘cat

" 1K) =(knytk)/ (k,+ k) Q)]
Equation 4 predicts a linear relationship between the relative second-order rate
constant, (k./K), / (k./K,) and the relative viscosity. The slope of this line
provides a measure of the sensitivity of k,/K,, to changes in viscosity. From
Equation 4, the slope is defined by the relationship shown in Equation 5.

(k

cat

IK)y =k /! (k,+ k) (%)
Therefore, the value of (k,, / K )n can vary from 0 to 1 depending on the rel-
ative magnitude of the rate constants k, and k,. As k, becomes infinitely
large, (., / K,), approaches 1, and as k, becomes very small, (£, / K,), ap-
proaches 0. Shown in Figure 16 is the relationship between the pK, of the
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Figure 16. The change in the effect of solvent viscosity on the ¥/K values as a function of the
pK, of the leaving group. The Zn/Zn-PTE was utilized for this experiment.
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leaving group and (k,, / K,,),. Indeed, those substrates with leaving groups
whose pK, values are <7 are limited by physical diffusion and (k,, / K,), ap-
proaches a value of unity. In contrast, the substrates with leaving group pk,
>7 are limited by the chemical step £, and (,,/ K.,), approaches a value of 0.
The solid line shown in Figure 16 represents a fit to equations 3 and 4 where
k,=2150s", B =-1.84, and C = 17.7. The excellent fit of the viscosity data
to the predicted values, based on the rate constants obtained from the Bron-
sted plot analysis, provides strong experimental support for this kinetic
analysis.

D. pH-RATE PROFILES

The utilization of pH-rate profiles can, in certain circumstances, provide
information critical to a fuller understanding of the reaction mechanism.
Since the substrates hydrolyzed by PTE do not ionize between pH 4 and 10,
all of the ionizations observed in such analyses must originate with the pro-
tein. Shown in Figure 2 is the pH-rate profile for the hydrolysis of paraoxon
by the Zn/Zn-substituted enzyme. Since the catalytic activity does not di-
minish at high pH, there does not appear to be an enzyme functional group
within the active site that offers general acid catalytic assistance to the leav-
ing group. This assertion is supported by the lack of proton-donating
residues in the active site from the X-ray crystallographic structure. Also,
the extreme value of the Brensted constant, 3, argues against any suppres-
sion of the incipient negative charge via proton transfer.

The origin of the ionization that appears at pH ~6 is still unclear. Origi-
nally, this ionization was proposed to originate with the protonation of a
histidine residue (Dumas and Raushel, 1990b). The histidine residue was
postulated to serve as a general base in the abstraction of a proton from the
hydrolytic water molecule. The effects of temperature and organic solvents
were consistent with this notion. However, in view of the X-ray crystal
structure the loss of activity at low pH may arise from the protonation of
the bridging hydroxide between the two divalent cations. The variation of
the kinetic pK, values upon alteration of the divalent cation itself is sup-
portive of this proposal. When the active site is substituted with Zn*, Co?,
Ni*, Mn*, and Cd?, the kinetic pK, values are 5.8, 6.5, 7.4, 7.0, and 8.1, re-
spectively (Omburo et al., 1992). However, the loss of activity may occur
indirectly through protonation of one of the four histidine residues that co-
ordinate the two divalent cations within the active site. The nature the diva-
lent cation may indeed perturb the ionization properties of the direct
metal-ligand residues.
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E. THE ROLE OF BINUCLEAR METAL CENTER

There are potentially three roles the binuclear metal center may play in
the enzymatic hydrolysis of organophosphates. The metals may decrease
the pK, of the bound water molecule and increase the nucleophilic charac-
ter of the attacking hydroxide. The metal ions can increase the polarization
of the P=0 bond, and thereby accelerate the approach of an attacking hy-
droxyl ion by increasing the electrophilic character of the phosphorus cen-
ter. The metal ions may also neutralize the development of negative charge
on the leaving group.

w
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pKj of the leaving group

Figure 17. Brensted plots for the dependence of log ¥, on the pK, of the leaving group.
Filled circles are for a series of organophosphate triesters with leaving group phenols of vari-
able pK, values. Open circles are for a series of organothiophosphate triesters with leaving
group phenols of variable pK, values. The Cd/Cd-PTE was utilized for this experiment.
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The direct interaction with the P=0 of the substrate was probed by con-
ducting Brensted-type analyses with different metal-substituted variants of
PTE and using a series of phosphate and thiophosphate organophosphate
triesters. Shown in Figure 17 is the Brensted plot for the hydrolysis of
phosphate and thiophosphate triesters by Zn/Zn-PTE. Both plots are
clearly nonlinear, representative of the change in rate-limiting step as dis-
cussed earlier (Caldwell et al., 1991a). It should be stated here that the hy-
drolysis of organophosphates by OH- is about 20 times faster than the
hydrolysis of the corresponding organothiophosphates (Hong and Raushel,
1996). When the rate-limiting step is dominated by something other than
P-O bond cleavage (pK, values of the leaving group phenols less than ~7)
the organophosphate compounds are enzymatically hydrolyzed about one
order of magnitude faster than the thiophosphates. For &, this likely means
that the release of diethylthiophosphate is slower than the release of di-
ethylphosphate from the enzyme-product complex. However, when sub-
strates are utilized that are clearly limited by the rate of P-O bond cleavage,
the thiophosphate analogs are more reactive than the phosphate series.
Thus, there is a crossover in the relative magnitude of the kinetic constants.
This observation supports the proposal that one or both of the metal ions in
the binuclear metal center directly coordinates the phosphoryl group by po-
larization of the P=0 (or P=S) bond. It has previously been demonstrated
that the Cu*-catalyzed hydrolysis of thiophosphotriesters is much more ef-
fective than with the corresponding oxygen analogs (Ketelaar et al., 1956).
The faster rate of hydrolysis of the thiophosphate analogs can be explained
by the direct coordination of one or both metal ions with the sulfur or oxy-
gen atom of the substrates.

F. HEAVY ATOM ISOTOPE EFFECTS

Oxygen-18 isotope effects have been utilized to probe the transition state
structure for the enzymatic and base-catalyzed hydrolysis of organophos-
phate triesters (Caldwell et al., 1991b, 1991c¢). The secondary and primary
oxygen-18 isotope effects have been measured for PTE using the labeled
substrate presented in Scheme 8. The nonbridge, or phosphoryl oxygen,
serves as a reporter for the change in bond order in the transition state be-
tween this oxygen and the phosphorus core. This provides an indication of
the degree of charge delocalization at this site upon attack by the incoming
nucleophile. In a fully associative mechanism the attack of the nucleophile
leads to a pentavalent phosphorane intermediate followed by the collapse of
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this structure to products. At the other extreme, the formation of an inter-
mediate is not absolutely required with a direct-displacement mechanism
and a single S,2-like transition state.

In a hybrid mechanism there is simultaneous, but not necessarily syn-
chronous, decrease in bonding to both the phosphoryl oxygen and the leav-
ing group upon the addition of the nucleophile. The relative magnitude of
the bond order changes in the transition state at these two atoms is variable
and dependent of the nucleophilic character of the attacking ligand and the
ability of the leaving group to depart. The magnitude of the primary oxygen-
18 effect will depend on the extent of bond cleavage to the leaving group
while the secondary oxygen-18 isotope effect will be determined by the
change in the bond order to the phosphoryl group.

Two sets of oxygen-18 labeled substrates have been tested with PTE.
Paraoxon (I and II) is a relatively fast substrate for PTE and the kinetic con-
stants k_, and k_/K_ are limited primarily by diffusional steps rather than
bond breaking steps while the other compound (III and IV) is a relatively
poor substrate where the kinetic constants are dominated by bond breaking
events. The primary and secondary isotope effects are listed for each of the
compounds in Table 2.

The observed primary and secondary isotope effects exhibited by
paraoxon are both quite small. This reflects to a significant extent that the
chemical step is not rate-limiting. This is not, however, true for the slower
substrate where the bond-breaking event is expected to be nearly fully
rate-limiting. The extent of phosphorus-phenolic oxygen bond cleavage in
the transition state can be estimated from the relative size of the intrinsic
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TABLE 2
Primary and Secondary Oxygen-18 [sotope Effects
Compound k) "8k 16k/ '8k
Primary Secondary
9
EtO-P-O NO; 1.0020 1.0021
OEt

E@_B_OQ<O 1.036 10181
Ot NH,

80-isotope effect. However, the maximum size of the *O-isotope effect for
phosphotriester hydrolysis is unknown. However, the *O equilibrium iso-
tope effect for the deprotonation of water and phenol has been estimated
to be 1.039 (Rosenberg, 1977). The observed enzymatic effect is very
close to this value and thus it appears that the PO bond is nearly fully
broken in the transition state. The secondary "*O-isotope effect of 1.018
suggests that the bond order has changed from 2 to approximately 1.5.
Taken together the isotope effects suggest that the reaction proceeds
through an associative-type mechanism without any direct evidence for
the formation of a phosphorane intermediate. The transition state structure
is very product-like.

G. MECHANISM-BASED INHIBITORS

The bacterial PTE was among the first enzymes that catalyze a hy-
drolytic reaction at a phosphorus center to be inactivated by suicide sub-
strates. The Stang laboratory synthesized a series of alkynyl phosphate
esters (Stang et al., 1986). These compounds were constructed with the an-
ticipation that cleavage of the phosphorus—oxygen bond would generate a
highly reactive ketene intermediate as illustrated in Scheme 9. The elec-
trophilic carbon center of the ketene intermediate could be subjected to at-
tack by an adjacent nucleophile. Indeed, incubation of PTE with diethyl
1-hexynyl phosphate completely inactivated the enzyme in less than 2 min-
utes. The catalytic activity could not be recovered upon dialysis (Blanken-
ship et al., 1991).
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The efficiency of enzyme inactivation was determined by incubation of
a fixed enzyme concentration with variable concentrations of inhibitor.
When the fraction of the original enzyme activity was plotted versus the ini-
tial ratio of inhibitor to enzyme the intercept on the horizontal axis is 1200.
Therefore, approximately 1200 inhibitor molecules are enzymatically hy-
drolyzed for every enzyme molecule inactivated. The data have been ana-
lyzed according to the scheme presented in Scheme 10. In this scheme, I is
the alkynyl phosphate ester, Y is the ketene intermediate, E-X in the inacti-
vated enzyme, and P is a carboxylic acid after the ketene has reacted with
water. The partitioning experiment described indicates that the ratio of k/k,
is approximately 1200.

The inactivation reaction rate was determined using a stopped-flow de-
vice. At saturating inhibitor the rate constant for enzyme inactivation was
0.33 s+ The rate expression for the inactivation of PTE is shown in Equation
6. Since k, >> k., the minimum value of the rate constant (k) for the reaction
of the putative ketene intermediates is 0.33 s'. Thus, the minimum value of
the rate constants for P-O bond cleavage and product release (&, and &) is

ENZYME === Es| —>» E®Y —> E + P
|-
E-X
dead enzyme

Scheme 10
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410 s. These values compare quite favorably with the hydrolysis of
paraoxon under similar conditions (2100 s™').

ko= (k) [ (ky + ks + k) (6)

The identity of the residue within the active site that reacts with the puta-
tive ketene intermediate was initially probed with a radiolabeled alkynyl
phosphate ester (Banzon et al., 1995a). After inactivation of enzyme activ-
ity, the stoichiometry of the labeled adduct to protein was 1:1 and the pro-
tein could be reactivated within 1.5 h at pH 10.0 (the labeling is conducted
at pH 7.0). After the protein was inactivated there was an increase in ab-
sorbance at 245 nm (g = 4400 M cm™'). The change in UV absorbance and
the reactivation kinetic studies ruled out all other amino acids except for the
side chain of histidine.

The identity of the histidine residue that is critical for the maintenance of
catalytic activity was probed using the seven histidine to asparagine mutants
described earlier (Kuo and Raushel, 1994). Of the seven histidine to as-
paragine mutants only the H254N mutant was no longer susceptible to inac-
tivation by either alkynyl phosphate esters or the histidine specific reaction,
DEPC (Banzon et al., 1995b). The crystal structure of PTE shows that this
residue is indeed within the active site but it is not a direct ligand to either
of the two metal ions.

Additional ligands have also been designed as potential mechanism-
based inactivators and inhibitors of PTE (Hong and Raushel, 1997; Hong et
al., 1997). 1-Bromo vinyl- and 4-(bromomethyl)-2-nitro phenyl di-
ethylphosphate (Stowell and Widlanski, 1994; Stowell et al., 1995) were
found to be effective inactivators of the bacterial phosphotriesterase. The
postulated reaction mechanisms are presented in Scheme 11.

N

(e} N
9 H.0 Enz-X: ©:
EtO-P- CH,Br —» O CHy —» 15 CHy-X-Enz
1 Enzyme
quinone methide

Scheme 11



PHOSPHOTRIESTERASE 87

H. MECHANISM OF ACTION

The chemical probes of the reaction catalyzed by PTE enable a working
model of the reaction mechanism to be formulated. The current model is
limited by experimental constraints and certain details of the mechanism
have not been settled. The working model for this reaction mechanism is il-
lustrated in Scheme 12. The focal point of the model is the binuclear metal
center. In order to facilitate this reaction the enzyme must accomplish three
objectives. First, the hydrolytic water molecule must be activated for nucle-
ophilic attack toward the phosphorus center of the substrate. The X-ray
structure of PTE clearly shows that a solvent molecule bridges the two metal
ions within the binuclear metal center. The coordination of the water mole-
cule to the metal center would be expected to reduce the pK,, of the water and
thus increase the local hydroxide concentration. There does not appear to be
any basic residues within the active site that could serve to assist in the pro-
ton removal from any other solvent molecule. Second, the phosphorus cen-
ter must be made more electrophilic. This can be achieved by coordination
of the phosphoryl oxygen to one or both of the metal ions within the cluster.
The ligation of the phosphoryl oxygen would polarize this bond and thus re-
duce the electron density at the phosphorus core. The variation in the mag-
nitude of the B-values from the Brensted experiments and the crossover in
reactivity for the phosphate and thiophosphate substrates demonstrate that
metal-substrate interactions are critical for efficient catalytic activity of

‘\ ,. Paraoxon ?

H OH 9

i Diethyiphosphate L' p-Nitrophenol

LY & p

EtO—l:’—OH ,P‘
. E0” Ot

Scheme 12
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PTE. Third, the enzyme could activate the leaving group. The activation of
the leaving group can potentially be accomplished by general acid catalysis
using an appropriately placed residue or, alternatively, by Lewis acid catal-
ysis. However, neither of these effects has thus far been demonstrated for
PTE. The best substrates (such as those with p-nitrophenolate leaving
groups) do not require any significant assistance and there does not appear
to be any side chains positioned in the three-dimensional structure of PTE
that could serve this function.

The proposed reaction mechanism is initiated by the binding of the sub-
strate to the binuclear metal center. One of the interactions from the metal to
the bridging solvent molecule is broken and replaced by ligation to the phos-
phoryl oxygen of the substrate. Nucleophilic attack is initiated by the bound
hydroxide toward the phosphorus center. For substrates such as paraoxon the
transition-state is developed quite late. Part of the incoming negative charge
is dispersed to the phosphoryl oxygen (via interaction with the metal ion)
while the rest is dispersed through the aromatic ring system of the departing
phenolate. After the phenolate has departed the product complex would now
bridge the two metal ions. However, structural evidence for this type of com-
plex has not been obtained. In the final step, the product would be displaced
by an incoming solvent molecule prior to the next round of catalysis.

There are a number of issues with regard to this mechanism that remain
unresolved. The pK, value of the bridging solvent molecule is unknown. It
has been assumed in the past that it is the pK, of this group that is reflected
in the pK, values determined by variation of the kinetic parameters with pH.
Perhaps this issue can be settled using NMR or EPR spectroscopic methods.
It is also unclear if the two metal ions within the binuclear metal center have
distinct functions or whether they operate as a true tandem pair. The cat-
alytic properties of the unique Cd/Zn-hybrid would argue for separate func-
tions for each of the two metals. Resolution of this issue may be obtained
when the specific binding sites are determine for the Zn** and Cd* in the hy-
brid cluster of PTE by X-ray crystallography.

IV. Substrate Specificity

The substrate specificity for PTE is actually quite broad. For the proto-
typic reaction illustrated in Scheme 13 the substituent X can either be oxy-
gen or sulfur (Donarski et al., 1989). In a limited investigation it was shown
that the thiophosphate esters are hydrolyzed faster than the corresponding
phosphate esters when the rate-limiting step was actual bond cleavage
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(Hong and Raushel, 1996). However, when the rate-limiting step is product
release or an associated conformational step, then the turnover of the phos-
phate derivative was faster than thiophosphate analog.

A variety of substituents have been shown to be viable when attached to
the non-leaving group positions (W and Y). High rates of turnover have
been measured for CH,-, CH,O-, CH,CH,0-, (CH,),CHO-, CH,-, CH,O,
nC,H,0, nC,H,0O, among others (Donarski et al., 1989; Hong and Raushel,
1999). Fully esterified phosphonates are hydrolyzed as well as organophos-
phate triesters.

The enzyme exhibits a significant amount of stereoselectivity toward the
hydrolysis of chiral organophosphates. The first demonstration of this was
reported for the hydrolysis of a racemic mixture of EPN. The enzyme
greatly prefers the S,-isomer over the R -isomer (Lewis et al., 1988). More
recently, an extensive analysis of the substrate preferences for the chiral
forms of a series of organophosphate triesters was initiated. Nearly all pos-
sible combinations of the various substituents were analyzed as substrates
when W and Y were changed to CH,-, CH,CH,-, (CH,),CH-, or CH;-. In
every case examined, the S,-isomer was hydrolyzed significantly faster then
the R,-isomer. The single exception was with the two smallest substituents,
methy] and ethyl. These small alkyl substituents could not be distinguished
from one another.

The substituents that can participate as leaving groups are more restricted.
A wide range of substituted phenols are substrates but the turnover numbers
are very dependent on the pK, of the phenol (see Bransted plots). Since the
[B-value approaches a value of nearly 2, the k_, for substrates with phenol as a
leaving group (pK, ~10) are reduced by a factor of nearly a million relative to
those with p-nitrophenol as the leaving group. However, the leaving groups
are not restricted to phenols. Fluoride and alkylthiols are also tolerated but
the turnover numbers are quite slow (Dumas et al., 1989b, 1989c; Chae et al.,
1994) . The hydrolysis of extremely toxic substances such as sarin, soman,
and VX (Scheme 14) has suggested that this enzyme could be utilized to de-
tect and detoxify a variety of military-type organophosphate nerve agents.
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A host of compounds are not hydrolyzed as a significant rate. No reac-
tion was detected with p-nitrophenyl acetate and thus the enzyme will not
hydrolyze simple carboxylate esters (Donarski et al., 1989). The enzyme
will not hydrolyze sulfonate esters or phosphoramides. It was originally
thought that organophosphate diesters were not hydrolyzed but it was later
shown that diesters could be hydrolyzed but at a rate that was reduced by a
factor of 10°(Shim et al., 1998).

A. ALTERATIONS TO SUBSTRATE SPECIFICITY

The high catalytic turnover of the wild-type enzyme and the tolerance for
modification to the substrate phosphorus core has prompted a number of ef-
forts designed to enhance and expand the substrate specificity. For example,
the wild-type enzyme has been shown to hydrolyze phosphorofluoridates
such as diisopropyl flurophosphate (DFP) with turnover numbers for the
wild-type enzyme that were about 50 s when the divalent cation was Zn*
(Dumas et al., 1989b, 1989c¢). The rate could be enhanced by about an order
of magnitude when the native Zn* was replaced with Co* (Watkins et al.,
1997b). Finally, turnover numbers in excess of 3000 s could be achieved
when two residues within the substrate binding pocket were mutated
(Watkins et al., 1997b). This came about when Phe-132 and Phe-136 were
mutated to histidine residues. This substitution provided a more polar envi-
ronment in the vicinity of the leaving group and also provided potential gen-
eral acid substituents.

The ability to hydrolyze organophosphate diesters has also been subjected
to mutagenesis. If one removes one of the ethyl groups from paraoxon the
turnover number decreases by a factor of ~100,000. A significant fraction of
the decrease in catalytic activity derives from the fact that organophosphate
diesters are inherently less reactive than the corresponding triesters. An ex-
amination of the substrate-binding site reveals that the amino acids that con-
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stitute the active site are largely hydrophobic and thus not very tolerant of the
negative charge of potential diester substrates. Incremental enhancements to
the rate of hydrolysis of diester substrates could be obtained by the introduc-
tion of cationic residues within the active site (Shim et al., 1998). Enhance-
ment of diester hydrolysis could be obtained by the addition of alkyl amines
to the reaction mixture. The amines are thought to enhance the rate of diester
hydrolysis by filling the cavity that is left within the active site upon removal
of one of the alkyl substituents from a triester substrate and neutralization of
the negative charge. The most dramatic effect came about when diethylamine
(2.0 M) was added. The V/K value changed from 1.6 M s to 260 M s,
The substrate specificity can also be manipulated. For example, the &, for de-
menton-S is increased by a factor of 12 when His-254 and His-257 are mu-
tated to arginine and leucine respectively (diSoudi et al., 1999).

Summary

The bacterial PTE is able to catalyze the hydrolysis of a wide range of
organophosphate nerve agents. The active site has been shown to consist of
a unique binuclear metal center that has evolved to deliver hydroxide to the
site of bond cleavage. The reaction rate for the hydrolysis of activated sub-
strates such as paraoxon is limited by product release or an associated pro-
tein conformational change.
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I. Introduction

The initial observations on the significance of ribulose 1,5-bisphos-
phate (RuBP) as the CO, acceptor in the reductive pentose phosphate
cycle prompted efforts to account for production of this metabolite. In
spinach leaf extracts, Weissbach et al. (1954) reported the production of
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RuBP from adenosine triphosphate (ATP) and ribose 5-phosphate. The
presence of phosphoriboisomerase activity in such extracts prompted the
suggestion that the actual substrate that accounts for RuBP production
could be ribulose S-phosphate. Subsequently, Hurwitz and colleagues
(1956) were able to produce a spinach leaf preparation of phosphoribu-
lokinase (PRK) that was sufficiently depleted of phosphoriboisomerase
to allow the demonstration that ribulose 5-phosphate (RuSP) is indeed the
sugar phosphate substrate from which RuBP is produced (Eq. 1). A diva-
lent cation is required for activity, with Mg? and Mn?" most effectively
supporting activity.

M? ribulose 5-phosphate + ATP —
ribulose 1,5-bisphosphate + ADP 1)

The enzyme shows high specificity for the sugar phosphate substrate,
RuSP; ribose 5-phosphate, xylulose 5-phosphate, sedoheptulose 7-phos-
phate, and fructose 6-phosphate do not support significant activity (Hur-
witz, 1962). Nucleotide triphosphate specificity observations have often
been compromised due to the common use of a coupled assay that mea-
sures adenosine diphosphate (ADP) formation. Using a two-stage assay,
Siebert et al. (1981) showed that the Alcaligenes eutrophus enzyme could
utilize uridine triphosphate (UTP) and guanosine triphosphate (GTP) as al-
ternative substrates.

The two enzymes unique to Calvin’s reductive pentose phosphate cycle
are PRK and RuBP carboxylase/oxygenase, which produce and utilize
RuBP, respectively. Constraints on PRK activity and, consequently, on the
production of RuBP can limit metabolism in organisms for which CO, as-
similation is important (Dietz and Heber, 1984). In work on a Synechocys-
tis mutant, Su and Bogorad (1991) documented the lethal consequences of
diminished flux through PRK. More recently, in transgenic tobacco plants,
Banks et al. (1999) have reported that knockout of the PRK gene can cor-
relate with a diminution of photosynthesis sufficient to limit biomass pro-
duction under sink-limited conditions. In view of these observations
concerning the influence of PRK on metabolism, it is not surprising that, in
both prokaryotes and eukaryotes, PRK catalyzes a regulated step in CO, as-
similation.

Other reviews addressing PRK in the context of gene clusters that encode
microbial CO, assimilatory enzymes have appeared (Tabita, 1988; Gibson
and Tabita, 1996). This account will focus on the enzymology of PRK and
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the structure/function correlations that are emerging to account for regula-
tion of activity and catalysis.

II. Isolation and Preliminary Characterization of PRK

The early studies that defined PRK’s substrate specificity and the stoi-
chiometry of the PRK reaction were not promptly followed by isolation and
characterization of highly purified PRK protein. Hart and Gibson (1971)
produced a high specific activity preparation of Chromatium PRK to sup-
port work on enzyme regulation. Another highly purified prokaryotic prepa-
ration was reported for 4. eutrophus PRK by Siebert et al. (1981). Highly
purified eukaryotic PRKs have been prepared from spinach (Lavergne and
Bismuth, 1973), tobacco (Kagawa, 1982), and Chlamydomonas (Roesler
and Ogren, 1990). For many years, there seemed to be intrinsic differences
in catalytic efficiency between the prokaryotic and eukaryotic enzymes,
with reported specific activities for the bacterial PRKs being consistently
and substantially lower than corresponding values for the eukaryotic pro-
teins (Tabita, 1988). However, when the complications inherent in the use-
ful coupled spectrophotometric assay (Racker, 1957) due to inclusion of
both reduced nicotinamide-adenine dinucleotide (NADH) ( a positive effec-
tor) and phosphoenolpyruvate (PEP) (a negative effector) are considered, it
is clear that a radioisotopic approach is more reliable for definitive activity
estimate. When such estimates are coupled with protein determination by
amino acid analysis, specific activities for the bacterial PRKs approach the
value (350-400 U/mg) reported for eukaryotic PRKs (Runquist et al., 1996).

The availability of stable, highly purified PRK and the recognition of di-
verse regulatory mechanisms for prokaryotic and eukaryotic forms of the
enzyme led to renewed interest in PRK enzymology in the 1980s. Using an
independently developed affinity isolation protocol based on an ATP-de-
rivatized matrix (Krieger and Miziorko, 1986), our lab purified the spinach
enzyme that was used in collaborative work with Eckstein’s group to
demonstrate that PRK catalyzes a single in-line transfer of ATP’s y-phos-
phoryl group to produce RuBP. This conclusion is based on the observation
of inversion of stereochemistry of the phosphoryl group transferred during
the reaction (Miziorko and Eckstein, 1984). Hartman’s lab utilized Ashton’s
observation of PRK sensitivity to modification by reactive red dye (Ashton,
1984) to develop a high-yield isolation protocol based on affinity chro-
matography on a reactive red matrix (Porter et al., 1986). Those investiga-
tors pursued fundamental protein chemistry studies of the spinach enzyme,
quantitating reactive sulfhydryl groups, determining protein composition,
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and elucidating the amino terminal sequence (Omnaas et al., 1985; Porter et
al., 1986). In affinity labeling studies with the ATP analog, fluorosulfonyl-
benzoyladenosine, Krieger and Miziorko (1986) detected a reactive cysteine
within the ATP binding site. Subsequent Edman analysis (Krieger et al.,
1987) mapped this residue' as C16 of the mature chloroplast peptide. This
residue was also identified by Porter and Hartman (1986) as the preferential
alkylation site that accounts for eukaryotic PRK’s high sensitivity to
sulfhydryl reagents. Subsequent affinity labeling studies with spinach PRK
indicated sensitivity to lysine-directed reagents such as periodate-oxidized
ATP and adenosine triphosphopyridoxal (Miziorko et al., 1990). The latter
reagent was demonstrated to inactivate PRK by modifying K68.

III. Molecular Characteristics and Sequences of PRK Proteins

Comparison of prokaryotic and eukaryotic PRKs reveals many striking
contrasts. For example, early consensus on the native and SDS-PAGE esti-
mated subunit molecular weights (90 kDa and 45 kDa, respectively) of the
eukaryotic enzyme developed on the basis of work with the spinach and to-
bacco enzymes (Kagawa, 1982; Krieger and Miziorko, 1986; Porter et al.,
1986). As cDNA-deduced sequences have become available, it has become
apparent that the precursor form of eukaryotic PRK is a peptide of ~44 kDa.
Processing of the leader peptide during transit into the chloroplast converts
the precursor into the mature protein, which has a calculated value of ~39
kDa for subunit molecular weight. Such a consensus did not readily develop
for prokaryotic PRKs. On the basis of gel filtration and sucrose density gra-
dient centrifugation experiments, Tabita (1980) proposed that the native
Rhodopseudomonas capsulata enzyme is a hexamer of 36 kDa subunits. A
hexameric oligomer (40 kDa subunit) was also proposed by Marsden and
Codd (1984) for PRK from the cyanobacterium Chlorogloeopsis fritschii. In
contrast, Rippel and Bowien (1984) proposed that Rhodopseudomonas aci-
dophila PRK exists as an octamer of 32 kDa subunits. Cross-linking studies
on the A. eutrophus enzyme allowed Siebert and Bowien (1984) to demon-
strate that this prokaryotic PRK is an octamer. This oligomeric status has

'Prokaryotic PRK residue numbering starts with the methionine corresponding to the initiation
codon. Unless otherwise specified, residue numbering corresponds to the sequence of the
prokaryotic enzymes. When specified for eukaryotic PRK, the residue numbering convention is
based on the sequence of the mature form of the peptide, which lacks the leader sequence
processed during import into the chloroplast.



PHOSPHORIBULOKINASE 99

been confirmed for the prokaryotic PRKs by X-ray crystallography studies
(Roberts et al, 1995; Harrison et al., 1998), which demonstrate that
Rhodobacter sphaeroides PRK is an octamer (Fig. 1). On the basis of de-
duced sequences available for a variety of prokaryotic PRKs, a subunit mol-
ecular weight of ~33 kDa is calculated. In some bacteria, there are two genes
that encode highly homologous PRK isozymes that differ only slightly in
molecular weight. In the cases of the chemoautotroph 4. eutrophus, Klint-
worth et al. (1985) mapped PRK genes to the genome and to megaplasmid
pHG1; these encode PRKs of 33,319 and 33,164 Da, respectively (Kossman
et al., 1989). In R. sphaeroides, Gibson and Tabita (1987) report distinct
genes that encode form I (32 kDa) and form II (34 kDa) of PRK. Form I PRK
shows a strong dependence on NADH for activation to high catalytic effi-

Figure 1. A space filling representation of the octameric structure of Rhodobacter sphaeroides
phosphoribulokinase (PRK). The octamer consists of a top layer of four subunits displaced by
about an eighth of a turn with respect to the bottom layer of four two-fold rotated subunits. The
two-fold symmetry that relates the top to the bottom layer creates the impression of a four-
bladed pinwheel, with each pinwheel blade (e.g., lightly shaded subunits at right side of figure)
corresponding to the dimer believed to represent the eukaryotic form of PRK.
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TABLE
Contrasting Properties of Prokaryotic and Eukaryotic PRKs

R. sphaeroides PRK Spinach PRK
Quaternary structure; subunit size 8 x 32 kDa 2 x 40 kDa
Specific activity 340 U/mg 350 U/mg
Regulation Allosteric C16/C55

NADH activation Thiol/disulfide

AMP inhibition Exchange

ciency, while form II exhibits substantial activity in the absence of NADH. A
more recent report on PRK from the marine chromophyte Heterosigma
carterae (Hariharan et al., 1998) suggests that this dithiothreitol (DTT)-stim-
ulated enzyme is a tetramer of 53 kDa subunits. If such an assignment is con-
firmed, this protein would represent a new PRK quaternary structure.
Within the last decade, PRK-encoding DNA sequences have become
available from a variety of prokaryotic and eukaryotic sources. These include
spinach (Milanez and Mural, 1988; Roesler and Ogren, 1988); Arabidopsis
(Horsnell and Raines, 1991); wheat (Raines et al., 1989); ice plant
(Michalowski et al., 1992); pea (Wedel et al., 1997); Chlamydomonas
(Roesler and Ogren, 1990); Synechocystis (Su and Bogorad, 1991); R.
sphaeroides (Gibson et al., 1990, 1991); 4. eutrophus (Kossman et al., 1989);
R. capsulata (Paoli et al., 1995); Nitrobacter vulgaris (Strecker et al., 1994);
and Xanthobacter flavus (Meijer et al., 1990). Perhaps none of the contrasts
between prokaryotic and eukaryotic PRKs (Table 1) are more dramatic than
the differences between amino acid sequences; the alignment of these pro-
teins indicates that only ~13% of total residues are invariant. Some of these
sequence differences are explained by regulatory regions of the proteins. As
indicated below, the divergent sequences have represented an effective filter
that has expedited elucidation of key elements of the catalytic apparatus.

IV. An Overview of PRK Subunit Structure

Recently, Harrison has elucidated the high resolution (2.5 A) structure of
R. sphaeroides PRK (Harrison et al., 1998). At present, no report of a struc-
ture for eukaryotic PRK has appeared. While, as noted above, there is little ho-
mology at the level of amino acid sequence between prokaryotic and
eukaryotic PRKs, the bacterial PRK structure appears useful in explaining
regulatory and catalytic mechanisms for both prokaryotic and eukaryotic pro-
teins. Figure 2 depicts a schematic diagram of the prokaryotic enzyme’s sec-
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ondary structural elements. This protein is composed of a seven-stranded
mixed B-sheet, an auxiliary pair of antiparallel B-strands, and seven a-helices.
The PRK subunit exhibits a protein fold (Fig. 3) analogous to the fold that
characterizes the family of nucleotide monophosphate (NMP) kinases. As dis-
cussed in more detail in the sections below on the structural basis for regula-
tion and catalysis, the C-terminal ends of the five parallel B-strands in the
mixed B-sheet define one edge of the active site. Other secondary structure el-
ements that circumscribe the active site include the a-helices comprised of
prokaryotic PRK residues 4962 (helix B), 158-171 (helix E) , and 180-193
(helix F) (Harrison et al., 1998). Many of those few amino acids that are in-
variant in alignment of the deduced sequences listed above map within these
structural elements. For example, prokaryotic PRK helical residues 158—171
include those amino acids designated as a PRK signature sequence in the
PROSITE data base. Eukaryotic PRKs contain five insertions and three dele-
tions relative to the prokaryotic amino acid sequence. Speculation concerning

117

Figure 2. Schematic diagram of the secondary structural elements of Rhodobacter
sphaeroides phosphoribulokinase (PRK), with numbers indicating the residues that define the
N and C termini of a-helices and p-strands. (Adapted from Harrison et al., 1998; 5074-5085.)
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Figure 3. Phosphoribulokinase (PRK) subunit structure. The ribbon diagram illustrates the
mixed B-sheet formed by strands 1-7. The C-terminal tips of parallel strands 1-5 form one side
of the active site. Helix B as well as the helix E-loop-helix F region represent the “lid” regions
believed to approach the “P-loop” and the edge of the B-sheet when substrates ATP and Ru5P
bind. Such movement in nucleotide monophosphate kinase fold enzymes effectively closes the
active site, sequestering reactive species formed during catalysis.

how these structural differences may account for the contrasting properties of
the prokaryotic and eukaryotic enzymes has appeared in the context of dis-
cussion of the PRK structure (Harrison et al., 1998).

V. Regulatory Mechanisms
A. REGULATION OF EUKARYOTIC PRK

Diverse regulatory mechanisms also distinguish prokaryotic PRK from
eukaryotic PRK. The former class of enzymes is allosterically regulated,
while thiol/disulfide exchange is a major determinant of activity for PRKs



PHOSPHORIBULOKINASE 103

from higher organisms. Additionally, recent work suggests that eukaryotic
PRK’s activation state may be influenced by other chloroplast proteins.
Early studies indicated that PRK activity could also be effectively inhibited
by chloroplast metabolites (Anderson, 1973; Gardemann et al., 1983). The
most effective metabolite inhibitor appears to be 6-phosphogluconate, which
competes with Ru5P for occupancy of PRK’s active site.

The physiological significance of eukaryotic PRK in regulation of carbon
assimilation was also demonstrated by the early observation (Latzko et al.,
1970) that illumination of chloroplasts resulted in activation of the enzyme.
The stimulatory effect could also be produced if DTT was added to broken
chloroplasts. Susbequently, Wolosiuk and Buchanan (1978) showed that PRK
activation could be attributed to photochemically or chemically reduced
thioredoxin. Thioredoxin f'is the isoform of this physiological reductant that
is localized to the chloroplast (Wolosiuk et al., 1979). Thus, as described in
detail by Buchanan (1980), the light activation of PRK and other stromal en-
zymes is attributable to a ferredoxin/thioredoxin mediated pathway.

More recently, work on regulation of eukaryotic PRK has focused on the
relative activity of the enzyme in isolated form versus multienzyme com-
plexes. The hypothesis that stromal proteins exist in complexes originated
over a decade ago. Sainis and Harris (1986) proposed the association of pea
PRK with phosphoriboisomerase and RuBP carboxylase. Nicholson et al.
(1987) proposed the existence in Scenedesmus of a PRK-glyceraldehyde
3—phosphate dehydrogenase complex that dissociated in the presence of
NADPH, DTT, and thioredoxin to release the activated forms of these en-
zymes. The latter report was followed by a study on spinach leaf enzymes
(Clasper et al., 1991) that confirmed the association of PRK with NADPH-
linked glyceraldehyde 3—phosphate dehydrogenase. This complex also dis-
sociated when incubated with DTT. In other work on spinach chloroplasts,
Gontero et al. (1988) reported isolation of a complex containing five stro-
mal enzymes: phosphoriboisomerase, PRK, RuBP carboxylase, phospho-
glycerate kinase, and glyceraldehyde phosphate dehydrogenase. Subsequent
investigations (Rault et al., 1991) suggested that, in such a multienzyme
complex, PRK exhibited slow kinetics of oxidative inactivation in compari-
son with isolated enzyme. Conversely, Gontero et al. (1993) showed more
rapid thioredoxin-dependent activation of PRK in a multienzyme complex
than measured for free PRK. When the stoichiometry of the enzymes in the
putative five enzyme complex were addressed (Rault et al., 1993), only two
of the component proteins, the PRK dimers and glyceraldehyde 3—phos-
phate dehydrogenase tetramers, were measured at equivalent levels.
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Technically, the demonstration of specificity in the interactions that are
crucial to formation of a multienzyme complex is quite difficult. The same
group of investigators that reported a five component complex from spinach
has most recently focused on a Chlamydomonas model, from which they iso-
late a two component complex that contains equivalent levels of PRK dimer
and glyceraldehyde 3-phosphate dehydrogenase tetramer (Avilan et al.,
1997a). Directed mutagenesis experiments (Avilan et al., 1997b) indicate that
substitutions that eliminate basicity at residue 64 (arginine in wild-type eu-
karyotic PRK) disrupt the multienzyme complex. Another investigation of
this Chlamydomonas multienzyme complex (Lebreton et al., 1997a) has
prompted speculation that oxidized PRK, which is relatively inactive when
enzyme exists as the isolated dimer, can exhibit increased activity when
bound to glyceraldehyde 3-phosphate dehydrogenase. Additionally, this re-
port suggests that dilution of the complex results in release of oxidized PRK
in a “metastable” state characterized by a higher k_, than measured for oxi-
dized PRK in the complex. This “metastable” species eventually converts to
the low-activity species equivalent to oxidized free PRK dimer. A theoretical
model has also been developed to accommodate these findings, and a kinetic
analysis has been conducted (Lebreton et al., 1997b) and interpreted to sug-
gest that oxidized PRK in the multienzyme complex exhibits a catalytic
mechanism different from free PRK. This kinetic analysis relies on the use of
ribose S-phosphate and xylulose S-phosphate, which are asserted to be alter-
native substrates. This assertion is not well supported in the PRK literature
(Hurwitz, 1962) and the concern that RuSP may either be present in com-
mercial sources of these metabolites (or, alternatively, be formed by trace
phosphoriboisomerase or xylulose 5—phosphate epimerase in the protein
complex) remains to be discounted. This issue has not been explicitly ad-
dressed in the publication that involves the “alternative” substrates. Such a
complication could translate into using a mixture of RuSP substrate and in-
hibitor, rather than an alternative substrate, in those kinetic studies. Addi-
tionally, in the context of evaluating the model that addresses the changes in
activity attributed to multienzyme complex and “metastable” oxidized forms
of PRK, it is unfortunate that the oxidation state of PRK cysteinyl sulthydryls
(C16; C55) in these various samples (e.g., complex or metastable form) is
never directly tested. Protein chemistry approaches would indicate whether
interchain thiol/disulfide exchange has occurred to an extent that would more
simply account for the fractional change in the low baseline oxidized PRK
activity. If such concerns could be ruled out, the detailed kinetic study and
the accompanying modeling work would be elevated in significance.
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The suggestion that PRK and glyceraldehyde 3-phosphate dehydroge-
nase form a multienzyme complex (Nicholson et al., 1987; Avilan et al.,,
1997a) in Scenedesmus and Chlamydomonas has been confirmed and ex-
tended by Wedel and colleagues on complexes of plant stromal enzymes
(Wedel et al., 1997; Wedel and Soll, 1998). Those investigators propose the
involvement of a low molecular weight protein, CP12, and suggest that its
N-terminal region interacts with a PRK dimer while the C-terminal region
interacts with a glyceraldehyde 3-phosphate dehydrogenase tetramer. Two
noncovalently linked PRK-glyceraldehyde 3-phosphate dehydrogenase-
CP12 species assemble to form a 600 kDa complex. NADPH induces disso-
ciation of the complex; DTT also stimulates dissociation. The observations
on spinach proteins are in close agreement with the earlier work on the
Scenedesmus complex (Nicholson et al., 1987). CP12 is proposed to be
widely expressed in wide range of photosynthetic organisms (Wedel and
Soll, 1998) and evidence for the existence of a PRK-glyceraldehyde 3—phos-
phate dehydrogenase-CP12 complex in Synechocystis and Chlamydomonas
has been presented. These observations potentially represent a major new
development in the understanding of pentose phosphate cycle regulation
and, since CP12 is postulated to be found in a variety of organisms, it will
be interesting to learn whether the results of Wedel and colleagues are con-
firmed in other systems and by other laboratories.

B. THE STRUCTURAL BASIS FOR REGULATION OF
EUKARYOTIC PRK

The availability of homogeneous, affinity-isolated spinach PRK facili-
tated protein chemistry analyses that provided structural information on the
regulatory site. The early work of Wolosiuk and Buchanan (1978) indicated
that inactive PRK could be reactivated by thioredoxin or DTT, suggesting
that a thiol/disulfide exchange process interconverts enzyme between active
(reduced) and inactive (oxidized) forms. Porter et al. (1986) measured the
free cysteine content of reduced and air-oxidized enzyme, demonstrating that
a diminution of two cysteines correlated with oxidative inactivation. Thus, a
single disulfide bond is involved. No indication of aggregated PRK was ob-
served upon air oxidation. These experiments were followed by work that
demonstrated that ATP protects PRK against oxidative inactivation. Omnaas
et al. (1985) had previously shown that the reactive RuSP analog, bro-
moacetylethanolamine phosphate, inactivates PRK and that enzyme is pro-
tected against modification not by substrate RuSP but rather by ATP. Because
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ATP protects both against oxidative inactivation and alkylation by a substrate
analog, Porter and Hartman (1986) speculated that a common modification
site might be involved. The observation that oxidatively inactivated PRK does
not react with bromacetylethanolamine phosphate supported this hypothesis,
as did the pH dependency of oxidation and alkylation. A pK, of ~7.8 is ob-
served for both processes. Isolation and Edman sequence analysis of the pep-
tide modified by bromacetylethanolamine phosphate indicates that C16 is the
alkylation target. This residue has been directly implicated as part of the ATP
binding site by the affinity labeling of PRK by the ATP analog fluorosul-
fonylbenzoyl adenosine (Krieger and Miziorko, 1986; Krieger et al., 1987),
accounting for the observation that ATP protects not only against modifica-
tion by a reactive ATP analog, but also against modification by a reactive
Ru5P analog and against air oxidation.

The next task in elucidating the structural basis for PRK regulation by
thiol/disulfide exchange involved identification of C16’s counterpart in
disulfide formation. Porter et al. (1988) took advantage of the fact that
spinach PRK contains only four cysteines, allowing these investigators to
pursue a differential S-carboxymethylation analysis of free cysteines in ac-
tive and inactive PRKs. High-performance liquid chromatography (HPLC)
analyses of tryptic digests of active and oxidized PRK that had been subject
to [“C ]-carboxymethylation clearly indicated the peptides that harbor the
cysteines involved in disulfide formation. These peptides were isolated and
subjected to Edman sequence analysis, which identified the target residues
as C16 and C55. Thus, the earlier hypothesis concerning the involvement of
C16 in both PRK regulation and modification by a reactive RuSP analog
was confirmed. The identification of C55 and the failure to distinguish any
molecular weight difference upon gel filtration of reduced and oxidized
PRKSs under denaturing conditions prompted the conclusion that formation
of a single intrasubunit disulfide between C16 and C55 accounts for inacti-
vation of PRK.

With the identification of the PRK cysteines involved in thiol/disulfide
exchange accomplished, the issue of PRK-thioredoxin-f interactions was ap-
propriately addressed by Hartman’s lab. In experiments focusing on C46 and
C49 of thioredoxin-f and using fructose bisphosphatase as the enzyme tar-
geted for reduction, Brandes et al., (1993) suggested that C46 is the nucle-
ophile that attacks the disulfide linkage of the oxidized target enzyme. C49
functions in cleavage of the mixed disuifide transiently formed between
thioredoxin and the target enzyme, accounting for release of oxidized thiore-
doxin from a fully reduced enzyme. Having established the thioredoxin nu-
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cleophile, Brandes et al. (1996a) addressed whether PRK’s C16 or C55 is the
site of attack by thioredoxin. Two approaches to this issue were employed. A
survey of agents known to catalyze disulfide formation indicated that Cu*
was uniquely well suited to catalyze a PRK-thioredoxin mixed disulfide.
Sample mixtures of PRK C16S/thioredoxin C49S, PRK C16S/thioredoxin
C46S, PRK C55S/thioredoxin C49S, and PRK C55S/thioredoxin C46S were
subjected to Cu* oxidation. Only PRK C16S/thioredoxin C49S form con-
vincing amounts of the mixed disulfide covalent complex, suggesting that re-
duced thioredoxin’s C46 attacks oxidized PRK’s C55. In a second approach,
Brandes et al. (1996a) mixed 5-thio-2-nitrobenzoate derivatized PRK C16S
or C55S (mimics of the oxidized form of PRK) with thioredoxin C49S. A sta-
ble covalent disulfide linked complex only forms with PRK C16S, again sug-
gesting that PRK’s C55 is the target of thioredoxin’s C46.

Why is oxidized PRK inefficient as a catalyst? Protein modification
(Porter and Hartman, 1990) and mutagenesis studies (Milanez et al, 1991;
Brandes et al., 1996b) from the Hartman lab indicate that, of the four PRK
cysteines, C16, C244, and C250 have little influence on catalysis. C55 plays
a only facilitative role since ¥, of PRK C55S is diminished by only
~10-fold in comparison with wild-type enzyme; an effect of this magnitude
does not suggest direct involvement in reaction chemistry. A double mutant
(C16S/C558) of PRK, which lacks both regulatory cysteines, displays minor
activity differences in comparison with PRK C55S. Thus loss of these cys-
teines does not entirely account for the depressed catalytic activity exhibited
by oxidized eukaryotic PRK. Conformational constraints have been invoked
as attenuating activity in oxidized spinach PRK (Brandes et al., 1992). As
discussed below, such an interpretation is strongly supported by the high-
resolution X-ray structure that has recently been solved for prokaryotic PRK
(Harrison et al., 1998).

In the family of proteins that fold like the nucleotide monophosphate ki-
nases, there commonly is observed a sequence that fits the “Walker A” or “P-
loop” motif (Saraste et al., 1990). This sequence invariably loops between an
a-helix and one of the B-strands of the B-sheet that defines an edge of the ac-
tive site. This loop usually contains residues that interact with B—and y-phos-
phoryls of the M*- ATP substrate. In particular, serine or threonine residues
in the “P-loop” commonly function as one of the ligands to the divalent
cation of the M*- ATP substrate. In both prokaryotic and eukaryotic PRKs,
there are “P-loop” residues that may qualify for such a function. Thus, free-
dom of motion of this loop would a priori be expected to represent a major
prerequisite for efficient catalysis of phosphoryl transfer, since binding of
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ATP substrate and release of ADP product must occur with each catalytic
cycle. The observations of Brandes et al. (1992) in cross-linking studies on
spinach PRK indicate considerable conformational flexibility in the region of
reduced eukaryotic PRK that harbors the regulatory C55 and C16 of the “P-
loop.” This region exhibits dynamic motion even in the crystalline state. The
bacterial PRK structure exhibits a break in the a-carbon backbone within the
“P-loop” (Harrison et al., 1998), probably because this loop exhibits a high
degree of motion when a nucleotide is not bound. In eukaryotic PRK, the
tethering of C16 to C55 in a disulfide linkage would immobilize the loop and
it seems certain that substrate binding and product release would be adversely
affected. The issue has been directly addressed in the recent work of Brandes
et al. (1998), which indicates that reduced spinach PRK, with a dynamic “P-
loop,” exhibits a K, equaling 37 pM. Oxidized enzyme, with an immobi-
lized “P-loop” exhibits a K, equaling 28 mM, demonstrating the predicted
impairment in enzyme-substrate interaction.

In addition to the consequences of disulfide formation on “P-loop” mo-
bility, the impact on the region that harbors the other cysteine residue, C55,
should be considered. In the prokaryotic sequence, this amino acid would
map as residue 40 (which is commonly found as glutamate in bacterial
PRKS5). Such a residue is situated at the tip of B-strand 2, that is, at the edge
of the active site and only two residues from D42, which has the most pro-
found impact on catalysis that has been documented. Constraining a peptide
loop by disulfide linkage to this B-strand could easily have steric conse-
quences that would also negatively impact on catalytic efficiency. Any pre-
diction concerning the impact on catalysis of a disulfide linkage to the tip of
B-strand 2 is clearly somewhat speculative, since it relies on a bacterial PRK
structure that contains no active site ligands. Nonetheless, such a prediction
is supported by the observations of Hartman’s lab (Milanez et al., 1991;
Brandes et al., 1996b), which indicate that replacement of C55 has more im-
pact on reaction efficiency than similar substitution of C16.

For the reasons outlined above, the hypothesis that disulfide linked PRK,
with an immobilized “P-loop,” can be an efficient catalyst when associated in
either a multienzyme complex or when in a “metastable” form immediately
after release from a complex raises some concern. In fairness, such proposals
were advanced prior to the availability of a PRK structure. As suggested ear-
lier, the direct evaluation of the redox status of the regulatory cysteines of
PRK in such multienzyme complexes may resolve this apparent dilemma.

A significant issue to be addressed in judging whether it is legitimate to ex-
trapolate from the bacterial PRK structure and make predictions on eukaryotic
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PRK regulation concerns thioredoxin involvement. If the available structural

model is relevant, then thioredoxin must be able to approach the C16/C55

disulfide linkage. Such an issue has been addressed by Harrison et al. (1998).

Using the structure of Anabaena thioredoxin, docking of this protein to a

dimer of PRK subunits that is believed to represent the quaternary structure of
eukaryotic PRK has been performed. The PRK dimer used in the docking ex-

periment was selected since its subunit interface contains a substantial num-

ber of invariant residues and reflects the highest contact area of any of the

interfaces in the R. sphaeroides PRK structure. The thioredoxin was modeled

so that cysteine residues 50 and 53 were aligned with PRK residues 16 and 40.

Two orientations of thioredoxin were reported to fit these constraints. More-

over, the width of the active site cavity reportedly matches well with the thick-

ness of the thioredoxin molecule. Clearly, as a structure of thioredoxin-f
becomes available, more relevant modeling will be possible. However, the

speculation outlined above is self-consistent with all available data concerning

thiol/disulfide exchange in regulation of isolated eukaryotic PRK. Thus, the

prokaryotic PRK structure appears to represent a useful working model.

C. REGULATION OF PROKARYOTIC PRK

Given that microbial autotrophic metabolism (e.g., CO, assimilation) is
energetically less efficient than heterotrophic metabolism, it seems logical
that regulation will be imposed to diminish flux through pathways such as
CO, assimilation when alternate energy-producing fuels are available. It may
also be expected that reactions unique to CO, assimilation represent poten-
tially efficient control points. The observation of complex regulation of
prokaryotic PRK by several metabolites is in accord with these expectations.
For example, using a protein preparation from R. sphaeroides, Rindt and
Ohmann (1969) showed that PRK activity is stimulated by NADH and inhib-
ited by adenosine monophosphate (AMP). The degree of inhibition by AMP
depends on NADH level. Similarly, using extracts of Hydrogenomonas facilis
(Pseudomonas facilis), MacElroy et al. (1969) generated evidence suggesting
that NADH activated PRK. Subsequently, using a protein preparation from P

Jfacilis, Ballard and MacElroy (1971) demonstrated that PEP could substan-
tially inhibit PRK activity. Shortly thereafter, MacElroy et al. (1972) extended
the observation of PEP inhibition to PRK from Thiobacillus neapolitanus.
Kiesow et al. (1977) reported NADH activation of Nitrobacter winogradsky
PRK and underscored the requirement for a reduced dinucleotide in enzyme
activation. That report also indicated that PRK from plant abstracts is nof sen-
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sitive to NADH activation. The observations on NADH activation were sub-
sequently extended to R. capsulata and other photosynthetic bacteria by
Tabita (1980). Using substantially purified PRK from Hydrogenomonas eu-
tropha, Abdelal and Schlegel (1974) reported NADH activation as well as in-
hibition by both AMP and PEP. Observation of nonhyperbolic ATP saturation
curves in several cases (MacElroy et al., 1972; Abdelal and Schlegel, 1974),
as well as the structural differences between NADH and ATP, prompted fur-
ther examination of cooperativity in metabolite binding to PRK. Using ho-
mogeneous, affinity purified PRK from A. eutrophus (Ralstonii eutrophus),
Siebert and Bowien (1984) demonstrated the distinct nature of the adenine
nucleotide binding sites. In equilibrium binding experiments, stoichiometric
binding of substrate ATP (with respect to a 32 kDa subunit) was unaffected by
AMP or PEP. Conversely, stoichiometric binding of inhibitor AMP was not
influenced by ATP or PEP. While distinct ATP and AMP sites were clearly es-
tablished, the nature of the binding sites for activator NADH and inhibitor
AMP remained to be addressed. Both Rindt and Ohmann (1969) and Abdelal
and Schlegel (1974) showed that NADH-stimulated PRK activity was pro-
gressively diminished by increasing concentrations of AMP, implying mutu-
ally exclusive binding by the dinculeotide and mononucleotide effectors.
Runquist et al. (1996) demonstrated a substantial enhancement of NADH flu-
orescence upon binding to recombinant R. sphaeroides PRK. This observa-
tion was exploited in competition studies that demonstrated stoichiometric
displacement of NADH by AMP, an observation that contrasts with unper-
turbed ATP substrate site occupancy at comparable AMP levels. Thus, al-
losteric regulation of prokaryotic PRK and the specificity of substrate versus
effector sites has been firmly established. Furthermore, when the fluorescent
alternative substrate trinitrophenyl-ATP is used to occupy PRK’s active site
and NADH binds to the allosteric site, fluorescence energy transfer is ob-
served. This observation allowed Runquist et al. (1996) to estimate a 21 A
distance between these sites on R. sphaeroides PRK.

D. THE STRUCTURAL BASIS FOR REGULATION OF
PROKARYOTIC PRK

Two distinct approaches have led to recent reports that provide informa-
tion on the location of the allosteric site in PRK. Novak and Tabita (1999)
utilized the genes that encode the two different PRKs (NADH sensitive ver-
sus NADH independent) of R. sphaeroides to construct a series of chimeric
proteins. Working with dialyzed bacterial extracts, these investigators mea-
sured enzyme activity and fractional stimulation by NADH to evaluate
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which regions of PRK are important for NADH activation. Two of the most
informative constructs encoded either the N-terminal portion of NADH sen-
sitive PRK I (upstream of E86; remainder of protein from PRK I1), produc-
ing enzyme that was acutely sensitive to activator NADH or, conversely,
encoded the N-terminal portion of PRK II (upstream of E86; remainder
from PRK 1), producing a chimera that was much less sensitive to NADH
activation. The results underscore the importance of PRK’s N-terminal re-
gion in supporting NADH activation.

An independent approach that mated X-ray diffraction with directed mu-
tagenesis was used by Harrison and colleagues (Kung et al., 1999). Taking
advantage of the ability to crystallize PRK bound to the mononucleotide
AMP-PCP, a 2.6 A structure of the binary complex was elucidated. AMP-
PCP, normally considered to be an ATP analog, did not bind where the ATP
substrate is normally situated in nucleotide monophosphate kinase fold en-
zymes. Instead, the nucleotide bound at the interface between three subunits

Figure 4. The effector binding site of Rhodobacter sphaeroides phosphoribulokinase (PRK).
The figures depicts electron density attributable to the nucleotide analog B, y-methylene ATP,
which binds at the interface of three subunits (Kung et al., 1999). Near the bound nucleotide are
R221 from one subunit, R234 and R257 from a second subunit, and R30 and R31 from the third
subunit. Mutagenesis results indicate that R234 and R257 are crucial to the binding of the al-
losteric effector, NADH. R31 is key to the transmission of the allosteric signal to the active site.
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of the octameric enzyme (Fig. 4). Previously, Koteiche et al. (1995) showed
that a spin-labeled ATP analog, S-acetamidoproxyl-ATPyS, could bind to
PRKs substrate or effector (NADH/AMP) sites. The possibility that the in-
terfacial binding of a mononucleotide identifies the effector site was tested
by a series of directed mutagenesis experiments. Arginine residues are fre-
quently implicated in binding of phosphorylated metabolites. The structure
of the binary PRK*AMP-PCP complex implicated five arginines as possi-
ble contributors to the allosteric site. R221 is highly conserved in both
prokaryotic and eukaryotic PRKs. R234 and R257 are situated on a differ-
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Figure 5. Allosteric activation of Rhodobacter sphaeroides phosphoribulokinase (PRK). En-
zyme activity as a function of ATP concentration is shown. Wild-type PRK exhibits enhanced
activity and a sigmoidal saturation curve (O) in the presence of NADH but low activity and a
hyperbolic saturation curve (@) in the absence of NADH. The R31A mutant form of PRK,
which binds NADH comparably to wild-type PRK, fails to transmit the allosteric stimulus and
exhibits low activity and hyperbolic saturation by adenosine triphosphate (ATP) in the presence
(A) or absence (V) of NADH.
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ent subunit and conserved only in prokaryotic (allosterically regulated)
PRKs. On the third subunit are located R30 and R31; only the latter is con-
served in prokaryotic PRKs. Using site directed mutagenesis, each of the
five arginines was replaced with alanine. These mutant PRKs were evalu-
ated by fluorescence techniques, which had been previously developed
(Runquist et al., 1996) to detect and characterize binary PRKsubstrate
ATP and PRK *effector nucleotide complexes. The binding experiments in-
dicated that none of the arginines influenced ATP occupancy of the catalytic
site. Thus, their tertiary structures are substantially intact. In contrast to
these substrate binding data, the effector binding results implicated R234
and R257 in NADH binding, since substitutions that eliminate basicity at
these residues disrupt formation of a binary PRK*NADH complex. Substi-
tutions of the other arginines have a minimal effect on NADH binding. Ad-
ditionally, the R31A mutant, which effectively binds activator NADH,
exhibits hyperbolic saturation by ATP regardless of whether or not NADH is
present in the assay (Fig. 5). Wild-type PRK exhibits a diminished V,,, and
hyperbolic saturation by ATP when assayed in the absence of NADH but a
high ¥, and sigmoidal dependence on ATP when NADH is present. The
ability of R31A to form a stable complex with NADH coupled with its in-
ability to function as the activated form suggests that R31 is a key link in
transmission of the allosteric stimulus.

V1. Catalytic Mechanism and Structure/Function Assignments

The elucidation of a high-resolution structure for R. sphaeroides PRK
(Harrison et al., 1998) provides several clues to location of the active site.
For example, the observation that the PRK fold makes it a member of the
nucleotide monophosphate kinase family of proteins can be coupled with
the detection of a “P-loop” motif to allow assignment of the region where
substrate ATP binds. On the other hand, since the protein crystallizes with-
out bound substrates, analogs, or products, many details would remain to be
deduced if complementary solution structure data were not available. From
earlier mechanistic work (Miziorko and Eckstein, 1984), it has been estab-
lished that the transfer of the y-phosphoryl group from ATP to RuSP pro-
ceeds with inversion of stereochemistry. The most straightforward
interpretation of this observation is that the reaction involves a single in-line
transfer of the phosphoryl group from donor to acceptor, that is, there is no
covalent phosphoryl-enzyme intermediate. Moreover, the data demand that
there be simultaneous binding of both substrates in a ternary complex with
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enzyme. The order of addition of substrates to PRK remains to be unam-
biguously established. Steady-state kinetic experiments suggested that prod-
uct RuBP is a competitive inhibitor with respect to Ru5P while mixed
inhibition with respect to ATP was assigned. This prompted Lebreton et al.
(1997b) to propose that Chlamydomonas PRK catalyzes an ordered reaction
with RuSP binding as the first substrate. In contrast, Wadano et al. (1998)
argue for ATP as the first substrate on the basis of their kinetic studies on the
Synechococcus enzyme. Nonequilibrium binding experiments with the R.
sphaeroides enzyme demonstrate that a stable binary PRK*ATP complex
forms (Koteiche et al., 1995; Runquist et al., 1996); bound nucleotide is re-
leased under turnover conditions with concomitant production of RuBP. An
alternative substrate, the fluorescent analog trinitrophenyl-ATP will also
form a stable binary complex with PRK; competition by the effector AMP
does not displace this fluorescent nucleotide, suggesting that it binds at the
substrate site rather than the effector site. On the basis of these observations
on formation of PRK*ATP binary complexes, it is unclear whether the
binding of substrates, proposed based on kinetic inhibition patterns, must
occur in any strictly ordered fashion.

Perhaps an equally critical issue to be resolved involves the functional as-
signment of amino acids that support substrate binding and reaction chem-
istry. Many enzymes in the nucleotide monophosphate kinase family of
proteins primarily catalyze transfer of a phosphoryl group between two nu-
cleotides. While these reactions may not be critically dependent upon a gen-
eral base catalyst, such assistance appears necessary for production of many
phosphorylated metabolites. Several of these, for example, fructose 2,6-bis-
phosphate, shikimate 3—phosphate, and thymidine 5’-monophosphate, are
similar to RuBP in that they are synthesized by enzymes that exhibit a nu-
cleotide monophosphate kinase fold and use ATP as the phosphoryl donor.
As discussed below, mechanistic similarities in the reactions that form these
metabolites are useful in formulating functional predictions for active site
amino acids in PRK.

Several functional assignments have resulted by identification of amino
acids that are invariant among the diverse collection of low homology PRK
sequences and subsequent investigation of function by directed mutagenesis
techniques. In such an approach, amino acids in the longest continuous
stretch of invariant sequence (residues 131-135) might be targeted for at-
tention. Prioritization of targets for such a mutagenesis approach might also
be influenced by scrutinizing the PRK “signature sequence” (Kossman et
al., 1989), which includes amino acids in a “lid” helix that defines an active
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site boundary. Indeed tryptophan-155/162, which maps in this region, has
been scrutinized in mutagenesis work (Brandes et al., 1998) that supports its
involvement in ATP binding. Other examples of the utility of this homology
or “phylogenetic” strategy are discussed below. In some respects the most
productive studies were directed toward a region of relatively Jow homology.
The rationale for selecting this region of PRK derives from affinity labeling
work. Before launching a detailed discussion on the strategies in target se-
lection and the interpretation of the data on characterization of mutant
PRKs, it seems worthwhile to note that much of this work was executed
prior to availability of a high-resolution structure, which has largely vali-
dated the active site assignments that were made. In order to make these as-
signments with any degree of surety, our laboratory developed technology
to facilitate evaluation of the structural integrity of recombinant PRKs.
These experimental approaches, which may have utility in the study of a va-
riety of phosphoryl transfer enzymes, are summarized below.

A. OVEREXPRESSION OF R. SPHAEROIDES PRK

With the objective of facilitating the identification of catalytic residues,
our lab developed a pET-3d based system (Charlier et al., 1994) to express
in E. coli the PRK I-encoding DNA that had been provided by Hallenbeck
and Kaplan (1987). Anticipating that large diminutions in activity would be
encountered if we successfully replaced amino acids crucial to reaction
chemistry, the expression system would, at a minimum, be required to pro-
duce large amounts of PRK protein to support assays. The expression con-
struct met this requirement, producing PRK as over 20% of total E. coli
protein, a significant improvement in yield over that obtained for E. coli ex-
pression of spinach PRK (Milanez et al., 1991; Hudson et al., 1992). Isola-
tion includes a preliminary anion exchange step as a prelude to affinity
chromatography (Gibson and Tabita, 1987), which employs a reactive green-
19 dye matrix. From a 1.5 | bacterial culture, 15 mg of homogeneous PRK I
is routinely isolated, providing sufficient protein for biophysical characteri-
zation as well as activity estimates of catalytically deficient PRK mutants.

B. TOOLS FOR EVALUATION OF ACTIVE SITE INTEGRITY

A common theme in protein engineering work involves development of
tests to evaluate the integrity of recombinant enzymes, regardless of whether
they correspond to wild-type or mutant proteins. In evaluating PRKs that
have been expressed in E. coli, our lab has used biophysical approaches to
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characterize the ability of PRK to form stable binary complexes with sub-
strate, effector, or spectroscopically active analogs of these metabolites
(Koteiche et al., 1995; Runquist et al., 1996). Wild-type R. sphaeroides PRK
will stoichiometrically bind ATP, the fluorescent alternative substrate trini-
trophenyl ATP, or the spin-labeled analog S-acetamidoproxyl-ATPyS to form
stable binary complexes. Such complex formation has been used to verify the
integrity of catalytic mutants (Runquist et al., 1996, 1998, 1999) as well as
effector site mutants (Kung et al., 1999). The test is based on the rationale
that, if stoichiometric binding of analog reflects a structurally intact active
site, the overall tertiary structure must exhibit a high level of integrity. Simi-
larly, the effector site can be titrated with S-acetamidoproxyl-ATPyS when
the catalytic site is preloaded with ATP. Additionally a stable binary PRK-
*NADH complex can be isolated and has been useful in directly demon-
strating competitive displacement of NADH from the effector site by AMP.
The stoichiometry of NADH binding has also been used to evaluate the struc-
tural integrity of catalytic and substrate binding mutants (Runquist et al.,
1996, 1998, 1999). 1t has also allowed us to discriminate between mutants de-
ficient in effector binding or deficient in transmission of the allosteric signal
(Kung et al., 1999). Thus, the approach of mating spectroscopically active
metabolite analogs with biophysical characterization of engineered proteins
has demonstrated considerable utility and can be potentially applied to a wide
variety of enzymes that bind nucleotide triphosphates (Potter and Miziorko,
1997) or other metabolites and their analogs (Narasimhan and Miziorko,
1997).

C. SELECTION OF MUTAGENESIS TARGETS AND
INTERPRETATION OF MUTAGENESIS RESULTS

In the initial selection of PRK mutagenesis targets that were likely to
yield functional information, affinity labeling results provided some guid-
ance. Mutagenesis of spinach PRK C16 (Milanez et al., 1991), the target of
the ATP analog fluorosulfonylbenzoyladenosine (Krieger and Miziorko,
1986; Krieger et al., 1987), demonstrated that this residue’s thiol is not cru-
cial to reaction chemistry. This result confirmed expectations based on pro-
tein modification work (Porter and Hartman, 1988) as well as on the
observation that this residue, involved in regulation of eukaryotic PRKs, is
replaced by alanine in prokaryotic PRKs.

The mapping of spinach PRK K68 (prokaryotic PRK K53) to the active
site on the basis of its modification by the reactive ATP analog, adenosine
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triphosphopyridoxal (Miziorko et al., 1990), prompted evaluation of the func-
tion of this and other basic residues in the flanking low homology region of
PRK. Using an expression construct for R. sphaeroides PRK, Sandbaken et
al. (1992) produced in E. coli the wild-type enzyme and the PRK mutants
K53M, H45N, and R49Q. Expectations concerning a catalytic function for
lysine had been diminished by the report of an arginine at this position in the
X. flavus enzyme (Meijer et al., 1990), but the retention of positive charge
was potentially compatible with a role in substrate binding. In fact, PRK
K53M largely retained wild-type PRK properties. This observation has been
confirmed for spinach PRK (Mural et al., 1993). In contrast, H45N and
R49Q mutants showed a substantial inflation in K., (40 and 200—fold, re-
spectively), which seemed significant since no substantial changes in &, or
K .. were apparent. Prokaryotic PRK R49 corresponds to R64 in the eu-
karyotic enzyme. The influence of this R64 on K|, ..., was demonstrated for
the Chlamydomonas enzyme by Roesler et al. (1992) and has subsequently
been confirmed by Avilan et al. (1997b). The assumption that inflation of K,
correlates with a function for H45 and R49/64 in RuSP binding (an issue to
be discussed below) raises a question over why this region identified by a re-
active ATP analog should exhibit such a function. The answer comes from a
consideration of reaction stereochemistry (Miziorko and Eckstein, 1984),
which demands formation of a ternary complex with ATP and RuSP juxta-
posed at PRK’s active site (Fig. 6). It follows that any reactive group attached
to ATP’s y-phosphoryl will be favorably positioned, in the absence of cosub-
strate, to modify the sugar phosphate substrate binding site.

While the tryptophan mutagenesis (W155 F/A) results of Brandes et al.
(1998) illustrate the contribution of stacking interactions to nucleotide bind-
ing by spinach PRK, there is ample precedent for the anchoring of nu-
cleotides and other phosphorylated metabolites by positively charged active
site lysines and arginines. These residues may also support transition state
stabilization (Mueller-Dieckmann and Schulz, 1994). With different avail-
able algorithms and multiple stringency choices (e.g., gap creation and ex-
tension penalties) possible, the legitimacy of any particular sequence
alignment may raise controversy, as demonstrated by the criticism that
R49/64 is not conserved in R, sphaeroides or A. eutrophus PRKs (Gibson et
al., 1990). Despite these legitimate concerns, our lab proposed that H135,
K165, R168, R173, and R187 (prokaryotic PRK numbering) should be in-
cluded with H45 and R49 on the roster of absolutely invariant basic residues
in PRK. Previous work (Charlier et al., 1994) had suggested that H135, lo-
cated within PRKs “Walker B” motif, was not crucial to substrate binding or
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Figure 6. Structural representation of the active site of phosphoribulokinase (PRK). At the
base of the figure, the “P-loop,” which is highly disordered in this “open” form of the enzyme
that lacks any bound substrate, is depicted with a break in the o.-carbon backbone. To the right
of the B-strand that precedes the “P-loop” is a parallel B-strand that contains as its C-terminal
residue the putative Walker B carboxyl group of E131, a candidate for binding cation of the
M?"-ATP substrate. Further right is the tip of the edge strand of the parallel B-sheet, which leads
to a short loop that contains invariant D42, proposed to function as the general base that de-
protonates the C1 hydroxyl of RuSP. This loop also contains H45, which has been implicated in
Ru5P binding. Opposite the B-sheet, at the top and upper right of the figure, are the “lid” he-
lices that contain catalytically essential residues including D169 and several invariant basic
residues involved in RuSP binding (e.g., R49, K165) or catalysis.

catalysis. With the elucidation of a high-resolution structure for PRK (Har-
rison et al., 1998), it became clear that the remaining invariant basic residues
(K165, R168, R173, and R187) are situated in the “lid” region of the nu-
cleotide monophosphate kinase fold (Schlauderer et al., 1996), a region re-
peatedly demonstrated to form part of the active site. Moreover, K165 is
targeted by pyridoxal phosphate upon inactivation of PRK by this reagent
(Runquist et al., 1999). This observation directly demonstrates that the “lid”
of PRK is part of the active site.

On the basis of the structural rationale and the protein modification data,
mutagenesis work was initiated and basicity of each of these residues was
eliminated (Runquist et al., 1998, 1999) by the conservative substitutions:
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K165M, R168Q, R173Q, R187Q. Additionally, R186, conserved in all
prokaryotic PRKs, has also been replaced. Titration of the affinity-isolated
mutant proteins with the substrate and effector site probes, trinitrophenyl-
ATP and NADH, respectively, indicated that the conservative substitution
strategy produced mutant PRKs that were structurally intact, retaining a full
complement of substrate and effector sites. Kinetic characterization of these
proteins validated the strategy of targeting this “lid” region. While the results
indicated that R186 and R187 influence cooperativity of the bacterial enzyme
in binding substrate, K165, R168, and R173 were more directly implicated as
active site residues. Replacement of K165 depresses k., by more than 10°
-fold while K, values for ATP and Ru5P increase by 10 and 100—fold, re-
spectively. Replacement of R168 diminishes &, by more than 300-fold; K , s
increases by 50—fold. Replacement of R173 diminishes £, by only 15-fold
while K, ..., increases by 100-fold. Thus, the basic residues in the “lid” of
PRK certainly influence both catalytic efficiency and apparent binding of
substrate. However, in contrast with the mutagenesis results for H45 and R49,
which indicated perturbation of a single kinetic parameter (in these cases,
K., .5»), multiple effects were observed upon replacement of K165, R168, and
R173. In each case, a significant effect on K, 1s detected. Since it seemed
unlikely that all five of these basic residues are crucial to Ru5SP binding, it be-
came necessary to dissect the K perturbations and sort out the contributions
of binding parameters from the effects attributable to catalytic constants. The
approach employed involved measuring the K, value of these mutants for a
competitive inhibitor, since an inhibitor constant is comprised of only bind-
ing parameters. The metabolite selected for these studies is phosphoglu-
conate, which had previously been reported as a competitive inhibitor of
eukaryotic PRK (Anderson, 1973; Gardemann et al., 1983) with respect to
Ru5P. Elimination of the basic side chain of K165, R49, and H45 results in
increases in K, ... Which correlate well with the magnitude of increases
in K .- (Runquist et al., 1999). In contrast, mutations at R168 and R173 pro-
duce increases in K, o that are small in comparison with the significant
increases in K| ;. measured for the mutant PRKs. The k_, perturbations of
these mutants may contribute to the changes in their K values and, thus, a
major role for these arginines in RuSP binding should not be assumed. In con-
trast, the strong correlation between K and K, observed for K165, R49, and
HA45 argues that these three residues are major contributors to RuSP binding,.
The results discussed above implicate as active site residues amino acids
situated in two helices and a loop that may be regarded as “lid” elements that
are expected to draw closer to the opposing active site boundary comprised
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of the “P-loop” and B-sheet (Harrison et al., 1998). Are there other active
site residues more crucial to catalysis of reaction chemistry? Where do they
map? An answer to these questions was provided when, using the precedent
generated from structural and mutagenesis investigations of other phospho-
ryl transfer enzymes (Anderson et al., 1978; Hellinga and Evans, 1987,
Berger and Evans, 1992; Green et al., 1993; Hurley et al., 1993), our lab
tested the function of PRK’s invariant acidic residues (Table 2). Reasoning
that such residues could function as a general base catalyst (deprotonating
the C1 hydroxyl group of Ru5P) or as a ligand to cation of M**-ATP, the car-
boxyl groups of invariant D42, E131, D169, and E178 were conservatively
replaced with alanine (Charlier et al., 1994). Studies on the affinity-purified
mutants indicate that the kinetic parameters of PRK E178A are not signifi-
cantly altered. E131A exhibits a 100—fold diminution in &, and was insen-
sitive to NADH stimulation. In sharp contrast, D42A and D169A exhibit
10°- and 10*-fold diminutions, respectively, in k_. The magnitude of these
changes in catalytic efficiency contrasts with the small (less than 10—fold)
changes in K, values observed for these mutants. The issue of the structural
integrity of D42A and D169A becomes important for enzymes with such a
drop in catalytic efficiency. Initially, this concern was diminished by the ob-
servation that these mutants’ K, values are not strongly perturbed (Charlier
et al., 1994). Additionally, D42A and D169A have been evaluated by titra-
tion with the spin-labeled ATP analog, S-acetamidoproxyl-ATPyS or with
the fluorescent alternative substrate, trinitrophenyl-ATP (Runquist et al.,

TABLE 2
PRK's Catalytically Essential Invariant Acidic Amino Acids

57 125 160

Ice plantprk  CLDDYHSLDRTGRK ILVIEGLH KIQRDMAERGHSL
Peaprk  CLDDYHSLDRTGRK ILVIEGLH  KIQRDMAERGHSL

Arabidopsis prk ~ CLDDYHSLDRYGRK ILVIEGLH  KIQRDMAERGHSL
Wheat prk  CLDDYHSLDRTGRK IFVIEGLH  KIQRDMAERGHSL
Spinachprk ~ CLDDFHSLDRNGRK ILVIEGLH  KIQRDMKERGHSL
Chlamydomonas prk  CLDDYHCLDRNGRK ILVIEGLH  KIQRDMAERGHSL
Synechocystis ptk  CLDDYHSLDRQGRK  VVVIEGLH KIQRDMAERGHTY

R. capsulata prk ..DAFHRFNRADMK LLFYEGLH KIHRDRAQRGYTT

R. sphaeroides prk .DAFHRFNRADMK  LLFYEGLH KIHRDRATRGYTT
A. eutrophus prk .DSFHRYDRAEMK  LLFYEGLH KLWRDKKQRGYST
N. vulgaris prk .DAFHRYNRAEMR LLFYEGLH KLHRDRNARGYST

X. flavus prk ..DSFHRYDRYEMR ILFYEGLH  KIHRDKATRGYTT

42 131 169
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1996). The results indicate that these mutants retain the ability to tightly and
stoichiometrically bind these analogs at the ATP site, arguing convincingly
for their overall structural integrity. Thus, the kinetic characterization data
for D42 and D169 can be straightforwardly interpreted and these residues
can be assigned a major function in reaction chemistry.

The two orders of magnitude effect on &, measured for E131 also requires
explanation. While there is currently no high resolution active site structure
of PRK containing bound substrates or analogs, a cautious interpretation of
the kinetic analyses in the context of the available structural information as
well as recognized structural motifs is useful in producing specific functional
hypotheses. Phosphotransferases typically use two amino acid side chains to
bind cation of the M*-ATP substrate (Smith and Rayment, 1996). At least
one of these is commonly the carboxyl group of an acidic residue. When a
Walker B motif is present in a phosphotransferase, it typically contains an
acidic amino acid that contributes such a carboxyl group. In PRK, immedi-
ately upstream of the invariant EGLH sequence (residues 131-135) appear
four hydrophobic amino acids. While these residues are not invariant, they
are invariably hydrophobic. The appearance of an invariant acidic residue
after the hydrophobic sequence qualifies this region (Table 3) for considera-
tion as a Walker B motif and E131 for assignment as a ligand to M*-ATP. The
second cation ligand remains to be assigned, but work in progress will deter-
mine whether an alcohol side chain of a “P-loop” residue, well-precedented
to function as a cation ligand, does indeed fulfill such a function in PRK.

The five orders of magnitude &, effect observed for substitution of D42

‘cat

commends this residue for consideration as general base catalyst. The posi-

TABLE 3
Identification of PRK’s Walker B Motif:
Implication of E131 in Cation Binding

Arabidopsis prk ILVI EGLH
Wheat prk IFVi EGLH
Ice plant prk ILVI EGLH
Spinach prk ILVI EGLH
Pea prk ILVI EGLH
Chlamydomonas prk ILVI EGLH
Synechocystis prk VVVI EGLH
R. sphaeroides prk LLFY EGLH
A. eutrophus prk LLFY EGLH
N. vulgaris prk LLFY EGLH
X. flavus prk ILFY EGLH

R. capsulata prk LLFY EGLH
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tioning of this residue near the tip of strand that forms the edge of the
B-sheet supports this functional assignment, which requires the carboxyl to
deprotonate Ru5P’s C1 hydroxyl and facilitate attack on ATP’s y-phosphoryl.
The tip of the adjacent B-strand harbors E131, postulated to anchor the
y-phosphoryl via M* ligation. Not only is ATP’s phosphoryl chain likely to
be positioned adjacent to D42, but appropriate positioning of RuSP is also
likely. D42 is situated in a short flexible stretch that links the last strand of
the B-sheet with the a-helix that begins with R49. This basic residue, as well
as histidine-45 (which also maps within the flexible linker), anchor RuSP
binding (Sandbaken et al., 1992; Runquist et al., 1999). Since R49 is likely
to interact with Ru5P’s C5 phosphoryl, this substrate’s C1 can easily be jux-
taposed to D42.

In the absence of any structure depicting an occupied PRK active site, a
hypothesis concerning the function of D169 becomes tenuous. This residue
has a major impact on catalysis and, prior to recognition of a Walker B
motif, was tentatively proposed as contibuting a ligand to M*-ATP. While
such a function for D169 cannot be ruled out, the magnitude of the diminu-
tion in k_, upon its replacement is quite large in comparison with effects
commonly observed upon elimination of such cation ligating residues in re-
lated enzymes (Berger and Evans, 1992; Rider et al., 1994; Hasemann et al.,
1996). The most plausible speculation concerning D169’s function derives
from the observation that it forms a salt bridge to K165. Replacement of ei-
ther residue diminishes k_, by three to four orders of magnitude. This might
be consistent with the need for D169 to precisely orient K165 as that
residue’s e-amino group guides transfer of ATP’s y-phosphoryl to RuSP’s C1
hydroxyl. Such a function appears likely for the e-amino group of a compa-
rable “lid helix” lysine of fructose 6-phosphate 2—kinase (Hasemann et al.,
1996), which adopts a fold similar to PRK. Future structural work on sub-
stratePRK complexes will be required to test this speculation concerning
D169 and K165, as well as to elucidate the roles of other active site residues.

D. PRK FUNCTIONAL ASSIGNMENTS: POSSIBLE
ANALOGIES IN HOMOLOGOUS ENZYME REACTIONS

The recent elucidation of high-resolution structures for a series of en-
zymes that are structurally homologous to PRK and catalyze, in some re-
spects, homologous reactions reinforces some of the functional assignments
or speculation listed above. Furthermore, this collected body of information
prompts the formulation of a consensus model (Fig. 7) based on
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Figure 7. Consensus model based on structure/function correlations observed for a group of
nucleoside monophosphate (NMP) kinase fold enzymes that catalyze phospho- or sulfo-trans-
ferase reactions. Shaded regions correspond to “lid” elements of the active site, which consti-
tute the active site boundary opposite the boundary edge formed by the C-terminal ends of the
strands of the parallel B-sheet. These boundaries are well separated in the “open” form of these
enzymes in which no substrates occupy the active site. In the “closed” form of the enzyme, pro-
duced upon occupancy of the adenosine triphposphate (ATP) phosphoryl donor and a metabo-
lite phosphoryl acceptor, the “lid” and C-terminal edge of the parallel B-stand become closely
juxtaposed. The Walker A or “P-loop” motif is shown situated off the tip of B-strand “C.” The
Walker B motif, containing an acidic residue that functions as a ligand to M**-ATP, is typically
found around the tip of adjacent B-strand “B” in this group of enzymes. Where identified, the
general base (GB) catalyst has mapped near the tip of p-strand “A.”

structure/function correlations observed across this group of enzymes. PRK,
estrogen sulfotransferase, fructose 6-phosphate 2-kinase, thymidine kinase,
and shikimate kinase catalyze metabolically unrelated but mechanistically
similar phospho- or sulfo-transferase reactions involving a variety of alcohol
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substrates. All of these enzymes exhibit the NMP kinase fold. In all cases, a
“P-loop™ or Walker A motif is found at the C-terminal end of the third paral-
lel strand of the f-sheet (Hasemann, et al., 1996; Wild et al., 1997; Harrison
et al., 1998; Krell et al., 1998). Additionally, a “Walker B” acidic residue at
the C-terminal tip of the second parallel strand has been assigned for several
of these enzymes (Hasemann et al., 1996; Wild et al., 1997; Harrison et al.,
1998) and a candidate residue for this assignment could be identified in other
cases (Krell et al., 1998). Finally, while NMP kinases may require no general
base catalysis of their reactions, the transferases listed above are likely to re-
quire such assistance to facilitate deprotonation of the alcohol groups of their
acceptor substrates. In the sequence following the C-terminus of the first par-
allel strand of these enzymes, a general base catalyst candidate commonly
appears. A clear functional assignment is most obvious in the case of PRK
(Charlier et al., 1994; Harrison et al., 1998) but persuasive assignments,
based on limited published mutagenesis results, can also easily be made for
thymidine kinase (Wild et al., 1997) and estrogen sulfotransferase (Kakuta et
al., 1997). Candidate residues are also suitably located in shikimate kinase
(Krell et al., 1998). While no assignment of a general base has been offered
for fructose 6—phosphate 2—kinase (Hasemann et al.,, 1996; Uyeda et al.,
1997), the general base consensus emerging from these mechanistically re-
lated enzymes argues that this issue merits further scrutiny.

In summary, a combination of structural work and mechanistic investiga-
tion allows functional assignments and predictions for both prokaryotic and
eukaryotic PRKs. Moreover, when the PRK results are interpreted in the
context of the database available for other enzymes that exhibit the NMP ki-
nase fold, a consensus emerges that suggests functional assignments not
only for PRK but also for a wider array of enzymes that catalyze diverse
transferase reactions,
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I. Introduction

The large and diverse group of pyridoxal-5'-phosphate(PLP)-dependent
enzymes offers a unique opportunity to reconstruct the at least 3000-million-
year-long course of evolution of enzyme mechanisms starting from the pri-
mordial protein catalysts in the first cells and leading up to the modern
enzymes with defined reaction and substrate specificities. This review focuses
on PLP-dependent enzymes that catalyze reactions in the metabolism of
amino acids. Such enzymes are found in all organisms. In a multitude of reac-
tions they synthesize, degrade, and interconvert amino acids. B, enzymes are
essential in linking the carbon and nitrogen metabolism, replenishing the pool
of one-carbon units, and forming biogenic amines. PLP is easily the most ver-
satile coenzyme (Jencks, 1969). The diversity of the B, enzymes acting on
amino acid substrates is evident from the fact that they belong to no fewer than
five of the total six enzyme classes as defined by the Enzyme Nomenclature
Committee of the International Union of Biochemistry and Molecular Biol-
ogy (Webb, 1992). PLP is a derivative of vitamin B; henceforth, “B, en-
zymes” is used as a convenient abbreviation for PLP-dependent enzymes.

All B, enzymes acting on amino acids as substrates share important mech-
anistic features. Invariably, PLP is bound covalently via an imine bond to the
g-amino group of an active-site lysine residue, forming the so-called “inter-
nal” aldimine. In the first covalency change, the amino group of the incoming
substrate replaces the g-amino group forming a coenzyme-substrate imine.
This “external” aldimine intermediate is common to all enzymic and nonen-
zymic reactions of PLP with amino acids. In the next step, the different reac-
tion pathways diverge, depending on which bond at Ca is cleaved and on the
following covalency changes, one of the diverse reactions catalyzed by B, en-
zymes becomes realized (Fig. 1). In all reactions, the coenzyme acts as an
electron sink, storing electrons from cleaved substrate bonds and dispensing
them for the formation of new linkages with incoming protons or second sub-
strates. All reactions catalyzed by B, enzymes are assumed to take place also
very slowly with amino acid substrates and PLP alone. It is the protein moiety
of a given B, enzyme that determines which of the many potential pathways is
adopted by the coenzyme-substrate adduct. PLP and pyridoxamine-5'-phos-
phate serve also as cofactors in a particular group of bacterial enzymes that
participate in the biosynthesis of dideoxy and deoxyamine sugars (Rubinstein
and Strominger, 1974) and are evolutionarily related with the B, enzymes in
amino acid metabolism. The role of PLP in glucan phosphorylases (Palm et
al., 1990) is entirely different; these enzymes constitute another independent
evolutionary lineage that will not be discussed here in detail.
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Figure 1. Transformations of amino acids by PLP-dependent enzymes. (1) Amino acid sub-
strate. (2) “Internal” aldimine intermediate in which PLP has formed a Schiff base with the
g-amino group of an active-site lysine residue. (3) “External” aldimine intermediate. In nonen-
zymic reactions, the aldimine intermediate is produced by de novo formation from PLP and the
amino acid. After the aldimine intermediate, the pathways of the various PLP-dependent reac-
tions diverge. Formation of the planar pyridine-aldimine Schiff base 3 is a prerequisite for the
catalytic efficacy of PLP, which is due to the electron-withdrawing effect exerted on Ca by the
positively charged imine group and pyridine nitrogen atom and is mediated through the exten-
sive resonance system of the pyridine ring and the imine double bond.

A competent brief introduction to the metabolic and mechanistic aspects
of B, enzymes has been provided by Metzler (1977). For a comprehensive re-
view on B, enzymes covering their physiological, structural, and mechanistic
aspects, see the two-volume treatise edited by Dolphin et al. (1986); limited
to the aminotransferases is the treatise edited by Christen and Metzler (1985).
Newer reviews on B, enzymes are those by Hayashi et al. (1990), John
(1995), and most recently by Jansonius (1998). The stereochemical aspects
of B, enzymes are discussed in a review by Vederas and Floss (1980).

This review presents the current knowledge on the evolutionary emergence
and development of the apoenzyme moieties of B, enzymes. A considerable
increase in pertinent data on B, enzymes, that is, in the number of available
amino acid sequences and three-dimensional (3-D) structures, as well as
progress in the methodology of homology searches have contributed to make
a comprehensive, though not quite definitive, account on the molecular evo-
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lution of B, enzymes feasible. The study summarizes earlier reports and com-
plements them with results obtained on the basis of recently published struc-
tural data and with improved computational procedures (Mehta et al., 1999).
The B, enzymes clearly are of multiple evolutionary origin. All B, enzymes of
which the amino acid sequences are known to date belong to one of four mu-
tually unrelated families of homologous proteins, the a family comprising by
far the largest number of member enzymes. The ancestor proteins of these
families apparently were regio-specific proto-enzymes catalyzing reactions
with covalency changes limited to Ca. or extending to Cf. From regio-specific
protein catalysts reaction-specific ancestor enzymes (e.g., aminotransferases,
amino acid decarboxylases, etc.) developed, which then diverged further into
the modern substrate-specific enzymes (e.g., aspartate aminotransferase, or-
nithine aminotransferase, etc.). For most B, enzymes, this development ap-
pears to have been already completed in the last universal ancestor cell before
the three biological kingdoms of archebacteria, eubacteria, and eukaryotes di-
verged; in general, the evolution of B, enzymes may thus be explored inde-
pendently of phylogenetic divergence. The course of evolution of a given B,
enzyme family will thus be traceable by comparing the homologous, or more
precisely paralogous, sequences of enzymes with different functions, e.g., ser-
ine hydroxymethyltransferases with 1-aminocyclopropane-1-carboxylate syn-
thases, regardless of the species that they come from. In evolutionary studies,
the generic term “homologous” is often replaced either by “paralogous” to in-
dicate homologous nucleotide or amino acid sequences of different functions
or by “orthologous” to denote homologous sequences with the same or simi-
lar function in different species (Fitch, 1970). Comparison of paralogous se-
quences elucidates the evolutionary relationship between related genes or
proteins whereas comparison of orthologous sequences traces the phyloge-
netic relationship of the species concerned.

II. Databases and Methodology
A. SEQUENCE AND 3-D STRUCTURE DATABASES

The available database of the structures of B, enzymes is growing rapidly;
23 spatial structures and more than 600 amino acid sequences of more than
60 B, enzymes are now known. For our analyses of sequences, the SWISS-
PROT database (Release 37 of April 1999 with a total of 70,000 sequences;
Bairoch and Boeckmann, 1991), supplemented with sequences of B, en-
zymes available from TTEMBL, was used. All enzymes that were included in
the present study are listed in Table 1. The structural data are, however, dis-
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TABLE 1

133

Structural Data on Families of PLP-Dependent Enzymes that Act on Amino Acid Substrates

EC 3-D Structure  Number of
Number Enzyme PDB Code” Sequences
o Family
1442 Glycine dehydrogenase, decarboxylating 14
2.1.2.1 Glycine (serine) hydroxymethyltransferase 1BJ4® 37
2.3.1.29 2-Amino-3-ketobutyrate CoA ligase 1
2.3.1.37 5-Aminolevulinate synthase 18
23.1.47 8-Amino-7-oxononanoate synthase = 9
2.3.1.50 Serine palmitoyltransferase 4
2.6.1.1 Aspartate aminotransferase 1AAW? 43
2.6.1.2 Alanine aminotransferase 7
26.1.5 Tyrosine aminotransferase 4
2.6.19 Histidinol-phosphate aminotransferase 18
2.6.1.11 Acetylornithine aminotransferase 13
2.6.1.13 Ornithine aminotransferase 10AT* 9
2.6.1.18 B-Alanine-pyruvate aminotransferase -/ 1
26.1.19 4-Aminobutyrate aminotransferase 1GTXe 15
2.6.1.36 Lysine-g-aminotransferase 2
2.6.1.44 Alanine glyoxylate aminotransferase 1
2.6.145 Serine-glyoxylate aminotransferase 2
2.6.1.46 2,4-Diaminobutanoate-pyruvate aminotransferase 2
2.6.1.51 Serine aminotransferase 5
2.6.152 Phosphoserine aminotransferase 1BIN* 18
2.6.1.57 Aromatic-amino-acid aminotransferase 1AY4 3
2.6.1.62 AdoMet 8-amino-7-oxononanoate aminotransferase 12
2.6.1.64 Glutamine-phenylpyruvate aminotransferase 1
2.6.1.66 Valine-pyruvate aminotransferase 1
2.6.1- Succinylornithine aminotransferase 1
2.6.1- DNTP-hexose aminotransferase 1
2.6.1.- malY gene product 2
29.1.1 L-Seryl-tRNA(Sec) selenium transferase 4
3.7.13 Kynureninase 4
4.1.1.15 Glutamate decarboxylase 25
4.1.1.17 Ornithine decarboxylase (prokaryotic) 10RDY 21
4.1.1.18 Lysine decarboxylase 5
4.1.1.19 Arginine decarboxylase (biodegradative) 1
4.1.1.22 Histidine decarboxylase 8
4.1.1.28 Tyrosine/DOPA decarboxylase 17
4.1.1.64 2,2-Dialkylglycine decarboxylase 1DGD* 1
4125 Threonine aldolase 4
4.1.99.1 Tryptophan indole-lyase (tryptophanase) 1AX4! 5
4.1.99.2 Tyrosine phenol-lyase 1TPL™ 4

(Continued)
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TABLE 1 (continued)
Structural Data on Families of PLP-Dependent Enzymes that Act on Amino Acid Substrates

EC 3-D Structure Number of
Number Enzyme PDB Code* Sequences
42.99.9 Cystathionine y-synthase 1CS1” 9
42.99.- O-Succinylhomoserine sulfhydrylase 2
44.1.1 Cystathionine y-lyase 4
4414 Alliinase 4
44.1.8 Cystathionine f-lyase ICLI? 6
44.1.11 Methionine y-lyase 2
44.1.14 1-Aminocyclopropane- 1-carboxylate synthase 1B8GY 44
5438 Glutamate-1-semialdehyde 2,1-aminomutase 2GSA‘ 19
S——— Isopenicillin N epimerase 2
——— cobC gene product 2
——— Cysteine desulfurase (nifS gene product) 1S
——— tRNA splicing protein SPL1 4
——— Rhizopine catabolism regulatory protein 1

B Family
4.1.99.4 1-Aminocyclopropane-1-carboxylate deaminase 5
42.1.13 L-Serine dehydratase 4
42.1.14 p-Serine dehydratase 2
42.1.16 Threonine dehydratase 1TDJ 10
42.1.20 Tryptophan synthase §§ chain 1BKS* 32
42122 Cystathionine B-synthase 4
4.2.99.2 Threonine synthase 9
4.2.99.8 Cysteine synthase (O-acetylserine sulfhydrylase) 10AS' 23
43.1.15 Diaminopropionate ammonia-lyase i
D-Alanine aminotransferase family
2.6.1.21 D-Alanine aminotransferase 1DAA* 5
2.6.1.42 Branched-chain amino acid aminotransferase 1A3G’ 22
4-——- 4-Amino-4-deoxychorismate lyase 3
Alanine racemase family (B/a-barrel proteins)
4.1.1.17 Omnithine decarboxylase (eukaryotic) 70DbC” 20
4.1.1.19 Arginine decarboxylase (eukaryotic and E. coli) 9
4.1.1.20 Diaminopimelate decarboxylase 11
5.1.1.1 Alanine racemase 1BDO* 16

“Bernstein et al., 1977; *Renwick et al., 1998; Scarsdale et al., 1999; the recommended name
for this enzyme is glycine hydroxymethyltransferase (Webb, 1992) and will be used henceforth;
‘Alexeev et al., 1998; “Ford et al., 1980; McPhalen et al., 1992; Okamoto et al., 1994; *Shen et
al., 1998; Watanabe et al., 1989; #Storici et al., 1999; #*Hester et al., 1999; ‘Okamoto et al.,
1998; 'Momany et al., 1995a; “Toney et al., 1993; ‘Isupov et al., 1998; "Antson et al., 1993;
"Clausen et al., 1998; °Clausen et al., 1996; “Capitani et al.; ‘Hennig et al., 1997, "Gallagher et
al., 1998; *Hyde et al., 1988; ‘Burkhard et al., 1998; “Sugio et al., 1995; *Okada et al., 1997;
*Kern et al., 1999; *Shaw et al., 1997.
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tributed somewhat uneven among the known B, enzymes: Of the total 114 B,
enzymes listed with EC numbers (Webb, 1992) about 50 enzymes have as yet
not been structurally characterized at all. In contrast, for some enzymes, for
example, aspartate aminotransferase, the sequences of many source variants
have been reported. Determination of sequences and 3-D structures in the as
yet uncharted areas of B, enzymes seems highly desirable.

B. PROFILE ANALYSIS

In view of the often quite low degrees of identity between the paralogous
sequences that were compared, profile analysis of sequences (Gribskov et
al., 1990) was an important tool in our study. A set of aligned homologous
amino acid sequences, the so-called probe sequences, and an amino acid
substitution matrix serve—with the help of the program PROFILEMAKE in
the UWGCG package (Devereux et al., 1984)—to construct the profile that
is a position-specific scoring table. The profile is then used to screen the
database with the program PROFILESEARCH for sequences that are re-
lated with the probe sequences. The profile will attribute a certain score
value to every position of the target sequence depending on what amino acid
residue is found there. For deletions and insertions in the target sequences
variable penalties are given. The overall score of the target sequence corre-
sponds to the algebraic sum of the score values attributed to all its residues,
gaps, and insertions. The so-called Zscore corresponds to the difference be-
tween the score of the target sequence and the mean score of the unrelated
sequences in the database expressed in standard deviations. The mean
Zscore of the sequences unrelated to the profile thus per definition is zero
and the standard deviation is 1. A Zscore value higher than 3 standard devi-
ations may indicate a relationship, a value higher than 6 corresponds to a de-
finitive relationship between the target sequence and the probe sequences
(Gribskov, 1992). Profile analysis is uniquely suited to detect distant rela-
tionships because the profile incorporates position-specific information on
invariant and variant regions in the probe sequences. It can detect and un-
equivocally verify homology between proteins even if their relationship is
not evident from the low degree of sequence identity. However, the discrim-
inatory power of profile analysis does not reach as far as that of a compari-
son of the folding patterns of the polypeptide chains.

C. FAMILY PROFILE ANALYSIS

Family profile analysis (FPA), a newly developed algorithm (Mehta et al.,
1999), was used for the verification of very distant relationships between
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protein families as well as for estimating the relative distance between dif-
ferent branches of the evolutionary pedigrees of B, enzymes. FPA compares
all available homologous amino acid sequences of a target family with the
profile of a probe family while conventional sequence profile analysis (see
above) considers only a single target sequence in comparison with the probe
family (Fig. 2). The increased input of sequence information in FPA expands
the range for sequence-based recognition of structural relationship. In the
FPA algorithm, Zscores of each of the target sequences, obtained from a
probe profile search over all known amino acid sequences of the target fam-
ily, are averaged and then compared with the mean scores for sequences of
100 reference families in the same probe family search. The resulting
F-Zscore of the target family, expressed in “effective standard deviations” of
the mean Zscores of the reference families, with value above a threshold of
3.5 indicates a statistically significant evolutionary relationship between the
target and probe families. In comparison to other methods, the FPA tech-
nique is significantly more sensitive and is useful to test a suspected distant
relationship between probe and target families. For details of both sequence
profile analysis and FPA the reader is referred to the original reports (Grib-
skov et al., 1990; Mehta et al., 1999).

Evolutionary trees of the B, families were constructed by comparison of
the mean F-Zscores of all enzymes in each family. All enzymes were treated
independently without consideration of the degree of mutual sequence re-
latedness, that is, sequences of different enzymes were not multiply aligned.
The standard procedure of profile analysis (see above) was used to construct
the profiles, the position-specific scoring matrices, for all sequences of each
enzyme. Profile searches were conducted against the SWISS-PROT data-
base. For enzymes with less than four sequences, of which a reliable probe
family profile could not be made, results of BLAST programs (Altschul et
al., 1997) and profile analysis under stringent conditions were combined.
Once all profile search results had been obtained, FPA was run on each pro-
file search output file and the F-Zscores of all enzymes were computed with
the FPA algorithm. The arithmetic mean of the F-Zscores of each pair of en-
zymes (probe enzyme to target enzyme and vice versa) was taken as an es-
timate of relative distance between two enzymes. Though F-Zscores are
asymmetric, it seems useful to apply a symmetric function to results from an
asymmetric procedure to obtain a symmetric answer.

The GrowTree program of UWGCG was used to build the evolutionary
trees of the B, families. The program requires the distances among all the
member enzymes of a given family. Since the mean F-Zscores are similarity
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scores, the reciprocal of each mean F-Zscore for a given pair of enzymes
was computed to serve as measure of evolutionary distance. A routine was
written in standard ANSI C to compute automatically the reciprocal mean
F-Zscores from the F-Zscores of the whole family. It was especially useful
in the case of the o family, which comprises over 50 enzymes that are evo-
lutionarily related with each other. The reciprocal values of mean F-Zscores
<0.1 generated extremely large distance measures. Hence, all values of
mean F-Zscores <0.1 were replaced with a value of 0.1. Replacing the mean
F-Zscores values <0.1 did not show significant effects on the tree topology.
A table of distances (reciprocal mean F-Zscores) was used to construct evo-
lutionary pedigrees with the help of the GrowTree program, using UPGMA
(unweighted pair group method using arithmetic averages) with the default
parameters. For clustering, the method of UPGMA was preferred over
neighbor-joining methods, since UPGMA expects a constant rate of amino
acid substitution and thus a linear relationship between distance measure
and evolutionary time.

III. Emergence and Evolution of B, Enzymes

The indispensable mechanistic role of PLP, the multiple evolutionary
origin of the enzymes that depend on it, and the uniqueness of PLP as co-
factor for the transformation of amino acids all argue for PLP to have ar-
rived on the evolutionary scene before the emergence of the apoenzymes.
This notion probably holds for all organic and, of course, inorganic cofac-
tors of enzymes. Conceivably, in a prebiotic world a primitive metabolism
catalyzed by cofactors provided building blocks and polypeptides that in
their turn assisted the cofactors in their catalytic functions. Such a self-
complicating system can evolve without genetic transfer of information.
Nucleotides and oligonucleotides might have acted as cofactors in roles
similar to some of those of modern rRNA and tRNA. The advent of polynu-
cleotides with mRNA-like function and self-replicating capacity initiated
the transition from prebiotic to biotic evolution. To the best of our knowl-
edge, no pathway for the prebiotic synthesis of PLP has been proposed to
date. However, other pyridine derivatives such as nicotinamide have been
found to be formed under what are assumed to be prebiotic conditions, and
it thus seems possible that PLP might also have arisen by prebiotic synthe-
sis. Remarkably, the in part still hypothetical biosynthetic pathway leading
to PLP (Hill et al., 1996) includes a step that is catalyzed by a B, enzyme
(Lam and Winkler, 1990).
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A. HYPOTHETICAL SCENARIO OF EMERGENCE OF B, ENZYMES

The emergence of a B, enzyme family might include the following se-
quence of events. The first step was the reaction of PLP with a lysine residue
of the progenitor protein. This reaction was facilitated by noncovalent bind-
ing of the cofactor. A further prerequisite for the development toward an
effective protein catalyst was the preexistence of a rudimentary substrate-
binding site adjacent to the PLP-binding site that allowed the transimination
with an amino acid substrate and thus the formation of the planar coenzyme-
substrate aldimine adduct. Formation of the external aldimine, the starting
point for all PLP-dependent reactions (Fig. 1), is an absolute necessity for
the catalytic efficacy of PLP toward amino acid substrates. Subsequent op-
timization of the noncovalent interactions between the protein and the PLP-
substrate adduct may be assumed to have led to improved catalytic
efficiency and to specialization for reaction and substrate specificity.

B. EVOLUTIONARY LINEAGES OF B, ENZYMES

On the basis of sequence comparison with profile analysis and FPA, the
B, enzymes, as far as structural information on them is available, can be sub-
divided into few independent families of paralogous proteins, that is, the o
family with aspartate aminotransferase as prototype enzyme, the f§ family
with tryptophan synthase  as prototype enzyme, the p-alanine aminotrans-
ferase family, and the alanine racemase family. In each of the four families,
the 3-D structures of at least two member enzymes have been determined by
X-ray crystallography (Table 1). The four B, enzyme folds are indeed unre-
lated with each other (for a comprehensive review of the folds, see Janso-
nius, 1998). For clarity’s sake, the various names used by different authors
for the B, enzyme families are compiled in Table 2.

Possibly, additional evolutionarily independent lineages of B, enzymes
may be found when sequences of new enzymes will be determined; as yet
there is still no structural information available on 40% of the B, enzymes
listed with EC numbers. The possibility of evolutionary convergence (see
Section III C) increases the chances of finding yet unknown lineages.

1. o Family

The o family is not only the largest but also the functionally most diverse
family. All crystal structures of o enzymes that have been determined to
date indeed show a similar folding pattern of the polypeptide chain. The ma-
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TABLE 2
Denotations of B, Enzyme Families Used by Different Authors

Mehta et al., 1993;
Alexander et al., 1994,
Mehta and Christen, 1994, Grishin et al.,

This review Sandmeier et al., 1994 1995 Jansonius, 1998

o Family o Family and y family Fold type I Aspartate amino-
transferase family

B Family 8 Family Fold type II Tryptophan syn-
thase f family

p-Alanine amino- Aminotransferase Fold type IV D-Amino acid

transferase family subgroup [1I aminotransferase
family

Alanine racemase Amino acid decarboxy- Fold type III Alanine racemase

family lase group IV family

jority of the a enzymes show a specific common functional feature: In the
reactions they catalyze, the covalency changes are limited to Ca. (defined as
the carbon atom that engages in the imine bond with PLP). There are, how-
ever, exceptions to the rule that o enzymes catalyze o reactions (see Section
1 E for a discussion of the course of functional specialization within the B,
enzyme families). The y subfamily, which previously was regarded to be an
independent family (Alexander et al., 1994), is, by the criteria of the more
sensitive family profile analysis and 3-D structures, an evolutionary sublin-
eage of the large o family. The y subfamily is both structurally and func-
tionally quite homogenous. The majority of the enzymes of the y subfamily
catalyze reactions in which the covalency changes extend from Ca to Cy,
cystathionine f-lyase being the exception. The o family also comprises gene
products that with either PLP or pyridoxamine-5'-phosphate as prosthetic
group catalyze reactions in the biosynthesis of deoxyamino and dideoxy
sugars (Rubinstein and Strominger, 1974; Pascarella et al., 1993; Pascarella
and Bossa, 1994; Huber, 1995; Bruntner and Bormann, 1998). These gene
products are not listed in Table 1 as their precise catalytic functions are still
unknown.

All three additional B, enzyme families have considerably fewer mem-
bers than the a family, are structurally much more homogenous, and func-
tionally limited in scope. These additional families overlap functionally
with the a family, each of them comprises enzymes that catalyze reactions
of a type being also catalyzed by enzymes of the a family (Table 1). Con-
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ceivably, the o family was first to emerge in evolution and thus occupied
the bulk of the biocatalytic space of PLP. An alternative though seemingly
less likely explanation is that the folds of the other three families proved
less adaptable in the development of new reaction and substrate specifici-
ties. At least for the alanine racemase family with its (B/a), fold, also called
TIM-barrel fold, this notion is hardly tenable as the (p/a), fold is probably
the most widely distributed and functionally most diverse protein fold
(Brindén, 1991; Reardon and Farber, 1995; Babbitt and Gerlt, 1997; Mehta
et al., 1999).

2. B Family

The B family is much smaller than the a family. High scores in FPA in-
dicate a structurally homogenous family of as yet total 9 enzymes. As with
the o family, this family has been defined by purely structural criteria. Nev-
ertheless, all B enzymes share a conspicuous functional feature as they are
lyases catalyzing reactions in which not only Ca. but also C participates in
the covalency changes. Threonine synthase is an exception as it catalyzes a
fB,y-replacement reaction (Table 1). As yet there is no enzyme of the § fam-
ily known that catalyzes a reaction in which the covalency changes are lim-
ited to Ca. Included are two enzymes that act on enantiomers of the same
substrate. Cystathionine B-synthase, which catalyzes the condensation of
homocysteine and serine to cystathionine, is a unique B, enzyme as it ap-
pears to depend on both heme and PLP for catalytic activity, the role of
heme being unclear (Taoka et al., 1999).

3. Dp-Alanine Aminotransferase Family

The p-alanine aminotransferase family, named after its prototype en-
zyme, represents a third independent evolutionary lineage. This family com-
prises—on the basis of the as yet available amino acid sequences—only two
additional enzymes, that is, branched-chain amino acid aminotransferase
and 4-amino-4-deoxychorismate lyase (formerly known as pabC gene prod-
uct), which both act on L-amino acids. Together with the mutually paralo-
gous L- and p-serine dehydratases of the B family, the example of the
D-alanine aminotransferase family testifies that the development of speci-
ficity for enantiomers of the substrate starting with the same ancestor en-
zyme is a problem biological evolution has solved more than once. However,
not in all cases the problem of enantiomeric substrates was solved in this
way, for instance the lactate dehydrogenases producing p- and L-lactate be-
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long to two evolutionarily unrelated families of 2-hydroxyacid dehydroge-
nases (Taguchi and Ohta, 1991; Kochhar et al., 1992).

4. Alanine Racemase Family

The alanine racemase family is an equally small family. Its other three
members are without exception basic amino acid decarboxylases formerly
denoted as amino acid decarboxylase group IV (Table 2). The available se-
quences of arginine decarboxylase are from eukaryotic species and also
from Escherichia coli, the sequences of ornithine decarboxylase are from
eukaryotic species, and the sequences of diaminopimelate decarboxylase are
as yet only from eubacterial and archebacterial species. The enzymes of this
family are (B/a), proteins (Farber and Petsko, 1990). The enzymes of the
alanine racemase family are the only B, enzymes the fold of which is related
to that of non-B, proteins. FPA shows a distant relationship between alanine
racemase and tryptophan synthase o (Mehta et al., 1999), indicating that in
these cases the (B/a), fold is the result of divergent rather than convergent
evolution. The 3-D structures of alanine racemase (Shaw et al., 1997) and
mammalian ornithine decarboxylase (Kern et al., 1999) show the active site
of this B, enzyme to be at the same location as in other (non-B,) enzymes
with (B/c), barrel structure. Both structural comparison, in particular of the
phosphate-binding site, and FPA indicate that also many other (B/a), barrel
proteins might be evolutionarily related with each other (Wilmanns et al.,
1991; Mehta et al., 1999).

C. EXAMPLES OF EVOLUTIONARY CONVERGENCE

There are two conspicuous examples of functional evolutionary conver-
gence among the B, enzymes (Table 3). Basic amino acid decarboxylases
are found in both the a family and the alanine racemase family. Similarly,
aminotransferases, though not of the same substrate specificity, occur in
the a family as well as in the p-alanine aminotransferase family (Table 1).
Both the mode of cofactor binding and the catalytic mechanism deduced
from the crystal structure of p-alanine aminotransferase is completely anal-
ogous to that of aspartate aminotransferase of the o family (Peisach et al.,
1998). These findings are reminiscent of the well-known example of evo-
lutionary convergence of the bacterial protease subtilisin, the trypsin pro-
tease family, and serine carboxypeptidase (Liao et al., 1992); again,
proteins have been developed that catalyze the same or a very similar reac-
tion by the same mechanism, that is, by exploiting the catalytic potential of
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TABLE 3
Examples of Evolutionary Convergence Among B, Enzymes’
Enzyme Occurrence Family Affiliation
Ornithine decarboxylase 1 Prokaryotes o Family
(EC4.1.1.17)
Ornithine decarboxylase 2 Eukaryotes Alanine racemase family
(EC4.1.1.17)
Arginine decarboxylase 1 E. coli (biodegradative o Family
(EC4.1.1.19) isoenzyme)
Arginine decarboxylase 2 Eukaryotes and £. coli Alanine racemase family
(EC4.1.1.19) (biosynthetic isoenzyme)

“The number of primary and tertiary structures available is indicated in Table 1.

aldimine formation with PLP, without having any sequence or conforma-
tional homology.

D. EVOLUTIONARY CONSTRAINTS DUE TO PYRIDOXAL-5'-PHOSPHATE

The mechanistic uniformity of B, enzymes (see Introduction) is in ap-
parent contrast to their multiple evolutionary origin. The inevitable conclu-
sion to be drawn is that the common features are not historical traits
acquired by chance and passed on from a common ancestor protein, but
were necessitated by the chemical properties of the coenzyme and provided
an advantage in evolutionary selection for mechanistic or other reasons. An
important basis for the reaction specificity of B, enzymes seems to be the
orientation of the bonds at Ca of the substrate moiety in the external
aldimine adduct. The bond to be broken is supposed to lie in a plane orthog-
onal to the plane of the coenzyme-imine nt system. This conformation min-
imizes the energy of the transition state for bond breaking as it allows
maximum o-n overlap between the bond to be broken and the n system of
the pyridine ring-imine system (Dunathan, 1966, 1971). This hypothesis has
been confirmed by the determination of high-resolution structures of en-
zyme-substrate intermediates of aspartate aminotransferase (Kirsch et al.,
1984) and all other B, enzymes of which the structures of complexes with
analogs of the covalent coenzyme-substrate adducts have been determined
(Table 1). The structures of the external aldimine intermediates 2a—2¢ in the
mechanistic scheme on the reactions catalyzed by B, enzymes (Fig. 3) take
this stereoelectronic control of the reaction pathways into consideration. The



144 MEHTA AND CHRISTEN

LYsS H CO;G
€]
OPQ\ _ 0P %@ R>0<002 H>C<R 020>C-<1H
ors "%P c4'/NH H,NCH(R)CO, NH NH NH
P3 7]
] |
" C4 .e
C{C 5/ \ca 03 |2a lzc
IR
[o]:] C2 G
@ 2 -H -CO, ~-R
M e ool
]
R-CO-CO,® R\ /0029 R\ ,C02 H\ ,R @o;c\ /H
+
®
NH,
o®
A +H + ®
| 52 ’O H la.l | ab ] lac |
-H20

(R= XCH,-) HQNH-@ e Nme » GN.,.HG

HsC-CO-COL +NH;

too : . ,
? HzC COP | o 4 )
HyC-C- 002 R <C>C02 He=C==aR “~0,Cooe C==aH

T | l
® ]
E NH NH NH NH
N N
+1 4e ] |4d | ab | 4c

HzNCR(H)CO9+ 1 HaNCHaR + 1 HqNCHgCOgO+ 1

/[0
o K
Y-CH, cof
~c” Y-CHq &= C =aco®
I ®
N NH
| ~ P
OH +H® o
HaNCHICH,Y)COP + 1
Is¢ ] <o %0 =" 2¥ICOs

Figure 3. Pathways of reactions catalyzed by B, enzymes. Structure 1 depicts the protonated
internal aldimine formed by PLP and the active-site lysine residue with cisoid aldimine double
bond, protonated pyridine N1, and deprotonated 3-hydroxy group. Transimination with the un-
charged amino group of the in-coming amino acid substrate produces the external aldimine 2,
According to Dunathan (1966), the pathway of transamination will lead from conformation 2a
through deprotonation at Ca. to the quinonoid intermediate 3a, by reprotonation at C4' to the
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following paragraphs discuss the chemical features of PLP and its reactions
that underlie the common properties of B, enzymes.

1. Internal Aldimine

The covalent linkage of PLP to an active-site lysine residue (Fig. 1) is
thought by many authors to reflect a kinetic advantage because the existence
of the internal aldimine 1 replaces the de novo formation of the external
aldimine (2a—2c¢) by a supposedly faster transimination reaction. However,
the ubiquitous internal aldimine might not be a mechanistic necessity but
rather reflect the fact that the very first step in the evolution of any B, enzyme
was the covalent binding of the coenzyme to the primordial apoenzyme. This
notion is supported by the following arguments: (1) The same PLP-lysine
linkage exists also in glucan phosphorylases in which the carbonyl group of
PLP does not participate at all in the catalytic process (Palm et al., 1990). (2)
In the reverse half reaction of enzymic transamination (Fig. 3), enzyme-
bound pyridoxamine-5'-phosphate forms an imine with the oxo acid sub-
strate. This reaction in all known cases occurs fast enough for not being
rate-limiting, though the ketimine intermediate is formed de novo and not by
transimination. (3) The experimental evidence for a kinetic advantage of the
internal aldimine linkage in the PLP-catalyzed reactions of amino acids is
ambiguous both in nonenzymic model systems (Schonbeck et al., 1975, and
references cited therein) and in B, enzymes of which the active-site lysine
residues have been replaced by another residue. Most experiments of the lat-
ter kind have been conducted with aspartate aminotransferase. In this en-

letimine intermediate 4a and by its hydrolysis to the oxo acid product and PMP Sa. Reversal of
this half-reaction with another oxo acid as amino group acceptor completes the transamination
cycle. Alternatively, along the pathway of racemization 3a may be reprotonated from the oppo-
site side to give the external aldimine 4d, which by transimination produces the p-amino acid
product and 1. Starting from 3a is also the § or y elimination of an X® group from the side chain
R. In the example, X? is eliminated from a side chain X—~CH,— producing the aminoacrylate
intermediate 4e. Reprotonation and transimination give 1 and the secondary imine product that
hydrolyzes to pyruvate and ammonia. In § replacement reactions, a group Y® is added to C8,
resulting in the quinonoid intermediate 5f, which is reprotonated at Ca to the external aldimine
6f. Transimination releases the p replacement product and 1. The external aldimine 2b leads to
a decarboxylation, producing the quinonoid intermediate 3b. Reprotonation at Ca gives the ex-
ternal aldimine 4b and then the amine product and 1. Cleavage of the Ca-Cf bond in 2¢ pro-
duces, with tetrahydrofolate as acceptor, 5,10-methylenetetrahydrofolate and, via 3¢ and the
external aldimine 4c, glycine and 1. This type of reaction is catalyzed by glycine hydrox-
ymethyltransferase and related Ca-Cp-bond-cleaving enzymes. The scheme is taken from the
review of Jansonius (1998).
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zyme, the e-amino group is thought to serve as proton acceptor and donor in
the tautomerization of the aldimine 2a to the ketimine intermediate 4a
(Kirsch et al., 1984). Replacement of the active-site lysine residue (K258) by
alanine (Malcolm and Kirsch, 1985; Kirsch et al., 1987) or arginine (Toney
and Kirsch, 1991) had resulted in virtually inactive enzyme variants. How-
ever, if the coenzyme-binding Lys258 of aspartate aminotransferase was ex-
changed for a histidine residue, the enzyme retained partial catalytic
competence (Ziak et al., 1990). The transamination cycle with glutamate and
oxalacetate proceeded only three orders of magnitude more slowly than the
overall reaction of the wild-type enzyme. Reconstitution of the mutant
apoenzyme with [4'-*H]pyridoxamine 5'-phosphate resulted in rapid release
of °H with a first-order rate constant similar to that of the wild-type enzyme
(Tobler et al., 1987). Apparently, in aspartate aminotransferase, histidine can
to some extent substitute for the active-site lysine residue. The imidazole ring
of H258, however, seems too distant from Ca and C4' to act as an efficient
proton donor/acceptor group in the aldimine-ketimine tautomerization, sug-
gesting that the prototropic shift might be mediated by an intervening water
molecule (Ziak et al., 1993). Partial catalytic activity is also maintained by
p-amino acid aminotransferase on replacement of active-site Lys145 by glu-
tamine (Futaki et al., 1990). The data suggest but do not prove that transimi-
nation between the internal and the external aldimine could be replaced by de
novo formation of the latter and by its hydrolysis in the reverse direction. (4)
In pyruvoyl-dependent amino acid decarboxylases the carbonyl group is not
engaged in an “internal” imine and the imine with the substrate is formed de
novo and not by transimination (Recsei and Snell, 1970). Taken together,
there is evidence for the notion that the internal aldimine linkage was indis-
pensable for the evolutionary emergence of B, enzymes rather than for their
catalytic efficiency. The collision and interaction between PLP and a candi-
date apoenzyme, that is, a protein with rudimentary coenzyme and substrate
binding sites, must have been a rare event due to the very likely quite low
concentrations of the two reactants. Covalent binding of the coenzyme pre-
venting its rapid loss presumably was a decisive advantage in the biological
selection process.

2. Cisoid Conformation of Aldimines

Yet another common feature is the conformation of the internal and ex-
ternal aldimine. In all crystal structures of B, enzymes determined to date
the C4’-N bond assumes the cisoid conformation (Fig. 4). Calculation of the
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Figure 4. Aldimine adduct of PLP and r-alanine. The dihedral angle (C4', N, Cat, C) in this
conformation of the adduct is 180°. Model studies and calculations have shown that the cisoid
conformation of the aldimine (imine N on the same side of the C4-C4' bond as O3') is energet-
ically favored (Tumanyan et al., 1974; Tsai et al., 1978).

minimum-energy conformation of the coenzyme-L-alanine aldimine adduct
yields a conformer in which the a-carboxylate group with its negative
charge is at maximum distance from the phosphate group of the cofactor if
a dielectric constant of 20 or less is used in the calculations (Christen et al.,
1996). Such a value of the dielectric constant within the molecule, that is,
the coenzyme-substrate adduct, seems an appropriate assumption. This min-
imum-energy conformation of the coenzyme-substrate adduct may be as-
sumed to contribute to stronger binding to the apoenzyme.

3. Stereochemistry of C4' Protonation

Apparently related to the cisoid conformation of the aldimines is the in-
variable stereochemistry of the protonation at C4' (Christen et al., 1996), an-
other feature that has previously been interpreted as to indicate a common
evolutionary origin of B, enzymes. Numerous B, enzymes are converted, ei-
ther in their main reaction (aminotransferases and certain amino acid decar-
boxylases) or in a side reaction with the amino acid substrate, from the PLP
form to the pyridoxamine-5'-phosphate form 5a (Fig. 3). The transamination
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reaction requires the tautomerization of the aldimine 2a—2¢ to the corre-
sponding ketimine intermediate (e.g., 4a in the case of aldimine 2a) by re-
lease of a substituent from Ca and addition of a proton to C4'. The
protonation at C4' of 3a—3c was found to occur on its si face in all seven en-
zymes that were examined (Dunathan and Voet, 1974). This invariance in
absolute stereochemistry was interpreted as evidence for a common ances-
tor of the B, enzymes. For five of the seven enzymes, this supposition holds
true in the light of the present knowledge on the molecular evolution of B,
enzymes. Alanine aminotransferase, aspartate aminotransferase, 2,2-
dialkylglycine decarboxylase, glutamate decarboxylase, and serine hydrox-
ymethyltransferase indeed belong to the large o family of homologous B,
enzymes (Table 1). However, the PLP-dependent B subunit of tryptophan
synthase, which shows the same stereochemistry, is a member of the § fam-
ily. (On the seventh enzyme, pyridoxamine pyruvate aminotransferase, no
information on primary or tertiary structure and thus on evolutionary rela-
tionship is available.) The invariant absolute stereochemistry of enzymes
that are evolutionarily unrelated with each other and the inverse stereo-
chemistry in the case of also unrelated p-alanine aminotransferase
(Yoshimura et al., 1993) might reflect stereochemical constraints in the
emergence of these enzymes rather than an accidental historical trait passed
on from a common ancestor enzyme. Conceivably, the coenzyme and sub-
strate binding sites of primordial PLP-dependent enzymes had to fulfill the
following prerequisites in order to allow their development toward effective
catalysts: (i) The negatively charged a-carboxylate group of the enzyme-
bound amino acid substrate had to be positioned at maximum distance from
the negatively charged phosphate group of the cofactor (see above), and (ii)
the Ca-H bond together with the imine N atom had to lie in a plane close to
orthogonal to the plane of the coenzyme-imine n system (Dunathan, 1966;
Kirsch et al., 1984) and had to be oriented toward the surface of the protein
in order to allow protein-assisted deprotonation at Ca, an integral step of
transamination and many other reactions catalyzed by B, enzymes (Fig. 3).
If a coenzyme-substrate-binding site meets these two criteria, the si face
with respect to C4' of the coenzyme-L-amino acid adduct (and in the case of
serine hydroxymethyltransferase the si face with respect to the adduct with
p-alanine that is the substrate undergoing transamination (Voet et al., 1973))
will be facing the protein and its re side will be exposed to the solvent. Thus,
the protonation at C4' will occur from the si side if protonation is assumed
to be assisted by a side chain group of the protein as it has been found to be
the case in aspartate aminotransferase (Kirsch et al., 1984). Indeed, in all en-
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zymes for which the pertinent structural information is available, for exam-
ple, aspartate aminotransferase (Kirsch et al., 1984), tyrosine phenol-lyase
(Antson et al., 1993), cystathionine y synthase (Clausen et al., 1998), di-
alkylglycine decarboxylase (Toney et al., 1995), and tryptophan synthase 3
(Hyde et al., 1988), the structures of the covalent coenzyme-substrate
adducts either determined directly by X-ray crystallography or deduced
from the position of the putative substrate-binding sites invariably show the
coenzyme and substrate moieties to be arranged as displayed in Fig. 4.

As a corollary of the above hypothesis, the inverse stereochemistry of
protonation at C4’ is expected in enzymes acting on p-amino acids. Indeed,
in p-alanine aminotransferase (and in homologous branched-chain L-amino
acid aminotransferase) C4' has been found to be protonated from the re side
(Yoshimura et al., 1993). The two enzymes belong to the evolutionarily in-
dependent p-alanine aminotransferase family (Table 1). In agreement with
C4' protonation from the re side, the crystal structure of p-alanine amino-
transferase (Sugio et al., 1995) shows the active-site lysine residue to extend
toward the re face of the coenzyme.

In summary, the multiple evolutionary origin precludes to explain the
manifold common structural and mechanistic features of B, enzymes by a
common ancestor protein. The cofactor PLP is the evolutionary origin that
is common to all B, enzymes. It seems that specific properties of the cofac-
tor resulted in specific features of the apoproteins that provided evolution-
ary advantages in binding of the cofactor and in exploiting its catalytic
potential.

E. FAMILY PEDIGREES AND COURSE OF FUNCTIONAL SPECIALIZATION

Because of its many diverse member enzymes, the evolutionary pedigree
of the a enzyme family is most informative for deducing how functional
specialization proceeded. Scrutiny of the pedigree (Fig. 5) reveals a clear
pattern in the temporal sequence of events that led to the functional special-
ization of these enzymes. Apparently, the ancestor enzyme of the a family
was specific for covalency changes limited to Ca. The regio-specific ances-
tor enzyme then diverged into reaction-specific enzymes, such as the three
subfamilies of aminotransferases, the three subfamilies of amino acid de-
carboxylases, the CoA-dependent acyltransferases like 5-aminolevulinate
synthase, etc. The subdivision of the enzymes into subfamilies of amino-
transferases (subfamilies AT I, II, and IV in the a family and subfamily
AT III in the p-alanine aminotransferase family, Mehta et al., 1993),
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Figure 5. Evolutionary pedigree of the o family. The evolutionary tree was constructed with
the GrowTree program on the basis of FPA data (see Databases and Methodology). The branch
lengths represent the relative evolutionary distances as measured in reciprocal values of the
mean F-Zscores between the branching points. The color code in the left column defines
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subfamilies of amino acid decarboxylases (subfamilies DC I-11I in the
o family and subfamily DC IV in the alanine racemase family; Sandmeier
et al., 1994), a y subfamily (Alexander et al., 1994) and a CoA subfamily
(Huber, 1995) agrees with earlier published work. The enzymes that cat-
alyze reactions extending to Cf and Cy, for example, the glycine (serine) hy-
droxymethyltransferase/tyrosine phenol-lyase group or the y subfamily
seem to have diverged from sublineages of the a family just prior to the spe-
cialization for substrate specificity. The evolutionary tree shows clearly that
the last and also shortest phase was the specialization for substrate speci-
ficity. For some enzymes, a further subdivision of subfamilies into different
groups seems appropriate on the basis of their relative degree of relationship
among themselves and with other enzymes. The subdivision of subfamily
ATT into groups a—c of aspartate aminotransferase and of subfamily DC II
into groups a and b of glutamate decarboxylase and groups a and b of histi-
dine decarboxylase seems by and large to reflect the course of phylogenesis
(Table 4). Conceivably, these enzymes were already fully specialized for
their particular reaction and their substrate very early in phylogenetic evolu-
tion (see also Section I1I G).

The pedigree of the a family suggests that the as yet unidentified gene
product cobC and perhaps also malY as well as the rhizopine catabolism reg-
ulatory protein in the aminotransferase subfamily AT I are aminotransferases.
1-Aminocyclopropane- 1 -carboxylate synthase is as yet the only enzyme in
the three AT subfamilies of the a family that is not an aminotransferase but
rather catalyzes an o,y-elimination reaction. The other enzymes of the o fam-
ily (Fig. 5) that do not catalyze an a reaction, include the y-family (with one

the subfamilies. The subfamilies are numbered as previously (Mehta et al., 1993; Sandmeier et
al., 1994; Alexander et al., 1994). The aminotransferase subfamilies (AT 1, 11, and 1V) are
shown in yellow and the amino acid decarboxylase subfamilies (DC I-I1I) in magenta. Within
subfamilies, some enzymes have been subdivided into different groups, that is, aspartate
aminotransferase groups a to ¢ in subfamily AT I, glutamate decarboxylase groups @ and b, as
well as histidine decarboxylase groups a and b in decarboxylase subfamily DC I, because the
sequences of the different groups could not be aligned with each other due to a distant rela-
tionship. A different situation is found with ornithine and arginine decarboxylases. The mem-
bers of ornithine decarboxylase group 1 have an o family fold and are all of prokaryotic
origin. The single known amino acid sequence of arginine decarboxylase group 1 is from Es-
cherichia coli (biodegradative isoenzyme). However, other forms of these enzymes belong to
the alanine racemase family with a (a/f),-barrel fold (ornithine decarboxylase 2 and arginine
decarboxylase 2; Fig. 6). The position of selenocysteine synthase [L-seryl-tRNA(Sec) sele-
nium transferase, EC 2.9.1.1] in the evolutionary tree, tentatively reported in an earlier report
(Tormay et al., 1998), has been slightly charged by the new, more comprehensive procedure.
(See also Color Plates.)
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TABLE 4
Species Representation in the Different Groups of Subfamily AT I of Aspartate
Aminotransferases and Subfamily DC II of Glutamate Decarboxylases and Histidine

Decarboxylases®
Occurrence in

Enzyme Group Eukaryotes Eubacteria Archebacteria
Aspartate amino- a + +
transferase in b + +
subfamily AT 1 c +
Glutamate decarboxylase a Animals
in subfamily DC I1 b Plants + +
Histidine decarboxylase a Animals
in subfamily DC Ii b Plants +

°All enzymes belong to the o family (Table 1 and Fig. 5). The subdivision of aspartate amino-
transferase subfamily AT I into group a and b was first proposed by Okamoto et al. (1996) and
Nakai et al. (1999).

member enzyme, cystathionine B-lyase, catalyzing a B reaction), an evolu-
tionary branch with glycine hydroxymethyltransferase, threonine aldolase,
tryptophanase, tyrosine phenol-lyase, selenocysteine synthase, an evolution-
ary branch with kynureninase, isopenicillin N epimerase, cysteine desul-
furase, as well as the very distantly related alliinase.

The pedigrees of the § family, the p-alanine aminotransferase family, and
the alanine racemase family are small and do not allow general conclusions
(Fig. 6). The two enzymes of the § family that act on enantiomeric sub-
strates, that is, D- and L-serine dehydratase fall into two different branches of
the tree.

What were the functional and structural properties of the hypothetical in-
termediates of the evolutionary process delineated by the pedigrees of the B
enzymes? The primordial a. enzyme with covalently bound PLP probably
collected L-amino acids of any type and facilitated the formation of PLP-
amino acid aldimine adducts thus accelerating all types of PLP-dependent
transformations of amino acids. In a later evolutionary phase, the reaction-
specific ancestor enzymes must have favored one particular reaction over all
others without differentiating between the various amino acids. Why came
specialization for reaction specificity before specialization for substrate
specificity? Two explanations may be offered, one mechanistic and one
metabolic.
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Mechanistically, specialization of the catalytic apparatus for reaction
specificity may be assumed to require more extensive structural adapta-
tions than the modifications of the substrate-binding site necessary to
make it interact with a specific substrate. This notion is supported by the
relatively short evolutionary time that was used for developing substrate
specificity (Fig. 5). A substrate-unspecific enzyme is not necessarily tan-
tamount to an enzyme with low affinity for the substrates. The relative fa-
cility to interact with different substrates is illustrated by the relatively
broad substrate specificity of many B, enzymes, in particular by the
aminotransferases, many of which accept a particular amino acid/oxo acid
substrate pair, for example, aromatic or basic, in one half reaction and act
on glutamate and 2-oxoglutarate in the second half reaction with reverse
direction. The recommended names of the aminotransferases (Figs. 5 and
6) are derived from the amino acid substrates for which the given enzyme
is considered to be specific. However, it should be borne in mind that for
many enzymes the second substrate pair, glutamate and 2-oxoglutarate,
provides the link between the metabolism of the amino acid carbon skele-
ton and nitrogen metabolism.

For the organization of metabolism in the uncompartmented progenote
cell, the development of catalysts that accelerate one particular reaction of
diverse substrates seems more important than the development of catalysts
that act only on one substrate but do not accelerate any of the diverse reac-
tions to an extent exceeding that reached already by the primordial ancestor
B, enzyme. Evolutionary precedence of reaction specificity over substrate
specificity is also observed in numerous other instances, for example, in
families of proteinases or sugar kinases (Perona and Craik, 1997).

As a corollary of the course of functional specialization, it should be eas-
ier to change experimentally the substrate than the reaction specificity of a
B, enzyme. This observation is consonant with the conclusion drawn from
experiments of protein engineering (Hedstrom, 1994) that it might be easier
first to select an enzyme with the desired catalytic activity and then to tailor
its substrate binding site to a new substrate instead of trying to adapt preex-
isting binding sites for catalysis of a new reaction.

In the specialization for substrate specificity there is a remarkable simi-
larity between the aminotransferases and the amino acid decarboxylases
(Fig. 5). In both cases, the enzymes acting on basic amino acids and their
derivatives and the enzymes with acidic and aromatic substrates form
separate subfamilies. Apparently, acidic and neutral amino acids may be ac-
commodated in similar substrate-binding sites whereas binding of basic sub-
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strates requires more specific features. Experimental results from site-di-
rected mutagenesis of aspartate aminotransferase point into the same direc-
tion (Cronin and Kirsch, 1988; Onuffer and Kirsch, 1995; Malashkevich et
al., 1995).

F. DIVERGENCE IN CATALYTIC MECHANISMS

In view of the numerous constraints apparently due to the particular
chemical properties of PLP and the mechanistic similarity of its interactions
with the amino acid substrates, it seems remarkable that the following mech-
anistic features vary rather widely (Jansonius, 1998, and references cited
therein): (1) The noncovalent interactions between the phosphate group of
the coenzyme and the apoprotein are quite different both in type and num-
ber, resulting in different degrees of local electrostatic compensation of the
negative charge of the phosphate group. (2) The group interacting with N1
of the pyridine ring is the distal carboxylate group of an aspartate or gluta-
mate residue in all known enzyme structures of the o family, the p-alanine
aminotransferase family and ornithine decarboxylase of the alanine
racemase family; in the p family and in alanine racemase, however, it is a
serine and an arginine residue, respectively. Apparently, the stabilization of

Figure 6. Evolutionary pedigrees of the B family, p-alanine aminotransferase family, and ala-
nine racemase family. For details on the construction of the evolutionary trees, see legend to
Fig. 5. Within a given family, the length of the branches is a measure of the relative evolution-
ary time. In the P family, the sequences of threonine synthase fall into two groups (1 and 2).
Threonine synthase 1 includes gram-positive bacterial and archebacterial sequences. Threonine
synthase 2 includes sequences from mainly gram-negative bacteria and sequences from yeast.
This group proved still to be closely related to threonine synthase 1 (F-Zscore > 13.0) and to
some other members of the § family, for example, L-serine dehydratase and cystathionine
B-synthase. The p-alanine aminotransferase family includes branched-chain amino acid
aminotransferase acting on L-valine and L-isoleucine. It is to be noted that this enzyme (EC
2.6.1.42) is distinct from the valine-pyruvate aminotransferase (EC 2.6.1.66) in the o family,
the two enzymes use glutamate/2-oxoglutarate and alanine/pyruvate, respectively, as the second
substrate pair in the transamination reaction. The alanine racemase family also includes three
decarboxylases acting with basic amino acids as substrates. Ornithine decarboxylase 2 (OrnDC
2), which appears to be exclusively eukaryotic, and arginine decarboxylase 2 (ArgDC 2), which
has been found to occur in both eukaryotes and eubacteria, represent the second group of the
respective enzymes. Groups OrnDC 1 and ArgDC 1 are part of the o family (see Fig. 5). The
polypeptide chain of alanine racemase is much shorter than those of the other member en-
zymes. Since decarboxylases are multidomain proteins (Kern et al., 1999), the sequences of
OrnDC 2 and ArgDC 2 were truncated before family profile analysis at the unaligned regions
by approximately 100 residues at both the amino and carboxy termini.
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a positive charge at N1 is not a prerequisite for PLP to become catalytically
effective. The effect of the group interacting with N1 on the electron distri-
bution within the cofactor has been experimentally probed by site-directed
mutagenesis experiments with aspartate aminotransferase of the o family
(Yano et al., 1992; Onuffer and Kirsch, 1994) and the B-subunit of trypto-
phan synthase of the B family (Jhee et al., 1998). (3) K* ions have been
found to be essential for catalytic activity of particular B, enzymes such as
2,2-dialkylglycine decarboxylase (Toney et al., 1993, 1995), tryptophan
synthase § (Rhee et al., 1996), tyrosine phenol-lyase (Antson et al., 1994;
Sundararaju et al., 1997), and tryptophan phenol-lyase (tryptophanase;
Isupov et al., 1998). In most B, enzymes, however, monovalent cations play
neither a mechanistic nor structural role. (4) Virtually all B, enzymes seem
to be oligomeric proteins, the degree of oligomerization ranging from
dimers such as aspartate aminotransferase to dodecameric ornithine decar-
boxylase of prokaryotes (Momany et al., 1995b). The active sites in all B,
enzymes with known crystal structure consist of residues of two adjacent
subunits. The only B, enzyme that has been reported to be a monomer is
p-serine dehydratase of the f family (Dowhan and Snell, 1970).

On the basis of the present knowledge on the structure-function relation-
ship of B, enzymes, it does not seem possible to attribute a functional sig-
nificance to the above divergent features. They might have arisen by chance
in the different evolutionary lineages, quite in contrast to the features that
are common to all B, enzymes (see Section III D).

G. TIME OF EMERGENCE AND RATE OF EVOLUTION

In three B, enzyme families, enzymes are found of which sequences from
all biological kingdoms are available (Table 5). For each enzyme, its se-
quences in archebacteria, eubacteria, and eukaryotes are all homologous
with each other and are more closely related among each other than with the
sequences of any other B, enzyme in the three biological kingdoms. We may
thus conclude that these enzymes were already completely developed, that
is, endowed with reaction and substrate specificity, in the universal ancestor
cell. These enzymes must have arisen and specialized before the three bio-
logical kingdoms branched off from each other 1500 to 1000 million years
ago. An emergence so early in biological evolution probably applies to nu-
merous other B, enzymes, e.g. other aminotransferases and amino acid syn-
thases, as they catalyze reactions that link different areas of metabolism and
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TABLE 5
Enzymes with Homologous Sequences in All Three Biological Kingdoms
Family Enzyme (EC Number)
a Glycine hydroxymethyltransferase (2.1.2.1)

8-Amino-7-oxononanoate synthase (2.3.1.47)
Histidinol-phosphate aminotransferase (2.6.1.9)
Acetylornithine aminotransferase (2.6.1.11)
Phosphoserine aminotransferase (2.6.1.52)
AdoMet 8-amino-7-oxononanoate aminotransferase (2.6.1.62)
p 1-Aminocyclopropane- 1-carboxylate deaminase (4.1.99.4)
Tryptophan synthase B chain (4.2.1.20)
Threonine synthase (4.2.99.2)
D-Alanine Branched-chain amino acid aminotransferase (2.6.1.42)
aminotransferase

must have been essential in organizing the metabolic pathways in the
progenote. This notion of an early organization of amino acid metabolism is
consonant with a general study on the phylogenetic distribution of protein
families into the three biological kingdoms. The analysis showed that in the
last universal ancestor of contemporary cells the major metabolic pathways
were already established (Ouzounis and Kyrpides, 1996).

1. Functional Specialization During Phylogenesis

In some instances, however, specialization for (or change of) substrate
specificity seems to have overlapped with phylogenetic evolution. Within the
aminotransferase subfamily AT I, the aspartate aminotransferase sequences
are subdivided into three groups a—c (Fig. 5). Aspartate aminotransferase
group a includes eukaryotic sequences, that is of higher vertebrates and
plants, and certain eubacterial sequences. Aspartate aminotransferase group
b consists exclusively of prokaryotic sequences, some of them of hyperther-
mophilic and archebacterial species. Aspartate aminotransferase group c is
exclusively archebacterial (Table 4).

The sequences of group a prove to be more closely related to those of
aromatic-amino-acid aminotransferase, tyrosine aminotransferase, and ala-
nine aminotransferase in the same evolutionary branch than to the aspartate
aminotransferases in groups b and c. The latter groups, though distantly re-
lated with group a, clearly constitute evolutionary branches on their own.
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TABLE 6
Rate of Evolution of B; Enzymes
UEP
Enzyme (EC Number) (Myr)*
Serine pyruvate aminotransferase (2.6.1.51) 4.6
Aromatic 1-amino acid decarboxylase (4.1.1.28)° 9.7
Aspartate aminotransferase, mitochondrial (2.6.1.1)¢ 10.3/19.4
Phosphoserine aminotransferase (2.6.1.52)° 10.9
Alanine aminotransferase, cytosolic (2.6.1.2) 11.6
Aspartate aminotransferase, cytosolic (2.6.1.1)% 12.9/13.6
4-Aminobutyrate aminotransferase (2.6.1.19)" 12.9
5-Aminolevulinic acid synthase, erythroid specific, mitochondrial (2.3.1.37) 13.8
5-Aminolevulinic acid synthase, nonspecific, mitochondrial (2.3.1.37Y 14.5
Ornithine aminotransferase, mitochondrial (2.6.1.13)* 15.6
Glycine dehydrogenase, decarboxylating (1.4.4.2)' 18.7
Ornithine decarboxylase (4.1.1.17)" 19.6
Glutamate decarboxylase isoenzyme 1 (4.1.1.15)" 45.1

“The unit evolutionary period (UEP) of a given protein is defined as the time required for its
amino acid sequence to change by 1%. The values are expressed in millions of years (Myr) and
are corrected for multiple amino acid substitutions at identical positions. The footnotes indicate
the species from which the sequences considered in determining the evolutionary rate were
taken. The data are from Salzmann et al., 2000.

bCallithrix jacchus, Felis silvestris catus, Homo sapiens, Oryctolagus cuniculus, Rattus
norvegicus.

“Bos taurus, Catharanthus roseus, Cavia porcellus, Drosophila melanogaster isoenzymes 1 and
2, Homo sapiens, Manduca sexta, Mus musculus, Papaver somniferum isoenzymes 1, 2 and 5,
Petroselinum crispum isoenzymes 1, 2, 3 and 4, Rattus norvegicus, Sus scrofa.

Arabidopsis thaliana, Bos taurus, Equus caballus, Gallus gallus, Homo sapiens, Mus muscu-
lus, Rattus norvegicus, Saccharomyces cerevisiae, Sus scrofa. The second value of the UEP was
determined by considering only the sequences from vertebrate species (see Fig. 7).
*Arabidopsis thaliana, Oryctolagus cuniculus, Saccharomyces cerevisiae, Schizosaccharomyces
pombe, Spinacia oleracea.

JChlamydomonas reinhardtii, Homo sapiens, Hordeum vulgare, Panicum miliaceum, Rattus
norvegicus, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Zea mays.
Saccharomyces cerevisiae, Arabidopsis thaliana isoenzymes 1 and 2, Bos taurus, Daucus
carota, Equus caballus, Gallus gallus, Homo sapiens, Medicago sativa, Mus musculus, Oryza
satina, Rattus norvegicus, Sus scrofa. The second value of the UEP was determined by consid-
ering only the sequences from vertebrate species (see Fig. 7).

*Emericella (aspergillus) nidulans, Homo sapiens, Rattus norvegicus, Saccharomyces cere-
visiae, Schizosaccharomyces pombe, Sus scrofa, Ustilago maydis.

‘Drosophila melanogaster, Homo sapiens, Mus musculus, Opsanus tau.

JAgaricus bisporus, Emericella (aspergillus) nidulans, Gallus gallus, Homo sapiens,
Kluyveromyces lactis, Opsanus tau, Rattus norvegicus, Saccharomyces cerevisiae.

(Continued)
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TABLE 6 (continued)
Rate of Evolution of B, Enzymes

*Drosophila ananassae, Emericella (aspergillus) nidulans, Homo sapiens, Mus musculus, Rat-
tus norvegicus, Saccharomyces cerevisiae, Vigna aconitifolia.

!Flaveria anomala, Flaveria pringlei isoenzymes a and b, Flaveria trinervia, Gallus gallus,
Homo sapiens, Pisum sativum, Saccharomyces cerevisiae, Schizosaccharomyces pombe,
Solanum tuberosum.

"Bos taurus, Candida albicans, Cricetulus griseus, Datura stramonium, Drosophila
melanogaster isoenzymes | and 2, Gallus gallus, Haemonchus contortus, Homo sapiens, Ly-
copersicon esculentum, Mus musculus, Mus pahari, Neurospora crassa, Panagrellus redivivus,
Rattus norvegicus, Saccharomyces cerevisiae, Xenopus laevis.

"Homo sapiens, Mus musculus, Rattus norvegicus, Sus scrofa, Felis silvestris.

Apparently, in the case of these aminotransferases the specialization for sub-
strate specificity occurred in parallel with early phases of phylogenetic evo-
lution when the three kingdoms diverged. Another example of molecular
evolution concomitant with phylogenesis and perhaps due to functional con-
straints specific for a particular phylogenetic branch, is also observed in the
amino acid decarboxylase subfamily DC II. Glutamate decarboxylase group
a is more closely related to histidine decarboxylase group a than to gluta-
mate decarboxylase group b. Glutamate decarboxylase group a occurs ex-
clusively in animals; apparently it developed after the divergence of animals
from plants and lower eukaryotes and might perhaps relate to the newly ac-
quired function of the decarboxylation product 4-aminobutyrate (GABA) as
a neurotransmitter. A third example of specialization during phylogenetic
evolution are the two threonine synthase groups in the p family (Fig. 6).

2. Rates of Evolution

How fast did B, enzymes—after their specialization for reaction and sub-
strate specificity—change their amino acid sequence? Two prerequisites
have to be met in order to explore this question: enough sequences that can
be reliably aligned and a reliable time scale of phylogenetic divergence.
Screening of the B, enzyme sequence database with these two criteria al-
lowed estimation of the rate of evolution of a number of B, enzymes (Table
6). The values cover a relatively broad range from the fast-changing serine
pyruvate aminotransferase with a unit evolutionary period of only 4.6 mil-
lion years, which is slightly longer than the 3.7 million years for the o chain
of hemoglobin, to the slowly changing glutamate decarboxylase with 45
million years, which compares with other relatively slowly changing intra-
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cellular enzymes such as triosephosphate isomerase and glutamate dehy-
drogenase with unit evolutionary periods of 20 and 55 million years, re-
spectively (Wilson et al., 1977; Salzmann et al., 2000). The glutamate
decarboxylase sequences that were considered are all of mammalian species
in which this enzyme plays a delicate role as producer of the neurotransmit-
ter 4-aminobutyrate (GABA, the most important inhibitory transmitter in
the central nervous system). Glutamate decarboxylase is found only in neu-
rons that use 4-aminobutyrate as transmitter.

Rate of evolution and family affiliation do not seem to correlate. Fast-
changing serine pyruvate aminotransferase and slowly changing glutamate
decarboxylase belong both to the o family and the evolutionary rates of the
enzymes of the other families seem to intermingle at random with those of
the o enzymes. The differential rates of neutral evolution of the B, enzymes
do not correlate with their different folds. Apparently, the rates of evolution
are largely determined by functional constraints.

3. Evolution of Homologous Heterotopic Isoenzymes:
The Example of Aspartate Aminotransferase

Mitochondrial and cytosolic aspartate aminotransferase are homologous
isoproteins. In vertebrate species, the sequence identity between the two
isoenzymes is close to 50%. A similar situation may apply to other homolo-
gous heterotopic isoenzymes (Hartmann et al., 1991a). Sequence compar-
isons date the gene duplication that gave rise to the divergence of the two
heterotopic isoenzymes of aspartate aminotransferase at the time of the
emergence of eukaryotic cells about 1000 million years ago (Graf-Hausner
et al., 1983). Their genes appear as single copies in the genomes of man and
other mammalian species (Sonderegger et al., 1985, and references cited
therein). According to the endosymbiotic hypothesis on the origin of mito-
chondria (Bogorad, 1975), the genes of the two isoenzymes of aspartate
aminotransferase have a rather intricate history. A common ancestral gene
diverged into the aspartate aminotransferase gene of ancestor eukaryotic
cells and the aspartate aminotransferase gene of respiring microorganisms
that were later to become mitochondria. After independent development of
the two aspartate aminotransferases and their genes in these two different
lineages, endosymbiosis joined them as constituents of the eukaryotic cell.
On transfer of the greatest part of the original mitochondrial genome to the
nucleus (Nomiyama et al., 1985) their genes became part of the same
genome.
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Determination of the structure of the genes of cytosolic and mitochon-
drial aspartate aminotransferase in mouse (Tsuzuki et al., 1987; Obaru et al.,
1988) and chicken (Jureti¢ et al., 1990) showed that the genes are very sim-
ilar. In both species, there are a total of eight and nine introns in the genes of
the cytosolic and mitochondrial isoenzymes, respectively. All exon-intron
boundaries are exactly at the same positions in the two species. In the genes
of the two isoenzymes, five exon-intron boundaries are at the same position.
Apparently, these introns had been present before the two genes diverged
into the two lineages. This finding corroborates the notion (Gilbert et al.,
1986) that introns existed at an early stage of biological evolution, certainly
before the advent of eukaryotes. The intermediary development of the two
genes in two separate lineages of cells seems to be reflected in a difference
at their 3’ splice sites (Juretic et al., 1987).

Another difference between cytosclic and mitochondrial aspartate amino-
transferase is the slightly slower evolutionary change of the mitochondrial
isoenzyme during vertebrate evolution (Fig. 7). The present data confirm pre-
vious conclusions that the mitochondrial isoenzyme was undergoing se-
quence changes at a slower rate than its homologous cytosolic counterpart
(Gehring et al., 1975; Sonderegger et al., 1977). An even more marked dif-
ference in the evolution rate of the two isoenzymes was found in an im-
munological comparison. Quantitative microcomplement fixation, a method
that may be assumed to probe preferentially the protein surface, yielded an
immunological distance between the mitochondrial aspartate aminotrans-
ferases of chicken and pig that was only about half of that of the cytosolic
isoenzymes (Sonderegger and Christen, 1978). The difference between the
two isoenzymes indicates that in the evolution of the mitochondrial isoen-
zyme during vertebrate speciation some specific evolutionary constraints
were operative, perhaps related to the translocation of the protein from its site
of synthesis into the mitochondria and the heterotopic localization of the two
isoenzymes in the cell. The following observations indicate the existence of
special structural features of the mitochondrial isoenzyme. Upon expression
in yeast, the authentic precursor of mitochondrial aspartate aminotransferase
of chicken was four times faster imported into the mitochondria than a
chimeric protein with the presequence of the mitochondrial isoenzyme at-
tached to the NH,-terminus of cytosolic aspartate aminotransferase (Hart-
mann et al., 1991b). What structural features of the mature moiety of the
mitochondrial isoenzyme might promote its import? Possibly, the precursor
more readily maintains or achieves a translocation-competent conformation
than the chimeric protein. Indeed, mature mitochondrial aspartate amino-
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Figure 7. Comparison of the rates of evolution of the mitochondrial (H) and cytosolic ()
isoenzymes of aspartate aminotransferase. Only sequences from vertebrate species were con-
sidered (see Table 5). The vertical bars indicate the range of the amino acid changes (PAM val-
ues) if more than two sequences were compared at a given branching point. The unit
evolutionary periods during vertebrate evolution are 13.6 and 19.4 million years for the cy-
tosolic and the mitochondrial isoenzyme, respectively.

transferase is faster heat-inactivated than the mature cytosolic isoenzyme
(Hartmann et al., 1991b). Specific structural features of the mitochondrial
isoenzyme might also facilitate the interaction with molecular chaperones
and other components of the translocation machinery before, during, and
after translocation through the mitochondrial envelope (Hartl and Neupert,
1990; Schatz and Dobberstein, 1996). A further notable difference between
the cytosolic isoenzyme and the mature moiety of its mitochondrial counter-
part is their electric charge. A comparison of the isoelectric points of pairs of
homologous mitochondrial and cytosolic isoenzymes of vertebrate species
has shown that their average pl values are 7.2 and 5.8, respectively (Hart-
mann et al., 1991a; Jaussi, 1995). The force moving the precursor proteins
through the mitochondrial envelope is thought to derive at least in part from
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the membrane potential (Neupert, 1997). The evolutionary selection for high
pl values in mitochondrial isoproteins thus might relate either to facilitated
importation into mitochondria or to an adaptation to conditions inside the or-
ganelles such as higher pH or higher calcium-ion concentration. It is to be
noted that a differential rate of evolution of the two heterotopic isoenzymes
is only found during vertebrate evolution (cf. Salzmann et al., 2000). Possi-
bly, the mechanism of importation into mitochondria was particularly opti-
mized in vertebrates.

IV. Experimental Simulation of Steps of B, Enzyme Evolution

This section reports on attempts to re-enact experimentally some evolu-
tionary steps, such as the specialization for reaction and substrate speci-
ficity, by engineering of B, enzymes. PLP-dependent catalytic antibodies
were generated as analogs of primordial B, enzymes.

A. ENGINEERING OF B, ENZYMES

All four lineages of B, enzymes known to date, foremost the o family,
show that with similar protein scaffolds, for example, the fold of the o fam-
ily, quite diverse reactions of amino acids can be catalyzed. Thus, alteration
of the reaction and substrate specificity of a given enzyme by substitution
of a limited number of critical amino acid residues seems feasible. On the
basis of the course of the molecular evolution of B, enzymes (see Fig. 5} it
is to be expected that a change in substrate specificity is more readily
achieved than a change in reaction specificity. Examples of such attempts
follow.

1. Conversion of Tyrosine Phenol-Lyase to Dicarboxylic
Amino Acid f-Lyase

An example for changing the substrate specificity is the conversion of ty-
rosine phenol-lyase to dicarboxylic amino acid B-lyase (Mouratou et al.,
1999). Tyrosine J3-lyase is a member of the a family. It catalyzes the B-elim-
ination of L-tyrosine to produce phenol, pyruvate, and ammonium:

L-Tyrosine + H,O = phenol + pyruvate + NH",

X-ray crystallographic structure analysis has shown the folding pattern of
the polypeptide chain of tetrameric tyrosine phenol-lyase from Citrobacter
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ASpAT (thin lines). The figures are from Mouratou et al., 1999.
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freundii to be similar to that of dimeric aspartate aminotransferase (Antson
et al., 1992), which is also a member of the a-family. However, the two en-
zymes show low sequence identity, for example, 23% between tyrosine phe-
nol-lyase of C. freundii and aspartate aminotransferase of E. coli. Aspartate
aminotransferase catalyzes the reversible transamination reaction of the di-
carboxylic amino acids L-aspartate and L-glutamate with the cognate 2-oxo
acids—2-oxoglutarate and oxalacetate.

The structures of the active sites of tyrosine phenol-lyase and aspartate
aminotransferase are similar; most of the residues that participate in the
binding of the coenzyme and the a-carboxylate group of the substrate in
aspartate aminotransferase (Kirsch et al., 1984) are conserved in the struc-
ture of tyrosine phenol-lyase (Antson et al., 1993) (Fig. 8). To change the
substrate specificity of tyrosine phenol-lyase in favor of dicarboxylic
amino acids, tyrosine phenol-lyase was compared with aspartate amino-
transferase using homology modeling and molecular dynamic simulations.
The specificity of aspartate aminotransferase for dicarboxylic amino acids
and oxo acids seems to be based primarily on the salt bridge-hydrogen
bond interaction of the side chain of Arg292 (of the adjacent subunit) with
the distal carboxylate group of these substrates (Kirsch et al., 1984). In
agreement with this notion, Arg292 is conserved among all aspartate
aminotransferases (Mehta et al., 1989). Since the sequence identity be-
tween aspartate aminotransferase and tyrosine phenol-lyase is too low to
allow the use of standard alignment algorithms, comparison of their 3-D
structures (Antson et al., 1993; Jiger et al., 1994) by superposition was
used to identify Val283 of tyrosine phenol-lyase as the residue corre-
sponding to Arg292 in aspartate aminotransferase. Another significant dif-
ference in the active sites of the two enzymes is the replacement of a
residue interacting with the phosphate group of the coenzyme. Argl00 in
tyrosine phenol-lyase apparently corresponds to Thr109 in aspartate
aminotransferase, which is also conserved among all aspartate amino-
transferases (Fig. 8A).

Molecular modeling showed that the quinonoid adduct of L-aspartate
and PLP can be sterically accommodated in the active site of wild-type ty-
rosine phenol-lyase (Mouratou et al., 1999; Fig. 8B). However, the orienta-
tion of the leaving group of the substrate relative to the planar
coenzyme-substrate adduct did not appear to be optimum for a B-elimina-
tion reaction. Positively charged Arg100 in the hydrophobic part of the ac-
tive site of tyrosine phenol-lyase interacted with the distal carboxylate
group of dicarboxylic substrates and thus did not allow the required or-
thogonal orientation of the plane defined by Ca, CB, and Cy of the amino
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acid substrate relative to the plane defined by the n system of the coen-
zyme-substrate adduct including CP (Dunathan, 1966, 1971). Thus, the in-
troduction of an arginine residue into position 283 of tyrosine phenol-lyase
together with the substitution of Arg100 with an uncharged residue, that is,
the double mutation R100T/V283R, was thought to mimic the binding site
for dicarboxylic substrates of aspartate aminotransferase and thus to bring
the B-carboxylate group of the substrate into an orientation favorable for re-
action, resulting in a corresponding alteration in the substrate specificity of
tyrosine phenol-lyase. Both expectations were met: In tyrosine phenol-
lyase R100T/V283R, the B-carboxylate group of the substrate assumed in
the modeled structure a similar position as in wild-type aspartate amino-
transferase and as the phenyl ring of tyrosine in wild-type tyrosine phenol-
lyase (Fig. 8C). Indeed, the double-mutant tyrosine phenol-lyase catalyzed
the following B-elimination reactions with the dicarboxylic substrates
L-aspartate and L-glutamate:

L-Aspartate + H,O = formate + pyruvate + NH",
L-Glutamate + H,0O = acetate + pyruvate + NH*,

These new reactions do not occur with the wild-type enzyme and are only
one order of magnitude slower than the reaction of L-tyrosine with the wild-
type enzyme (Table 7). The &, value of tyrosine phenol-lyase R100T/V283R
toward L-tyrosine was decreased 30-fold as compared with wild-type tyrosine
phenol-lyase without significant change in the K|, value. Apparently, dicar-
boxylic substrates adopt in the active site of tyrosine phenol-lyase
R100T/V283R a similar configuration as L-tyrosine in wild-type tyrosine

TABLE 7
Kinetic Parameters for the B-Elimination Reactions Catalyzed by Wild-type and Mutant
Tyrosine Phenol-lyase

Wild-type Enzyme R100T/V283R

kcm Km kcal Km
Substrate s (mM) (s (mM)
L-Tyrosine 3.7 0.2 0.11 0.32
L-Aspartate Below detection 0.21 54
L-Glutamate Below detection 0.10 53

Source: Data from Mouratou et al. (1999).
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phenol-lyase and interact in a similar way with the critical residues of tyro-
sine phenol-lyase that control reaction specificity (Fig. 8C). Dicarboxylic
amino acid B-lyase is an enzyme that is not found in nature.

2. Conversion of Aspartate Aminotransferase into
Aspartate B-Decarboxylase

An important feature of the R100T/V283R double mutation in tyro-
sine phenol-lyase (see above) is the shift of an arginine residue from the
wild-type position to another position. This displacement of a positive
charge may be expected to influence two important determinants of the
reaction pathways taken by the coenzyme-substrate adduct—the bond an-
gles and the electron redistribution in the coenzyme-substrate adduct. In-
troduction of a similar arginine-shift mutation converted aspartate
aminotransferase into a L-aspartate-f-carboxylase (Garber et al., 1995).
In aspartate aminotransferases, Arg386 binds the a-carboxylate group of
the substrate. Arg386 is one of the four residues invariant in aminotrans-
ferases (Mehta et al., 1993) and appears to be absent in some enzymes
that are homologous with aminotransferases but catalyze reactions other
than transamination. The R386A/Y225R double mutation as well as the
R386A/Y225R/R292K triple mutation only slightly change the topogra-
phy of the active site (Fig. 9) but drastically alter the reaction specificity
of the enzyme (Table 8). The double-mutant enzyme possesses B-decar-
boxylase activity toward L-aspartate, cleaving this substrate into L-alanine
plus CO,. Consonant with an arginine-shift effect, the single mutations
Y225R or R386A do not elicit B-decarboxylase activity. R292K as a third
mutation reduces the aminotransferase activity without reducing the
B-decarboxylase activity (Graber et al., 1999). Thus, aspartate amino-
transferase is converted into a true aspartate $-decarboxylase, which cat-
alyzes transamination as a side reaction. Molecular dynamics simulation
on the basis of the high-resolution crystal structures of the double- and
triple-mutant enzymes suggest that a new hydrogen bond formed between
the newly introduced Arg225 and the imine N of the coenzyme adduct re-
inforces the electron sink capacity of the n system of the imine and the
cofactor pyridine ring to such an extent that, even after deprotonation at
Ca, it remains effective enough to stabilize the carbanion produced by
B-decarboxylation (Fig. 10, intermediate VI).

The data illustrate the feasibility to change the reaction specificity of a B,
enzyme by active-site mutations. Similar amino acid substitutions might
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Figure 9. The active site in the crystal structures of the 5'-phosphopyridoxyl-L-aspartate
(PPD) complexes of AspAT R386A/Y225R/R292K (thick lines) and of wild-type AspAT (thin
lines). Asterisks indicate residues of the adjacent subunit of the AspAT dimer; Wat, a fixed
water molecule. The figure is from Graber et al., 1999.

have occurred in early phases of the molecular evolution of B, enzymes
when the ancestor enzyme of one of the B, enzyme lineages diverged and
specialized for different reaction specificities. The molecular activity of the
newly generated aspartate B-decarboxylase (k= 5 min™ at 25°C; Table 8) is
still about three orders of magnitude lower than that of an average B, en-

TABLE 8
Aspartate $-Decarboxylase Activity of Mutant and Wild-type Aspartate Aminotransferase
Ratio
B-Decarboxylation Transamination  B-Decarboxylation/

ASpAT (ko 87 kS Transamination
R386A/Y225R/R292K 0.08 0.01° 8
R386A/Y225R 0.08 0.19 0.42
R386A <Wild-type 033
Y225R <Wild-type 0.45
R292K 1.8-103 0.5 3.6:10°
Wild-type 6:107° 180 3.3-107

“The K, values of the triple-mutant enzyme for aspartate and 2-oxoglutarate are increased in
comparison to the wild-type enzymes by less than one order of magnitude.
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zyme. As in evolution, further changes including non-active-site residues
would be required to improve its catalytic potency.

B. PYRIDOXAL-5'-PHOSPHATE-DEPENDENT CATALYTIC ANTIBODIES

PLP-dependent catalytic antibodies were generated in an effort to simu-
late experimentally the molecular evolution of B, enzymes. In accordance
with the hypothetical scenario of the molecular evolution of B, enzymes out-
lined in Section III A, monoclonal antibodies that are capable of binding a
planar PLP-amino acid adduct might be taken as substitutes for a primordial
PLP-dependent enzyme. Antibodies elicited against N*-(5’-phosphopyri-
doxyl)-L-lysine (Fig. 11) may be assumed to comply almost ideally with the
most important criterion for an ancestor PLP-enzyme, that is, the existence
of a binding site for a covalent coenzyme-amino acid adduct. However, the
hapten phosphopyridoxyl lysine is—in contrast to the covalent coenzyme-
substrate adducts (Fig. 3)—nonplanar due to the reduction of the C4'-N*
double bond. As a consequence, the antibodies elicited with phosphopyri-
doxyl lysine will not necessarily be able to accommodate the planar coen-
zyme-substrate adduct, a feature that is essential for the catalytic effect of
PLP (Fig. 1). This deficiency of the antigen used for immunization was
compensated by the screening protocol. The multitude of possible transfor-
mation products of amino acids is a major problem in the design of a screen-
ing procedure for PLP-dependent catalytic antibodies. In view of this
difficulty, the protocol screened for the occurrence of two successive crucial
reaction steps rather than for a final product.

First, the hapten-binding IgG-antibodies were screened for binding of the
planar Schiff base formed from PLP and b- or L-norleucine by a competition
enzyme-linked immunosorbant assay (ELISA) (for experimental details, see
Gramatikova and Christen, 1997). In this ELISA, the antibodies were tested
to determine whether their binding to immobilized antigen (with nonplanar
5'-phosphopyridoxyl-L-lysine as hapten) was inhibited by PLP plus p- or
L-norleucine. Binders of the planar coenzyme-substrate aldimine adduct were
assumed to be inhibited more strongly by the conjoint effect of PLP plus
amino acid than by PLP or the amino acid alone. Antibodies 13B10, 8H4,
15A9, 11C2, and 14G1 showed indeed that their binding to the antigen was
inhibited more strongly in the presence of PLP plus p- or L-norleucine than
in the presence of PLP or the amino acid alone (Fig. 12). The inhibition of an-
tibody-antigen binding by the Schiff base formed from PLP plus glycine in-
dicates the existence of binding sites for the substituents at Co of the hapten,
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Figure 11.  Structure of the antigen. N°-(5'-Phosphopyridoxyl)-L-lysine, produced by reduc-
tion of the PLP-lysine aldimine with sodium borohydride, was covalently coupled to a carrier
protein.

and the difference in inhibition by PLP plus norleucine and PLP plus glycine
reflects the contribution of the amino acid side chain to the binding of the
Schiff base. The inhibition profiles of antibodies 5G12 and 6E9 illustrate the
binding properties of the great majority of the antibodies that did not show a
significant difference in the inhibition by PLP and by PLP plus amino acids.
Apparently, these antibodies cannot accommodate the planar aldimine adduct
in their binding site. The antibodies differ from PLP enzymes by their lack of
a lysine residue at the coenzyme-binding site. Because of the merely nonco-
valent binding of PLP to the antibodies, the external aldimine intermediate
has to be formed de novo rather than by transimination.

In the second screening step, the aldimine-binding antibodies were
screened for a catalytic effect, that is, the cleavage of the Ca-H bond of the
substrate moiety. In the molecular evolution of PLP-dependent enzymes, the
analogous step after acquiring the capacity of aldimine binding may be as-
sumed to have been the development of a catalytic apparatus facilitating the
cleavage of one of the bonds between Ca and its substituents. The easily mea-
sured o,B-elimination of B-chloro-p/L-alanine served to test for Ca-deproto-
nation, which underlies the majority of PLP-dependent reactions of amino
acids (Fig. 3). Due to its good leaving group in the B-position, this substrate
analog is decomposed to chloride, ammonia, and readily detectable pyruvate
in an o,PB-elimination reaction that is initiated by the deprotonation at Ca
(Morino et al., 1974). B-Chloroalanine thus allows a convenient and almost
universal screening for deprotonation at Co.. Antibody 13B10 was found to
catalyze the a,3-elimination of -chloro-L-alanine, which is consistent with its
enantiomeric binding specificity. In contrast, antibody 15A9, which preferably
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Figure 12. Competition ELISA of antibodies for aldimine binding. The Schiff base 3 was
formed from PLP in the presence of b- or L-norleucine or glycine. The assay measures the bind-
ing of the antibodies to the antigen (Fig. 11) in the absence and presence of PLP or of PLP plus
amino acid, which react nonenzymically to form the Schiff base 3 (aldimine; compound 3 in
Fig. 1). At a PLP concentration of 100 uM, an amino acid concentration of 25 mM ensured that
at least 80% of the cofactor in the incubation mixture was present as Schiff base. In all cases,
inhibition of antibody-antigen binding by the amino acids alone was negligible. The figure is
from Gramatikova et al., 1997.

binds the aldimine with L-amino acids (Fig. 12), catalyzed exclusively the re-
action of f-chloro-p-alanine. Apparently, the Ca-H bond of the L-amino acid
substrate is directed toward an inert surface region of the antibody.

Three reactions were found to be catalyzed by antibody 15A9: formation
of aldimine, deprotonation of Ca as reflected by B-elimination of B-chloroala-
nine, and transamination with hydrophobic p-amino acids (Table 9). Cataly-
sis of aldimine formation might reflect a favorable relative orientation of
bound PLP and amino acid. B-Elimination of §-chloroalanine and transam-
ination share one important feature: the crucial reaction steps are proton
transfers (Fig. 3). Apparently, in antibodies 13B10 and 15A9 general acid-
base groups are positioned in proximity of Ca and Ca/C4’, respectively. Al-
ternatively, water molecules might have access to these atoms and mediate
the proton transfers. With antibody 15A9, transamination is two orders of
magnitude slower than -elimination, suggesting that reprotonation at C4' is
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TABLE 9
PLP-Dependent Reactions Catalyzed by Antibody 15A9
klcﬂ' K’m
Reaction Substrate(s) (min™") (mM)

a,B-Elimination B-Chloro-p-alanine 50 10
Transamination’ p-Alanine + PLP 042 25
Transamination Pyruvate + PMP? 0.1 19
Transamination p-Norleucine + PLP 0.07 25

“Slower transamination reactions were detected with Ne-acetyl-p-lysine, p-lysine and other
p-amino acids.

*PMP, pyridoxamine-5'-phosphate.

rate-limiting. Antibody 15A9 was also found to catalyze the stereoselective
exchange of the a-protons of glycine (Mahon et al., 1998).

Antibody 15A9 is the only antibody catalyzing the transformation of a
natural amino acid (Gramatikova and Christen, 1996). The antibody is re-
markably reaction-specific, transamination being the only observable reac-
tion. The antibody accelerates the transamination reaction not only of PLP
and an amino acid but also in the reverse direction with pyridoxamine-
5'-phosphate and an oxo acid as substrates. The orientation of the Ca-
substituents relative to the plane of the resonance system of imine and
coenzyme together with the presence (and absence) of catalytically effec-
tive protein side chains serving as general acid-base groups or modulating
the electron repartition in the coenzyme-substrate adduct are thought to de-
termine the reaction specificity in PLP-dependent enzymes (Fig. 3). In con-
trast to the reaction specificity, the substrate specificity of 15A9 is less
strictly defined, apparently hydrophobic amino acids, and oxo acids in the
reverse reaction with pyridoxamine-5'-phosphate, are generally accepted as
substrates.

As in B, enzymes, PLP and antibody effectively complement each other
(Table 10). The protein enhances the catalytic efficacy of the cofactor and
ensures reaction specificity, including stereospecificity and substrate speci-
ficity. The selection criteria of the screening protocol were formation of the
planar resonance system of the external aldimine as well as catalysis of de-
protonation at Ca.. These successive screening steps plausibly simulate the
functional selection pressures that probably have been operative in the mol-
ecular evolution of protein-assisted pyridoxal catalysis. The analogy is in the
interplay of chance and necessity being at work in both cases.
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TABLE 10
Rate Acceleration by PLP, Catalytic Antibody 15A9 (Ab), and Aspartate Aminotransferase
(AspAT)*
Reaction Reactive Species Relative Rate Constants
a,fB-Elimination B-Chloro-p-alanine® 1
Aldimine [B-chloro-p-alanine-PLP] 10*
[B-Chloro-p-alanine-PLP)-Ab 2:10°
[B-Chloro-p-alanine-PLP]-AspAT* 1.2-10°
Transamination Aldimine [p-alanine-PLP] 1
[p-Alanine-PLP]-Ab 5-10°
[L-Aspartate-PLP]- AspAT 2:108
p-Norleucine plus pyruvate’ 1
p-Alanine plus PLP 10°*

“The first-order rate constants of the reactions of the indicated species at 25°C are compared.
AspAT is included in the comparison as a prototype PLP-dependent enzyme.

®Rate of spontaneous a,B-elimination reaction of B-chloroalanine.

“B-Chloro-L-alanine is a mechanism-based inhibitor of AspAT; however, inactivation is at least
two orders of magnitude slower than o,f-elimination.

“The second-order rate constant of transamination between 20 mM p-norleucine and 40mM
pyruvate was determined under anaerobic conditions at 80°C for 10 h. Assuming a temper-
ature coefficient of 2, the rate was compared with the rate of transamination with PLP at
25°C.

V. Alternatives for and to Pyridoxal-5'-phosphate
A. B, ENZYMES NOT ACTING ON AMINO ACID SUBSTRATES

The versatility of PLP is not limited to B, enzymes acting on amino acids
and amino acid derivatives. There are two groups of enzymes that use PLP
in an entirely different way. In the glucan phosphorylases (prototype glyco-
gen phosphorylase, EC 2.4.1.1.) the phosphate group of PLP serves as gen-
eral acid/base group in the phosphorolytic cleavage of glycosidic bonds
(Palm et al., 1990). Nevertheless, PLP is covalently bound by an imine link-
age to the g-amino group of a lysine residue. In contrast to the mechanism
of B, enzymes acting on amino acid substrates, the carbonyl function of PLP
is not a mechanistic necessity. The imine double bond may be reduced with
sodium borohydride to a stable secondary amine without impairing the cat-
alytic activity. Comparison of folds does not show any similarity with any of
the other B, enzyme families.
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A group of bacterial enzymes exploits the B, cofactor in a way reciprocal
to that of B, enzymes acting on amino acids. As in the reverse half reaction
of transamination (Fig. 3), the amino group of pyridoxamine-5'-phosphate
reacts with carbonyl groups of their substrates. These enzymes together
with PLP-dependent enzymes catalyze reactions in the biosynthesis of
dideoxy and deoxyamino sugars, for example, the conversion of 4-0xo-6-
deoxy-CDP-glucose to 4-0x0-3,6-dideoxy-CDP-glucose, the reaction re-
quiring NADH or NADPH in addition to pyridoxamine-5'-phosphate
(Rubinstein and Strominger, 1974). Reactions of this kind are participating
in the synthesis of surface antigens and antibiotics. In most cases, however,
only the genes have been identified without examination of the respective
protein, the precise function of the gene products still being unknown. Se-
quence comparison indicates a clear relationship to the o family (Pascarella
et al., 1993; Pascarellia and Bossa, 1994; Huber, 1995; Bruntner and Bor-
mann, 1998).

B. ALTERNATIVES TO PYRIDOXAL-5'-PHOSPHATE AS COFACTOR

During biological evolution, nature has found in numerous instances on
the macroscopic and the molecular scale more than one mechanism to ful-
fill a functional task. A well-known example in the field of enzymes are the
four different types of proteases that have been developed for the hydrolytic
cleavage of peptide bonds. Their catalytic activity depends on serine, cys-
teine, aspartic acid residues, or a zinc ion at their active sites. Another ex-
ample are two classes of fructrose-1,6-bisphosphate aldolases. Class I
aldolases form Schiff bases with their carbonyl substrates and are inacti-
vated by sodium borohydride in the presence of substrate (Horecker et al.,
1961) whereas class II aldolases depend on a divalent metal ion, mostly
zinc, at their active site and do not form an imine linkage with the substrate
(Rutter, 1964). Enzymes of both classes, however, form an intermediary car-
banion detectable with tetranitromethane and other electron acceptors
(Christen and Riordan, 1968; Healy and Christen, 1972). B, enzymes pro-
vide yet another example, some reactions of amino acids are catalyzed not
only by a B, enzyme but also by enzymes operating with an entirely differ-
ent catalytic machinery (Table 11).

Pyruvoyl-dependent histidine decarboxylases have been found in eubac-
teria, the PLP-dependent counterparts occur both in eukaryotes and eubac-
teria. A detailed mechanistic analysis based on the high-resolution crystal
structure of the pyruvoyl-dependent histidine decarboxylase of Lactobacillus
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TABLE 11

Non- B, Enzymes Catalyzing B, Enzyme Reactions
Enzyme
(EC Number) Cofactor Reaction
Histidine decarboxylase® Pyruvoyl Histidine = histamine + CO,
(4.1.1.22)
L-Serine dehydratase” [ron-sulfur cluster Serine + H,0 = pyruvate + NH, + H,0
(42.1.13)
Aspartate decarboxylase* Pyruvoyl Aspartate = B-alanine + CO,
4.1.1.11)
Glutamate racemase’ None L-Glutamate = p-glutamate
(5.1.1.3)
Aspartate racemase’ None L-Aspartate = p-aspartate
(5.1.1.13)

“Riley and Snell, 1968; Rosenthaler et al., 1965; Recsei and Snell, 1970
’Hofmeister et al., 1992; Grabowski et al., 1993
“‘Williamson and Brown, 1979

“No PLP or other cofactors such as FAD, NAD"* and metal ions have been detected in these en-
zymes (Lamont et al., 1972; Yamauchi et al., 1992; Gallo and Knowles, 1993).

30a has indicated that in analogy to the PLP-dependent amino acid decar-
boxylases the first reaction step is the formation of a Schiff base between the
active-site pyruvoyl group and the a-amino group of the substrate (Gal-
lagher et al., 1989). The examples of Table 11 not only show that at least two
different ways exist to catalyze these transformations of amino acids but
also that the alternative mechanisms proved, at least in prokaryotes, equiva-
lent in the evolutionary selection.

VI. Conclusions and Perspectives

PLP provides an impressive example of how biological evolution has ex-
ploited the catalytic potential of organic cofactors. PLP serves as cofactor
not only of enzymes that catalyze manifold transformations of amino acids
but also of glucan phosphorylases, the active parts of the cofactor being the
carbonyl function and the phosphate group, respectively. This review fo-
cuses on the molecular evolution of B, enzymes of amino acid metabolism.
The o family includes also enzymes that use the amino form of the cofactor
(i.e., pyridoxamine-5'-phosphate) to react with carbonyl group-containing
substrates. Such a reciprocal function of the cofactor is found in enzymes
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that reduce dideoxy sugars. The versatility of PLP as prosthetic group of en-
zymes is perhaps equaled by zinc as inorganic cofactor of all six EC classes
of enzymes (Vallee and Falchuk, 1993). The multifunctionality of PLP as or-
ganic cofactor is surpassed only by nucleotides and polynucleotides (RNA)
in their roles as allosteric effectors, structural components, contributors to
catalytic effects, and as function-programming template in enzymes and ri-
bonucleoprotein complexes.

The process of formation of a primordial B, enzyme by reaction of PLP
with a suitable apoprotein has happened more than once and has led to the
emergence of several independent evolutionary lineages. In the progenote,
the subsequent divergent evolution of the protoenzymes was first determined
by functional specialization for reaction as well as substrate specificity and
then by the phylogenetic divergence, that is, by speciation (Fig. 13). The pres-
ent state of knowledge of the molecular evolution of B, enzymes is incom-
plete; as yet, no structural information is available on perhaps half of all B
enzymes existing in nature. Genome research in conjunction with functional
genomics may be expected to provide most of the lacking information within
the next decades. Possibly, more examples of convergent evolution, such as
found in the case of amino acid decarboxylases and aminotransferases (Table
3) might be revealed. More sensitive homology search methods in both se-
quence and fold comparison might detect non-B, enzymes other than (B/a),
barrel proteins to be related with B, enzymes.

Knowledge of the evolution of B, enzymes provides a basis for the exper-
imental engineering of these enzymes. Site-directed mutagenesis, in part led
by evolutionary considerations, has already succeeded in changing both the
reaction and substrate specificity of a few B, enzymes. A selection protocol
simulating the functional constraints that might have been operative in the
molecular evolution of B, enzymes proved successful in the generation of
PLP-dependent catalytic antibodies. However, most engineered B, enzymes
and the catalytic antibody 15A9 possess catalytic efficiencies that are three
to five orders of magnitude lower than that of wild-type B, enzymes. The
great majority of amino acid substitutions at the active site of B, enzymes
have two mutually opposite kinetic consequences: a decrease in the rate of
the specific reaction and an increase in the rates of side reactions. Clearly, the
reaction specificity of PLP-dependent enzymes and possibly of many other
enzymes is not only achieved by accelerating the specific reaction but also by
preventing potential side reactions (Rétey, 1990; Vacca et al., 1997). En-
hancement of the catalytic efficiency of engineered enzymes and catalytic
antibodies requires subtle adaptations in the active-site topochemistry as they
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Figure 13.  Synopsis of the molecular evolution of B, enzymes. The scheme depicts the tem-
poral sequence of the processes that led from the ancestor of a given B, enzyme family, which
very likely was an allrounder catalyst, to the reaction and substrate-specific enzymes of amino
acid metabolism in recent species. The B enzymes are of multiple evolutionary origin, the
course of events outlined in the scheme has occurred in parallel a couple of times, each time
starting from a different ancestor protein with another fold. For brevity’s sake, the development
of only one B, enzyme family is shown. The main features of molecular evolution are most
clearly evident from the data on the large o family (Fig. 5). However, the data on the other
much smaller B, enzyme families (Fig. 6) (i.e., the B family, as well as the p-alanine amino-
transferase and the alanine racemase families) comply with the same scheme. The first cells
and the last common ancestor of prokaryotes and eukaryotes are estimated to have been in ex-
istence about 3500 and 1500-2000 million years ago, respectively (Doolittle et al., 1996). (See
also Color Plates.)
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must have occurred in the biological molecular evolution of these enzymes.
These optimization processes have to involve also non-active-site residues
and have to accelerate the specific reaction with the specific substrate and to
suppress potential side reactions. Syncatalytic conformational changes
(Gehring and Christen, 1978; Kirsch et al., 1984; Pfister et al., 1985) will
have to adjust the topochemistry of the coenzyme-substrate adduct and the
active-site groups in a spatially and temporally coordinated manner along the
reaction coordinate.

The generation of new B, enzymes by forced molecular evolution start-
ing out from PLP-dependent catalytic antibodies or engineered PLP en-
zymes seems an attainable goal. In all likelihood, the most successful
screening protocol will simulate the natural evolution both with respect to
the temporal order of the selection criteria to be applied and the constraints
that the particular chemical features of PLP will impose on the apoprotein.
One experimental possibility is the application of directed evolution. In the
first attempt with a B, enzyme, metabolic screening of randomly mutage-
nized aspartate aminotransferase has succeeded in increasing the activity of
the enzyme toward branched-chain amino acids by a factor of 10° (Yano et
al., 1998; Oue et al., 1999). Only one residue out of a total of 17 mutage-
nized residues appears to interact directly with the substrate. Improvement
of the catalytic efficiency of engineered B, enzymes by other, more gener-
ally applicable, means of forced evolution, for example, by phage display of
randomly mutagenized enzyme and direct screening for catalytic activity, is
an experimental challenge of topical interest.
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genta. Within subfamilies, some enzymes have been subdivided into different groups, that is,
aspartate aminotransferase groups a to ¢ in subfamily AT I, glutamate decarboxylase groups a and b,
as well as histidine decarboxylase groups a and b in decarboxylase subfamily DC II, because the se-
quences of the different groups could not be aligned with each other due to distant relationship within
the same subfamily. A different situation is found with ornithine and arginine decarboxylases. The
members of ornithine decarboxylase group 1 have an o family fold and are all of procaryotic origin.
The single known amino acid sequence of arginine decarboxylase group 1 is from Escherichia coli
(biodegradative isoenzyme). However, other forms of these enzymes belong to the alanine racemase
family with a (o/B),-barrel fold (ornithine decarboxylase 2 and arginine decarboxylase 2; Fig. 6)
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the course of events outlined in the scheme has occurred in parallel a couple of times, each time
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clearly evident from the data on the large o family (Fig. 5). However, the data on the other
much smaller B, enzyme families (Fig. 6) (i.e., the p family, as well as the p-alanine amino-
transferase and the alanine racemase families) comply with the same scheme. The first cells
and the last common ancestor of prokaryotes and eukaryotes are estimated to have been in ex-
istence about 3500 and 1500-2000 million years ago, respectively (Doolittle et al., 1996).
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I. Cysteine Synthesis
A. PATHWAYS FOR CYSTEINE SYNTHESIS

Sulfur exists in its elemental state (S°) and in a wide range of oxidation
states. Oxidized and reduced forms of sulfur can be interconverted in various
organisms, and the assimilation of inorganic sulfur into organic acids is
achieved in different ways in living organisms. The two common sulfur-
containing amino acids, cysteine and methionine, are related with respect to
routes for their synthesis. Cysteine can be synthesized by transsulfuration of
homocysteine, a product of methionine degradation, or by incorporation of the
sulfur from inorganic sulfate into cysteine (Scheme 1) (Giovanelli, 1987). In
the following brief overview, the latter pathway will be discussed exclusively.

De novo synthesis of L-cysteine utilizes inorganic sulfate as the sulfur
source. Sulfate is taken up and reduced intracellularly to sulfide via the sul-
fate reduction pathway (Scheme 2) (Kredich, 1996). The metabolism of sul-
fate, the most highly oxidized form of sulfur known, begins with the entrance
of sulfate into the cell. Both Escherichia coli and Salmonella typhimurium
have an efficient sulfate permease that also transports thiosulfate
(Hryniewicz and Kredich, 1991). The uptake of sulfate into the periplasmic
space takes place via a membrane channel, activated by a membrane-
associated nucleotide binding protein (Sirko et al., 1990). In the periplasm
there are two separate binding proteins for sulfate (sbp; Helinga and Evans,
1985) and thiosulofate (cysP gene product; Hryniewicz et al., 1990). Each of
these proteins has a leader sequence to aid transport across the inner mem-
brane into the cytoplasm. Once in the cell, sulfate is first activated by form-
ing a mixed anhydride with AMP by the enzyme ATP-sulfurylase (Robbins
and Lipmann, 1958), a heterooctamer of four catalytic and four regulatory
subunits (Liu et al., 1994). The enzyme catalyzes the conversion of MgATP
and sulfate to adenosine 5'-phosphosulfate (APS) and PP, which has a solu-
tion equilibrium constant of approximately 10* (Robbins and Lipmann,

Bacteria & Plants
Cysteine =——--7----7-%7  Homocysteine
Animals
4 Yeast & Fungi :
Inorganic &t ‘

Sulfate — Homocysteine —» Cysteine —m Methionine

Scheme 1. Sulfur cycle—relationship among species.
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Sulfate (extracellular)

Sulfate, thiosulfate

Permease
(cysTWA), sbp
Sulfate (intracelluiar)
ATP ATP
Sulfurylase

2P;~— PP, (cysND)
Adenosine 5'-Phosphosulfate

ATP~] Aps
Kinase
AD) (cysC)

3'-Phosphoadenosine 5'-phosphosulfate
(PAPS)

Reduced thioredoxin PAPS

Sulfotransferase
Oxidized thioredoxin (cysH)

Sulfite Serine Thiosulfate (external)
NADPH + H* NADPH-Sulfite Acetyl-CoA Serine
Reductase Transacetylase
NADP* (cyslJ) and (cysG) CoASH (cysE)
Sulfide O-Acetylserine Thiosulfate (internal)
O-Acetylserine O-Acetylserine
Sulfhydrylase-A (cysK') Sulfhydrylase-B
or -B (cysM) (cysM)
L-Cysteine S-Sulfocysteine
+ +
Acetate Acetate

Scheme 2. Pathway for L-cysteine biosynthesis in Enterobacteriaceae. Genes responsible for
their gene products are provided below the enzyme name.

1958). To compensate for the low K, inorganic pyrophosphate is hydrolyzed
to help drive the reaction, and the hydrolysis of GTP by the Ras-like regula-
tory subunit is coupled to the formation of a AMP-(ATP sulfurylase) com-
plex, from which APS is formed upon attack by sulfate (Leyh et al., 1988,
1992; Leyh and Suo, 1992; Leyh, 1993). The APS thus formed is then con-
verted to 3’'-phosphoadenosine 5'-phosphosulfate (PAPS) via a second
MgATP-dependent phosphorylation, catalyzed by the dimeric APS kinase.
This reaction is thought to proceed via the intermediacy of a phosphoenzyme
intermediate (Satishchandran and Markham, 1989; Satishchandran et al.,
1992). Sulfite is then generated by the homodimeric PAPS sulfotransferase
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(Krone et al., 1991), which catalyzes the transfer of the sulfonyl moiety of
PAPS to one of the thiols of a redox active disulfide of thioredoxin to form
acceptor—S-SO,-, which generates oxidized thioredoxin and sulfite (Tsang
and Schiff, 1978; Tsang, 1983). The final step is then the generation of sul-
fide via a six-electron reduction of sulfite catalyzed by sulfite reductase. The
sulfite reductase is a complex enzyme, composed of two different polypep-
tides, o, a flavoprotein with either FAD or FMN bound, and 3, a hemoprotein
with Fe,S, cluster and siroheme components (Siegel and Davis, 1974). The
overall stoichiometry of the complex is a,,, with four FAD and four FMN
bound to the eight a-subunits. The pathway for electron transfer is from
NADPH (the physiologic electron donor) - FAD — FMN — Fe S, — siro-
heme — sulfite (Siegel et al., ,1973, 1974). Another protein needed for sul-
fate reduction (at the level of sulfite reduction) is the cysG gene product, an
S-adenosyl methionine-dependent uroporphyrinogen III methylase, respon-
sible for synthesis of siroheme (Warren et al., 1990). The sulfide thus pro-
duced is the precursor for the synthesis of cysteine in enteric bacteria.

The biosynthesis of L-cysteine in enteric bacteria, such as S. typhimurium
and E. coli, and plants proceeds via a two-step pathway (Scheme 3). The
amino acid precursor of L-cysteine is L-serine, which is first acetylated at
its B-hydroxyl by acetyl-CoA to give O-acetyl L-serine (OAS), catalyzed by
the enzyme serine acetyltransferase (SAT) (EC 2.3.1.30) (Kredich and
Tomkins, 1966). The final step in cysteine synthesis, replacement of the ac-
etate side chain by a thiol, is catalyzed by O-acetylserine sulfhydrylase
(OASS) (EC 4.2.99.8) with inorganic sulfide as the thiol donor (Becker et
al., 1969). In addition to the utilization of sulfate to form L-cysteine, more
reduced forms of sulfur, such as thiosulfate can be used in place of sulfide
to give S-sulfocysteine (Nakamura et al., 1984), which is subsequently re-
duced to L-cysteine.

. o
uo/\} o, CoAs’?\ _Sta /?\o/\}‘ + CoASH
NH;*

NH,"

/R\ /\'5‘0' OASS m/\'}\0' . /?\ |
0 1 . B — 1 0

Scheme 3. Reactions responsible for L-cysteine biosynthesis in Escherchia coli and Salmo-
nella typhimurium, formally the replacement of the -hydroxyl of L-serine with a thiol.
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B. REGULATION OF CYSTEINE BIOSYNTHESIS IN ENTERIC BACTERIA

Regulation of cysteine biosynthesis in enteric bacteria is achieved by sev-
eral means including gene regulation, feedback inhibition by cysteine, and
enzyme degradation (Kredich, 1996). The genes encoding the enzymes in-
volved in the cysteine biosynthetic pathway of S. fyphimurium form a regu-
lon (Table 1). The cysteine regulon of S. typhimurium includes the following
genes: cysTWA (sulfate permease), sbp (periplasmic sulfate-binding pro-
tein), cysND (ATP sulfurylase), cysC (APS kinase), cysH (PAPS sulfotrans-
ferase), cyslJ (sulfite reductase), cysG (siroheme synthesis), cysK
(O-acetylserine sulthydrylase-A), cysM (O-acetylserine sulfhydrylase-B),
cysE (serine acetyltransferase), and cysB (regulatory protein). Overall, the
genes are arranged in clusters of positively regulated operons, the negatively
autoregulated cysB gene, the cysE, and cysG genes.

Transcription initiation is facilitated by binding of a tetramer of the CysB
protein upstream from the positively regulated promoters, while CysB also
regulates its own synthesis by binding to the promoter of the cysB gene and
inhibiting transcription (Kredich, 1996). The cysG and cysE genes are not
considered part of the regulon as they are not regulated by the CysB protein,
although cysE is required for OAS synthesis. High levels of expression of
the cysteine regulon require three factors: sulfur limitation, the presence of
OAS, and the CysB protein (Kredich, 1996). Regulation of gene expression
occurs via both derepression and induction. High levels of cysteine inhibit
serine acetyltransferase, and this is relieved by a decrease in the level of cys-

TABLE 1
Cysteine Regulon and Related Genes in Salmonella typhimurium

Genes Minutes®
cysB Regulatory gene 33
cysK 54.5
cysPTWAM Operon 54.7
cysC 61.8
cysND Operon 61.9
cysHIJ Operon 62.2
shp 88.4
cysG Related® 75.3
cysE Related 81.4

*Minutes on S. typhimurium chromosome.
*Not under CysB control.
Source: Adapted from Kredich (1996).
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teine. Activities of the enzymes in the pathway decrease progressively with
growth on sulfate, sulfide, cysteine, or cystine, while djenkolic acid and re-
duced glutathione have shown maximum derepression. O-Acetyl-L-serine,
the precursor of cysteine, is also the nonenzymatic precursor of N-acetyl-L-
serine. N-Acetyl-L-serine enhances transcription by binding to the CysB
protein, and this action is opposed by sulfide.

Finally, feedback inhibition of SAT by the end product L-cysteine repre-
sents the major physiologically significant form of kinetic regulation in the
pathway. Cysteine is a potent inhibitor, with a K, of 1 uM at 0.1 mM acetyl
CoA for SAT either free or in complex with OASS (Kredich et al., 1969).
Thus, cysteine regulates its own biosynthesis. It was observed that SAT and
OASS are physically associated in vivo to form a multienzyme complex
called cysteine synthase. The complex accounts for all of the SAT activity,
but only 5% of the total cellular OASS activity, while the remaining 95% of
the OASS activity is uncomplexed (Kredich et al., 1969). Concentrations of
OAS of 210* M causes cysteine synthase to dissociate to free SAT and
OASS-A. Cysteine synthase complex can be reconstituted by mixing re-
solved SAT and OASS-A in the absence of OAS (Kredich et al., 1969). The
complex has a molecular weight of over 200,000, but it aggregates to multi-
mers of twice and four times that size (Cook and Wedding, 1978). The stoi-
chiometry of complex dissociation indicates that it is composed of a single
~90,000 Da trimer (S. Roderick, personal communication) of SAT and two
69,000 Da dimers of OASS-A. The multienzyme complex, unlike trypto-
phan synthase, does not channel its intermediate product OAS between the
active sites of the two component enzymes. Rather, OAS is released into so-
lution and must reassociate with OASS to be converted to L-cysteine (Cook
and Wedding, 1977a). Given, that the predominant form of OASS is un-
complexed, the function of the multienzyme complex is unclear.

However, based on kinetic and analytical ultracentrifugal studies of the
multienzyme complex in the absence and presence of effectors, a mecha-
nism for the regulation of cysteine synthesis has been suggested (Cook and
Wedding, 1977a, 1978). In the absence of small molecules, multiple aggre-
gates ranging in molecular weight (MW) from a monomer of the complex to
a tetramer are present in equilibrium. Any of the reactants that bind to the
active sites of either of the two enzymes, SAT or OASS, shifts the equilib-
rium toward the monomer, with OAS most effective. Intermediary plateaus
are observed in the saturation curves for L-serine and acetyl CoA when OAS
synthesis is monitored in the multienzyme complex. Data have been inter-
preted in terms of the sum of several species with different saturation
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isotherms. The presence of L-cysteine as a negative effector, binding to an
allosteric site on SAT, shifts the equilibrium completely toward the tetramer
that is highly positively cooperative and with a S, of 1.5 mM for acetyl
CoA. Under these conditions, the multienzyme complex is inactive given
the cellular levels of acetyl CoA.

II. PLP-Dependent f-Replacement Reactions

Pyridoxal 5'-phosphate (PLP) dependent enzymes, with the exception of
phosphorylase, which uses the 5’-phosphate as a general base (Klein, et al.,
1982), catalyze their reaction via a number of covalent Schiff base intermedi-
ates of amino acids with PLP (Miles, 1986). In Figures 1, 2, 5 and 6, a num-
ber of the intermediates that are known to occur in all PLP-dependent
reactions are pictured in terms of their structure and spectral properties (Miles,
1986). The pyridoxal 5'-phosphate-dependent enzymes as isolated have the
PLP bound in Schiff base linkage to the e-amino group of an enzymic lysine,
that is, an internal aldimine (Fig. 1) (Jenkins and Sizer, 1957). The internal
aldimine will absorb in the visible region at 400—430 nm if the imine nitrogen
is protonated allowing the formation of an intramolecular hydrogen bond and
bringing the n system of the imine into conjugation with the pyridine ring
(Davis and Metzler, 1972). A resonance form of the protonated imine results
from delocalization of electrons from O3’ to the imine nitrogen giving the vis-
ible conjugate termed the ketoeneamine. If the proton resides on O3’, however,
the above resonance form is disallowed, and a species absorbing in the near ul-
traviolet at 310-340 nm called the enolimine is generated. Predominant reso-
nance and tautomeric forms of the protonated internal aldimine are shown.
Rotation about the C4-C4' bond will also prevent the 7 system of the imine to
be in conjugation with the pyridine ring giving absorbance at the lower wave-
length of 310-340 nm (Davis and Metzler, 1972). All possibilities in terms of
the tautomeric equilibrium of the internal aldimine have been observed, de-
pendent on the enzyme. The prototypical example remains that of aspartate
aminotransferase, which exhibits a pH-dependent equilibrium between the
protonated (A ., 430 nm) and unprotonated (A __,, 362 nm) tautomers of the in-
ternal aldimine (Jenkins and Sizer, 1957).

Addition of the amino acid substrate results in transimination, that is for-
mation of a new Schiff base between the amino acid and PLP, and displace-
ment of the enzyme’s e-amino group. The first step in the formation of a
geminal diamine intermediate occurs via nucleophilic attack of the a-amine
of the substrate at C4' of the PLP imine of the internal aldimine. Intramole-
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Figure 1. Tautomeric and resonance forms of the internal aldimine. The structure at fop left
represents the enolimine, while those resonance forms on the right represent the ketoeneamine.
Structures at the bottom of the figure are generated by rotation about the C4-C4' bond of the
imine.

cular proton transfer from the incoming a-amino group to the departing
g-amino group and rotation about C4—-C4' to place the leaving e-amino into
a position orthogonal to the pyridine ring must precede collapse of the gem-
diamine to the external aldimine between PLP and the amino acid substrate
(Miles, 1986). Putative geminal diamine intermediates have been reported
for only a few PLP-dependent enzymes, for example, serine hydrox-
ymethyltransferase (Scarsdale et al., 1999) and the f3-subunit of tryptophan
synthase (Roy et al., 1988). Geminal diamine intermediates are shown in
Figure 2 along with a form of the external aldimine intermediate. It should
be noted that all tautomeric and resonance forms that exist for the internal
aldimine may also exist for the external aldimine, and have been docu-
mented for other PLP enzymes (Dolphin et al., 1986).

The configuration of atoms around C, in the bound external aldimine
may differ, leading to a difference in the type of reaction catalyzed by PLP-
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Figure 2. Two structures of the gem-diamine are pictured in the middle of the figure. The
structure on the Jeft shows attack by the incoming Q.-amine of the amino acid, while that to the
right has been rearranged in order to expel the Schiff base lysine of the internal aldimine. At
the bottom of the figure is a ketoeneamine tautomer of the external Schiff, which is obtained
upon collapse of the gem-diamine. It should be noted that all tautomeric and resonance forms
shown in Figure 1 are also possible for the external Schiff base.
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dependent enzymes (Fig. 3) (Dunathan, 1971). In order for a given bond to
be labile it must be orthogonal to the plane of the PLP ring. Thus, as shown
in Figure 3, the bond to X is potentially labile. If the a-carboxylate is posi-
tioned in the X location in Figure 3, the enzyme will catalyze a decarboxy-
lation, while positioning the o-proton in this position results in a variety of
different reaction types including aminotransferase, racemase, and elimina-
tion, dependent on the positioning and orientation of the remaining two
functional groups. In Figure 3, the structure at the bottom right is optimized
for a B-elimination reaction with the side chain positioned such that the
leaving group, R, is orthogonal to the new n-bond to be formed as the
[-substituent is eliminated. A number of PLP-dependent enzymes catalyze
the overall elimination of a substituent at the f-position of an amino acid,
and in some cases this is followed by addition of a new B-substituent. A gen-
eral mechanism for the PLP-dependent -elimination reaction beginning
with the external aldimine is given in Figure 4 (Miles, 1986).

X
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Figure 3.  Structures illustrating that lability of a bond about the 0.-carbon depends on its abil-
ity to be orthogonal to the plane of the pyridine ring. In the top structure, X is labile, while in
the bottom left an Qt-decarboxylation reaction is indicated. The structure on the bottom right is
set for an o, 3-elimination reaction, with the new T-bond to be formed parallel to the plane of
the pyridine ring.
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Figure 4. A typical a,B-elimination reaction beginning with the external Schiff base.
a-Proton abstraction by the Schiff base lysine and delocalization of electrons into the pyridine
ring occurs prior to elimination of the B-substituent. In other words, these reactions are thought
to be a two-step process. ESB, Q, and AA represent the external Schiff base, quinonoid, and

a-aminoacrylate intermediates, respectively.
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The abstraction of the a-proton of the external aldimine and delocalization
of electrons into the pyridine ring gives a quinonoid intermediate (Fig. 5),
which absorbs at a wavelength higher than the external aldimine (Morozov,
1986). In order to form a quinonoid intermediate, N1 of the pyridinium ring
must either be protonated, or become protonated by or ion-paired to an enzyme
side chain as the intermediate forms. Whether a quinonoid intermediate is
obligatory for all PLP-dependent p-elimination reactions is open to question.

Elimination of the B-substituent occurs next with the formation of
a-aminoacrylate in external aldimine linkage with PLP (Fig. 6). The
a-aminoacrylate external aldimine absorbs maximally between the wave-
lengths of the substrate external aldimine and the quinonoid intermediates if
the intramolecular hydrogen bond between the imine nitrogen and O3’ of the
cofactor exists. Otherwise, the intermediate absorbs at lower wavelength,
330-350 nm. Once elimination of the B-substituent has taken place, the active
site lysine can displace the aminoacrylate intermediate, which will produce
pyruvate and ammonia in solution, or, in the case of B-replacement reactions,
another nucleophile attacks at the B-position of a-aminoacrylate to give the
new amino acid by reversal of the steps discussed thus far. The a-aminoacry-
late intermediate is very susceptible to nucleophilic attack in solution, but is
quite stable in many PLP enzymes. The reason for its increased stability must
reside in its environment within the active site of the enzyme, with the site per-
haps partially closed to sequester the intermediate away from solvent.

O-Acetylserine sulfhydrylase is a member of the B-family of PLP-
dependent enzymes that specifically catalyze -replacement reactions. En-

olmm

=05;P0 |

N
Quinonoid H

Figure 5. Structure of the quinonoid intermediate. Its extensive conjugation allows its ab-
sorbance at lower enegry.
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Figure 6. Tautomeric and resonance forms of the Ol-aminoacrylate intermediate. Its possible
structures mimic those of the internal and external Schiff bases. It can be considered the exter-
nal Schiff base of O.-aminoacrylate.

zymes in this class include the B-subunit of tryptophan synthase (8-TRPS),
cystathionine f3-synthase, B-cyanoalanine synthase, and cysteine lyase
(Alexander et al., 1994). Other than OASS, only p-TRPS has been exten-
sively studied, and thus mechanistic comparisons will be limited to it.

III. O-Acetylserine Sulfhydrylase

There are two isozymes of OASS, A and B, in enteric bacteria (Becker
et al., 1969), and those from S. typhimurium are best studied. Both are
dimeric with the A isozyme, 68,900 Da (Byrne et al., 1988) and the B
isozyme, 64,000 Da (Tai et al., 1993). O-Acetylserine sulfhydrylases are
pyridoxal 5'-phosphate dependent with 1 mole of PLP/subunit (Kredich
and Tomkins, 1966). The A and B isozymes are thought to be expressed
under aerobic and anaerobic conditions, respectively. Both isozymes cat-
alyze the formation of cysteine from OAS and sulfide, but the cell can more
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efficiently utilize more reduced forms of sulfur (e.g. thiosulfate) when the
B-isozyme is expressed. Thiosulfate uptake provides an alternative means
for cysteine biosynthesis, which eliminates the need for sulfate reduction
(Nakamura et al., 1983). The exact mechanism by which S-sulfocysteine is
converted to cysteine has not been determined, but could involve hydroly-
sis to cysteine and sulfate or reduction by glutathione to cysteine and sul-
fite (Woodin and Segel, 1968).

A sequence alignment of the A- and B-isozymes from S. typhimurium is
shown in Figure 7. Note that the overall sequence identity is about 40%,
with another 20% of the residues highly similar, and another 11% similar.
All of the residues involved in PLP and substrate binding are identical in
both enzymes. The mechanisms of the two isozymes of OASS are similar
but not identical (Tai et al., 1993, 1995), and it is of interest to determine
how such similar enzymes differ and why. However, the following thesis
will concentrate on OASS-A, the most completely studied isozyme from
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Figure 7. Sequence alignment between the OASS-A and OASS-B isozymes from S. #y-
phimurium. An overall 70% homology is obtained between the two enzymes (*, identical;
;, highly similar; ., similar.
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S. typhimurium. Purification procedures have been developed for both
isozymes and continuous assays have been developed that are applicable to
both isozymes (Hara et al., 1990; Tai et al., 1993). In one of the assays the
disappearance of sulfide is monitored using the sulfide ion selective elec-
trode, and in the second the disappearance of 5-thio-2-nitrobenzoate, an ana-
log of sulfide is monitored at 412 nm,

A. OVEREXPRESSION, PURIFICATION, AND PREPARATION
OF APOENZYME

Wild-type recombinant OASS-A is obtained by overexpression from the
vector pRSM40 (originally and kindly provided by Professor N.M. Kredich
at Duke University Medical School). The plasmid, which contains the cysk
gene behind its natural promoter, is transduced into S. typhimurium strain
DW378 (erpC109, cysK1772, cysM1770) via P22 lysates. Overnight growth
in the fermentor is in the presence of Vogel-Bonner medium (Vogel and
Bonner, 1956), with 0.5% glucose, 1% LB, 40 uM L-tryptophan, 500 uM
glutathione, and 100 pg ampicillin. Glutathione is the sole sulfur source and
acts by derepressing the cysteine biosynthetic pathway (Kredich, 1971).

The OASS-A is purified by conventional means of sonication, strepto-
mycin sulfate precipitation, ammonium sulfate fractionation, and chromo-
tographies on DEAE S5pw and phenyl Spw (Tai et al., 1993). The enzyme is
>95% pure based on SDS-PAGE, but has only half the specific activity as
does the native enzyme. Addition of PLP results in a restoration of the wild-
type specific activity, suggesting the bacteria has made so much of the en-
zyme, it has become cofactor-limited. Overall, an overnight fermentor
growth gives about 50 g of wet cell paste, which yields about 1 g of pure
OASS-A. The above data suggested that the apoenzyme should be quite sta-
ble, and that the PLP cofactor is added as a posttranslational event. To de-
termine whether these hypotheses might be correct, a scheme to prepare the
apoenzyme of OASS-A was developed.

Apo-OASS-A can be prepared by dialysis of the a-aminoacrylate inter-
mediate against 5 M GnHCI, at pH 6.5, 100 mM Mes (Schnackerz and
Cook, 1995). Once prepared, the apoenzyme is stable for months. Reconsti-
tution with PLP and PLP analogs such as pyridoxal 5'-phosphate, 2'-methyl,
and pyridoxal 5'-deoxymethylenephosphonate can easily be accomplished
(Cook et al., 1996). Reconstitution was verified by activity in the cases
where analog-substituted enzymes are active, and additionally by *P NMR
chemical shift. The apo-OASS-A has been utilized for a number of experi-
ments, most notable those dealing with protein dynamics discussed below.
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B. STRUCTURE

O-Acetylserine sulfhydrylase-A was crystallized from PEG 4000 in the
presence of Li,SO, and Tris, pH 8 in two crystal forms, one is in a hexagonal
space group P6, and the other in the orthorhombic space group P2,2 2, (Rao
et al,, 1993). The structure of crystalline orthorhombic OASS-A was solved
to 2.2 A resolution using the technique of multiple isomorphous replace-
ment (Burkhard et al., 1998). A monomer of the OASS dimer, Figure 8, is
composed of an N-terminal (residues 1-145) and a C-terminal (residues
146-315) domain. Both domains consist of a central B-sheet structure sur-
rounded by a-helices. One stretch of the N-terminal domain (residues
13-34) “crosses over” into the C-terminal domain, forming the first two
strands of its central B-sheet. The overall structure of OASS-A is similar to
that of B-TRPS (Hyde et al., 1988), with the exception that the first two he-
lices in B-TRPS are missing in OASS-A, replaced by the first seven residues
of the N-terminal domain (the first seven residues make up part of the dimer
interface), and that the coiled region of B-TRPS (residues 260-310) that

N-terminus

Helix 10

C—terminus

Figure 8. Structure of OASS-A monomer. Three helix dipoles are directed toward the PLP co-
factor: helix 2 directed toward the 3'-oxygen, helix 7 directed toward the 5'-phosphate, and helix
10 directed toward N 1. a-Helices are in light blue, 3,, helices are in blue, B-sheet is green, and
coil is brown. The cofactor is portrayed in stick and ball with N1 blue; O, red; and P, magenta.
(See Color Plates.)
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forms extensive interactions with a-TRPS and contributes to the hydropho-
bic indole channel (Hyde et al., 1988), is missing in OASS-A. In addition,
a-helix 10 of B-TRPS, immediately following the extended coiled region
260-310, is also missing in OASS-A, replaced by a 3, helix. It is clear, how-
ever, that both enzymes share the same general fold.

The PLP in OASS-A is located at the interface between the two structural
domains, deeply buried within the protein. A close-up of PLP in the active site
is shown in Figure 9. The 5’-phosphate of PLP is tightly hydrogen-bonded to
a glycine/threonine rich loop, with each of the phosphate oxygens accepting
two hydrogen bonds from the protein. In good agreement are *P NMR stud-
ies of OASS-A (Cook et al., 1992; Schnackerz and Cook, 1995; Schnackerz
et al., 1995). The observed *'P chemical shift is 5.2 ppm with a linewidth of
20.5 Hz, consistent with a tightly bound phosphate with motion restricted to
that of the protein. The value of the chemical shift also indicates it is dianionic
as bound to the protein. The PLP C4' is in Schiff base linkage with the -

Figure 9. The close-up view of PLP in the active site of OASS-A. The phosphate group of the
cofactor is bound at the N-terminus of helix 7, which interacts with the positive end of the di-
pole with the negative charge of the phosphate portion of the protein (Gly176 to Thr180). Four
of the H-bound donors are peptide NH groups. The cofactor, and enzyme side chains are por-
trayed in stick and ball with N blue; O, red; C, yellow; and P, magenta. (See Color Plates.)
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amino of K41 in OASS-A and is within hydrogen-bonding distance to O3’ of
PLP, which is also hydrogen-bonded to N71. The pyridinium nitrogen of PLP
is within hydrogen-bonding distance of $272. In this regard, N1 of PLP in
OASS-A is located close to the positive dipole of a a-helix. The re face of the
cofactor internal Schiff base is directed toward the entrance to the active site.
The exact OAS binding mode has not yet been determined, but informa-
tion has been obtained from a structure of the K41 A mutant of OASS-A. The
K41A mutant is isolated in a closed conformation as an external Schiff base
with free methionine, and thus represents an analog of the OAS external
Schiff base (Burkhard et al., 1999). The conformational change to close the
site occurs in the region of residues 85-136 of the N-terminal domain, which
rotates by 15° along an axis from residues 136 to 87 to 106. Residues 6670,
a loop in the N-terminal, also undergo a change in conformation, aitering the
active site cavity to a slight degree. The mutant protein provides some indi-
cation of the location of the side chain of OAS, but Met is not a perfect mimic
of OAS, and some ambiguity remains. Nonetheless, the side chain of Met ex-
tends away from the PLP cofactor toward the entrance to the active site (Fig.
10). Very similar structures have been published for the K87T mutant of
B-TRPS with serine and tryptophan bound. A similar rigid body rotation is
observed upon formation of the external Schiff base, but positioning of the
substrate side chain is quite different in f-TRPS, leading to changes in the
orientation of the bound cofactor (Rhee et al., 1997). The above structures aid
greatly in the interpretation of the mechanistic data that have been obtained.
The active site of OASS-A is relatively unforgiving of even small struc-
tural changes. The A-isozyme has a single cysteine, C42, adjacent in pri-
mary sequence to the Schiff base lysine, K41. The cysteine side chain is
directed away from the active site into the protein structure from the si side
of the cofactor internal Schiff base. A conservative change of C42, to ser-
ine, has significant consequences to the overall function of the enzyme
(Tai et al., 1998). Ultraviolet-visible, fluorescence, circular dichroism, and
P NMR spectral properties are identical to those of the wild-type en-
zyme, as are most of the kinetic properties using either 5-thio-2-nitroben-
zoate (TNB) (see below) or sulfide as the nucleophilic substrate. However,
the ai-aminoacrylate intermediate is S0—fold lower in stability compared to
that of wild type as reflected by an increase in the OAS:acetate lyase ac-
tivity. In addition, there is a 17-fold decrease in V. Thus, the subtle re-
arrangement caused by the smaller serine hydroxyl as it hydrogen bonds
with hydrophilic groups in its local environment are transmitted to PLP,
affecting its orientation and resulting in the changes in the overall reaction.
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Figure 10.  Structure of K41 mutant OASS. The methionine (S in green) in external Schiff base
linkage with the active site PLP is clearly seen extending back toward the entrance to the site.
(See Color Plates.)

Several different orthorhombic crystals of OASS-A have now been ob-
tained, and studied using single crystal microspectrophotometry (Mozzarelli
et al., 1998). One of these crystal forms, when soaked with OAS gives the
a-aminoacrylate intermediate, but with a K, for OAS that is 500 times
greater that obtained in solution (Cook et al., 1992). Data suggest interfer-
ence as a result of either the inability to undergo the conformational change
required to form the external Schiff base with OAS, the binding of OAS, or
both. The a-aminoacrylate intermediate formed in the crystal decays slowly
at pH 7, consistent with the OAS:acetate lyase activity observed in solution
(see below). Addition of azide, a sulfide analog, to the crystalline
o-aminoacrylate intermediate results in a regeneration of the free enzyme
spectrum, and thus the crystals are capable of catalyzing the overall reaction.
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Addition of L-serine or L-cysteine to the enzyme crystals results in the for-
mation of the external Schiff base as observed in solution, and K, values
much closer to those obtained in solution. The difference between these re-
sides in the side chain acetyl, which is absent in both cases, suggesting the
acetyl contributes to the conformational change that closes the site upon for-
mation of the external Schiff base. Some of the other crystal forms also react
with OAS to give the a-aminoacrylate intermediate, but with an even higher
K, for OAS, and in the process the crystals are destroyed.

C. SUBSTRATE SPECIFICITY

O-Acetylserine sulfhydrylase-A utilizes several B-substituted amino acids
(analog of OAS) with good leaving groups as substrates. Among these are
O-propionyl- and O-butyryl-L-serine, L-serine-O-sulfate, and p-chloro-L-
alanine. However, the enzyme is much more promiscuous with respect to the
nucleophilic (analog of sulfide) substrate. Nucleophilic substrate analogs that
have been identified include the following: NH, (1 mM), NH,OH,
2-aminopyrimidine, 3-aminoquinoline, phenol, p-methylaminophenol, trans-
cinnamic acid, formate (100 mM), 5-thio-2-nitrobenzoate (TNB), 2-mercap-
toethanesulfonic acid, thiolactate, 2-mercaptoethanol, thiophenol (1 mM),
2-mercaptopyrimidine (5 mM), mercaptosuccinate, 2-mercaptobenzoxazole,
2-mercaptoimidazole, mercaptoacetate, thiosalicylate, and 2-mercaptopyri-
dine. Note that nitrogen, oxygen, and thiol moities serve as nucleophilic sub-
strates. Substrate specificity appears to depend more on the pK, of the
nucleophile than its structure. The best OAS analog is O-propionyl-L-serine,
which has a V/E, of 60% and a K similar to that of OAS (Cook and Wedding,
1977b), while the best sulfide analog (unpublished) characterized is mercap-
toacetate with a V/E, of 3% and a K, 1000-fold greater than that of sulfide.

D. KINETIC MECHANISM
1. Steady State Kinetics

One of the first and most important pieces of information to be obtained
for a bireactant enzyme reaction is the kind of kinetic mechanism (i.e., se-
quential or ping pong) and a quantitative description of the reaction path-
way. The information obtained is vital to an interpretation of subsequent
kinetic data, since it allows one to be certain of the enzyme form that pre-
dominates, and thus ensures a structure-based data analysis. The kinetic
mechanism of OASS-A was first determined qualitatively using a sulfide
ion selective electrode assay as BiBi ping-pong with competitive substrate
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Figure 11. Predominant ping-pong BiBi pathway for O-acetylserine sulfhydrylase. The E and
F forms are two stable enzyme forms, while AA,, AAN, and N, represent the amino acid sub-
strate and product and the nucleophilic substrate and product, respectively. Note that both sub-
strates give competitive inhibition by binding to the incorrect enzyme form, typical for a
classical ping-pong kinetic mechanism.

inhibition by both OAS and sulfide (Cook and Wedding, 1976). Subsequent
assessment of the assay indicated that it overestimated the rate of the OASS
reaction. Thus, the kinetic mechanism was redetermined and found to be
qualitatively identical (Fig. 11), but quantitatively different than that deter-
mined previously (Tai et al., 1993). The turnover number for OASS at pH 7
is 280 s, while the second order rate constants that reflect the first and sec-
ond half reaction are 2 x 10° M's™ (V/K,E) and 2 x 10" M's" (V/K .. E)
(Tai et al., 1993, 1995). Data thus suggest a rate-limiting first half reaction,
given the near diffusion-limited second-order rate constant for sulfide and
the F form of the enzyme to produce L-cysteine. All of the product and dead-
end inhibition patterns are consistent with the ping-pong mechanism. Sul-
fide gives only partial competitive substrate inhibition (Cook and Wedding,
1976; Tai et al., 1993), suggesting that a pathway in which sulfide binds
prior to OAS is allowed. In agreement with the alternate sequential kinetic
mechanism, the first product of the reaction, acetate, exhibits S-parabolic
inhibition versus OAS, indicative of acetate binding to both E and F forms
of the enzyme which are reversibly connected (Tai et al., 1993). In addition,
acetate induces partial substrate inhibition by OAS, suggesting that the sul-
fide inhibitory site can be occupied by acetate, and the reaction will still
proceed at a slower rate (Fig 12). Qualitatively identical results are obtained
with 3-chloro-L-alanine, an analog of OAS, with TNB, an analog of sulfide,
in any combination. However, the V/K value for the amino acid substrate is
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Figure 12. Complete kinetic mechanism for OASS-A. The top, solid pathway is that seen
in Figure 11. The bottom pathway allows for some randomness in the mechanism. At high
concentrations of the nucleophilic substrate, such that it is bound, the amino acid substrate
can still be bound and processed at a finite but low rate (see text).

not constant (as predicted for a ping-pong kinetic mechanism) as the nucle-
ophilic substrate is changed from sulfide to TNB. These data are also con-
sistent with the random component of the kinetic mechanism and a change
in the stability of the a-aminoacrylate intermediate. Results are summarized
in Table 2. The reaction is practically irreversible in the direction of conver-
sion of cysteine to OAS. In contrast to OASS, B-TRPS and all of the other
members of the B-replacement family proceed by a sequential, or ternary
complex mechanism (Miles, 1986), although B-TRPS is capable of produc-
ing the a-aminoacrylate intermediate in the absence of cosubstrate. The ca-

TABLE 2
Kinetic Parameters for Amino Acid/Nucleophilic Substrate Pairs

OAS/sulfide OAS/TNB BCA/sulfide BCA/TNB
VIE(s™) 130+ 17 0.56+£0.08 20t0.1 0.016 + 0.002
VIKoasE.(M7's™) (1.4 £0.7) x 10° 37+5
VIKgc E,(M7's™) (3.7£0.6) x 10° 12102
VK i E.(M7's™) (2.4 0.8) x 10 (39+02)x10°
VIK B, (M7's™) 950 £ 55 590 + 130

Source: Adapted from Tai et al. (1993).
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pability of isolating the two halves of the OASS-A reaction make it one of
the most useful and important of PLP-dependent enzymes that catalyze a
B-replacement reaction.

Under certain circumstances, patterns that appear intersecting can be ob-
tained, see below, with cofactor-analog substituted OASS, or with some of
the mutant enzymes (e.g., C42S). The reason for the apparent change in
mechanism is an increase in the rate of the OAS:acetate lyase activity, which
results in a dependence of the two half reactions on each other. Theory has
been developed for this scenario in Cook et al. (1996).

Evidence of randomness with sulfide (or analog) binding to E followed
by OAS to give a productive although much less efficient Michaelis com-
plex (Tai et al., 1993) represents an apparent paradox, since sulfide (or ana-
log) presumably must occupy the site for the leaving acetate group of OAS.
It is possible that OAS could be bound and processed without the leaving
group in its optimum location, generating F, which would be positioned to
accept the already bound nucleophile, or that the sulfide inhibitory site is
not the same as its substrate site, if there is such a site. The answer to this
paradox bears on the rigidity/flexibility of the active site of PLP enzymes,
and the chemistry dictated by them. The structure of OASS-A indicates the
presence of a hole behind the cofactor in the vicinity of H152. It is possible
that an alternative binding mode for the nucleophilic substrate is behind the
cofactor such that OAS could still bind, the a-aminoacrylate intermediate
could be formed by elimination of acetate and its diffusion away from the
site, and then the nucleophilic substrate could add from the opposite face of
the a-aminoacrylate intermediate. The reaction under these conditions
would, however, give the opposite stereochemistry at C3 (see below).

2. Ultraviolet-Visible Spectral Studies

The absorbance spectrum of OASS-A, the E form of the enzyme accord-
ing to Figures 11 and 12, in the absence of reactants is pH independent over
the range 5.5-11, and is shown in Figure 13. The E form of the enzyme rep-
resents PLP in internal aldimine linkage with an active site lysine (K41; Rege
et al., 1996). The absorbance maximum at 412 nm indicates a predominance
of the protonated imine in the ketoeneamine tautomer (Becker et al., 1969;
Cook and Wedding, 1976: Cook et al., 1992), but finite absorbance at 330 nm
suggests a small contribution from the enolimine tautomer (Fig. 1). Similar
spectra are obtained for B-TRPS (Goldberg and Baldwin, 1967).

Addition of OAS to OASS-A results in a decrease in the absorbance at
412 nm with concomitant increases in absorbance at 330 and 470 nm as a re-
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Figure 13. Absorbance spectra of 10 uM OASS-A alone at pH 6.5, 8, and 9.5 and in the pres-
ence of 1 mM OAS (A, 470 nm) at pH 6.5.

sult of formation of two tautomers of an a-aminoacrylate Schiff base (Figs. 6
and 13) after elimination of the elements of acetic acid from the OAS exter-
nal aldimine (Cook and Wedding, 1976; Schnackerz et al., 1979, Cook et al.,
1992). Addition of L-serine to TRPS results in a mixture of external aldimine
and a-aminoacrylate intermediates (Drewe and Dunn, 1985, 1986; Miles,
1986). In this case, the external aldimine absorbs maximally at 422 nm, re-
flecting the ketoeneamine tautomer, while the a-aminoacrylate intermediate
absorbs maximally at 350 nm with a shoulder at 460 nm, reflecting predom-
inately the enolimine tautomer. The difference between the two enzymes
likely reflects differences in the hydrophilicity of their active sites, with the
two likely stabilizing different charged forms of the a-aminoacrylate inter-
mediate. In addition, the concentration of the a-aminoacrylate intermediate
is lower in the f-TRPS reaction compared to that of OASS-A.

In order to determine whether L-cysteine interacts with OASS-A, the
spectrum of OASS-A was obtained in the presence of different concentra-
tions of the amino acid product (Schnackerz et al., 1995). A shiftin the A,
from 412 to 418 nm is obtained indicative of external aldimine formation,
predominately as the ketoeneamine tautomer. No evidence of the
a-aminoacrylate intermediate is observed. Thus, it appears that formation of
the 1-cysteine external aldimine is the irreversible step in the direction of
cysteine formation. This result was unexpected since B-TRPS can form the
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aminoacrylate intermediate from cysteine. However, the natural substrate
for B-TRPS is L-serine, and one would expect general acid catalysis in the
elimination of hydroxide. Elimination of acetate by OASS requires no such
catalysis. It was thus of interest to determine whether L-serine is a substrate.

No substrate activity was detected with L-serine using our conditions at
very high enzyme concentrations. However, addition of L-serine to OASS-A
results in a decrease in the absorbance at 412 nm concomitant with an in-
crease in the absorbance at 320 nm and a shift in the A of the remaining
visible absorbance to 418 nm (Schnackerz et al., 1995). Data suggest that
the external aldimine with L-serine can be formed as an equilibrium mixture
between ketoeneamine and enolimine tautomers. Data from Flint et al.
(1996) have measured activity with L-serine and OASS-A using a mass
spectrometric assay, but with a turnover number <5 x 10¢s. It is reasonable
to assume then that the inability to eliminate the thiol of L-cysteine is a re-
sult of the lack of a suitable general acid in the OASS-A reaction. This as-
pect will be considered further below.

3. Stopped-Flow Kinetic Studies

Given the spectral signature of a number of intermediates along the reac-
tion pathway, the use of pre-steady-state kinetic studies can be utilized to ask
a number of questions concerning the overall reaction. Rapid-scanning and
single wavelength stopped-flow kinetic studies of the OASS-A reaction
(Cook et al., 1996; Woehl et al., 1996) have been used (1) to obtain estimates
for rate constants along the reaction pathway and (2) to locate slow steps in
the overall reaction, and each of the two half reactions. Reaction of OASS-
A with OAS in the absence of sulfide is pseudo first order and dependent on
the concentration of OAS. At early times, a rapid formation of the OAS ex-
ternal aldimine is observed, and behaves in a pre-equilibrium manner, giv-
ing a K., of 5 mM, similar to the steady-state K, of 2 mM (Tai et al.,
1993). Data indicate the first half reaction (E plus OAS to F plus acetate) is
rate-determining overall, and abstraction of the a-proton from the OAS ex-
ternal Schiff base is the slowest step in the first half reaction. The rate con-
stant for formation of the OAS external Schiff bases is >1000 s™', and for the
subsequent formation of the a-aminoacrylate intermediate is 400 s, simi-
lar to the value of 280 s** measured for V/E, (see above). No evidence was
obtained for the presence of either gem-diamine or quinonoid intermediates
in the OASS-A reaction. For TRPS, a-proton abstraction also limits the
overall reaction (Miles and McPhie, 1974; Lane and Kirschner, 1983; Drewe
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Figure 14. Summary of the stopped-flow kinetic data. Note that the generation of the
Ol-aminoacrylate intermediate from cysteine occurs at one-fourth the rate observed with OAS,
and is transient in the absence of a nucleophile other than cysteine. Note also the rapidity of the
second half reaction, and rate-limitation of the Ol-proton abstraction. The definition of X is
given in Figure 15, and in Scheme 4.

and Dunn, 1985, 1986). In the TRPS reaction, however, one does observe a
quinonoid intermediate, while the OASS reaction appears concerted (see
below). A minimal mechanism for the first half reaction and a summary of
the estimated rate constants is given in Figure 14.

Reaction of preformed o-aminoacrylate intermediate (addition of OAS
to the OASS syringe) with sulfide gives a rapid bleaching of a-aminoacry-
late intermediate to give the free enzyme spectrum, which remains until sul-
fide is depleted. One then observes a first-order regeneration of the
a-aminoacrylate intermediate spectrum. Thus, all steps in the second half
reaction are very rapid, >1000 s, even at the lowest concentration of sulfide
used (5 uM; K ;... is 6 pM). The second half reaction for B,-TRPS is very
fast as is true for OASS, but for a,f,-TRPS one observes rapid quinonoid
formation followed by appearance of the external Schiff base.

Based on the above, the second half reaction was thought to lie far toward
the formation of L-cysteine as a result of a practically irreversible addition of
sulfide to the a-aminoacrylate intermediate. Addition of L-cysteine to OASS-
A results in the apparent formation of the external aldimine (see above). To
determine whether the rate of external Schiff base formation could be mea-
sured, the reaction of L-cysteine with OASS-A was measured by rapid-scan-
ning stopped-flow spectrophotometry. Interesting is the observation that the
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external Schiff base with L-cysteine forms rapidly, giving a K, 0f 0.15 mM,
similar to the K, ,measured from spectral titrations (Schnackerz et al., 1995).
Following formation of the external Schiff base, transient formation of the o-
aminoacrylate intermediate occurs with a rate constant 100 s-'. Overall data
suggest attack of the thiol of cysteine on C3 of the a-aminoacrylate interme-
diate, resulting in formation of the L-lanthionine external Schiff base, which
the enzyme binds tightly (Fig. 15). Thus in the absence of another nucle-
ophile, the product thiol is reasonable and attacks the aminoacrylate inter-
mediate to give the new product. However, in the presence of a better
competing nucleophile, the second half reaction is reversible. In agreement
with this suggestion, Flint et al. (1996) isolated several enzymes from bacte-
ria that are responsible for generating the sulfide required for FeS cluster for-
mation. Two of the enzymes isolated were the two isozymes, A and B, of
O-acetylserine sulthydrylase, indicating the in vivo reversibility of the sec-
ond half reaction. The competing nucleophile in this case was not identified.

4. Isotope Effect Studies

Isotope effects are a versatile probe of enzyme mechanism. Given the
suggested rate-determining a-proton abstraction, primary deuterium kinetic
isotope effects were measured in the steady state and pre-steady state by di-
rect comparison of the initial rates obtained with OAS and OAS-2-D
(Hwang et al., 1996). The value of °(V/K,,,) is pH dependent with a value of
2.8 at low pH and a lower value of 1.7 at high pH. Measurement of the iso-
tope effect on the isolated rate constant for o-proton abstraction in the
presteady state gives a value about equal to the low pH value of 2.8 sug-
gesting this value is the intrinsic isotope effect that can be used to interpret
transition state structure (see below). Analysis of the data indicate that the
OAS external Schiff base partitions toward the o-aminoacrylate intermedi-
ate 1.5-times faster than it does back toward the internal Schiff base. As a re-
sult, estimates of most of the rate constants along the reaction pathway of
the first half of the reaction have been obtained.

5. Summary

The kinetic mechanism for OASS-A is predominantly ping-pong (Cook
and Wedding, 1976; Tai et al., 1993) with a slow first half reaction (Woehl
et al., 1996) and overall limitation by C,—H bond cleavage (Hwang et al.,
1996); the overall turnover number is 280 s. All product and dead-end in-
hibition patterns are consistent with the ping-pong mechanism.
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The resting enzyme contains PLP in internal aldimine linkage with K41
(Rege et al., 1996) predominantly as the ketoeneamine tautomer (Cook et
al., 1992). Addition of OAS results in the formation of acetate and the a-
aminoacrylate intermediate as a mixture of ketoeneamine and enolimine
tautomers at the end of the first half reaction (Cook and Wedding, 1976;
Cook et al., 1992).

There is evidence for a random pathway to the ping-pong mechanism, in
that sulfide gives only partial competitive inhibition, and acetate induces
partial substrate inhibition by OAS (Tai et al., 1993). Initial velocity patterns
can sometimes appear intersecting to the left of the ordinate dependent on
the relative rate of the second half reaction ((¥/K,,)[Nuc]) and the rate of the
OAS:acetate lyase activity, that is, the stability of the F form of the enzyme
(Cook et al., 1992). The best example of this behavior is observed with the
C42S mutant enzyme (Tai et al., 1998).

Stopped-flow experiments corroborate and expand on the steady-state
studies. Rapid-scanning stopped-flow exhibits the rapid formation of the
OAS external Schiff base prior to a slow, rate-limiting formation of the a-
aminoacrylate intermediate (Woehl et al., 1996). The second half reaction is
very rapid, and lies farther to the right than the first. However, it is reversible
as shown by stopped-flow studies (see below). Isotope effect data corrobo-
rate a rate-limiting C_—H proton abstraction. A quantitative analysis of the
data suggests the OAS external Schiff base partitions 1.5-times faster to-
ward the o-aminoacrylate intermediate than it does toward the internal
Schiff base (Hwang et al., 1996).

E. CHEMICAL MECHANISM
1. Spectral Studies

As indicated above, the predominant form of the external Schiff base is
thus the protonated ketoeneamine tautomer, which has an intramolecular hy-
drogen bond between the Schiff base nitrogen and O3’ of the cofactor PLP.
The a-aminoacrylate intermediate, on the other hand, exists as a mixture of
two species, the ketoeneamine and enolimine tautomers. The ultraviolet-
visible absorbance spectrum of OASS-A, in the absence and presence of OAS,
is independent of pH over the ranges 5.5-11 and 5.5-9.2, respectively (Cook
et al., 1992). The respective tautomeric forms of the two species predominate
in resting (E) and a-aminoacrylate intermediate (F) forms of the enzyme
over the entire pH range. Any ioinzations observed in pH-rate profiles ob-
tained under conditions where these enzyme forms predominate cannot
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therefore be attributed to contributions from the cofactor. In agreement with
the UV-visible spectral studies, *P-NMR spectra of the free enzyme and a-
aminoacrylate intermediate are also pH independent. Both species give a & of
5.2 ppm and line width of 20.5 Hz, indicative of a tightly bound dianioinc
phosphate, with its motion restricted to that of the protein (Cook et al., 1992).

As discussed above, the dissociation constants for the L-cysteine and 1-serine
external Schiff bases were determined based on the spectral changes that at-
tained upon their interaction with OASS-A. Monitoring the change at several
wavelengths gave the same dissociation constant, attesting to the fact that the
equilibrium could be treated as one between two enzyme species, the internal
and external Schiff bases (Schnackerz et al., 1995). Repeating the dissociation
constants as a function of pH over the range 6.5-10.5 provided different results
dependent upon whether L-serine or L-cysteine is the amino acid analog. The
pK...... pH-rate profile gave a limiting slope of +2, giving pK values of 7.6 and
8.4, with a pH independent value of 4.2 mM obtained for X, ... With
L-cysteine, the pH-rate profile decreases at both high and low pH with limiting
slopes of +2 and —1, giving an average pK of 7.4 at low pH and a pX of 9.6 on
the basic side, with a K|, of 120 uM. Data are interpreted in terms of opti-
mum protonation states for binding these amino acids to form the external
Schiff base. In both cases there is a requirement for the neutral form of the a-
amino group of the amino acid, the pX at 8.4 for serine and at 9.6 for cysteine.
The extra group observed with cysteine reflects the thiol group, pK of 7.4,
which must be protonated for binding. In addition, there is a requirement for a
second enzyme group, with a pK of 7.4-7.6, that must be unprotonated for
binding. It was originally thought that this group would have an entropic con-
tribution, maintaining the leaving group in the proper orientation for the elim-
ination. However, repeat of the experiment with L-methionine (unpublished),
which has a K, ... of 78 uM, similar to that of cysteine, gave data identical to
those of serine, so it is doubtful the enzyme group with a pX of 7.4-7.6 inter-
acts with the leaving group.

The first half reaction is reversible (see above). The equilibrium position
of the first half reaction is provided by monitoring the a-aminoacrylate in-
termediate absorbance at 470 nm. Recording spectra as a function as a func-
tion of OAS/acetate concentrations (Fig. 16), allows a determination of the
equilibrium constant. The equilibrium constant is pH dependent, with a plot
of log K,, versus pH giving a slope of 1, indicative of a single proton pro-
duced in the first half reaction, required to neutralize the negatively charged
acetate product (Fig. 16). The overall K is 1.6 x 10 M, giving a value of
16,000 in favor of the a-aminoacrylate intermediate at pH 7 (Tai et al., 1995).
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Figure 16. (A) Absorbance spectra of 10 uM OASS-A in the presence of 20 uM OAS with
stepwise addition of 25, 50, 100, 150, 200, and 300 mM of acetate in 100 mM Mes, pH 6.5. The
initial spectrum reflects the a-aminoacrylate Schiff base intermediate. (B) Plot of log Keq' ver-
sus pH for the first half-reaction catalyzed by OASS-A.
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Figure 17. Proposed mechanism for the rearrangement of OAS to NAS.

2. pK for OAS

The nucleophile in the first half reaction for formation of the external
Schiff base is the a-amine of OAS. Since its pK was not reported, and in
order to interpret data obtained from pH-rate profiles, the pK for the a-
amine of OAS was measured using the pH dependence of the first order rate
constant for its nonenzymatic conversion to N-acetyl-L-serine (NAS) (Tai et
al., 1995). The first order rate constant was measured from the amount of
OAS remaining (via formation of the a-aminoacrylate intermediate at 470
nm) with time at each pH value. The pH rate profile gives a limiting slope
of +2 with estimated pK values of 8.7 +- 0.2 and 7.7 + 0.2. The pK's were in-
terpreted based on the mechanism shown in Figure 17, with the value of 8.7
assigned to the carbinolamine and the value of 7.7 to the a-amine of OAS,
based on its similarity to the a-amine pX of B-chloro L-alanine (7.9).

3. OAS:Acetate Lyase Reaction

If the a-aminoacrylate intermediate of OASS is preformed and allowed
to incubate in the absence of a nucleophile, the intermediate exhibits a pH-
dependent decay to free enzyme with the overall reaction as given in Figure
18 (Cook et al., 1992). The pH-rate profile exhibits a limiting slope of +1
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with a pH-independent first order rate constant of about 0.07 s~ and a pK of
8.1 £0.2. A proposed mechanism for the reaction is given in Figure 18, with
the pK of 8.1 reflecting the Schiff base lysine (K41; Rege et al., 1996) in the
a-aminoacrylate intermediate.

As suggested above, the rate of the lyase activity can be modulated in at
least two ways. Anytime the lyase activity begins to equal or exceed the
value of V/K, the initial velocity pattern will no longer appear parallel. This
was found in the case of the pyridoxal 5'-deoxymethylenephosphonate-
substituted OASS (Cook et al., 1996). In this case, the lyase activity is only
10% that observed for the wild-type enzyme, but the activity of the PDMP-
OASS is quite low with TNB as a reactant, and it cannot effectively compete
with the lyase activity at the highest concentrations of TNB used. Finally,
mutation of C42 to serine, gives an enzyme that appears in almost every way
wild-type (Tai et al., 1998). However, subtle changes have occurred at the
active site that affect the geometry of the bound PLP as suggested by a num-
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Figure 18. (continued)
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