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Abstract 

Previously published data are re-examined in order to address two fundamental questions concerning enzyme catalysis: 
Why are enzymes so big? How is the substrate binding energy realized in the transition state’? Relationships are shown that 
demonstrate (I ) an increased enzyme:substrate mass ratio is associated with greater stabilization of the transition state and 
with increased substrate binding energy, and (2) tighter substrate binding is associated with greater transition state 
stabilization. It ix argued that the conventional view of enzyme catalysis cannot account for these trends while the Shifting 
Specificity Model can. It is postulated that enzymes have evolved to be massive so that the interaction of the substrate with 
the active site alters the global conformation of the enzyme in a meaningful way; that is, the interaction alters the active site 
from an initial substrate-specific geometry to a transition state-specific geometry. It is also postulated that strong 
enzyme-substrate interactions better facilitate this active site transformation, thus, providing a mechanism for the realization 
of the substrate binding energy in the transition state of the chemical transformation. 0 1997 Elsevier Science B.V. 
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conformati~~n 

I. Introduction the active site exists for the purpose of’ maintaining 

One of the more intriguing features of enzymes 
that has been recognized from their first physical 
characterization is their typical great size relative to 
the substrates upon which they act. The curiosity 
surrounding this aspect is often expressed in the 
question: Why are enzymes so big’? meaning, What 
is the function. if any, of the bulk of the enzyme that 
does not constitute the active site? The currently 
accepted view of enzyme catalysis first offered by 
Haldane [I] and later popularized by Pauling [U] is 
that the bulk of the enzyme that does not constitute 

the active site in a geometry faithful to the transition 
state structure of the reaction the enzyme has evolved 
to catalyze. This view implies a rather loose defini- 
tion for substrate as any small molecular region that 
can diffuse into the active site and that can also 
assume the transition state geometry dictated by the 
active site environment. 

Another aspect of enzyme catalysis that has long 
been unclear is how the substrate binding energy is 
realized in the stabilization of the transition state 
rather than in the stabilization of the enzyme,/sub- 
strate complex. The conventional view that it is 

’ (‘orresponding author. 

catalytically advantageous to bind substrates weakly 
[g] stems from the idea that the active site must 

OiOI 4622 /97/$17.00 CC 1997 Elsevirr Science B.V. All rlghth reserved 
P/l so30 I --!6’?(97 )00082-3 



64 B.M. Brirr/ Biophwical Chemists 69 (1997) 63-70 

remain faithful to transition state binding. Thus, if 
the active site is to bind the transition state structure 
strongly, it must necessarily relinquish affinity to- 
wards the ground state since it possesses a different 
electronic arrangement and the active site is not 
allowed to display multiple complementarities. This 
requirement of poor substrate affinity for the active 
site has been criticized [S-7] and data have been 
offered that demonstrate the opposite-strong sub- 
strate binding accelerates the rate-limiting step-ap- 
plies [6,8]. 

It has now become clear, at least to this author, 
that the Haldane model is an inadequate description 
of enzyme catalysis. The Shifting Specificity Model 
(SSM) for enzyme catalysis [6] embraces data that 
the Haldane model is at odds with and is offered as 
an alternate general explanation for enzyme cataly- 
sis. Succinctly expressed, the following are the prin- 
ciples of the SSM. 

(1) The enzyme active site, at its normal, physio- 
logic temperature, is configured to bind ground state 
structures preferentially to transition state structures. 

(2) Interaction of the substrate with the active site 
necessarily results in an alteration of the global 
structure of the enzyme which is associated with a 
repositioning of the active site functionalities. Nature 
has selected for the new active site specificity to be 
for the transition state. 

(3) Since it is the extent of interaction of the 
substrate with the active site that gives the transition 
state-complementary conformer, strong active 
site/substrate interactions are favorable in that they 
more efficiently modulate the specificity of the ac- 
tive site from substrate-specific to transition state- 
specific. 

To express these ideas even more succinctly, it 
may be said that enzymes have evolved to bind 
substrates and enzyme/substrate complexes have 
evolved to bind transition states. To place the SSM 
in a historical perspective, the first step (the binding 
of substrate to a substrate-complementary enzyme) 
is simply the ‘lock and key’ model of Fischer [9] for 
enzyme catalysis offered over a hundred years ago. 
The second step (the transformation of the enzyme 
from substrate-specific to transition state-specific) 
can certainly be thought of as an ‘induced fit’ [lo] 
but it is one which must involve the entire enzyme 
molecule and one that is from an original. full-fledged 

substrate complementarity. Thus, the Haldane view 
that enzymes have evolved to bind transition states is 
not so incorrect as it is misleading. 

From the point of view of the SSM, nature is then 
required to come up with a molecular machine that 
must bind two specific structures during the course 
of reaction-the ground state in recognizing and 
binding the substrate to initiate the reaction and the 
transition state in catalyzing the transformation to 
product. My purpose here is to present previously 
published kinetic and thermodynamic data that 
demonstrate: (1) the larger the enzyme relative to 
substrate, the greater both the transition state stabi- 
lization and substrate binding energy, and (2) the 
stronger the substrate binding to the active site. the 
greater the transition state stabilization. It is argued 
that the conventional view of enzyme catalysis can- 
not be reconciled with these data, taken as a whole, 
while the SSM can. In so doing, explanations for the 
great size of enzymes and for a mechanism of real- 
ization of the substrate binding energy in the transi- 
tion state are offered. 

2. Results and discussion 

The data plotted in Fig. I were collected from 
many sources (Table I) [l l-271. The criteria for 
inclusion in this table are: (1) the substrates must be 
clearly physiologically relevant since it is their catal- 
ysis which has presumably driven the evolution of 
each enzyme’s efficiency, and (2) there must exist 
data on both the binding energy of the substrate to 
the active site and kinetic data which compares the 
enzyme-catalyzed rate to the non-catalyzed rate at 
comparable temperatures and pHs. This second point 
is necessary since the present study seeks to under- 
stand the interplay between ground state binding and 
transition state stabilization. In addition to these two 
criteria, it was preferred that the organismal source 
of the enzyme is identified so that the correct molec- 
ular weight of the enzyme could be employed. A 
computer search of the chemical abstracts revealed 
only fifteen enzyme/substrate systems for which the 
above considerations were satisfied (Table I). The 
limiting factor to the number of data is the use of 
physiologically relevant substrates. For example, 
conspicuously absent from the table are information 
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Fig. I. Relationships between enzymexubstrate mass ratios. normalized transition state stabilization energies (TSSEs), and normalized 
substrate binding energies for data from Table I. Mass ratios are the cube root of M,/M,. Labels refer to enzyme name abbreviation?, (see 
Table I ). (A) Normalized transition state stabilization energy vs. mass ratio (linear trend is shown). (B) Normalized substrate hinding energy 
VS. mass ratio (linear trend is shown). (C) Normalized substrate binding energy vs. normalized transition state stabilization energy (single 
exponential trend is shown). 
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on the extensively studied digestive enzymes be- 
cause almost all of the substrates used in their char- 
acterization, because they are not, say, animal mus- 
cle proteins, have no direct physiological relevance. 

Fig. IA is a plot of the normalized transition state 
stabilization energy (TSSE) vs. the cube root of the 
relative mass of the enzyme to substrate 
(( M,/MsJ”‘J. The TSSEs were obtained from in- 
ferences in molecular modeling studies of the active 
sites or from direct comparisons of enzymatic rates 
to non-enzymatic rates. 

To obtain meaningful comparisons between the 
TSSEs, a normalization is necessary to account for 
the fact that larger substrates possess the potential 
for greater interactions with the active site and, 
therefore, for greater overall transition state stabiliza- 
tion, than smaller substrates. The TSSE is a measure 
of the extent to which the individual active site 
groups are able to interact with regions of the sub- 
strate transition state structure via the various non- 
covalent interactions (H-bonding, van der Waals in- 
teractions, dipole interactions, etc.) that govern bind- 
ing. Of interest here is not the overall magnitude of 
the binding affinity but the binding efficiency. Con- 
sider, for example, the case of a hydrogen bonding 
interaction. The contribution of this interaction to the 
total binding free energy is a function of the distance 
and relative orientation between the hydrogen bond- 
ing donor and acceptor orbitals. resulting in forma- 
tion energies from 0 to -60 or so kJ/mol. An 
efficiently evolved enzyme orients active site groups 
to give the most energetically favorable interaction 
with the transition state. 

The method used here is based on the method of 
Chaires et al. [28] where a comparison was made 
between the binding free energy of the lac repressor 
(MW = 153.400 Da) and of daunomycin (MW = 524 
Da) to DNA. The luc repressor binds to its specific 
DNA site with a free energy of - 17.3 kcal/mol 
[29] while the free energy of daunomycin binding is 
- 8.7 kcal/mol. When the binding energies are nor- 
malized to the molecular weights of the ligands it is 
found that, on a per mass unit basis, the binding free 
energy of the small antibiotic is over 150 times that 
of the binding of the repressor, a reflection of the 
maximal interaction of the intercalator with DNA 
versus the interaction of only a relatively small 
portion of the repressor with DNA. The analogy in 

substrate binding to an enzyme active site would be 
a situation where a larger substrate is bound overall 
more tightly to the active site than a smaller sub- 
strate, though the individual interactions contributing 
to the binding would be significantly less efficient 
than the binding of the smaller ligand due to less 
optimal spatial orientation of the active site groups. 

The method preferred here is to divide each TSSE 
by the total number of electrons in each substrate 
since it is this component of the molecular structure 
that participates in stabilizing interactions and not 
neutrons which contribute to molecular weights (Ta- 
ble I ). The mass comparison between enzyme and 
substrate is expressed as the cube root of the en- 
zyme:substrate mass ratio to emphasize the volumet- 
ric character of the mass: that is. the cube root 
emphasizes maximizing contacts between enzyme 
and substrate requires the extension of the enzyme 
bulk in three dimensions. Plots employing M,/M, 
instead of (M,/M, )‘I’ and TSSEs normalized to 
molecular weights rather than the sum of the total 
substrate electrons do not alter the general trends 
observed. 

The trend observed from Fig. IA is for the TSSE 
to increase apparently linearly with (M,/M, )‘13. 
The Haldane model, which tends to be unconcerned 
with any role for the bulk of the enzyme that does 
not constitute the active site. does not explicitly 
predict such an observed trend. However, these data, 
taken alone, support the Haldane model for enzyme 
catalysis in that the data suggest that large enzyme 
mass is needed to optimize the positioning of active 
site functional groups for maximum stabilization of 
the transition state. The SSM explicitly predicts such 
a trend for this reason. 

Fig. 1B shows a plot of the ~Gh,~,dln@ of substrates 
to their respective enzymes estimated from AGhindlnl: 
= - RT(ln K,) where K, is the apparent Michaelis 
constant. Again, normalization of hGhlndlnp by the 
sum of the substrate electrons is necessary in order 
to obtain a meaningful comparison of the relative 
abilities of the enzymes to bind their substrates. For 
example. carbonic anhydrase. which is often referred 
to as a perfectlv evolved enzyme, is considered to 
have a weak affinity for its HCO, substrate based 
on the relatively high value of K, for the interac- 
tion (9.6 mMI hut a very high k,,, value of 3 X IOi 
s j. This i:, ot‘ten offered as support for the Haldane 
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model of enzyme catalysis in that carbonic anhy- 
drase apparently binds its substrate weakly yet turns 
it over very rapidly. But when it is considered that 
bicarbonate is a very small substrate, it is found that 
it is actually bound very strongly to the enzyme 
active site (Table 1); i.e., the specific enzyme/sub- 
strate stabilizing interactions in this case seem to be 
more efficient than for all but one of the other 
enzyme/substrate systems considered here (Fig. 1 B). 
The trend observed is an increase in the binding 
energy with (ME/MS)‘/‘. For the same reasons that 
a large enzyme is better able to bind a transition 
state, it is also better able to bind the ground state. 

The Haldane model of enzyme catalysis makes no 
predictions concerning the relationship between the 
size of an enzyme and its ability to bind substrate. It 
is interesting to consider a corollary of the Haldane 
model which is widely believed by many enzymolo- 
gists; namely, that weak-binding substrates are nec- 
essarily turned over more efficiently than strong-bi- 
nding substrates, a concept that stems from the pre- 
sumed relative inflexibility of the enzyme active site. 
Given the data in Fig. lB, this point of view leads 
one to suspect that enzymes would evolve to be of a 
size on the order of only ten times that of the 
substrate since this condition leads to minimal bind- 
ing affinities. The SSM maintains that the inability 
of small molecular weight enzyme mimics to both 
bind a substrate well and catalyze its conversion 
rapidly, stems from a lack of conformational flexibil- 
ity of the mimics to bind both ground state and 
transition state structures efficiently. 

The SSM maintains that enzymes have evolved to 
maximize interactions with substrates. Enzymes are 
very efficient catalysts. It stands to reason that any 
evolutionary process that results in a very efficient 
catalyst exploits all mechanisms that permit, first, 
development of an efficient physical step of recog- 
nizing and binding the appropriate substrate (mani- 
fest in a reduced K,) and then an efficient chemical 
process of turning over the substrate (manifest in an 
enhanced TSSE). The most straightforward way be- 
gins with an active site initially configured for the 
accommodation of substrate. This is Fischer’s lock- 
and-key model for enzyme catalysis which has the 
advantage of explaining the remarkable specificity of 
enzymes but the distinct shortcoming in that it says 
little about what happens after the substrate is bound 

to the active site. A mechanism for the transforma- 
tion of this catalytically incompetent state to a transi- 
tion state-binding state is obvious today from our 
knowledge of protein structure. We know now that 
substrates interact with the active site via the same 
relatively weak interactions (H-bonding, dipole-di- 
pole interactions, van der Waals interactions, etc.) 
that govern interactions between enzyme domains. 
We also know that enzymes possess many large 
scale, low-frequency vibrations ( < 50 cm- ’ ) involv- 
ing collective motions of the domains that often 
involve fluctuations centered around the active site 
[30-341. It stands to reason that adding essentially 
what amounts to another domain to the enzyme (the 
substrate) via the same interactions that exist be- 
tween enzyme domains will alter the overall struc- 
ture of the complex. 

The specific substrate/active site interactions will 
result in a global conformational change in the en- 
zyme that will alter the geometry of the active site; 
i.e.. the enzyme/substrate complex becomes essen- 
tially a different molecule-with a different global 
structure and different active site affinity-than the 
free enzyme molecule. The substrate cannot induce 
complementarity to itself as the free enzyme exists 
initially in a substrate complementarity. The sub- 
strate can only perturb the global structure. Nature 
has selected for a global conformational change that 
transforms the active site from substrate-specific to 
transition state-specific with a simultaneous alter- 
ation of the substrate from the ground-state structure 
to the transition state structure. Thus, it is the bind- 
ing energy of the substrate which produces the tran- 
sition state-binding conformer of the enzyme, which 
does not exist at physiologic temperatures in its 
absence. The SSM predicts that the ability of an 
enzyme to efficiently catalyze a reaction will in- 
crease with the mass ratio of enzyme to substrate. 
This is explained by the necessity of the enzyme to 
possess not one but two relevant specificities. A 
greater mass increases the likelihood that the global 
conformational rearrangement that must result from 
the binding of substrate will be a meaningful process 
that transforms the active site from substrate-specific 
to transition state-specific. 

Inevitably, the issue of transition state analog 
binding to enzyme active sites arises here. The SSM 
does not challenge the notion that the active site 



ultimately possesses a far greater affinity for the 
transition state of the reaction than for any ground 
state species, only that the enzyme is originally 
configured to bind substrate and it is specific sub- 
strate/active site interactions that give the transition 
state-binding conformer. It is well known that transi- 
tion state analogs typically bind tightly to enzyme 
active sites and that this is generally offered as proof 
that enzyme active sites have evolved to bind transi- 
tion states but what is less well known is that many 
bind very slowly. often with second order association 
constants one-hundredth or less than the association 
constants that describe the binding of corresponding 
substrates to enzymes [35]. The rate-limiting step in 
many cases seems to involve an alteration in the 
tertiary structure of the enzyme. 

The relationships of the normalized TSSEs and of 
the normalized hG h,,,cl,nfs upon (M,/M,Y’” im- 
plies a relationship between them. Fig. 1C shows a 
plot of normalized AGhlndlng vs. normalized TSSE 
for the enzymes listed in Table 1. A definite expo- 
nential dependence is obvious with an increase in 
normalized substrate binding energy associated with 
an increase in the normalized TSSE. The 
Haldane/Pauling model predicts the opposite trend 
-weak substrate binding gives greater TSSE. The 
SSM predicts this trend since it is the substrate 
binding interactions that are necessary to give the 
transition state-complementary conformer. Further- 
more. the stronger the substrate interacts with the 
active site. the more efficient the global conforma- 
tional alteration from substrate-specific to transition 
state-specific although the exponential nature of the 
data suggest there exists a limit to the TSSE that can 
result from favorable enzyme/substrate interactions. 
This can be explained by considering that there 
exists a point where the increased conformational 
flexibility that results from increased enzyme mass 
becomes superfluous in the enzyme’s requirement to 
efficiently bind both the ground state and transition 
state structures. 

3. Conclusion 

In conclusion. the data presented here as a whole 
are better reconciled with the SSM view of enzyme 
catalysis than with the conventional (Haldane) view. 

The SSM has the advantage over the conventional 
view in that it offers an active role for the bulk of the 
enzyme that does not constitute the active site. En- 
zymes have evolved to be such massive structures so 
that the global conformational change that must re- 
sult from substrate binding becomes a meaningful 
process; i.e., the conformational change transforms 
the active site from an initial substrate specificity to 
a transition state specificity, simultaneously trans- 
forming the substrate from the ground state to the 
transition state. The SSM. thereby. offers a mecha- 
nism for the realization of the substrate binding 
energy in the transition state-under physiologically 
relevant conditions, the transition state binding cool- 
former can result only from substrate binding. The 
SSM is intended to be a general explanation for 
enzyme catalysis though the model collapses to the 
Haldane model under conditions where the ground 
state and transition state structures closely resemble. 
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