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H I G H L I G H T S

• Catalytic efficiency and entropy pro-
duction increases for more evolved
lactamases.

• Proton transfer steps contribute most
to overall entropy production.

• Maximal entropy production require-
ment can augment performance para-
meters.

• Natural upper limits are similar for
dissipation-driven efficiency of β-lac-
tamases.
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A B S T R A C T

Movement of charges during enzyme catalytic cycle may be due to conformational changes, or to fast electron or
proton transfer, or to both events. In each case, entropy production can be calculated using Terrel L. Hill's
method, if relevant microscopic rate constants are known. When ranked by their evolutionary distance from
putative common ancestor, three β-lactamases considered in this study show correspondingly increased catalytic
constant, catalytic efficiency, and overall entropy production. The acylation and deacylation steps with con-
comitant proton shuttles are the most important contributors to overall entropy production. The maximal en-
tropy production requirement for the ES↔EP or EP↔E + P step leads to optimal rate constants, performance
parameters, and entropy production values, which are close to those extracted from experiments and also rank in
accordance with evolutionary distances. Concurrent maximization of entropy productions for both proton
transfer steps revealed that evolvability potential of different β-lactamases is similarly high. These results may
have implications in particular for latent potential of β-lactamases to evolve further and in general for selection
of optimized enzymes through natural or directed evolution.
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1. Introduction

Evolution of enzymes, such as β-lactamases, is not just of academic
interest. The resistance mechanism toward β-lactam antibiotics is
mostly due to the expression of β-lactamases, which can hydrolyze β-
lactams [1]. This serious clinical problem, connected to rapid evolution
of bacterial β-lactamases during past decades, raises the question of
whether there are any fundamental thermodynamic and kinetic limits
to additional increase in catalytic efficiency of these enzymes. Lacta-
mases were produced by Gram-negative and Gram-positive bacteria for
millions of years before they caught the attention of biochemists after
introduction of benzylpenicillin in clinical trials about 70 years ago [2].
High efficiency and specificity of β-lactam chemotherapy was soon
challenged by evolution of β-lactamases from pathogenic bacterial
strains. Despite including β-lactamases in the class of almost perfect
catalysts [3,4], the end of evolutionary development was not reached
for them.

We can ask the question, how it is known that an additional increase
in enzyme catalytic constant kcat (the turnover number) and specificity
constant kcat/KM is not possible? These kinetic constants, sometimes
named together as catalytic efficiency, are specific for a kinetic scheme
of considered enzyme, which can exist in a number of discrete states
connected with transitions including substrates and products. In the
case of a reversible kinetic scheme, an entropy production can be as-
sociated with each transition between enzyme functional states [5]. The
maximal value of entropy production can always be found for any
chosen transition in a steady-state, and corresponding optimal values
for kinetic constants are sometimes similar to measured values [6,7].
This opened the question, which physical principles are the most re-
levant for natural or directed evolution of enzymes [8]. For instance,
what is more important for amazing catalytic efficiency of enzymes –
dynamics or electrostatics of enzyme catalysis [9]? Also, it opened the
possibility to use entropy productions due to transitions between
functional enzyme states to identify microscopic fluxes which are rate-
limiting for catalytic efficiency.

Our first goal in this study was to answer the question, does catalytic
efficiency of an enzyme increased together with increased distance
from its common ancestor and is it accompanied with higher overall
entropy production as well? The positive answer to this question may
provide an additional kinetic and thermodynamic handle for better
understanding eons-long acceleration of enzyme reaction rates up to the
factor of 1019-fold rate enhancement [10]. It may be also useful in
predicting the evolution potential for present day enzymes, such as β-
lactamases, forced by human use and misuse of β-lactams to undergo
additional accelerated evolution.

We assume that the evolution of enzyme kinetics is guided by both
physical and biological selection principles. For three non-homologous
β-lactamases we show that increased catalytic efficiency and overall
entropy production is in accord with their evolutionary distance from
common ancestor. Entropy production associated with any chosen
transition between enzyme states also increased during evolution.
Separate or simultaneous maximization of entropy production in the
acylation and deacylation proton transfer steps predicted an additional
increase in catalytic efficiency and overall entropy production.
Reconstructing past and predicting future evolution of enzyme kinetics
for enzymes under selection pressure, or engineered enzymes, can
therefore profit from recognition that physical selection principles too
left their imprint in evolutionary development of biological sequences
and performance parameters of these bionanomachines.

2. Methods

2.1. The phylogenetic tree construction

The evolutionary history of S. aureus PC1, E. coli RTEM, and B.
cereus β-lactamase 1 [3] was inferred by using the Maximum Likelihood

method based on the JTT matrix-based model [11]. Initial tree(s) for
the heuristic search were obtained automatically by applying Neighbor-
Join and BioNJ algorithms to a matrix of pairwise distances estimated
using a JTT model, and then selecting the topology with superior log
likelihood value. The analysis involved 36 amino acid sequences. All
positions containing gaps and missing data were eliminated. There were
a total of 169 positions in the final dataset. Evolutionary analyses were
conducted in MEGA7 [12].

2.2. Kinetic modeling

We use the data from Christensen et al. 1990 [3] for three different
types of β-lactamase enzymes: β-lactamase 1, PC1 β-lactamase and
RTEM β-lactamase, which are assumed to obey Michaelis-Menten ki-
netics. We use the superscript “+” or “-“ to denote forward and back-
ward rate constants respectively. The superscript “*” is used to distin-
guish second-order rate constants. The rate constants for acylation k2

+

and deacylation k3
+ of substrate with lactamases were associated by

Christensen et al. to vanishing backward rate constants
k2

− = k3
−∗ = 0, as an irreversible representation of the Michaelis-

Menten scheme, allowing only for substrate hydrolysis. Remaining rate
constants k1

+∗, k1
−, k2

+ and k3
+ were measured in a closed reaction

system by using stopped-flow experiments in a quasi-steady state es-
tablished 0.12 s after the initiation of a reaction.

For the kinetic modeling we used the reversible Michaelis-Menten
three-state cyclic scheme with three forward and three backward rate
constants (Fig. 1).

We calculated the time evolution of system variables, that is, the
concentrations of substrate (S), product (P), free enzyme (E), enzyme in
complex with substrate (ES) and enzyme in complex with product (EP)
concentrations were determined with the system of differential equa-
tions:

=d S
dt

v[ ]
1 (1a)

=d P
dt

v[ ]
3 (1b)

= +d E
dt

v v[ ]
1 3 (1c)

=d ES
dt

v v[ ]
1 2 (1d)

=d EP
dt

v v[ ]
2 3 (1e)

where v1, v2 and v3 are net reaction fluxes in first, second and third
transition of the reaction, respectively, and are given as:

= +v k S E k ES[ ][ ] [ ]1 1 1 (2a)

Fig. 1. Three-state scheme for considered β-lactamases. The predominant
manner of enzyme cycling is counterclockwise, but this reversible scheme al-
lows for rare turnovers from product to substrate too.
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= +v k ES k EP[ ] [ ]2 2 2 (2b)

= +v k EP k P E[ ] [ ][ ]3 3 3 (2c)

In a quasi-steady state, it must hold that all three net reaction fluxes
are approximately equal v1 ≈ v2 ≈ v3. By using kinetic Eqs. (1a) – (1e),
(2a) – (2c) and experimental data [3], we first calculated the values of
fluxes v1, v2 and v3 at the moment t= 0.12 s after the initiation of the
reaction for irreversible kinetic scheme, i.e. with k2

− = k3
−∗ = 0 and

with [S]0 = 1500 μM and [E]0 = [E]tot = 1.0 μM [3]. Then, by as-
suming that values k2

− and k3
−∗ are very low in comparison to k2

+ and
k3

+ and by using the condition v1 ≈ v2 ≈ v3 we calculated the mising
values of k2

− from Eq. (2b) and the mising values of k3
−∗ from Eq. (2c)

for all three types of enzymes. In this way we were able to analyze the
enzyme reaction of β-lactamase enzymes as reversible.

Estimated values of k2
− and k3

−∗ were further used in calculations
of catalytic constants (kcat), Michaelis-Menten constants (KM) and spe-
cificity constants (kcat/KM) for all three enzymes by using reversible
enzyme model. The values of kcat and KM for reversible three state
enzyme reaction are defined as [13]:

=
+ +

+ +

+ +k k k
k k kcat

2 3

2 3 2 (3a)

and

= + +
+ +

+ + +

+ + +K k k k k k k
k k k k( )M
2 3 1 3 1 2

1 2 3 2 (3b)

respectively. The expression (3a) is the maximal enzyme activity,
which can be measured when product formation is considered.

2.3. Shannon information entropy

Our model considers statistical ensemble of enzyme molecules,
which can be found in three different functional states —E, ES and EP—
with corresponding steady-state probabilities p1, p2 and p3, respectively.
These probabilities are defined as:

= =p x
E

i[ ]
[ ]

, for 1, 2, 3i
i

tot (4)

where xi = E for i = 1, xi = ES for i= 2 and xi = EP for i = 3. It
holds that . Shannon information entropy of probabilities pi is given as:

=
=

H p pln( )
i i1

3
i (5)

2.4. Entropy production

Entropy production for an enzyme reaction is given with equation:

= vX
T (6)

where v is the steady state overall reaction flux of a reaction, X is overall
steady state thermodynamic force and T is the absolute temperature.
The overall steady state reaction flux (v) can be calculated either with
kinetic modeling according to Eqs. (1a) – (1e) and (2a) – (2c) or with
the Michaelis-Menten rate equation for three state enzyme reaction.
The later is given as [7,13]:

=
= + + + + +

+ + +

+ + + + + + + +

+

+ + +
v
N k k k k k k k k k k k k S

k k k k k k P
( * * * )[ ]

( * * *)[ ]

* *k k k S k k k P
N

[ ] [ ]

1 2 1 3 2 3 1 2 1 3 1 2

1 3 2 3 2 3

1 2 3 1 2 3

(7)

and describes the rate of a reaction per total enzyme concentration
measured in units (s−1).

The overall thermodynamic force of a reaction is:

=X k Tln
S P
P S

[ ][ ]
[ ][ ]B

eq

eq (8)

where kB is the Boltzmann constant, while [P]eq/[S]eq is the equilibrium
constant Keq.

2.5. Optimizations using maximization of entropy production for transitions
between enzyme functional states

We used our published proof (named "theorem" henceforth) that
maximal entropy production can be found for any chosen transition
between enzyme functional states [7,14]. All optimizations were per-
formed in a quasi-steady state reached 0.12 s after the experiments were
started [3]. All equilibrium constants for enzyme functional states were
kept at their constant values determined in experiments and kinetic
modeling. The constancy of equilibrium values ensured that we are
dealing with the same quasi-steady state and the same set of free-energy
values. These values are characteristic and different for each of three β-
lactamases. Overall thermodynamic forces were also constant as cal-
culated from Eq. (8) taking into account equilibrium constants and
constant concentrations of substrate and product at considered steady
state. The optimization procedure for individual transitions σi (i= 1, 2,
or 3) was the same as in [14]. Briefly, we used the MaxEP condition in
each transition:

=+
d
dk

0i

i (9)

to find maximal σi and optimal ki+ in a chosen transition i. All other
rate constants were held fixed at their experimental or inferred values
(from kinetic modeling), except the ki−, which was calculated from
corresponding equilibrium constant Ki =(ki+)opt/ki−.

Iterative optimizations σiσj were calculated by finding optimal ki-
netic constants in such a way that entropy productions for two transi-
tions are maximized at the same time until corresponding optimal
forward kinetic constants were found for chosen transitions. For
brevity, the omission of the superscript symbol for kinetic constants in
the following text would always mean that we are dealing with forward
rate constants. From assumed constancy of known equilibrium con-
stants for transition states, the backward rate constants can always be
calculated for considered transitions. For instance, optimal k2 was
found from maximal entropy production σ2 in the second transition
ES↔EP, optimal k3 was found from maximal entropy production in the
third transition EP↔E + P to find σ2σ3 optimization results after
iterations when optimal k2 and k3 did not change any more. We also
used the equations and procedure described in [14], but due to the
complexity of simulaneous optimizations, the conditions

= = = =d
dk

d
dk

d
dk

d
dk

02

2

2

3

3

2

3

3 (10)

were not solved analyticaly, but numericaly, by chosing appropriate
step values and range for each variable in order to perform iterations
until maximal values for transition entropy productions and optimal
values for forward constants did not change any more. The k1 and re-
verse kinetic constant in the first transtition were fixed at their mea-
sured values. The iterative procedure for all optimizations was repeated
50 times, but optimal values were mostly found already after 10-th
iteration.

A similar procedure was applied to double mixed optimizations of
the type Hiσj and to double optimizations of the type HiHj. The Shannon
entropy H for three enzymatic states was maximized, when it was
possible to find maximal H, first by finding optimal ki in the i-th tran-
sition, then by finding maximal σj or maximal H for optimal kj in the j-th
transition. This procedure was also repeated until optimal kinetic
constants did not change any more.

The σ2σ3c optimization and σtot maximization used the additional
constraint that product of all forward rate constants k1

+k2
+k3

+ is equal
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to the experimental value for that product. For the σ1σ2c optimization
the k1 optimal value was found by using this constraint after optimal k2
and k3 were found from the maximal entropy production requirement
in the second and third transition. Instead of using maximums in partial
entropy productions to find optimal kinetic parameters, it is also pos-
sible to find optimal k1, k2, and k3 after the σtot maximization by using
the same additional constraint k1

+k2
+k3

+= const1, which ensures that
maximum in overall entropy production exists. Due to constancy of
external driving force, the k1

+k2
+k3

+ = const1 constraint implies the
k1

−k2
−k3

− = const2 constraint as well. Together, these two con-
straints can be represented as the constancy of the equilibrium con-
stants product: K1K2K3 = const, which is the chemical analogy of the
Kirchhoff's loop law for electrical circuits [15].

2.6. Limitations of the study

After initial in silico modeling to find missing backward rate con-
stants, we used the steady state restriction for all optimization results.
In addition to fixed external force due to maintenance of chosen sta-
tionary nonequilibrium substrate, product, and enzyme concentrations,
we assumed that the same substrate (benzylpenicillin) was used for all
lactamases and constancy of all three equilibrium constants for corre-
sponding catalytic steps. Not using some restrictions in this study is just
as important as using other steady state restrictions. We did not use the
restriction that some kinetic constants are not subject to evolutionary
change due to diffusion limit as we did in our previous publication [7],
and we did not use the restriction that product of all kinetic constant in
a chosen direction must be the constant determined in experiments
[16], except to show that it leads to decreased performance parameters
and overall entropy production.

FORTRAN programs used to calculate optimized or maximal values
are freely available at: https://sites.google.com/site/
lactamasef90f77programs/. Three optimizations σ2σ3 (PC1), σ2σ3
(RTEM) and σ2σ3 (Lac 1) are included in this program package, as re-
presentative of all other iterative optimizations.

3. Results

3.1. Evolutionary relationship among β-lactamases

The phylogenetic tree (Fig. 2) illustrates the relationship between
different members of Ambler class A β-lactamases. Our choice to
compare S. aureus PC1, E. coli RTEM, and B. cereus β-lactamase 1 was
inspired with extensive studies of rate constants for these enzymes
performed by Christensen and coauthors [3]. The tree with the highest
log likelihood (−7175.90) is shown in Fig. 2. The tree is drawn to scale,
with branch lengths measured in the number of substitutions per site. In
this tree (Fig. 2) it is apparent that S.aureus PC1 β-lactamase splits from
the common ancestor before E. coli RTEM lactamase, and that RTEM
lactamase splits before B. cereus β-lactamase 1 divergence. Several trees
constructed by other methods also support the conclusion that the
distance from common ancestor is the greatest for the B. cereus β-lac-
tamase 1 and the smallest for the S.aureus PC1 β-lactamase (data not
shown). When expressed as branch lengths, the evolutionary distances
from common ancestor are: 1.07 for the PC1, 1.34 for the RTEM, and
1.63 for the lactamase 1.

3.2. Kinetic and thermodynamic parameters extracted from kinetic
modeling of experimental data

The steady-state values for kinetic constants are found after all time
derivatives from eqs. (1) are set up to zero values, while all of three
transition fluxes from eqs. (2) are equated. The results of these calcu-
lations are presented in Table 1. The estimated values of k2

− and k3
−∗

for all three enzymes are two to three orders of magnitude lower than
corresponding forward rate constants k2

+ and k3
+. Estimated values of

kcat and KM (Eqs. (3a) and (3b) respectively), as well as their ratio (kcat/
KM), and steady state reaction flux (Eq. (7)), are also given in Table 1
and are very close to their measured values [3].

In the Table 2, we present the values of [S], [P], X/kBT, H, p1, p2, p3,
σ1, σ2, σ3, and σtot, which are calculated for all three types of β-lacta-
mase enzymes using the experimental values and kinetic modeling in
the same quasi-steady state (eqs. 4, 5, 6, and 8). State probabilities pi

and entropy productions σi/kB (s−1) are associated with three enzyme
functional states (i= 1,2,3) and transitions between these states, re-
spectively.

For easier comparison of kinetic modeling results (Tables 1 and 2)
and phylogenetic tree analysis for three chosen β-lactamases (Fig. 2),
we have depicted in the bold type all these parameters, which are
ranked in the same order as are enzymes ranked according to their
evolutionary distance from a common ancestor. S. aureus PC1 β-lacta-
mase has the smallest, while B. cereus β-lactamase 1 has the greatest
distance from a common ancestor. The reaction flux v, catalytic con-
stant kcat, catalytic efficiency kcat/KM, Shannon's information entropy H,
transitional entropy productions σi, and total entropy production σtot,
all increased with greater evolutionary distance. Going from the least
evolved (S. aureus PC1 β-lactamase) to the most evolved lactamase (B.
cereus β-lactamase 1) total entropy production increased for a factor of
20 and catalytic constant increased for a factor of 30.

We verified for all three β-lactamases that at the chosen time of
t= 0.12 s there are very little changes in information entropy, transi-
tion entropy productions and overall entropy production. The time-
dependence of these parameters is shown only for the β-lactamase 1
(Fig. 3). Significant changes in state probabilities (reflected in in-
formation entropy H changes) and other parameters occurred only
during first several milliseconds after the reaction start.

3.3. Optimizations for the highest entropy production and/or highest
information entropy

Calculations up to this point did not use any optimization proce-
dure. This section will be devoted to exploring kinetic and thermo-
dynamic limits for additional evolution of lactamases, starting from the
assumption that under given constraints either overall maximal entropy
production, or maximal entropy production due to particular transi-
tions between enzyme functional states, or maximal Shannon in-
formation entropy are good indicators for evolution potential of these
enzymes. Optimization constraints observed in this section are the same
as the constraints used in kinetic modeling (see Methods).

Recent publications [6,7,14,16–21] suggest that looking for max-
imal or as high as possible entropy production under given constraints
is a valid approach for finding optimal patterns in different applications
of nonequilibrium thermodynamics in biology. We shall here explore in
the case of evolutionary connected enzymes if optimization for maximal
entropy production values leads to a significant increase in catalytic
efficiency as well. Two of us (DJ and ŽBL) proved that maximal entropy
production associated with any chosen enzyme transition can be always
found [7,14]. This theorem can be used as an alternative tool for ex-
amining the limits for evolution potential and optimal allocation of
dissipation to optimize flux in each particular case [22].

We shall also examine if more equitable distribution of state prob-
abilities and consequently higher Shannon information entropy, con-
sistent with given constraints, is likely to accelerate enzyme turnover
rate and increase related kinetic and thermodynamic parameters.
Maximizing the Gibbs-Shannon entropy (5) was proposed as a basis for
understanding the MaxEP selection principle [23], and it led to rough
agreement with observed rate constants in kinetic schemes for some
free-energy transducing biological systems [17,18].

The second column in Tables 3, 4 and 5 reproduces kinetic modeling
and experimental results already presented in Tables 1 and 2. Columns
3 to 5 with the MaxEP title contain optimization results obtained when
maximal entropy production is found for the first (E + S↔ ES), second
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(ES↔EP), or third transition (EP↔E + P) respectively. For easier grasp
of many numbers presented in Tables 3 to 5, the increased composite
kinetic and thermodynamic parameters for all of three lactamases are
depicted in inverse type, as white symbols against black background.
Decreased parameters with respect to values extracted from experi-
ments and kinetic modeling are outlined with light grey background.
Surprisingly so, maximizing entropy production in the substrate
binding transition E + S↔ES led to significant decrease in catalytic
efficiency kcat/KM to less than 2%, less than 14% and less than 16%
from wild-type values for, respectively, PC1, RTEM, and lactamase 1. It

also leads to entropy production decrease in subsequent proton-transfer
steps, but as expected (see Eq. (3a)) the catalytic constant is not
changed. The maximization of entropy production associated with the
formation of enzyme-product complex (second transition) or with
product release (third transition) led to increase in catalytic efficiency
for all of three β-lactamases. If we are looking for limits to evolvability
of A-class β-lactamases, it obviously makes sense to keep everything as
it is in wild type enzymes undergoing the first catalytic step (substrate
binding), and to simultaneously optimize remaining two steps of re-
versible Michaelis-Menten scheme for β-lactamase catalytic cycle.

Fig. 2. Molecular phylogenetic analysis by maximum likelihood method for 36 β-lactamases with bold font used to put abbreviations for considered three lactamases
next to branch length lines and values leading to them. The tree is drawn to scale, with branch lengths (number above each branch) measured as the number of
substitutions per site (scale bar, 0.5 substitutions per site). Summing all relevant branch lengths leads to following results in evolutionary distances: 1.07 for the PC1,
1.34 for the RTEM, and 1.63 for the lactamase 1.

Table 1
Kinetic parameters of three different types of β-lactamase enzymes arranged from top to bottom row according to increasing evolutionary distance.

Enzyme k1
+∗ k1

− k2
+ k2

− k3
+ k3

−∗ kcat KM kcat/KM v

PC1 22 196 173 4 96 1 61 6 10 61
RTEM 123 11,800 2800 6 1500 40 975 41 24 870
Lac 1 41 2320 4090 50 3610 8 1905 73 26 1760

Parameters k1
+∗(μMs)−1, k1

−(s−1), k2
+(s−1), k3

+(s−1) are taken from experimental data [3]. Parameters k2
−(s−1), k3

−∗(μMs)−1, catalytic constant kcat(s−1),
Michaelis-Menten constant KM(μM), specificity constant (kcat/KM)(μMs)−1, and reaction flux v(s−1) are theoretically estimated with kinetic modelling in a quasi-
steady state at the time 0.12 s after initiation of a reaction. Initial concentrations of substrate and enzyme used in simulations are [S]0 = 1500 μM and [E]0 = 1.0 μM,
respectively. Bold type parameters increased with the evolutionary distance.
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Simultaneous maximization of entropy production in first and
second, or first and third transition, produced a weaker performance of
lactamases when compared with observed values. This is the reason
that we did not present optimization results for iterative procedure
involving the first transition, except for the RTEM lactamase (Table 4).

Out of six σ2σ3c and σtot optimizations (Tables 3 to 5), only the
σ2σ3c optimization for RTEM lactamase resulted in slightly increased
specificity constant (Table 4). All calculated parameters after σ2σ3c
optimization for RTEM lactamase and β-lactamase 1 are the same order
of magnitude as observed values, but the same claim can be made in the
case of all three lactamases for σ2 or σ3 maximizations, which do not
use the k1

+k2
+k3

+ constancy condition. In effect, the constraints to
experimental values of rate constants in two transitions or constraints
restricting the product of forward kinetic constants to experimental
values serve the same purpose to stay as close as possible to measured
values.

When optimal enzyme performance parameters are found and
compared for all three lactamases, the best optimization results, pro-
ducing the greatest kcat and kcat/KM, are obtained from the σ2σ3 max-
imization. With the exception of information entropy, which decreased
for the RTEM lactamase, other kinetic and thermodynamic parameters
increased for up to two orders of magnitude (highlighted white num-
bers with black background in Tables 3 to 5) in comparison with values
extracted from experiments. The highest increase occurred for the PC1
lactamase bringing this least evolved enzyme to the same order of
magnitude with predicted limits for performance parameters of more
evolved RTEM and Lac 1 β-lactamases. In the case of RTEM lactamase,
mixed double optimizations of the type Hiσj, σiHj, HiHj are not included
in the Table 4, because the maximal value for Shannon's information
entropy H does not exist for the range of kinetic constant values where

we found maximums for transition entropy productions.

3.4. Connecting sequence evolution with performance parameters

From the phylogenetic tree (Fig. 2), it appears that lactamases PC1,
RTEM, and Lac 1 can be ranked in that order (from minimal to max-
imal) with respect to their evolutionary distance from a common an-
cestor. Evolutionary distances from a common ancestor can be calcu-
lated from the phylogenetic tree as the sum over all branch lengths
leading to the PC1, RTEM and Lac 1 enzymes (Fig. 2). Since sequence
differences are numerous, with less than 40% identity for any sequence
pair, it is likely that postulated common ancestor existed a long time
ago, may be more than billion years ago. Its divergence produced such
diversity that some descendants evolved faster than other. Are more
evolved β-lactamases more efficient as well in their catalytic activity?
The additional question we asked is whether thermodynamic, kinetic,
and evolutionary data can be all connected in a meaningful pattern.

Observed enzyme turnover numbers (kcat) and their optimization by
the σ1, σ2, or σ3 maximizations exhibit nearly linear increase with the
evolutionary distance (Fig. 4). The decrease in the activation energy for
the transition ES↔EP state and EP↔E + P can be inferred when cor-
responding proton transfers are optimized with maximum entropy
production requirement for these transitions (the P2 and P3 symbols
respectively from Fig. 4). Obtained optimal values for microscopic rate
constants are the same order of magnitude as measured values. Bene-
ficial mutations can increase enzyme performance parameters. How-
ever, one or two mutations can produce only a minor change in the
evolutionary distances found for wild-type enzymes even after causing
a significant change in the catalytic constant. Accordingly, maintaining
the same evolutionary distance for optimized as for corresponding wild-
type enzymes (Fig. 4) is an adequate approximation leading to linear-
like increase in performance and entropy production for more evolved
enzymes.

The double optimization procedure σ2σ3, i.e. looking for the si-
multaneous maximum in entropy productions for both proton shuttle
steps, produces one to two order of magnitude increase in performance
parameters and in overall entropy production. Optimal catalytic con-
stant reaches the same order of magnitude for all of three lactamases,
which is very close if not inside the diffusion-limit range [24], and may
represent thermodynamic and kinetic limit for the evolution of these
enzymes. This limit is, however, a way above catalytic constant values
for wild-type β-lactamases, so that the description of some β-lactamases
as perfect enzymes [3] is open to challenge. To sum this section, pre-
sented results connect increases in turnover number kcat and in overall
entropy production to increased evolutionary distance for more evolved
A-class β-lactamases, equally well as inferred from experiments or as
calculated from maximal entropy production requirement for proton
transfers. Shannon's information entropy H of discrete enzyme states
also increased in accord with increased evolutionary distance (Tables 2-
5). However, unlike entropy production for transitions between enzyme
functional states, the maximal H cannot be always found if we do not
apply additional restrictions.

Table 2
Steady state values of calculated parameters for different types of β-lactamase enzymes arranged from top to bottom row according to increasing evolutionary
distance.

Enzyme [S] [P] X/kBT p1 p2 p3 H
k

1
B k

2
B k

3
B

tot
kB

PC1 1492 8 11.3 4·10−3 0.36 0.64 0.68 37 195 457 689
RTEM 1390 110 7.7 0.03 0.31 0.66 0.74 185 4712 1860 6757
Lac 1 1285 215 8.3 0.05 0.43 0.52 0.86 1769 7456 5301 14,526

The first row parameters are substrate [S] and product [P] concentration (μM), overall thermodynamic force X/kBT, state probabilities p1, p2, p3, Shannon information
entropy H, and entropy productions σ1/kB, σ2/kB, σ3/kB, σtot/kB all in s−1 units. Bold type parameters increased with the evolutionary distance.

Fig. 3. Entropy production and information entropy as a function of time for β-
lactamase 1 enzyme. Symbols have the following meanings: σi (i= 1,2,3) -
entropy production in the first E + S ↔ ES (dash-dot-dot line), second ES ↔ EP
(dashed line), and third reaction step EP ↔ E + P (dash-dot line); total entropy
production σtot = σ1 + σ2 + σ3 (full line); Shannon information entropy H,
which can be seen from the right-hand y-axis (bold solid line).
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Table 3
PC1 lactamase kinetic and thermodynamic parameters derived from experiments and kinetic modeling (Exp&
Kin), optimizations for MaxEP (σi), or double optimizations MaxENT&MaxEP (Hiσj, σiHj, HiHj, σiσj).

a

b
c d

aValues of parameters with bold symbols are white against black background, or outlined with light grey
background, when increased or decreased respectively with respect to Exp&Kin values.
bValues extracted from experiments and kinetic modeling. We used in all columns the same substrate
S = 1492 μM and product P = 8 μM concentrations, with corresponding external force X/(kBT) = 11.3 and
equilibrium constants K1 = 167.47, K2 = 43.25, and K3 = 12.00.
cOptimizations with maximal entropy production found respectively in transitions 1, 2 and 3.
dSee the main text for the description of iterative optimizations σiσj, Hiσj, σiHj, HiHj, σ2σ3c, or σtot. The last two
of listed optimizations use the experimental value for the product of kinetic constants in forward direction for
the PC1 lactamase: k1

+k2
+k3

+=86,917 s−3 as the constraint.

Table 4
RTEM lactamase kinetic and thermodynamic parameters derived from experiments and kinetic modeling (Exp
&Kin), optimizations for MaxEP (σi), or double optimizations MaxEPi&MaxEPj (σiσj).

a b c d

aSee Table 3 legend.
bValues extracted from experiments and kinetic modeling. We used in all columns the same substrate
S = 1390 μM and product P = 110 μM concentrations, with corresponding external force X/(kBT) = 7.74 and
equilibrium constants K1 = 14.49, K2 = 466.67, and K3 = 0.34.
cOptimizations with maximal entropy production found respectively in transitions 1, 2 and 3.
dSee the main text for the description of iterative optimizations σiσj, σ2σ3c, and σtot. The last two of listed
optimizations use the constraint k1

+k2
+k3

+=7.18 × 1011 s−3, i.e. the experimental value for the product of
kinetic constants in forward direction for the RTEM lactamase.
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4. Discussion

4.1. Enzyme catalysis and relevant physical principles

The relevance of physical principles to enzyme evolution remains
uncertain. Different principles of biological function and fitness have
often been evoked in attempts to understand enzyme evolution. We
suggest in this work that entropy production associated with enzyme
catalysis can help to illuminate both dynamics and electrostatics of
enzyme catalysis. The optimal values of kinetic constants derived from
the maximum entropy production theorem [7,14] are the same order of
magnitude as their measured values, the observation which supports
the importance of dynamics and of associated entropy production for
enzyme evolution and catalysis. Entropy production is always con-
nected with some fluxes in the presence of driving forces, which ensures
that dynamics and rate limiting steps can be examined with simple
mathematical tools when all microscopic rate constants are known for
cyclic conversion between different enzyme functional states. Further-
more, if rate constants are left as free variables for some transitions
between enzyme functional states, it is possible to single out those
transitions that are the most important for enzyme catalysis, evolution,
and increase in entropy production. This study illustrates that the cat-
alytic steps in the catalytic cycle are very different with respect to their
contribution to turnover number kcat, catalytic efficiency kcat/KM, en-
tropy production, evolvability potential, and rate-limiting role in evo-
lutionary related enzymes having non-homologous sequences. The
MaxEP optimization of each catalytic step separately reveals these
differences, but not the reason or reasons for these differences.

Table 5
β-lactamase 1 kinetic and thermodynamic parameters derived from experiments (Exp) and kinetic modeling
(Kin), optimizations for MaxEP (σi) or double optimizations MaxENT&MaxEP (Hiσj, σiHj, HiHj, σiσj).

a

b
c d

aSee Table 3 legend.
bValues extracted from experiments and kinetic modeling. We used in all columns the same substrate
S = 1285 μM and product P = 215 μM concentrations, with corresponding external force X/(kBT) = 8.3 and
equilibrium constants K1 = 22.71, K2 = 81.80, and K3 = 2.10.
cOptimizations with maximal entropy production found respectively in transitions 1, 2 and 3.
dSee the main text for the description of iterative optimizations σiσj, Hiσj, σiHj, HiHj, σ2σ3c or σtot. The last two
optimizations use the constraint k1

+k2
+k3

+=7.8 × 1011 s−3, i.e. the experimental value for the product of
kinetic constants in forward direction for the β-lactamase 1.

Fig. 4. Ranking β-lactamases by their evolutionary distance from putative
common ancestor, by catalytic constant kcat, and by overall entropy produc-
tion σtot/kB. Black empty squares, blue empty circles, pink full circles, and red
full squares represent values respectively obtained from experiments and ki-
netic modeling, after optimization for maximal entropy production in the first
proton transfer step leading to the formation of enzyme-product complex (the
P2 symbol), after optimization for maximal entropy production in the second
proton transfer step leading to the formation of free enzyme and product (the
P3 symbol), and after optimization for maximal entropy production due to
substrate binding and formation of enzyme-substrate complex (the P1
symbol).
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4.2. Fluxes connected to enzyme dynamics

Fluxes connected to enzyme dynamics can be associated with di-
rectional movements of electrons, protons, atoms, amino acid residues
or whole sequence segments. One example is the triosephosphate iso-
merase, which catalyses proton transfer coupled with the loop-6
opening and product release during the catalytic cycle [25]. The proton
transport associated with product release is the rate-limiting step for the
triosephoshate isomerase, which is also associated with the highest
increase in overall entropy production [14]. In β-lactamases, fluxes are
associated with proton shuttles and proton micro-circuits inside enzyme
active domain, which by itself can be more rigid than the rest of enzyme
when stabilized with appropriate transition state analogue [26]. The
rigidity of the active site domain facilitates the maintenance of sub-
strate-activated proton movements among critical residues serving as
proton donors and acceptors in a dense hydrogen-bonding network
within the active state. The acylation and deacylation steps with con-
comitant proton shuttles are the most important contributors to overall
entropy production of β-lactamases catalytic cycle.

4.3. Catalytic constant, catalytic efficiency, overall entropy production, and
evolutionary distance

We have shown in this paper that there is a linear-like relationship
between increase in the catalytic constant, the increase in overall en-
tropy production, and the increase in the evolutionary distance of three
wild-type lactamases from common ancestor. The data from four dec-
ades ago, which we used in this paper, are more likely to represent
natural then accelerated evolution of lactamases under the influence of
β-lactam antibiotics. The turnover number kcat, together with the spe-
cificity constant ,k

K
cat
M

are often regarded as the best indicators of the
catalytic efficiency [2]. Increase in catalytic efficiency is expected and
observed during biological evolution of enzymes. We did not propose
any specific biological mechanism underlying how increased perfor-
mance parameters can be reached together with increased entropy
production, but it is hard to imagine how this can happen without
mutations exploring the evolutionary space and selection restricting the
pathway for preservation of beneficial mutations.

4.4. Dissecting entropy production for each transition between enzyme
states

Maximal entropy production requirement for either acylation or
deacylation step (or for both proton transfer steps) leads to increase of
entropy production in all catalytic steps and to increase of enzyme
performance parameters with respect to their measured values. This is a
common feature of the catalytic cycle for evolutionary distant β-lacta-
mase, that is, that there are two rate-limiting steps both involving
proton nanocurrents.

The comparison with similar dissection of entropy production con-
tributions for four catalytic steps of triosephosphate isomerase [14] also
reveals MaxEP importance for finding and optimizing those catalytic
steps that are critical and rate-limiting for increasing enzyme perfor-
mance parameters. Maximal entropy production requirement for all
steps preceding the product release step decrease overall entropy pro-
duction and triosephosphate isomerase performance parameters. Only
the maximal entropy production requirement for the proton transfers
and loop motion coupled to product release EP↔E + P step increases
enzyme performance parameters.

4.5. Maximizing entropy production for proton shuttling and product
release

The requirement for maximal entropy production, both in the acy-
lation and in the deacylation step, takes into account the most

important electrodynamics and nonequilibrium thermodynamics of
enzyme cycle through proton movements. After MaxEP optimization for
the proton shuffle steps, the least evolved PC1 β-lactamase exhibits two
orders of magnitude higher optimal turnover number kcat and overall
entropy production in comparison to its wild-type “parent”. The RTEM
and lactamase 1 have about one order of magnitude higher optimal
catalytic constant and overall entropy production than their wild-type
“parents”. However, the optimization results are roughly similar for all
of three optimized lactamases. It appears that all of considered A-class
β-lactamases have similar latent evolutionary potential and limits to
evolvability.

4.6. Unrealized potential of transition state mutations

If optimization only in the one transition between functional states
represents the transition state (TS) mutation lowering activation energy
for that step [27], then the optimization in two transitions opens at least
a thousand time larger search space for double mutations [28] lowering
activation energy for all proton shuttles in β-lactamases acylation and
deacylation steps. The present analysis puts a natural upper limit for
evolution of β-lactamases, derived from physical principles, which may
or may not be reached by natural or human-directed evolution [29]. We
can conclude that wild-type lactamases, often considered to belong to
an exclusive group of near-perfect enzymes [24], have surprised us in
practice with amino acid substitutions enabling them to inactivate a
broad substrate profile [30], and may surprise us in future with TS
mutations accelerating greatly their turnover and catalytic efficiency
with the best substrates, positioning such "super-lactamases" close to or
even inside the diffusion-limit zone. The restrictions we used (con-
stancy of equilibrium constants for all catalytic steps), nevertheless
allowed decreases in activation energies due to TS mutations, the main
driving engine for evolution of enzymes.

4.7. Information entropy change during optimizations

When maximal H can be found (Tables 3 and 5 for PC1 and β-lac-
tamase 1 respectively) it reflects almost equal probability for all three
functional states, which also corresponds to equally high specificity
constant and even higher entropy production than those obtained from
MaxEP requirement for two last transitions. In the case of the RTEM
lactamase, the information entropy decreased, while all other of con-
sidered parameters increased after optimal values for forward kinetic
constants k2 and k3 were found from requirement that entropy pro-
duction is maximal both for the second and for the third enzymatic
transition.

4.8. Maximum entropy production principles and evolution of enzymes

Maximum entropy production principles are currently strongly de-
fended [23,31] or disputed [32], but entropy production increase to-
ward some asymptotic maximal value during evolution of metabolic
networks is less controversial [20]. Our present and past results in this
field [6,7,14,17,18] confirm that maximal entropy production principle
can be applied in a limited way as maximal entropy production re-
quirement for enzyme transitions between most important functional
states, and also that it is much more relevant for the evolution of en-
zymes, and generally in bioenergetics, than Prigogine's minimal en-
tropy production theorem [33]. If MaxEP can be regarded as physical
selection principle connected to fundamental MaxENT principle from
statistical mechanics [23], it should be also relevant for biological se-
lection and evolution.

Interestingly, the direct application of maximum entropy produc-
tion principle to enzyme catalysis, that is, the requirement that overall
entropy production during catalytic cycle is maximal, requires assumed
conservation of activation free energy changes during cycling in either
direction [16] and leads to lower overall entropy production (see, for
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instance, the σtot row and the σtot last column for the PC1 lactamase
from Table 3) then maximizations of entropy productions in proton
transfer steps. The search for unique maximal flux is in our case
equivalent to the search for maximal overall entropy production and
leads to the same disappointing result of decreased performance para-
meters. In addition, maximal flux search is generally equivalent to the
search for maximal catalytic efficiency [4] or maximal catalytic con-
stant [34] and does not satisfy our goal of finding optimal enzyme
performance parameters from deeper physical principle. Furthermore,
although acylation and deacylation reactions are better balanced after
Ptot optimization for all of three considered β-lactamases, this did not
lead to increased but to decreased catalytic efficiency with respect to
values extracted from experiments.

Many other optimization principles have been used to study the
evolution of enzymes [13], most of them focused upon one or several
biological functions of the system in question with pessimistic conclu-
sion that multitude of biological functions should be used. The funda-
mental difference of our central hypothesis is that we should first try to
study this problem by using simple universal physical principle as ap-
propriate for the biochemical reaction system, which is examined to-
gether with all of required constraints.

4.9. Evolution coupling hypothesis

Somewhat contrary to common sense, high efficiency of free-energy
transduction and high entropy production are tightly connected for
biological systems open to exchange of energy and matter with external
environment. In a quasi-steady state, that can be far from equilibrium
state due to external forcing, living cells and organisms change very little
with time (biological evolution is mostly slow process taking many
generations to produce significant differences), but exert a major influ-
ence on their environment in the form of increased entropy production.
This is in accord with the evolution coupling hypothesis we postulated
earlier [35]: biological evolution is not opposed to thermodynamic
evolution but, on the contrary, it accelerates it. Order from disorder, or
order created by free-energy gradients and promoting disorder, is an-
other name for evolution of biological complexity [36]. Our results de-
scribe a specific example of entropy-production-driven reaction network
capable of increasing catalytic efficiency. Increases in entropy production
for one order of magnitude together with increases in catalytic efficiency
is surprising for those who regard dissipation as the very opposite of
efficiency. We should take into account, however, that nothing in our
calculations restricted us to near equilibrium situations or to static head
steady state when entropy production is minimal, while efficiency of
free-energy transduction can be low, minimal, or even vanish [18].

The results for β-lactamase can be easily tested and verified or fal-
sified for other enzymes when similar research program is adapted: Put
chosen enzymes on an evolutionary landscape in the cases when most
or all rate constants are known and when phylogenetic trees can be
constructed for large enough collection of evolutionary related se-
quences. Then examine which catalytic steps can increase enzyme
performance parameters after being optimized for maximal entropy
production and focus on mechanistic details of these crucial enzymatic
transitions to answer the question are they connected to electron or
proton transfer, or to movements of whole amino acid segments. Maybe
we can then learn from enzymes how and why those nanocurrents
develop which are at the same time the most efficient in dissipating
free-energy gradients and in performing catalysis. A substrate binding
for some enzymes is the likely trigger for releasing electron/proton
current and substrate to product conversion flux, which is essential for
catalysis, but also inseparably associated with entropy production. The
guiding physical principle of this research program can also serve as an
additional guide for de novo computational and experimental design of
catalytically efficient enzymes [37]. In a nutshell – we propose that
mutations improving catalytic activity are often those that increase
entropy production as well.
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