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Theoretical model explaining the relationship between the 
molecular mass and the activation energy of the enzyme 
revealed by a large-scale analysis of bioinformatics data
Piotr H. Pawlowski* and Piotr Zielenkiewicz
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A general dependence of the enzyme catalytic rate on its 
mass was revealed when a statistical analysis of 17065 
records from the EMP database was performed. The es-
timated activation energy of the catalytic process de-
creases asymptotically with the enzyme molecular mass 
increase. The proposed theoretical model postulates the 
existence of an intermediate complex of the enzyme and 
the departing product. It allows for the explanation of 
the discovered mass-energy relationship, as an effect of 
the global enzyme–product interactions during complex 
dissociation. Fitted parameters of the model seem to be 
in agreement with those widely accepted for the van der 
Waals energy of molecular interactions. Their values also 
agree with the picture of the hydrogen bonding in the 
catalytic process and suggest that surface walk can be 
the favorable way of the product departure.
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InTRoducTIon

Since the Emil Fischer’s “lock and key” concept (Fis-
cher, 1984), there were many attempts (Kraut, 1988; 
Kohen & Klinman, 1998) to explain how the rates of 
enzyme-catalyzed reactions can be enhanced by a factor 
of up to 1017 compared to the uncatalyzed reaction (Fer-
sht, 1999). Most of them, as the ideas of the Circe ef-
fect (Jencks, 1975), orbital steering (Mesecar et al., 1997), 
and proximity effects (Bolam et al., 1998), incorporated 
some aspect of entropy. Others show the importance 
of molecular strain and stretching (Yin et al., 2003) or 
the role of substrate oscillations (Antoniou & Schwartz, 
1997). Original concepts of a low barrier hydrogen bond 
(Cleland et al., 1998), anti-solvent protection (Cannon & 
Benkovic, 1998) and electrostatic stabilization (Warshel, 
1998) are focused on details of the arrangement of mol-
ecules in the active site.

Among those usually specific theories, two general ap-
proaches stand out, the ideas of Pauling (Pauling, 1946) 
and Koshland (Koshland, 1958). The first one suggested 
that key is not the substrate but a transition state with 
an activation energy lowered by the enzyme. The second 
one added that the enzymatic lock undergoes induced 
changes and only then fits the key. Both the ideas were 
modified occasionally, disappearing and reappearing in 
the area of researchers’ interest, but they are still fruitful 
and inspiring.

To test the general “enzymic” ideas, or to look for 
new ones, one needs large sets of experimental data of a 
given type. They have finally emerged in the era of bio-
informatics owing to the rapid development of databases 
of metabolic compounds and pathways. Such collections 
like the now-historical EMP Project (Selkov et al., 1996; 
Burgard & Maranas, 2001) or BRENDA (Schomburg 
et al., 2002), KEGG (Ogata et al., 1999), ENZYME (A. 
Bairoch, 2000), and other (Karp et al., 2000), allow a 
quick and easy access to the required information. Con-
sidering statistical analysis, it is worth stress that EMP 
database offered a large set of numerical data during a 
single query session.

 Besides its obvious generality, another advantage of 
statistical analysis is its sensitivity. Statistics can reveal 
even weak properties or trends among the objects or 
processes investigated. That was true in our case, when 
we analyzed over seventeen thousand records from the 
EMP database, each containing an enzyme’s molecu-
lar mass and turnover number, and found out that, in 
general, the activation energy of the catalytic process de-
pends inversely on the molecular mass of the enzyme. 
Such finding suggests that the discussed energy is influ-
enced by global interactions of the metabolite and the 
enzyme. In other words, the activation energy includes a 
contribution from the long-range metabolite-enzyme in-
teractions, which may vary during catalysis. Such claim 
directly provokes the postulate of a role of relative dis-
placement of molecules during the activation process.

The postulate of displacement differs from the simple 
concept of a specifically immobilized metabolite, tightly 
bound in the catalytic site, proposed in the historical 
“lock and key” model. To overcome the raised discrep-
ancy between the concepts of an immobilized and mo-
bile metabolite, we applied the working hypothesis of an 
intermediate complex of the enzyme and the departing 
product. This is a concept borrowed from the model of 
the chemical kinetic mechanism with central complexes 
(Leskovac, 2003). According to this hypothesis, me-
tabolites are bound to enzymes not only in the transi-
tion state. The products, may initially be bound to the 
enzymes (Alberty, 1959; Cleland, 1970; Plowman, 1972; 
Segel, 1993), too. Consequently, we find it reasonable 
to consider the possible role of an energy barrier to be 
overcome during the product release (Chaplin & Bucke, 
1990; Segel, 1993).

Thus, in the first approximation we postulate that 
the product release from the catalytic site can take 
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much more time than the catalysis itself. This is also 
not a new concept. Already in the classical approach, 
Michaelis and Menten (Michaelis & Menten, 1913) as-
sumed that the [SE] complex breaks down to the free 
product and the free enzyme much more slowly than it 
dissociates. Moreover, the product release may be the 
rate-limiting step (Segel, 1993; Sierks et al., 1997). Then, 
the turnover number, especially for bimolecular prod-
ucts (Adams & Taylor, 1992) and diffusive processes 
(Aubol et al., 2004), mainly depends on the rate of the 
product release, not the rate of the substrate-product 
transformation. If this is true, the activation energy is 
not the difference between the Gibbs energies of the 
transition state and the ground state of the substrate, 
but rather those of the free and bound product. In this 
manner, the activation energy can be modified by an 
essential contribution originated from the change in the 
energy of global interactions, during the product dis-
placement outside the catalytic site.

Based on the above hypothesis, a theoretical model 
is presented describing the product release. It takes 
into account the local and the global enzyme-product 
interactions. The former ones are treated in a general 
manner. In the latter case, London forces are consid-
ered. One of the conclusions of the model is that the 
preferred direction of the product release falls tangen-
tially to the enzyme surface. Another prediction, the 
mathematical formula describing the dependence of 
the activation energy on the enzyme mass was fitted 
to the statistical data. Finally, the estimated parame-
ters could be reasonably related to the typical values 
of: minimal energy of van der Waals interactions, the 
interatomic distance of the above minimum, specif-
ic density of proteins and other. In that way it was 
found that the magnitude of the tangential displace-
ment of the product along the enzyme surface, during 
its release, should be of the order of the product size. 
The analysis of the data dispersion indicates the role 
of hydrogen bonds, binding the product in the cata-
lytic site.

dATA And STATISTIcAl AnAlySIS

The purpose of this work is to study the rate of ca-
talysis as a function of the enzyme mass. To reach the 
goal, 17065 records from the Enzymes and Metabolic 
Pathways (EMP) database were analyzed. The records 
are presented in supplementary material.

(Supplementary material: http://www.ibb.waw.
pl/~piotrp/SUPP_MAT/data.xlsx).

The search field included the following areas: En-
zyme Commission Number (EC), Reaction (RE), Mo-
lecular Mass (MmE), and Catalytic Constant (kc), where: 
kc denotes the turnover number of the catalytic center in 
[1/s], as in Table 1.

For each different record, the value of the Gibbs en-
ergy of activation, ΔGa, was attributed according to the 
Eyring formula (Eyring, 1935):

where: kB is the Boltzmann constant, T is the absolute 
temperature and h is the Planck constant. In the follow-
ing, it is assumed T = 300 [K].

Next, each group of records with the same EC, RE, 
and MmE, but usually dispersed values of ΔGa, were re-
placed by a single statistical representative. Each repre-
sentative was described by the pair of values MmE and 
the average value of ΔGa. Thus N = 6915 different, 
original or averaged, mass-energy records were obtained 
and further analyzed.

A contour chart of the probability density of an en-
zyme’s occurrence in the two-dimensional space MmE × 
ΔGa (Fig. 1) was constructed. For this purpose, repre-
sentative records were counted in probing areas, 1 [kBT] 
× 50 [kDa], and the obtained numbers were divided by 
5 ∙ 104. The resulting densities, labeled by the coordi-
nates of the center of the probing area, were visualized 
on an Excel surface chart.

*column captions:, EC, Enzyme Commission Number, RE, Reaction, MmE, Molecular Mass [Da], and kc, Catalytic Constant [1/s)],.

Table 1. An example of records from the EMP database*

(1)
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In the described chart, one can observe a weak sym-
metry of the results relative to the axis near ΔGa = 25.5 
[kBT] when the molecular mass is greater than 125 [kDa]. 
For smaller enzymes, this symmetry is broken. Here, an 
increase in probability of the higher energies was found. 
This may suggest a relationship between mass and en-
ergy.

Furthermore, marginal histograms of ΔGa (mass 
neglected) and MmE (energy neglected) were created 
(Fig. 2a, b). Consistently, the class intervals were 1 [kBT] 
and 50 [kDa].

As can be seen in Fig. 2a, the marginal distribution 
of activation energy is bell-shaped. This shape is slightly 
distorted compared with the fitted normal distribution. 
It exhibits a small decrease (increase) in the occurrence 
of energy below (above) the average. This is the effect 
of the broken symmetry observed in the contour chart 
(Fig. 1). The estimated average value of the fitted normal 
distribution, ΔGa = 26.59 ± 0.10 [kBT], falls in the range 
of the most common energies, 26–27 [kBT]. Standard de-
viation σG = 3.15 ± 0.08 [kBT].

The marginal distribution of molecular mass, Fig. 2b, 
seems to be more skewed than the marginal distribution 
of energy. This shape is similar to the shape of a cut in 
the contour chart (Fig. 1), perpendicular to the vertical 
axis near the point MmE = 75 [kDa], ΔGa = 25.5 [kBT]. 
The estimated mean MmE = 125 ± 2.3 [kDa] falls outside 
the range of the most common values, 50–100 [kDa]. 
Standard deviation σG = 187.1 [kDa].

To answer the question whether the Gibbs energy of 
activation significantly depends on the molecular mass 
of the enzyme a single-factor analysis of variance was 
performed. Representative records were divided into six 
classes of mass magnitude: MmE ≤ 50 [kDa], 50 < MmE 
≤ 75 [kDa], 75 < MmE ≤ 100 [kDa], 100 < MmE ≤ 250 
[kDa], 250 < MmE ≤ 500 [kDa], and MmE > 500 [kDa]. 
The number of analyzed enzymes in those classes was, 
respectively: 1928, 1306, 954, 2021, 553, and 153. The 
separated groups 1–4 derived from the “main body” of 
the distribution of mass, and 5–6 from the distribution 
tail. Then, mean group values of energy, ΔGai, and mean 
group values of mass, MmEi, (i = 1, 2, ...6) were calculat-
ed. Next, the F-statistic value was calculated concerning 
respective energy variances. The obtained value F = 36, 
at 5 and 6909 degrees of freedom, allows us to reject the 
hypothesis that ΔGai are equal to each other. The prob-
ability of the null hypothesis is less than 3 ∙ 10–36.

To analyze the relationship between ΔGa and MmE, the 
mean group values ΔGai were plotted versus the mean 
group values MmEi. The result in Fig. 3 clearly shows an 
asymptotic decrease of the activation energy with the in-
crease in the molecular mass of the enzyme. A quantita-
tive explanation of this phenomenon is proposed below. 
It is based on a developed theoretical model describing 
the interactions of enzyme and product.

ThEoRETIcAl ModEl

Let us consider the simple enzymatic process
S→P                  (2)

consisting of three elementary steps, i.e., the binding of 
the substrate to the active site of the enzyme,
S+E→[SE]                (3)

the transition of the substrate to the product,
[SE]→[PE]                (4)

and the release of the product,

Figure 1. density contour chart of the probability of enzyme oc-
currence. 
Representative 6915 records (see text) were analyzed. The density 
unit is [d.u.] = [(kBT Da)–1]. The white square indicates dimensions 
of the probing area. 

Figure 2. Marginal histograms.
(a) Marginal distribution of Gibbs energy of activation ΔGa. The 
mean value ΔGa = 26.59 ± 0.10 [kBT] and the standard deviation 
σG = 3.15 ± 0.08 [kBT]. The continuous line shows normal distribu-
tion. (b) Marginal distribution of the enzyme molecular mass MmE. 
The mean value MmE = 125.9 ± 2.3 [kDa] and the standard devia-
tion σM = 187.1 [kDa]. The inset contains the distribution profile 
for small molecular masses at the class interval of 10 [kDa].

E

a

b

Figure 3. Group mean value of Gibbs energy of activation ΔGi 
versus calculated group mean value of mass MmEi. 
Vertical bars show standard errors of estimation. The continuous 
line indicates numerical fitting of the proposed theoretical func-
tion: ΔGi (MmEi) = a + b 

5/3

  , where  are the determined parameters 
(see Results). MmEi
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[PE] →P + E                (5).

For such a process, the total time  taken by a single 
turnover of the enzyme (eqn. 4 and eqn. 5) can be gen-
erally estimated as
τ = τ1 + τ2                 (6)

where τ1 is the time taken for the substrate-product tran-
sition in the active site (eqn. 4), and τ2 is the time taken 
for the product release (eqn. 5).

The turnover number kc, thanks to the definition
kc = τ                  (7)

(single catalytic site was assumed) can be expressed as
kc = τ1

 + τ2
                 (8).

The model of the “ideal enzyme” considered here 
allows for the acceptance of the working assumption 
that pure catalysis (substrate-product transformation) is 
a faster step than the product departure, i.e., time τ1 is 
much shorter than τ2. Thus, approximately
kc = τ2

                   (9).

Let us look at the product release from the Arrhenius 
perspective, i.e., as a kind of an attempt to overcome a 
certain hypothetical energy barrier, namely ΔGa. This at-
tempt is repeated with the frequency ν and the probabil-
ity of success p, where:
v =   h                 (10)

and
p = exp(   )              (11).

One can also state that

τ2
 = vp                 (12).

Finally, the set of eqs. 9–12 leads to the relationship
kc =  h   exp(   )            (13).

The above Eyring type formula relates the turnover 
number kc with the activation energy ΔGa of the prod-
uct release. From a thermodynamic point of view, the 
activation energy ΔGa is the difference in useful energies 
of the system, strictly, the energy of the state preceding 
the product release and the energy of the intermediate 
complex [PE]. It is convenient to label the characteristic 
states of the system by appropriate indexes “b” (bound) 
and “r” (release), as in Fig. 4.

Estimation of the discussed energy requires additional 
thermodynamic analysis of the interactions between en-
zyme and product. To do that, let us consider an en-
zyme and a product as a small system consisting of the 

two subsystems and a conservative field of the enzyme-
product interaction, surrounded by a thermostatic envi-
ronment. The useful energy G of such a system can be 
expressed as
G = GE + GP + UField            (14)

where GE and GP are the Gibbs free energies of enzyme 
and product, respectively, and UField is the potential en-
ergy of the enzyme-product interaction field.

The activation energy ΔGa of product release can be 
estimated as the difference between the useful energies 
of the system in states r and b. Thus,
ΔGa = GE

 + GP
 + UField – (GP

 + GP
 UField)      (15).

At a constant pressure and temperature, we can as-
sume that neither enzyme nor product does not change 
during the process of product release. Thus,
GE = GE,                (16)

GP = GP.                (17).

Taking into account the above assumption (eqns. 16, 
17), the activation energy (eqn. 15) can be estimated as
ΔGa = UField – UField.             (18).

To describe the energy of the interaction field, UField , 
assume that the enzyme-product interactions can be di-
vided into two different groups, local interactions (loc), 
and global interactions (glo). By their nature, the local 
and the global interactions are respectively driven by 
short-range, and long-range forces. Due to the above,
UField = Uloc + Uglo             (19).

Now one can express the activation energy (eqn. 18) 
as a superposition of the two components manifesting 
the local and the global interactions of the enzyme and 
the product. Then we get, respectively,
ΔGa = ΔUloc + ΔUglo            (20)

where
ΔUloc = Uloc – Uloc             (21)

ΔUglo = Uglo – Uglo             (22).

To investigate the activation energy dependence on 
the enzyme size let us focus our attention on the global 
component ΔUglo. Microscopically, the discussed input is 
the effect of the long-range interactions of the atoms of 
the enzyme and the atoms of the product. The energy uij 
of such interactions has been proposed to be described 
by the London forces (London, 1937). So,

where, dij is the distance between the i–th atom of the en-
zyme and the j–th atom of the product, eij is an absolute 
value of the minimal energy of van der Waals interac-
tions, and dij

* is the interatomic distance at the energy 
minimum.

As the energy of the enzyme-product global interac-
tions, Uglo , is the sum of all binary inputs uij , i.e.,

1

1

1

kBT

ΔGa
kBT

– —

kBT

1

Figure 4. change in useful energy, G, of the enzyme-product-
interaction field system along with reaction progress. 
Bottom, cartoons “b” and “r”, show the system respectively in the 
bound-state of the enzyme–product complex and when the sys-
tem crosses the barrier for product release.

r r r b b b

b r

b r
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r b
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the input of the global interactions in the activation en-
ergy (eqn. 22) can be calculated as:

Specific computation of the above equation requires a 
detailed description of the architecture of the system and 
the localization of the process.

For simplicity, let us consider interacting product and 
enzyme as a relatively small spherical particle and a large 
hemisphere. Let us also assume that the bound-state 
product initially sits (half-immersed) in the center of the 
hemisphere (the center of the great circle), and while 
the state of the system changes to the state before the 
product release, the product displaces over the enzyme 
surface to a certain new location near the center. The as-
sumed geometry is shown in Fig. 5, where RE is the ra-
dius of the enzyme, and RP is the radius of the product.

To simplify the whole model, homogeneity of the enzyme 
and the product is assumed, represented by constant densi-
ties of the number of atoms nE and nP , respectively. To set 
the required parameters, the London interactions between 
all the atoms of enzyme and product are assumed to be the 
same, which allows us to replace the parameters eij and dij

* by 
a single pair of the independent constants: e and d*.

At the above assumptions, mathematical analy-
sis presented in Appendix 1 (http://www.actabp.pl/
pdf/2_2013/239-suppl.pdf) shows that

where ζ is the distance between bound-state site and the 
site of the hypothetical barrier for the product release.

Finally, eqn. 20 and 26 lead to the equation

RESulTS

Predictions of the proposed theoretical model (eqn. 27) 
allow modeling of the dependence of activation energy  
ΔGa on enzyme mass. To reach the goal the molecular 

masses of the enzyme and the product, MmE, Mml were 
approximated by equations:
MmE = 3 πREnEμE             (28)

and
MmE = 3 πRPnPμP              (29)

where μE and μP are the mean atomic masses of the at-
oms of enzyme and product, respectively.

For convenience, the densities of the number of at-
oms were expressed as:
nE =  μEmU

               (30)

nE =  μPmU
                (31)

where ρE and ρP are specific masses of the enzyme and 
the product. mU

 is the atomic mass unit.
For clarity, we propose to describe the pre-release dis-

placement ζ using the product radius as a length unit. 
So,
ζ = αRp                (32)

where α is a dimensionless parameter.
Then, the analyzed energy (eqn. 27) can be expressed 

as a function of the enzyme mass,

where coefficient Φ is defined as

Assuming eqn. 33 as a model of nonlinear regression 
and then fitting the hypothetical function ΔGi (MmEi) 
= a + b/MmEi to the statistical data (Fig. 3), we obtain 
a = ΔUloc = 26.55 ± 0.06 [kBT], and b = Φ = (5.52 
± 0.47) · 107 [kBT Da5/3]. Additionally, assuming that 
e = 0.25 [kBT] and d* = 4 · 10–10 (m) (as for C-C atoms 
in AUTODOCK database (Morris et al., 1998)), ρE  = ρP  
= 1.33 · 103 [kg/m3] (San Martín, et al., 1995), MmP = 
350 [Da], μE = μP = 10 [Da] and mU = 1.66 · 10–27, we 
estimate α = 3.03.

Similarly, the energy of global interactions in the en-
zyme center, Uglo(0), (see A.1.8) can be expressed as

Taking MmP = 50 000 [Da] and other parameters as 
above, we obtain Uglo (0) = –115 [kBT].

dIScuSSIon

In a discussion of enzymatic catalysis phenomena 
mechanisms of pure catalysis usually take central stage. 
It is obvious when investigatig catalysis as such, but it is 
not so obvious when discussing its kinetics, and the pro-
cess of product release (Segel, 1993). The accompany-
ing non-catalytic conformational changes and the over-
all relative movement of the interacting partners during 
substrate binding or product release can influence the 
effective rate of the total process, so they should also be 
seriously considered (Lerch et al., 2002; Tian et al., 2002).

3
(25).

(26)

Figure 5. Geometrical assumptions of the model. 
A small spherical particle of the bound product (P) in the bound-
state is placed in the center of the big hemispherical enzyme (E). 
Geometrical localization of the point when the transition of the 
system to the state of the product release takes place is in close 
neighborhood of the center (broken-line circle). Symbols denote: 
RE , radius of enzyme, RP , radius of product.

(27).

2 

34 

ρE

ρP

(33)

(34).

5/3

(35).



244           2013P. H. Pawlowski and P. Zielenkiewicz

In our opinion, the large set of presented statistical 
data of activation energy, calculated from the turnover 
number, give us an argument to think about the effec-
tive role of such a nonspecific processes in catalysis. The 
observed tendency of a systematic increase in the prob-
ability of occurrence of higher activation energies for 
enzymes of smaller molecular mass (Fig. 1), supported 
by the analysis of variance and the mean group values 
picture (Fig. 3), clearly shows that there is a systematic 
mass-energy dependence. According to the averaged pic-
ture, the activation energy asymptotically decreases with 
an increase in the molecular mass of the enzyme. The 
documented decrease reaches approximately, 1.5 [kBT] 
i.e., 6% of the final level.

The activation energy by definition answers to the 
change in energy of intermolecular interactions (Wil-
lemsen et al., 2000). The value [kBT] of the decrease is 
smaller than a typical energy 1.7–3.7 [kBT] of a hydrogen 
bond (Myers & Pace, 1996), and higher than the mini-
mum energy of van der Waals forces 0.17–0.34 [kBT] 
(Levitt & Perutz 1988). This suggests that many inter-
actions of the second type can be involved in the dis-
cussed phenomenon.

Further, it is difficult to expect that the change in the 
energy of local interactions in the catalytic site could 
depend on the entire enzyme mass. Thus, the explana-
tion of the observed tendency offered by our hypothesis 
seems to be reasonable. It states that during the enzy-
matic process, there is not only a local, enzyme-metab-
olite interplay, but also a global one involving the entire 
components of complex. As the main known candidates 
for the global players, i.e., long-range interactions, are 
dependent on the relative position, their input into ac-
tivation energy requires relative displacement of the re-
actants. The best opportunity for such a displacement 
takes place when the bound product is released. This is 
what our theoretical model postulates. It relates the turn-
over number with the frequency of successful product 
departure from the catalytic site, and the activation en-
ergy with the energy barrier to be overcome during the 
product release.

In the first approximation our model neglects the rela-
tively short duration of the step of pure catalysis (Lerch 
et al., 2002). By that means it omits the contribution to 
the catalytic constant from the ealier steps of the cata-
lytic process (Leskovac, 2003). The ideas of the bound 
product and of the last step lowering the overall rate 
have been previously described in the literature (Michae-
lis & Menten, 1913; Alberty, 1959; Cleland, 1970; Plow-
man, 1972; Adams & Taylor, 1992; Segel, 1993; Sierks 
et al., 1997; Aubol et al., 2004), especially in the kinetic 
models considering several central complexes and an 
ordered sequential product release. Although there are 
very well known reports of product dissociation as the 
rate- limiting step (Narayana et al., 1997; Stoddard et al., 
1998), the picture of the enzyme as a slow “releaser” is 
not commonly accepted.

Despite the above, concepts mentioned are the foun-
dation of our “ideal enzyme” approach, which substan-
tially basically differs from the popular one, but is an 
effective tool in looking for a manifestation of noncata-
lytic effects in the vast sets of experimental data. In the 
popular approach, the activation energy is treated as a 
jump in the energy profile along the pathway of the sub-
strate to product conversion (Huml, 1999), and thus the 
final process of the product release is neglected. In our 
proposal, the main energy barrier determining the rate 
of the process is not formed by the action of chemi-
cal bonds in the substrate. Instead, it is created by local 

interactions of the enzyme and product, modified by the 
global London forces.

An important argument for proposed concept and re-
lated model is the successful fit of the predicted mass-
energy function to the set of averaged experimental data 
(Fig. 3).

Furthermore, the physical parameters of the model 
can be reasonably adjusted (see Results) to the typical 
minimum energy of van der Waals interactions, the mini-
mum energy distance, the density of protein, the molec-
ular mass of the product, and the mean molecular mass 
of the atom, giving a prediction of the surface displace-
ment of the product ρ = 3.03 RP , where RP is the radius 
of the product.

A displacement of a magnitude of approximately three 
product radii should probably fully uncover the catalytic 
site for a new substrate. This defines quantitatively the 
meaning of the term “product release”, and where the 
geometrical trajectory of the full catalytic process ends.

This also shows that the concept of product release 
is not identical with the concept of the free product far 
from the catalytic site (or the enzyme surface). It rather 
means such a position of the product on the enzyme 
surface which fully exposes a free catalytic site for a new 
substrate and does not influence the rate of their interac-
tion.

Let us now discuss the main assumptions of the 
model, i.e., the idealization of the enzyme function, its 
hemispherical shape and the surface displacement of the 
released product.

The working assumption of a super-fast step of the 
catalytic process makes activation energy related to pure 
catalysis apparently neglected, which can lead to some 
kind of misinterpretation. In fact the part of the energy 
of the local interactions could be attributed to the omit-
ted energy of the pure process, and is planning to in-
clude it in a future more detailed model.

 We chose a hemisphere because it is the simplest 
geometric form which has a focusing property, which 
means that the long-range London forces attract every 
molecular body to some points on its surface. This is the 
center of the great circle and the opposite point on the 
axis of symmetry. They are both good candidates for lo-
calization of the model catalytic site. We chose the first 
one as energetically favorable (on average, the enzyme 
body is closer to the bound product).

Furthermore, the surface displacement of the prod-
uct is energetically favorable compared to the displace-
ment in the perpendicular direction. In the hemisphere 
center, the tangential component of acting force vanish-
es, but not the perpendicular one. The concept of the 
substrate shift on the enzyme surface (Tian et al., 2002), 
from a docking site to a catalytic one, can be treated 
as a precursor of our idea. Furthermore, special routes 
for the product regress were indicated in the work of 
Schleinkofer (Schleinkofer et al., 2005).

On the other hand, the typical total energy of product 
binding can be estimated as ΔUloc + Uglo(0)≈ 140 [kBT] 
(see Results). Now, it is obvious that it is impossible 
for a bound molecule to shift from the catalytic site to 
“infinity” during one thermal jump. As we believe, the 
process of product moving away requires some steps, or 
“climbing along the mountain path of energy”, on the 
enzyme surface. Probably the estimated activation ener-
gy ΔGa is only an increase in the energy during the first 
step on this pathway. Unpublished calculations show 
that the energy needed to overcome global interactions 
and launch the product to infinity is approximately four 
times smaller for a product located on the enzyme great 
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circle than for a product in the enzyme center. Then, the 
“escape” energy may be comparable to that needed dur-
ing the process of leaving the catalytic site.

It should be added that the main feature of other 
assumptions is their simplicity. These are: single-prod-
uct kinetics, homogeneity of interacting molecules, the 
spherical shape of the product, and constant mass. This 
is also a simplification neglecting the multi-domain pro-
tein structures and the special role of globular parts. 
They have to be treated as a compromise between the 
diversity of the data set and the generality of mathemati-
cal considerations.

Another argument in favor of our hypothesis comes 
from the analysis of the main characteristics of the acti-
vation energy distribution (Fig. 2a). If one assumes that 
the number of bonds of a certain type that have to be 
broken during the catalytic process is governed by Pois-
son statistics, then the expected standard deviation of 
energy, σG, should be equal to:
σG = eb Sqrt(nb)              (36)

where nb is the mean number of bonds, and eb is the 
bond energy (see Appendix 2 at http://www.actabp.pl/
pdf/2_2013/239-suppl.pdf).

Now, if one assumes that the discussed energy is the 
change in Gibbs energy only during the pure catalysis,  
should be of the order of the energy of a single cova-
lent bond (nb ≈ 1). This is not so in our case, where the 
standard deviation σG = 3.15 [kBT] is much smaller than 
the energy of the order of 100 [kBT], typical for a single 
covalent bond (Pauling, 1960).

The conclusion will be the same if we assume that 
in the transition state the bond energy, eb, is lowered by 
the enzyme to the level of the average activation energy 
(26.59 [kBT]). This supports our hypothesis according to 
which we are not dealing with pure catalysis.

In the following discussion we try to answer the arising 
question of what type of local forces determine the dis-
cussed energy. To do that, let us look closely at the average 
energy. The mean value ΔGa = 26.59 [kBT] differs slightly 
from the estimated value of the increase in the energy of 
local interactions, ΔUloc = 26.55 [kBT]. This difference is 
mainly due to the increase in energy of global interactions, 
appearing in low-molecular-mass enzymes. Neglecting the 
mass effect on the distribution characteristics, we can as-
sume that the observed distribution describes the probabil-
ity of an increase in energy of local interactions, and then 
we can estimate (see Appendix 2 at http://www.actabp.pl/
pdf/2_2013/239-suppl.pdf) the energy of a single bond to 
be overcome. It is
eb =  ΔUloc                (37)

and the number of bonds is
nb =   eb

                 (38).

The proposed estimation gives the values eb = 0.37 [kBT] 
and nb = 81. The obtained value of energy is a little higher 
than the energy of typical van der Waals interatomic forces, 
and smaller than the energy of a hydrogen bond. One pos-
sible explanation can be that local binding is mainly the re-
sult of surface van der Waals interactions (Keesom, Debye, 
London) and some hydrogen bonds. Thus,  simply repre-
sents an effectively shifted value. To check this possibility 
let us subtract some contributions from hydrogen bonds: 
nHbeHb , nHbeHb , from the observed dispersion and the mean 
value. The recalculation

σG
2

ΔUloc

2

and

where we assume nHb and eHb = 1[kBT] gives us a reason-
able value nb = 101, for  van der Waals interactions.

The above example shows that only ca. 15% of the 
increase in the energy of local interactions can be due 
to the breakage of stretched hydrogen bonding, and the 
dominant rest is due to the breaking of surface van der 
Waals interactions. It is widely accepted that hydrogen 
bonds can bind the substrate to the catalytic site. In the 
light of the above results, their collective interaction with 
surface van der Waals forces can also bind the product 
before its release. Such conclusion is an important addi-
tion to our hypothesis.

A more general remark can be made following a si-
multaneous inspection of the distribution of enzyme 
molecular masses (Fig. 2b) and the regression line in the 
mean group value plot (Fig. 3). It is related to the fre-
quently asked question of why the enzymes are so big 
(Mattey et al., 1998).

According to Britt (1997), “for enzymes, bigger is bet-
ter”. He argues that an increased enzyme/substrate mass 
ratio implies a greater stabilization of the transition state 
and an increased substrate binding energy. His Shifting 
Specificity Model (Britt, 1993), relates the strong interac-
tion of the substrate with the enzyme to the modulation 
of the specific active site transformation and, in this way, 
to a more rapid conversion of substrate to product(s).

Although we cannot answer exactly the same ques-
tion, we can take into account the product-enzyme in-
teractions and try to speculate why the enzymes are not 
small. As it is seen in the inset in Fig. 2, the smallest 
enzyme mass reported is close to MM = 5 [kDa]. If one 
uses the above mass in the calculation of the activation 
energy according to the regression model (eqn. 33), for  
ΔUloc = 26.55 [kBT] and Φ = 5.52 ∙ 107 [kBT Da], one 
obtains ΔGa ≈ 64 [kBT]. Such a high value of the thresh-
old of energy that needs to be overcome makes the rate-
limiting step of product release too much “limiting”. 
Respectively, the average time of product release reaches 
an impossible value of τ2 = 1015 [s]. Simply saying, such 
small enzymes are expected to be permanently “glued” 
to the product and thus inoperational, why then some 
of them do work despite the above? It is plausible that 
they are characterized by the energy ΔUloc smaller than 
the global mean for population, assumed in the above 
estimation.

The above example clearly documents the biological 
importance of the mass-energy dependence phenom-
enon. As it was shown, smaller enzymes generally bind 
the product more strongly than do larger ones. Other 
consequences of that relation are still under study. For 
example, it is clearly seen that the mass-energy depend-
ence effect starts to dominate in the range of the most 
common molecular masses of enzymes (Fig. 2b and 
Fig. 3). Does it signal some biological consequences of 
that phenomenon? If so, what may be the profit from 
some lowering of the enzyme rate? Is it an increased 
infallibility of the system, decreased crowd or lowered 
some costs? If not, why was it tolerated during evolution 
and did not shift to the maximum of mass distribution? 
Maybe it is still changing. Histogram dispersion is rela-
tively wide.

Considering possible predictions of our hypothesis, we 
can expect that bigger products are more strongly bond 
to the enzyme, so a higher activation energy should cor-
relate with a higher molecular mass of the product. To 

(39)

(40)
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test the above, we looked for reactions with large prod-
uct molecules (DNA, RNA, proteins) among the results 
of our activation energy calculations. Five classes of ac-
tivation energy, ΔGa 0 ≤ 10 [kBT], …, ΔGa > 40 [kBT], 
were considered. As it is seen in Fig. 6, for extremely 
small energies we observed no big products, but for ex-
tremely high energies — over  of reactions were those 
of big molecules.

What about smaller molecules? To simply answer this 
question we calculated the mean product mass only for 
selected characteristic conditions: 20 smallest energies, 
20 highest energies, and random 20 in the range ΔGa = 
26–28 [kBT]. Results with DNA, RNA or proteins were 
excluded. For reactions with several products, the high-
est mass was taken for calculation. Results for the same 
EC and RE, but different MM, were taken once. The 
mean energy in a given group was calculated (Fig. 7).

In agreement with our model’s prediction, there was a 
tendency for reactions with very low activation energies 
to have smaller products. Unfortunately, the scatter of 
data is very large and the correlation is not statistically 

significant. Nevertheless, both above calculations tend to 
confirm the correctness of the proposed model.

concluSIonS

highlights

• A general dependence of the enzyme catalytic rate on 
its mass was demonstrated.
• The activation energy decreases with the enzyme mass 
increase.
• A theoretical model for the enzyme and departing 
product has been proposed.

Summing up, it was shown that statistical investiga-
tions using large sets of data from metabolic pathway 
databases can be useful in testing general ideas. In the 
presented case, basing on the observed mass–activation 
energy dependence, a new concept of the enzyme turno-
ver number was formulated as a measure of the frequen-
cy of product release. According to the proposed theo-
retical model, the enzyme-product binding was attributed 
to local as well as global interactions. A collective of lo-
cal hydrogen bonds and surface van der Waals forces in 
the catalytic site, and also global London interactions in 
the entire complex, were reasonably identified.

Despite some unanswered questions left and new ar-
eas waiting for future statistical exploration, e.g., the 
substrate–enzyme complex approaching the catalytic pro-
cess, the presented paper can be viewed as the first at-
tempt at physical generalization of enzymatic phenomena 
based on a large set of experimental data.
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