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Abstract

The two proton transfer reactions catalyzed by ketosteroid isomerase (KSI) involve a dienolate
intermediate stabilized by hydrogen bonds with Tyr14 and Asp99. Molecular dynamics simulations
based on an empirical valence bond model are used to examine the impact of mutating these residues
on the hydrogen-bonding patterns, conformational changes, and van der Waals and electrostatic
interactions during the proton transfer reactions. While the rate constants for the two proton transfer
steps are similar for wild-type (WT) KSI, the simulations suggest that the rate constant for the first
proton transfer step is smaller in the mutants due to the significantly higher free energy of the dienolate
intermediate relative to the reactant. The calculated rate constants for the mutants D99L, Y 14F, and
Y14F/D99L relative to WT KSI are qualitatively consistent with the Kinetic experiments indicating
a significant reduction in the catalytic rates along the series of mutants. In the simulations, WT KSI
retained two hydrogen-bonding interactions between the substrate and the active site, while the
mutants typically retained only one hydrogen-bonding interaction. A new hydrogen-bonding
interaction between the substrate and Tyr55 was observed in the double mutant, leading to the
prediction that mutation of Tyr55 will have a greater impact on the proton transfer rates for the double
mutant than for WT KSI. The electrostatic stabilization of the dienolate intermediate relative to the
reactant was greater for WT KSI than for the mutants, providing a qualitative explanation for the
significantly reduced rates of the mutants. The active site exhibited highly restricted motion during
the proton transfer reactions, but small conformational changes occurred to facilitate the proton
transfer reactions by strengthening the hydrogen-bonding interactions and by bringing the proton
donor and acceptor closer to each other with the proper orientation for proton transfer. Thus, these
calculations suggest that KSI forms a preorganized active site, but that the structure of this
preorganized active site is altered upon mutation. Moreover, small conformational changes due to
stochastic thermal motions are required within this preorganized active site to facilitate the proton
transfer reactions.

[. Introduction

The enzyme A5-3-Ketosteroid isomerase (KSI) catalyzes the isomerization of 3-0x0-A®-
steroids to their A%-conjugated isomers by the two-step proton transfer mechanism depicted in
Figure 1. KSI enzymes from Pseudomonas putida and Commamonas testosteroni bacteria have
been studied extensively. Both experimentall~® and computational1%-19 approaches indicate
that the catalytic efficiency of KSI is strongly influenced by electrostatic stabilization and
hydrogen bonding. As shown in Figure 1, this enzyme mechanism involves a dienolate
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intermediate that is stabilized by hydrogen bonds with Tyr14 and Asp99 in the active site. (In
the present paper, the residues are numbered according to Commamonas testosteroni KSI.)
The catalytic relevance of these residues has been investigated experimentally by kinetic
studies on mutant forms of KSI.2: 3: 20-34 Muytation of these residues has been shown to
significantly reduce the catalytic efficiency of KSI. Specifically, mutation of Asp99 to Leu
decreases K¢,t by 1021, mutation of Tyr14 to Phe decreases kcqt by 1034, and the corresponding
double mutation decreases kg by 10*6 in Pseudomonas putida KSI.3 These trends were also
observed for single mutants of Commamonas testosteroni KSI,2: 20 where mutation of Asp99
to Ala decreases kgt by 1037 and mutation of Tyr14 to Phe decreases kcqt by 1047

The objective of this paper is to use molecular dynamics (MD) simulations to understand the
impact of mutating Tyr14 and Asp99 on the two proton transfer reactions catalyzed by KSI.
We perform calculations on both the D99L and Y 14F single mutants and the Y14F/D99L
double mutant of KSI from Commamonas testosteroni bacteria with the A%>-androstene-3,17-
dione (5-AND) substrate. As in our previous study of wild-type (WT) KSI,19 the simulations
are based on a potential energy surface described by an empirical valence bond (EVB) model.
35We calculate the free energy profiles along the collective reaction coordinate for both proton
transfer steps of all three mutants. We also analyze the hydrogen-bonding patterns, van der
Waals and electrostatic interactions, and conformational changes during the proton transfer
reactions. Our results are consistent with the experimental data on the mutants and provide
insight into the catalytic roles of these hydrogen-bonding residues. This work differs from
previous theoretical studies of KSI in that we investigate mutant forms of KSI and analyze
changes in hydrogen bonding, local and global conformations, and ligand-enzyme interactions
along the reaction coordinate from the substrate to the dienolate intermediate to the product.
These calculations lead to a physical explanation for the significantly reduced rates of the
mutants, the identification of a new hydrogen-bonding interaction between the substrate and
Tyrb5 for the double mutant, and an experimentally testable prediction concerning mutation
of Tyrb5.

This paper is organized into the following sections. The computational methods used to model
the two proton transfer reactions are described in Section I1. The results from the simulations
are presented in Section I11. The first part of this section analyzes the free energy profiles and
relative rate constants, while the second part analyzes the hydrogen bonding patterns,
electrostatic interactions, and conformational changes accompanying the proton transfer
reactions. Our conclusions are presented in Section IV.

[l. Methods

A. Theory

We used a two-state empirical valence bond (EVB) potential3® to model the electronic potential
energy surface for each proton transfer reaction shown in Figure 1. The two EVB states
correspond to the Reactant and the Intermediate for the first step and to the Intermediate and
the Product for the second step. These two proton transfer reactions are thought to be sequential
with negligible coupling between the Reactant and Product states, thereby enabling us to model
them with two separate two-state EVB potentials. The ground state electronic potential energy
surface for each proton transfer reaction is obtained from the lowest energy eigenvalue of the
corresponding 2x2 EVB Hamiltonian. The details of this EVB potential are provided
elsewhere.1®

For each two-state EVB model, the diagonal matrix elements V11 and Vs, of the EVB
Hamiltonian were represented by a modified AMBER99 forcefield with a constant energy shift
A included in V5,19 36, 37 The constant energy shift A and the coupling V1, between the two
states were determined by fitting the calculated rates for WT KSI to the experimentally
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determined rate constants for the forward and backward reactions.38: 39 Based on the WT KSI
data from the present paper, these parameters are A = 1.8 kcal/mol and V1, = 99.5 kcal/mol for
the first step and A = —14.5 kcal/mol and V1, = 93.1 kcal/mol for the second step. These
parameters are similar to the values obtained from previous MD simulations of WT KSI,19 and
the minor differences are due to typical statistical errors associated with MD. Moreover, these
parameters are assumed to be the same for the WT and mutant KSI simulations. Thus, we did
not fit any parameters to experimental data for the mutants.

The potential of mean force (PMF) for each proton transfer reaction was calculated as a function
of a collective reaction coordinate defined as

A=V = V. (1)

This energy gap reaction coordinate includes motions of the entire solvated enzyme. The
reaction was driven from the reactant to the product state using a series of mapping potentials
defined as3®

Vl/ll’lap:(l =) Vi1+4Vp, @

where the mapping parameter A is varied between zero and unity. The PMF was obtained by
propagating a series of classical MD trajectories according to these mapping potentials and
combining the results to obtain the complete PMF for the unbiased EVB potential using the
weighted histogram analysis method (WHAM)#0-43 or umbrella integration.#4-46 Note that the
energy gap reaction coordinate A is used only for binning purposes, and its magnitude is not
physically meaningful because it depends on the details of the forcefield determining the energy
of the excited electronic state, which is not relevant for these MD simulations performed on
the ground electronic state potential energy surface.

Within the framework of transition state theory (TST), the rate constant is given by

k:Kk’I'S‘I‘ . 3)

where krgt is the TST rate constant and « is the transmission coefficient accounting for
dynamical recrossings of the dividing surface. An expression for the TST rate constant in terms
of the PMF along a general reaction coordinate has been derived.”~49 In this study, we used
the simpler form

1 onct
) — —BAG
IST ﬁhe ’ (4)

where 8 = 1/kgT, kg is the Boltzmann constant, and AG¥ is the free energy barrier determined
directly from the PMF. In our previous study of WT KSI, we showed that the results are similar
using the two different forms of the TST rate constant.®

Furthermore, we calculated the transmission coefficient x using the reactive flux
approach®%-%4 and included the nuclear quantum effects associated with the transferring
hydrogen nucleus with the quantized classical path method®3-8 in our previous work.1® We
found that the transmission coefficient decreases the rate and the nuclear quantum effects
increase the rate by approximately the same amount in WT KSiI, so the inclusion of both effects
together does not significantly impact the rate constant.19 Specifically, the dynamical barrier
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recrossings decrease the rate constants by a factor of ~3, and nuclear quantum effects of the
transferring hydrogen nucleus increase the rate constants by a factor of ~8 for WT KSI.
Moreover, we do not expect the trends in the rate constants for the mutant KSI enzymes to be
strongly influenced by dynamical barrier recrossings or nuclear quantum effects. Thus, these
effects were not included in the calculations of the rate constants for the present study.

B. Simulation Details

The starting structures for the mutant KSI simulations were obtained from our previous study
on WT KSI.19 The initial structure for this previous study was based on the second dimeric
unit in the 2.3 A resolution crystal structure (PDB 1QJG)° of Commonas testosteroni A5-3-
ketosteroid isomerase complexed with equilenin (EQU), which is an analog for the
Intermediate state. The equilenin was replaced with the naturally occurring substrate, and the
protonation states were determined from the 1BUQ solution NMR structure.89 The mutated
residues Asn38 and 11e83 were restored to Asp and Thr, respectively, as in WT KSI. The
Asp38Asn mutant was used for the crystal structure determination because it binds steroid
analogues more tightly and mimics the protonated form of Asp38 in the Intermediate state.>°
The protein was immersed in a periodically replicated truncated octahedron box of 6837
explicit TIP3P rigid water molecules®: 2 with 6 Na* ions to maintain charge neutrality. The
system was equilibrated using a simulated annealing procedure involving MD for an isobaric,
isothermal ensemble (NPT) at systematically increasing temperatures, followed by additional
MD for a canonical ensemble (NVT) at 298 K. The details of the system preparation and
equilibration are provided elsewhere.19 For the starting structures in the present study, we chose
snapshots obtained after more than 2 ns of NVT MD in the Intermediate state (i.e., 2 = 0.95
for the first proton transfer step and 2 = 0.05 for the second proton transfer step).

The initial states of the mutant enzymes were prepared from these starting structures as follows.
The D99L, Y14F, and Y14F/D99L mutant forms of KSI were created using the profix utility
in the JACKAL protein modeling package.63: 4 The mutated residues were optimized (i.e.,
the energy was minimized with respect to their coordinates) with the remaining protein and
water molecules fixed. Then the active site residues and the substrate were optimized with the
remaining protein and water molecules fixed. Subsequently, the water molecules and ions were
optimized while keeping the protein fixed, and finally the entire system was optimized. The
final stage of equilibration for each mutant consisted of 200 ps of NVT MD at 298 K. All of
these equilibration steps were performed in the Intermediate state (i.e., A = 0.95 for the first
proton transfer step and A = 0.05 for the second proton transfer step).

A modified version of the DLPROTEIN package8® was used for these simulations. For data
collection, the MD trajectories were propagated at 298 K for a canonical ensemble (NVT) with
a time step of 1 fs. The hydrogen atoms bonded to heavy atoms were constrained to their
equilibrium distances with the SHAKE algorithm.%¢ The Smooth Particle Mesh Ewald
method®” was used to calculate the electrostatic interactions. The temperature was maintained
with a Nosé -Hoover thermostat.88: 9 The PMF was generated for WT and the three mutant
KSI enzymes using the exact same procedure. The results for WT KSI are qualitatively similar
to the data obtained previously for WT KSI1.19 All tables and figures in the present paper were
generated from the current data.

To generate the PMF, a series of MD trajectories propagated according to different mapping
potentials was started from the Intermediate state for both proton transfer reactions. For the
first proton transfer step, the windows with 2 = 0.95 and 2 = 0.90 were started from the
corresponding equilibrated structure described above. For the second proton transfer step, the
windows with 2 = 0.05 and 1 = 0.10 were started from the corresponding equilibrated structure
described above. Each subsequent window was started from the configuration of the previous
window after 10 ps of equilibration. For each window, an initial optimization followed by
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equilibration with 100 ps of MD was performed prior to data collection. A total of 19 different
mapping potentials with values of 2 = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50,
0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90 and 0.950 was used for each proton transfer step.
Two independent sets of trajectories were propagated for each proton transfer step, starting
from the same equilibrated configuration but different initial velocities in the first window. We
collected 600 ps of data for each mapping potential in both sets of trajectories, leading to a
total of 23 ns of data collection for each proton transfer step of each enzyme. Although the
simulation timescale is significantly shorter than the timescale associated with the catalytic
rate constant, the use of mapping potentials provides information along the entire range of the
reaction coordinate corresponding to the proton transfer reactions, assuming sufficient
equilibration and sampling in each window.

A. Relative rate constants

As described above, we generated 23 ns of MD data for the WT and the three mutant forms of
KSI for both proton transfer steps. We used WHAM*9-43 to generate the PMF curves for the
two proton transfer reactions for the WT and mutant KSI enzymes. For comparison, we also
used umbrella integration*4-46 to generate the PMF curves and found the barrier height to be
the same to within 0.5 kcal/mol for these two methods. The PMF curves for the two proton
transfer steps of all three mutants are depicted in Figure 2. For each mutant we generated
separate PMF curves for the two independent data sets to test convergence and reproducibility.
These calculations suggest that the error in the PMF barrier due to numerical procedures is
~1.0 kcal/mol. The corresponding TST rate constants for the mutants are presented in Table
1. As mentioned above, the EVB parameters V12 and A were determined so that the TST rate
constants for WT KSI reproduce the experimentally estimated forward and backward rate
constants for each proton transfer step.38: 39

Figure 2 illustrates that the mutations increase the free energy of the Intermediate state relative
to the Reactant and Product states. As a result, the free energy barrier increases for the first
proton transfer step and decreases for the second proton transfer step upon mutation. This trend
is quantified in Table 1, which indicates that the forward rate constant decreases for the first
proton transfer step and increases for the second proton transfer step upon mutation. For WT
KSlI, the experimentally measured rate constants imply that the rate constants for the two proton
transfer steps are similar.38: 39 In contrast, our calculations indicate that the rate constant of
the first proton transfer step is significantly smaller than the rate constant of the second step
for the mutant KSI enzymes because of the destabilized Intermediate state. The calculated
forward rate constant for the first proton transfer step decreases by 102, 1036, and 1053 for
the D99L, Y14F, and Y14F/D99L mutants, respectively, relative to the WT rate constant. This
trend is qualitatively consistent with the experimental data showing that k¢ is decreased by
1021, 1034, and 104 for the D99L, Y14F, and Y 14F/D99L mutants of Pseudomonas putida
KSI,3 and k.t is decreased by 1037 and 10%7 for the D99A and Y 14F mutants of Commamonas
testosteroni KSI.2: 20 Note that ke,: depends on other rate constants in the overall enzymatic
reaction,3® so only the qualitative trends can be compared.

We also calculated k. for the WT and mutant KSIs using the expression given in Ref. 38,
Since this expression depends on the rate constant of product release, we assumed either that
the rate constant for product release is the same in the mutants as in WT KSI or that the rate
constant for product release is much larger than the forward rate constant of the first proton
transfer step for the mutants. Using either assumption, the calculated k4 is decreased by
1048, 1059, and 105 for the D99L, Y14F, and Y14F/D99L mutants, respectively, relative to
WT KSI. The qualitative trend in these calculated values of kg is consistent with the
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experimental data. Note that the effects of the two mutations are only partially additive in the
double mutant, suggesting the possibility of a cooperative interaction.”®

B. Hydrogen bonding in the active site

We examined the impact of the mutations on the catalytically important hydrogen bonds
formed in the active site. As discussed above, hydrogen bonds formed by the substrate with
Tyrl4 and Asp99 play a crucial role in stabilizing the dienolate intermediate. In addition to
examining these catalytically important hydrogen bonds, we also analyzed the hydrogen bonds
formed by Tyr55 with Tyrl4 and, in some cases, with the substrate. These hydrogen bonds are
depicted schematically in Figure 3. Kinetic experiments indicate that the catalytic effects of
mutating the Tyr55 residue are relatively minor,20 although the crystal structure of the
Tyr55Phe mutant suggests that Tyr55 may play a role in positioning the Tyr14 residue.2? In
order to investigate these hydrogen bonds during the proton transfer reactions, we calculated
thermally averaged hydrogen bond donor-acceptor distances along the entire range of the
collective reaction coordinate for both steps. For this purpose, the thermally averaged distances
for the unbiased EVB potential were calculated from the MD trajectories propagated with
mapping potentials using methodology related to the WHAM procedure, as described
previously.1®

Figure 4 depicts the changes in these hydrogen bond distances during both proton transfer
reactions for the WT and three mutant KSI enzymes. These figures were generated from the
first data set. The analogous figures generated from the second independent data set are
qualitatively similar and are provided in Supporting Information. Figure 4 also depicts
snapshots from the MD trajectories corresponding to the Intermediate state, where the dienolate
is stabilized by hydrogen-bonding interactions in the active site. These snapshots illustrate the
hydrogen-bonding patterns for each mutant, as well as the structural rearrangements that occur
within the active site upon mutation. We found that a single hydrogen-bonding pattern tends
to dominate for each window (i.e., for a trajectory generated with a particular mapping
potential), although in some cases we did observe changes in hydrogen bonding within a single
window.

In the D99L mutant, the mutation of aspartic acid to leucine eliminates one of the key hydrogen
bonds to the substrate. Figure 4 indicates that hydrogen bonds between Tyr14 and both the
substrate O3 and Tyr55 are present during the first proton transfer step, as observed in WT
KSI. In contrast to WT KSI, where the hydrogen bond between the substrate and Tyr14 forms
during the first part of this step, the hydrogen bond between the substrate and Tyr14 is present
from the beginning of this step in the D99L mutant. For the second proton transfer step, the
hydrogen bond between Tyr14 and the substrate is also maintained throughout the entire
reaction. In this step, however, Tyr55 alternates between forming a hydrogen bond with either
Tyr14 or the substrate O3 for the first part and forms a stable hydrogen bond with Tyr14 for
the second part of the reaction.

In the Y14F mutant, the mutation of tyrosine to phenylalanine eliminates the other key
hydrogen bond to the substrate. Figure 4 indicates the presence of a hydrogen bond between
the substrate O3 and Asp99 throughout the first proton transfer step and most of the second
proton transfer step. Near the end of the second step, this hydrogen bond disappears for short
intervals during which the substrate forms a hydrogen bond with Tyr55 instead. In this regime,
however, the product is partially dissociating, so the MD results become less reliable.

In the Y14F/D99L double mutant, both critical hydrogen bonds to the substrate are eliminated.
In this case, Figure 4 illustrates the presence of a new hydrogen bond between Tyr55 and the
substrate O3. This hydrogen bond is formed near the beginning of the first proton transfer step
and is maintained throughout both proton transfer reactions, although the hydrogen bond
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distance gradually increases toward the end of the second step. Based on kinetic experiments
indicating that this mutant is catalytically active,3 we conjecture that this hydrogen-bonding
interaction partially compensates for the absence of hydrogen bonds formed by the substrate
with Tyr14 and Asp99.

This analysis indicates that when the native hydrogen-bonding interactions are eliminated,
structural rearrangements within the active site occur to stabilize the dienolate intermediate by
forming new hydrogen-bonding interactions. An example of a new interaction is the hydrogen
bond formed between the substrate and Tyr55 in the Y14F/D99L double mutant and
sporadically in the D99L mutant. In the mutants, typically the substrate oxygen atom O3 is
hydrogen bonded to only one residue, rather than to both Tyr14 and Asp99 as in WT KSI. As
aresult, the dienolate intermediate is stabilized enough for the mutants to be catalytically active
but not enough to achieve rates as fast as WT KSI. These observations are consistent with the
PMF curves depicted in Figure 2 and the rate constants given in Table 1.

C. Conformational changes and electrostatics

As in our previous simulations of WT KSI,19 we observed relatively small conformational
changes within the active site that facilitate the proton transfer reactions. Specifically, the
proton donor-acceptor distance decreases to ~2.67 A near the transition state of each proton
transfer reaction to enable the hydrogen to transfer. Here the proton donor and acceptor,
respectively, are the substrate C4 carbon atom and the Asp38 oxygen atom for the first step
and the Asp38 oxygen atom and the substrate C6 carbon atom for the second step. In addition,
Asp38 exhibits a significant reorientation relative to the substrate between the first and second
proton transfer steps to accommodate proton transfer to the C6 atom of the substrate after
accepting a proton from the C4 atom of the substrate. These types of conformational changes
are essential to the catalytic activity of the enzyme. They are not significantly affected by the
mutation of Asp99 and Tyr14, however, and hence are similar for the WT and mutant KSI
enzymes.

To investigate the overall structural changes in the protein occurring during the catalytic
reaction, we generated thermally averaged structures for the reactant state, transition state, and
product state of both proton transfer reactions. These structures were generated from MD
trajectories obtained with mapping potentials corresponding to A =0.05, 0.50, and 0.95 for each
proton transfer step. The thermally averaged structure for each mapping potential was
generated by minimizing the RMSD over all configurations,’! followed by a weighting and
averaging procedure that provides results for the unbiased EVB potential.1® Note that this
process may lead to non-physical bond distances and angles in the side chains and therefore
was used to analyze only the global changes in protein structure.

For each mutant, we calculated the average RMSD among the six thermally averaged structures
spanning the two proton transfer reactions using the VMD program.”2 The average RMSD
values for the backbone atoms of the entire protein, the active site residues, and the mobile
loop Tyr88-Lys92 are given in Table 2. Here the active site residues are defined to be those
containing an atom within 5 A of the substrate C4 atom or any atom in the Tyr14 or Asp99
residues. The RMSD values for the mutant and WT KSI enzymes are similar, with slightly
lower values for WT KSI. The relatively low average RMSD values for the active site are
consistent with experimental studies indicating that the active site exhibits highly restricted
motion during the proton transfer reactions.”» % 73: 74 The larger average RMSD values for the
loop Thr88-Lys92 indicate that this loop is more mobile than the active site. Several other
mobile loops that were observed in previous simulations of WT KSI19 were also observed in
the mutant forms of KSI.
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Table 3 provides the average van der Waals and electrostatic interaction energies between the
substrate ligand and the enzyme for the WT and mutant KSI enzymes over the course of the
two proton transfer reactions. These interaction energies were averaged over configurations
sampled with 600 ps of MD for the Reactant, Intermediate, and Product, generated using
mapping potentials with 2 = 0.05 and 0.95 for the first proton transfer step and 4 = 0.95 for the
second proton transfer step. The virtually constant van der Waals interaction energies imply
that no major structural rearrangements occur in the active site during proton transfer. The
stronger electrostatic interaction energy for the Intermediate than for the Reactant and Product
arises in part from the transfer of the positively charged proton to Asp38 and the resulting
redistribution of electronic charge in the substrate. As shown by previous calculations of the
hydrogen-bonding interaction energies for WT KSI,19 this enhanced electrostatic interaction
energy is also due to the strengthening of the hydrogen bonds between the substrate oxygen
and active site residues (i.e., Asp99, Tyr14, or Tyr55) for the dienolate intermediate. Note that
the electrostatic interaction energies are slightly weaker for the mutants than for WT KSI. This
difference is consistent with the observation that the mutants exhibit only one hydrogen-
bonding interaction, while the WT KSI exhibits two hydrogen-bonding interactions, between
the substrate and the active site. Moreover, the electrostatic stabilization of the Intermediate
relative to the Reactant is 71 kcal/mol for WT KSI and 60-64 kcal/mol for the mutant forms
of KSI. This difference in relative electrostatic interaction energies contributes to the higher
free energy of the Intermediate relative to the Reactant in the mutant forms, as depicted in
Figure 2.

V. Conclusions

In this study, we performed MD simulations of the two proton transfer reactions catalyzed by
the D99L, Y14F, and Y14F/D99L mutant forms of KSI. The free energy profiles along a
collective reaction coordinate illustrate that the mutations destabilize the dienolate intermediate
relative to the reactant and product, thereby increasing the free energy barrier for the first proton
transfer step and decreasing the free energy barrier for the second proton transfer step. While
the rate constants for the two proton transfer steps are similar in WT KSI, our simulations
suggest that the rate constant of the first proton transfer step is smaller than the rate constant
of the second step in all three mutant forms of KSI. The calculated catalytic rate constant was
found to decrease along the following series of KSI enzymes: WT, D99L, Y14F, and Y14F/
D99L. This trend in the calculated rate constants is qualitatively consistent with kinetic
experiments on these mutants. Analysis of the hydrogen-bonding patterns, conformational
changes, and van der Waals and electrostatic interactions during the proton transfer reactions
provides insight into the physical basis for these trends in the rate constants.

Our simulations illustrated that the mutants typically retain one hydrogen-bonding interaction
between the substrate oxygen atom O3 and the active site, while the WT KSI retains two
hydrogen-bonding interactions. We observed a new hydrogen bonding interaction between the
substrate and Tyr55 in the double mutant and occasionally in the D99L single mutant.
Moreover, the electrostatic interaction energy between the substrate and the enzyme for the
Intermediate relative to the Reactant is ~8 kcal/mol greater for WT KSI than for the mutant
forms of KSI. These observations provide a qualitative explanation for the experimental
measurements showing that the mutant KSI enzymes are still catalytically active but exhibit
lower catalytic rates. The calculations also predict that a hydrogen bond between Tyr55 and
an intermediate analog such as equilenin would be observed in the crystal structure of the
double mutant and that mutation of Tyr55 to Phe would have a greater impact on the proton
transfer rates for the double mutant than for WT KSI.

In addition, the simulations illustrated that the van der Waals interactions between the substrate
and the enzyme remain relatively constant during the two proton transfer reactions and that the
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RMSD of the active site among thermally averaged structures spanning both reactions is only
~0.3 A. These observations suggest that the active site exhibits highly restricted motion during
the proton transfer reactions, as also indicated by experimental studies.” % 73: 74 Nevertheless,
as shown previously for WT KSI,19 changes in the proton donor-acceptor distances and the
angles between the substrate and Asp38, which serves as the proton acceptor and donor, must
accompany the proton transfer reactions.

The high catalytic efficiency of KSI has been postulated to arise predominantly from a
preorganized active site,18: 7>=7 and previous simulations illustrated a significant reduction
of the reorganization energy in KSI.14 15 Our simulations indicate that the active site exhibits
highly restricted motion during the two proton transfer reactions for WT and the mutant forms
of KSI. The calculations also illustrate that mutation of the catalytically important Asp99 and
Tyr14 residues leads to structural rearrangements within the active site to retain hydrogen-
bonding interactions between the substrate and the enzyme. Thus, these calculations are
consistent with the postulate that KSI forms a preorganized active site for both the WT and
mutant forms of KSI, but the structure of this preorganized active site is altered upon mutation.
Moreover, this preorganized active site still allows for relatively small conformational changes
that facilitate the proton transfer reactions by strengthening the hydrogen bonds between the
substrate and active site residues, as well as by bringing the proton donor and acceptor closer
to each other with the proper orientation for proton transfer.1® Such conformational changes
are due to stochastic thermal mations of the protein and substrate as they sample the
multidimensional free energy landscape.’® Thus, both the concepts of a preorganized active
site and conformational sampling are important for this enzyme reaction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic depiction of the proton transfer reactions catalyzed by KSI. In the first step, the
proton transfers from the C4 atom of the substrate to the Asp38 residue. In the second step, the
proton transfers from the Asp38 residue to the C6 atom of the substrate. The reactant,
intermediate, and product states of the overall reaction are labeled.
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Figure 2.

Potential of mean force (PMF) curves for (a) the first proton transfer step and (b) the second
proton transfer step catalyzed by KSI. These profiles are depicted for the WT (red), D99L
mutant (black), Y 14F mutant (blue), and Y14F/D99L double mutant (green) forms of KSI. For
both steps, all curves are shifted so that the reactant is at zero energy, although mechanistically
the product of the first step is the same as the reactant of the second step, following rotation of
the Asp38 carboxylate group.
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Figure 3.

Schematic depiction of the hydrogen-bonding interactions analyzed in Figure 4.
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Thermally averaged distances calculated along the collective reaction coordinate for the first
(left) and second (right) proton transfer reactions catalyzed by KSI. Snapshots of the hydrogen-
bonding pattern in the active site for the Intermediate state are also depicted. The results for

the WT, D99L, Y14F, and Y14F/D99L mutants are given from top to bottom. The thermally
averaged hydrogen bond donor-acceptor distances between the substrate O3 atom and Tyr14
(blue), between the substrate O3 atom and Asp99 (red), between the substrate O3 atom and

Tyr55 (green), and between Tyr14 and Tyr55 (black) are shown. The distances are not shown
for the mutated residue. The color coding is depicted in Figure 3.
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Table 1

Rate constants for the two proton transfer reactions catalyzed by WT and mutant forms of KSI.

Rate WT D99L Y14F Y14F/D99L
constants&P

ky 1.7x105 | 5.7x102 | 44 0.90

k1 56x10° | 6.8x108 | 1.5x108 | 8.1x 108

ko 2.1%x105 | 86x10° | 1.1x 106 2.8 x 107
K, 40 0.40 6.6x107% | 1.2x 1073

iI'he EVB parameters used in all calculations for this table were V12 = 99.5 kcal/mol and A = 1.8 kcal/mol for the first step and V12 = 93.1 kcal/mol
and A = —14.5 kcal/mol for the second step. These parameters were determining by fitting to the experimental rate constants for WT KSI given in
Ref. 38,39

b . Lo
All rate constants were calculated with Eq. (4) and are given in s 1
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Table 2

Average RMSD values ? among six thermally averaged structuresC along the reaction pathway for WT and mutant
forms of KSI.

Region WT | D99L | Y14F | Y14F/D99L
Entire enzyme | 0.54 | 0.65 0.68 0.55
Active site? 0.26 | 0.33 0.30 0.27
Tyr88toLys92 | 1.12 | 1.74 1.62 1.08

aThe active site region consisted of all residues containing an atom within 5A of the substrate C4 atom or any atom of Tyr14 or Asp99.
All RMSD values were calculated for backbone atoms using the VMD program and are given in A.

C . .
The six thermally averaged structures are the reactant, transition state, and product for both proton transfer steps.
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