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Enzymatic transfer reactions are often depicted as occurring on the surface of the
enzyme by direct transfer of a chemical group from a donor substrate molecule to an
acceptor, in a single-displacement reaction without covalent participation of the
enzyme. This picture of enzyme action is purely speculative, because no positive
evidence in support of it exists. The kinetic argument, which formerly afforded the
sole support for the single-displacement mechanism, is now known to be in error.
Contrasting sharply with this dearth of proof is the substantial and growing body of
evidence which upholds the double-displacement mechanism of enzymatic transfer.
In this mechanism, a catalytic group (or atom) within the active site of the enzyme
links covalently with one of the substrates, or some fragment of it, at some stage of
the reaction. Through use of the covalent enzyme-substrate intermediate it may be
that the enzyme is enabled to overcome certain entropic difficulties, thus accounting
in part for the well-known speed of enzymatic reactions. Covalent participation by
the enzyme also brings enzymatic catalysis into closer accord with homogenous
and heterogeneous catalysis, in which the key reaction is the transient formation of
a covalent bond between substrate and catalyst.

There are grounds for believing that enzymatic transfer reactions proceed via an
intermediate which is composed of enzyme and substrate (or fragment thereof) joined
together in covalent linkage. Reaction (1), accordingly,

A-B+C —> A+B-C )
is more truly represented by the two partial Reactions (2) and (3).

A-B+E = A+E-B 93]

E-B+C = E+B-C €)]

in which the enzyme (E) transfers the fragment B reversibly between A and C by way
of E — B, the covalent enzyme-substrate intermediate. This has been called the double-
displacement mechanism, It is clearly marked off from the single-displacement mechan-
ism, in which a group is transferred directly between substrate molecules without
covalent intervention by the enzyme (I). It is this latter mechanism which first captured
the imagination of biochemists, and to this day it enjoys the greatest influence. Yet
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abundant testimony exists to show that transferases probably use only the double-
displacement mechanism. This conclusion follows from a survey of the known trans-
ferase reactions (see below). The double-displacement mechanism conforms, moreover,
with the fundamental mechanism of homogenous and heterogeneous catalysis. In
order to see enzymatic catalysis in its proper relation to these other forms of chemical
catalysis, it may be well to recall a few familiar facts about homogenous and hetero-

geneous catalysis.

Homogenous and Heterogeneous Catalysis

Chemical reactions in homogenous solution are often catalyzed by electrophiles or
nucleophiles or both (2, 3). Acid-base catalysis is a special case of electrophilic—
nucleophilic catalysis. Many kinds of molecules and ions can effect such catalyses, all
of which entail the covalent bonding of the catalyst to the reacting molecule or some
detachable fragment of it. Homogenous catalysis by transition-metal complexes also
requires the covalent (coordinate) bonding of the substrate to the transition-metal
atom (4). To the extent that experimental data permit firm conclusions to be drawn,
catalysis in homogenous solution seems always to demand the transient existence of a
covalent link between substrate and catalyst.

Catalysis by a solid surface—whether from the gaseous or liquid state—requires that
the reactant molecules first be adsorbed to that surface (3, 6). Adsorption resulting in
chemical reaction proceeds in two stages. First there is physisorption, in which the
reactant binds to the catalytic surface by van der Waal’s forces while retaining its
molecular integrity. Physisorption is succeeded by chemisorption, in which the adsorbed
molecule forms a covalent bond with one or more atoms in the surface (7). Chemisorp-
tion often takes the form of a dissociative binding in which the reactant breaks into
fragments, each of which is chemisorbed to the surface. Molecular hydrogen, for
instance, dissociates easily on a transition-metal surface to give a metallic hydride,
which can react with other susceptible, adsorbed molecules such as olefins, carbonyl
compounds, and aromatics. Desorption of the new molecules from the surface com-
pletes the catalysis. In the chemisorbed state the substrate molecule (or fragment)
binds toa surface atom through mutual overlap with lobes of bonding orbitals (dangling
orbitals) which project from the surface of the catalyst (8).

Enzymatic Catalysis

An aqueous solution of a protein is, as is well-known, not truly homogenous. Such
solutions are colloidal. The “soluble” protein (enzyme) affords a surface upon which
adsorption and chemical reaction can take place, much as they do on the solid surface
of a heterogeneous catalyst. Catalysis by soluble enzymes lies thus between the extremes
of homogenous and heterogeneous catalysis. Catalysis by insoluble (membrane-
bound) enzymes has, of course, a greater inherent likeness to heterogeneous catalysis.
The physisorbed and chemisorbed states in heterogeneous catalysis are strikingly
analogous, respectively, to the Michaelis-Menten complex and the covalent enzyme—
substrate intermediate of enzymatic catalysis. Since homogenous and heterogeneous
catalysis require that a covalent bond to the catalyst share intimately in the process, it
seems only natural and fitting that the same covalent principle should govern the
action of enzymes. This reasonable expectation is on the way to fulfillment, as attested
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by the sizable and growing number of enzymes for which positive evidence exists that
they act through a covalent enzyme-substrate intermediate.

The Transferases

In 1961 the Enzyme Commission, which was created by the International Union of
Biochemistry, arranged the known enzymes into six major classes: the oxidoreductases,
transferases, hydrolases, lyases, isomerases, and ligases (9). Of these, the second class
of enzymes—the transferases—forms the special subject of the present article. Each of
the six major classes of enzymes was divided into subclasses, and these were further
divided into subsubclasses. The class of transferases was broken down by the Commis-
sion into a total of 23 categories (i.e., subsubclasses), each of which was assigned an
Enzyme Commission (EC) number (9). These category numbers are listed in the first
column of Table 1. Beside each number is placed the name of an enzyme from the
indicated category which is believed to act through a covalent enzyme-substrate
intermediate. It is seen that, of 23 categories of transferases, 21 are represented in the
table by an enzyme (10).

The group which links covalently to each transferase in Table 1 is, without exception,
something other than a proton. Yet, during the formation and further reaction of the
covalent enzyme-substrate intermediate, it is possible—and in some cases even probable
—that a proton transfers from the substrate to the enzyme, as a consequence of con-
current general base catalysis by the enzyme. The protonated enzyme, thus formed,
qualifies too as a covalent enzyme-substrate intermediate, and may be the sole such
intermediate in some isomerase reactions. But the expectation is that few, if any,
transferases use the protonated enzyme as the sole intermediate during reaction.

A Reasonable Assumption

The Enzyme Commission’s classification system is built upon the internal chemical
resemblance among the reactions within each of its classes. The enzymes in any one of
the six major classes catalyze reactions which are, at the very least, grossly similar in
their overall chemistry. As the hierarchy of classification is descended, the resemblance
among the reactions within a subordinate class becomes closer and more sharply
defined. Thus, the category of mutases (EC 2.7.5), for instance, includes the enzymes
phosphoglucomutase, phosphoglyceromutase, diphosphoglyceromutase, and phospho-
acetylglucosamine mutase. They all catalyze the transfer of a phosphoryl from one
hydroxyl group of the substrate to another. The general sameness of these chemical
reactions prompts the reasonable assumption of a sameness in their respective chemical
mechanisms. More specifically, it is assumed here that the proved participation of a
covalent enzyme-substrate intermediate in any reaction of a category means that a
like intermediate shares in the action of the other enzymes in that category.

The foregoing assumption is not without experimental basis. In the category of
mutases cited above, the first two of the four named enzymes are known to act through
phosphoenzymes (11, 12). In the category of carboxylate kinases (EC 2.7.2) the enzymes
catalyze the transfer of a phosphoryl group from ATP to the carboxylate group of an
acid to yield an acyl phosphate. A detailed study has now been made of four carboxylate
kinases: acetate kinase (13), 3-P-glycerate kinase (/4), ATP citrate lyase (15, 16), and
succinyl-CoA synthetase (75, 17). The constant finding is that each reaction is mediated
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TABLE 1
SoME TRANSFERASES WHICH ACT THROUGH A COVALENT ENZYME-SUBSTRATE
INTERMEDIATE?

EC No. Trivial name of enzyme” Criteria® Reference
2.1.1 Methionine synthetase (cobalamine)? IL°P (36)
2.1.2 Serine transhydroxymethylase (pyridoxal-P) r 37)
2.1.3 Transcarboxylase (biotin) 1 38
2.2.1 Transaldolase LE 39
2.3.1 Arylamine acetylase LE,P, Vya 18)
232 Transglutaminase? I1°E, P “€0)
24.1 Sucrose phosphorylase LEP - (C2))
242 AMP pyrophosphorylase Ie “2
251 Thiaminase I Vinax 23
2.6.1 Aspartate aminotransferase (pyridoxal-P) I, “3)
2.6.2 Glycine amidinotransferase I 44)
26.3

2.7.1 Phosphofructokinase E, P «5)
2,72 Acetate kinase LEP 13
2173 Arginine kinase E 46)
2.74 Nucleosidediphosphate kinase LE, P 47)
215 Phosphoglucomutase LeP n
276 Ribosephosphate pyrophosphokinase E “8)
2.7.7 Polynucleotide ligase®-" LE “9)
2.7.8

2.8.1 Rhodanese Ie 50)
2.82 Adenylyl sulfate reductase (FAD)* ¢ | & GhH
2.8.3 3-Ketoacid CoA-transferase LEP (52

7 With two exceptions an example is given for each of the Enzyme Commission categories.

® Coenzymes are named in parentheses. Abbreviations; AMP, adenosine monophosphate; FAD,
flavin adenine dinucleotide; CoA, coenzyme A.

¢ The criteria symbols mean the following: I, the covalent enzyme-substrate intermediate has been
isolated from a reaction mixture in chemically competent condition; E, the enzyme catalyzes exchanges
which conform with the exchange-specificity rule; P, the enzyme reaction follows authentic ping-pong
kinetics; Vmax, the enzyme acts on diverse substrates in conformity with the maximum velocity principle.

4 Although this enzyme was not listed by the Enzyme Commission in 1964 it clearly falls into this
category. :

¢ This enzyme is actually isolated from tissue as the covalent enzyme-substrate intermediate; that
is, the transferring portion of the substrate is already fixed to the enzyme.

7 Isolated and identified spectroscopically.

¢ Transglutaminase does not form a stable intermediate with its natural substrate. But, like chymo-
trypsin, transglutaminase reacts with unnatural substrates, such as p-nitrophenyl acetate and p-
nitrophenyl trimethylacetate, to form, respectively, an acetyl- and a trimethyl-acetyl enzyme. The
latter is quite stable to hydrolysis. The trimethyl-acetyl group is fixed in thiolester linkage to an en-
zymatic cysteine, the same cysteine which reacts with iodoacetamide during inactivation of the enzyme.

" This enzyme is a ligase, but it is also a nucleotidyl transferase.

! This enzyme is an oxidoreductase, but it is also a sulphotransferase.

by its phosphorylated enzyme. All four of the intermediary phosphoenzymes have been
isolated from reaction mixtures and shown to be chemically competent. This uniform
enzyme action, exerted upon a diversity of acid structures, upholds the view that all
carboxylate kinases use the phosphoenzyme pathway (13, 14).
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Categories of transferase activity other than the phosphotransferases also furnish
grounds for the aforestated assumption. Among the acyl transferases (EC 2.3.1)
several acyl-enzymes have been isolated after specific reaction of the enzymes with the
appropriate acyl-coenzyme A’s. Such acyl-enzymes, upon reaction with their respective
acceptors, transfer the acyl group, as the case may be, to an amino function [arylamine
acetylase (I8)), a carbon atom [fatty acid synthetase (/9)], or a sulfhydryl group
[thiolase (20)].

But other categories of transferases (about half of them) have supplied till now only
one example each of an enzyme which acts through a covalent enzyme-substrate
intermediate. Our premise predicts that for such categories, too, a covalent enzyme-
substrate compound mediates all reactions.

Criteria

Table 1 also gives the criteria by means of which it is judged that an enzyme makes
use of the double-displacement mechanism (27). The most direct proof is the actual
physical isolation of the covalent enzyme-substrate intermediate in the chemically
competent state (indicated in the table by the letter I). Of the 21 representative enzymes
listed in the table, 17 meet this criterion. Much to be desired is proof that the isolated
intermediate is also kinetically competent, but this has so far been achieved with very
few enzymes.

A less direct proof for the double-displacement mechanism depends upon the V.,
(maximal velocity) criterion (22). Thiaminase I illustrates the use of this criterion. This
enzyme catalyzes the transfer, to aniline, of the pyrimidinylmethyl portion of thiamine
and of thiamine analogs at a maximal rate which is the same for all of the donor mole-
cules. It is inferred from this that the reaction proceeds in two stages. The first stage is
the formation of a covalent intermediate composed of the enzyme and the transferring
portion of the donor molecule. In the second, rate-determining, stage, aniline reacts
with the covalent intermediate to complete the transfer (23). Of the enzymes in Table 1,
only thiaminase I depends solely upon this criterion for inclusion in the table. Arylamine
acetylase also meets the ¥, criterion, but it meets all of the others as well (I18).

An enzyme which follows ping-pong kinetics (indicated in the table by the letter P)
is thought to act via a two-stage chemical mechanism in which a covalent enzyme-
substrate intermediate participates as a connecting link in each half-reaction. To con-
form to this criterion an enzyme must exhibit the predicted inhibition patterns as well
as the parallel line kinetics (24). Of the different kinds of enzyme kinetics only the ping-
pong variety is explicable directly in terms of chemical mechanism, since the kinetic
mechanism makes it clear that the product of the first half-reaction leaves the enzyme
before the substrate of the second half-reaction adsorbs. Such kinetic behavior infers
the existence of a covalent enzyme~substrate intermediate.

Another indirect proof for the double-displacement mechanism makes use of the
exchange-specificity criterion (indicated in the table by the letter E). The principle
underlying this criterion is well-known (25). It is clear that if Reaction (1) truly proceeds
in discrete chemical stages [i.e., through Reactions (2) and (3)], then the enzyme ought
to catalyze an exchange of A into A — B in the absence of the substrate components of
Reaction (3). In like manner, the exchange of C into B — C ought to be possible in the
absence of the substrate components of Reaction (2). The exchanges implicit in these
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partial reactions are often much slower than the exchanges in the overall reaction. This
relative slowness may be ascribed, among other things, to the “substrate synergism”
phenomenon (26). About half of the enzymes of Table 1 conform to the exchange-
specificity criterion. Only two rely for inclusion solely upon it.

Other criteria have on occasion been used to detect covalent enzyme-substrate
intermediates in enzyme reactions (21), but only the four described above were used in

compiling Table 1.

The Two Gaps in Table 1

The list of transferases in Table 1 falls short of completion owing to the omission of
two categories: EC 2.6.3 and EC 2.7.8. The first of these includes the oximinotrans-
ferases, of which few are known (27). These enzymes have been little studied from the
mechanistic standpoint. They catalyze the transfer of the oximino group between the
ketonic functions of substrate molecules. They all have pyridoxal-P as prosthetic group.
General experience with pyridoxal-P as co-enzyme makes it a virtual certainty that the
oximino group binds covalently to pyridoxal-P during oximinotransferase action. But
since there are no experimental data bearing directly on this point the space for EC
2.6.3 is held open.

The second vacancy in Table 1 (EC 2.7.8) is reserved for the category of enzymes that
catalyze the transfer of a substituted phosphoryl group other than the pyrophosphoryl
and nucleotidyl groups. Of these enzymes, few are known, and they, too, want mechan-
istic study. It happens that phospholipase D, which is a hydrolase, also possesses a
strong phosphatidyl transferase activity. Among other reactions, this enzyme catalyzes
a choline—phosphatidylcholine exchange, implying the existence of an intermediate
phosphatidyl-enzyme (28). But the experimental conditions described for this exchange
are less exacting than is desired for inclusion of the enzyme in Table 1, so EC2.7.81is left
unrepresented. Yet, significantly, this category is the last of eight listed categories of
phosphotransferases (EC 2.7.1-2.7.8, inclusive), of which the first seven are represented
in the table. The reasonable expectation isthat EC 2.7.8, too, will in time be represented
there.

Other Classes of Enzymes

It is plain from Table 1 that nearly every one of the categories of enzymes designated
by the Enzyme Commission as transferases includes at least one enzyme which acts
through a covalent enzyme-substrate intermediate. And the prospects are that the
enzymes in the two unrepresented categories use the same chemical mechanism as the
other 21. If, moreover, all of the enzymes in a category use the double-displacement
mechanism if any one of them does, then it follows that the transferases, as a class of
enzymes, operate uniformly on the covalent principle.

If such is true for the transferases, one wonders then what chemical mechanism is
used by the five other classes of enzymes. In this connection it is possible, broadly
speaking, to conceive of all enzymes as transferases—irrespective of their denomination
as oxidoreductases, hydrolases, lyases, isomerases, or ligases. These names were
devised solely for the convenience of classification. Closer analysis reveals that, despite
class names, the enzymes of all classes have this in common—that they catalyze reactions
in which a chemical group transfers from one substrate molecule to another or between
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different sites within the same molecule. On these grounds all enzymes qualify as
transferases. It follows that all enzymes ought to act like transferases. They ought to
catalyze their reactions in discrete chemical stages, with the intervention of a covalent
enzyme-substrate intermediate at each stage.

The Single-displacement Versus the Double-displacement Mechanism in Enzyme Action

The notion that reactions take place by single displacement on the surface of an
enzyme comes down to us as a time-honoured heritage, which still enjoys pride of place
among some students of enzyme action. Yet the plain truth is that this notion now has
little foundation in experimental fact, and is therefore manifestly speculative. Until
1970 it seemed that the single-displacement mechanism had an experimental base in
the fact that many enzymes do not follow ping-pong kinetics. It was reasoned that if
ping-pong kinetics connotes a double-displacement mechanism, then non-ping-pong
kinetics must connote a single-displacement mechanism. But such reasoning became
untenable when it was discovered in 1970 that succinyl-CoA synthetase of E. coli,
acting through a kinetically competent phosphoenzyme intermediate (26), exhibits a
kinetic pattern which is clearly non-ping-pong (29). A similar observation was made
with ATP citrate lyase (30), whose complex reaction is mediated by no less than two
covalent enzyme-substrate intermediates (3/). The patent fact is that if an enzyme
follows authentic ping-pong kinetics, the covalent principle almost certainly applies,
but that any other kind of kinetics is silent on the question of chemical mechanism (29).
Thus, the kinetic argument—nhitherto the only real argument—for the single-displace-
ment mechanism has become a dead letter.

With the demise of the kinetic argument, any “proof™ for the single-displacement
mechanism relies now on the failure to find positive evidence for the double-displace-
ment mechanism. But to rely thus on negative evidence is to stand on slippery ground.
A case in point is the enzyme acetate kinase. In 1954 this enzyme was pronounced, on
negative evidence, to proceed by the single-displacement mechanism (32). Yet 16 years
later, with newer methods, phosphorylated acetate kinase could easily be isolated—
proof positive for the double-displacement mechanism (13).

While no hard evidence can be found for the single-displacement mechanism, covalent
participation of the enzyme has been proved for at least 140 of the 1100 known enzymes,
and the list is growing (33). It comprises thus about 10 % of all the known enzymes, of
which the vast majority (about 80%,) have not yet been studied mechanistically. The
140 enzymes include representatives of all six major Enzyme Commission classes. It is
clear that a strong trend has set in, and that it favors only the double-displacement
mechanism. Adding point to the argument is the natural kinship of enzymatic catalysis
to homogenous and heterogeneous catalysis. Of the three great domains of chemical
catalysis, the two latter have undergone by far the longest and most searching scrutiny.
The evidence is overwhelming that both kinds of nonenzymatic catalysis are governed
by the covalent principle. And the same conclusion seems so far to hold good for
enzymatic catalysis.

Why Do Enzymes Use the Covalent Enzyme—Substrate Intermediate?

It may be that enzymes make use of the covalent principle because it eases the entropy
problem. Maybe catalysis is expedited if the enzyme is not obliged to arrange a simul-
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taneous, precisional alignment of all substrates within the active site. The expression
“precisional alignment™ is used here to convey a particular notion. One senses that
the positioning of a substrate molecule for imminent reaction—and hence for maximal
orbital overlap with its reacting partner—is a more delicately precise process than the
positioning of a molecule which is not destined for immediate reaction. In the nature of
things a precise alighment entails a greater loss of entropy than a less precise alignment.

The multiple, precisional alignment of substrates within the active site can be
circumvented if the overall reaction is conducted in discrete chemical stages. In the
first stage, the first substrate is precision aligned in order that it may easily react with the
catalytic group in the active site of the enzyme and form the covalent enzyme-substrate
intermediate. The latter can be regarded as a new holoenzyme. The second substrate
will, in its turn, undergo precision alignment in order to maximize orbital overlap of
its own reacting group with the catalytic group of the new holoenzyme. By proceeding
in this stepwise fashion, the enzyme is enabled always to deal with its substrates on a
one-at-a-time basis.

Although the new holoenzyme (that is, the covalent enzyme-substrate intermediate)
has but one substrate to manage, it must nonetheless precision align this substrate with
a second functionality, which is now, of course, a part of the enzyme. Why, it will be
asked, should the enzyme prefer this mode of action to the simultaneous precision
alignment of the two substrates, both of which, according to prevailing conceptions,
are external to the enzyme onits surface ? The answer is that the enzyme ought to have a
finer degree of control over a reacting group which is a part of itself than it has over
one which is external to itself. Arranging a favorable orbital overlap of two reacting
groups ought to be easier if one of the groups is a part of the enzyme, much as the
alignment of one’s own left hand for insertion into its glove is easier than aligning
someone’s left hand for insertion into the same glove.

For multisubstrate enzymes the advantage of a stepwise procedure is especially clear.
Consider the ATP citrate lyase reaction

ATP + citrate + CoA = oxalacetate + acetyl-CoA + ADP + P,

Upon reversal, four substrate molecules must interact. To obviate the mutual precision
alignment of four substrates within the active site, ATP citrate lyase conducts its
reaction in discrete stages, with a phosphoenzyme and a citryl enzyme as isolable
intermediates (37). The existence of yet a third intermediate—an acetyl enzyme—is
strongly intimated (34). Such easement of the entropy burden may well account for
some of an enzyme’s capacity for speed in catalysis. This entropy effect can be thought
of as a part of the “entropy trap” function which is subserved by all enzymes (35). It
will be understood, moreover, that the covalent principle advocated here operates in
close conjunction with the other factors which are thought to contribute to enzymatic
catalysis, such as the effects of proximity, orientation, van der Waal’s and electrostatic
attraction, strain, general acid-base catalysis, and so on.
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