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ABSTRACT: We report a comprehensive investigation of the 5-androstene-3,17-dione to 4-androstene-3,17-dione
isomerization in Ketosteroid Isomerase, gas phase and aqueous solution, applying as tools the Unified Reaction Valley
Approach (URVA) and the Local Vibrational Mode Analysis. Conformational changes of the steroid rings are monitored
via Cremer-Pople puckering coordinates. URVA identifies simultaneous breakage of the C!–H bond and O–H bond
formation with the catalytic acid, leading to an intermediate with the acid positioned over ring A as the major chemical
events of the first reaction step. Via a barrier-less shift, a second intermediate is formed with the acid being positioned
over ring B. Then, according to URVA, breakage of the intermediate O–H bond, the formation of the new C"–H bond
accompanied by a double bond shift in rings A and B forms the major chemical events of the second reaction step,
which is facilitated by favorable ring puckering. Reactions in protein and gas phase have comparable activation
enthalpies, whereas the barrier in aqueous solution is higher, confirming that the major task of the enzyme pocket is to
shield the migrating hydrogen atom and the catalyzing acid from interactions with solvent molecules diluting the
catalytic power. We do not find exceptional H-bonding with Asp99 and Tyr14, excluding their catalytic activity. There is
no strong hydrogen bonding in the TS, which could account for lowering the activation barrier. Our study provides a
clear picture of the isomerization process, which will also inspire similar investigations of other important enzymatic
reactions.

KEYWORDS: Ketosteroid isomerase; 5-androstene-3,17-dione isomerization; unified reaction valley approach; local
mode analysis; ring puckering coordinates; DFT; QM/MM.

1. INTRODUCTION

Ketosteroid Isomerase (KSI) is one of the most efficient
enzymes catalyzing chemical reaction with reaction
rates approaching the diffusion limit for biologically
relevant systems,1–3 and therefore, has attracted a lot of
attention in the field during the past decades.4–9 One
intriguing example is KSI Commamonas testosteroni.
KSI is a small dimeric enzyme consisting of 125 amino
acid residues per monomer (Mr ¼ 13:5 kDa), involved
in steroid biosynthesis and transformation of an inac-
tive cholesterol to the hormonally active ketosteroids10

such as the catalysis of a wide variety of reactions
transforming 3-oxo-!5 ketosteroids into their corre-
sponding !4-conjugated isomers.11,12 These typical
two-step reactions involve C–H activation (i.e., C–H
breakage/formation), generally an energy demanding

process, followed by double-bond isomerization13

which is effectively supported by a deprotonated
aspartic acid being located in the active site of the
enzyme, bringing the energy barrier down in to the
6–10 kcal/mol range making it possible at body-
temperature.11,14–16

Talalay and Wang showed already in 1955 in their
landmark paper17 that in contrast to acid- and base-
catalyzed transformations of conjugated keto-olefins
(from #, "- to the !, #- carbon position) as found in
organic chemistry, the enzymatic activity of KSI is
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distinct from related non-enzymatic isomerizations as
the hydrogen atoms of the steroid substrate are not
substantially exchanged with those of a buffered
aqueous solution. This implies that the putative active
site base in KSI is sufficiently shielded from bulk water
to conserve the migrating hydrogen at the 4-position
(i.e., !-carbon) and move it directly to the 6-position
("-carbon) of the steroid. These findings formed the
basis for a series of subsequent mechanistic investiga-
tions and discussions.

There is still an ongoing debate among experi-
mentalists and theoreticians regarding the role of hy-
drogen bonds and electrostatic interactions as well as
their interplay leading to the observed and calculated
small energy barriers in the range of only 6–8 kcal/mol.
One of the studies of KSI’s exceptional catalytic activity
suggested hydrogen bonding between Tyr14 and the
substrate carbonyl oxygen as a key player12 based on
NMR experiments.18 Another explanation involves the
formation of low-barrier hydrogen bonds (LBHBs)
involving Tyr14, Asp99 and the substrate carbonyl
oxygen,4,19 also supported by NMR experiments. The
role of hydrogen bond networks in KSI was further
investigated computationally1,20 showing how these
networks can give rise to large local electric fields in the
enzyme.6,7 Multiple hydrogen bond interactions with
individually modest contributions adding up to the
catalytic strategy for KSI were discussed based on
molecular dynamics (MD) simulations and quantum
chemical (QM) calculations.21 Stabilization of the
transition states (TSs) and the potential intermediate in
KSI reactions were studied computationally.22 LBHB
and the cooperative hydrogen-bond mechanisms were
further investigated at the QM level of theory,23

showing that both mechanisms are equally stabilizing.
The role of short-strong hydrogen bonds (SSHBs) in
the enzyme was analyzed using the UV spectroscopy.24

Electronic inductive effects along the hydrogen bond
networks were investigated with hybrid QM/MM
methodologies.25 Constrained hydrogen bonding in
KSI was studied using high resolution X-ray crystal-
lography, NMR spectroscopy, and QM calculations,
showing how packing and binding interactions within
the KSI active site are responsible for the enzyme ac-
tivity.2,26 The effect of hydrophobic environments
and compact packing in the KSI catalytic site was also
investigated by site-directed mutagenesis of the en-
zyme.27 Using NMR, high-resolution X-ray crystallog-
raphy, and QM/MM computational method, the
structural coupling throughout the active site hydrogen
bond networks was investigated for two variants of KSI
and compared with the active site of yellow protein,28

and the proton delocalization in the H-bonding
network of KSI was analyzed using UV and NMR
spectroscopy.29

Electrostatic interactions in the KSI active site were
analyzed theoretically and conceptually, revealing the
crucial role of electrostatic preorganization for KSI
catalytic activities.5,30,31 The contribution of electro-
static interactions to the enzyme activity was also in-
vestigated by variety of computational studies9,20,32–40

as well as by experiments using vibrational Stark effect
spectroscopy.38,41–43 Using Tyr14 mutations in KSI, it
has been shown that the electrostatic environment of
Ox does not provide a great enhancement of the KSI
activity.44 The rigid water dipoles at the active site of
KSI were studied with time-resolved vibrational spec-
troscopy showing that the electrostatic environment
plays a key feature for efficient catalysis.45,46 The het-
erogeneous and anisotropic origins of the electrostatic
environment within the KSI active site were investi-
gated from multiple positions and orientations by using
X-ray crystallography, vibrational, UV, and NMR
spectroscopy.47,48 On the other hand, using time-re-
solved fluorescence spectroscopy significantly changes
the electrostatic environment in the active site of KSI
taking place during the catalytic reactions could be
rolled out.49 A recent statistical analysis of ca. 45 new
crystal structures of KSI-substrate complexes has sug-
gested that also conformational changes of the steroid
substrate rings could facilitate KSI’s activity2,50 adding
another component.

The overall conclusion of these diverse investiga-
tions has been that the strong, unique catalytic activity
of KSI is most likely a result of different smaller well-
synchronized contributions adding up rather than
being based more or less on one dominant source.1,51

However, more specific details about the possible
source(s) of the catalytic power of KSI are needed to
derive a more complete picture and to understand the
catalytic mechanism in a more holistic way.

We investigated in this work the two-step isomeri-
zation of 5-androstene-3,17-dione to 4-androstene-
3,17-dione in wild type (WT) KSI (reaction R1), which
has served as a prototypic example in numerous ex-
perimental and theoretical studies.12,16,37,52 From a bi-
ological point of view, in mammals this reaction
constitutes an essential step in the biosynthesis of ste-
roid hormones which have a facet of different biological
implications, such as the transformation of cholesterol
to testosterone.10,16,52

To further elucidate the catalytic effect of Asp38 in
the protein and to test the postulated shielding of the
enzyme active site pocket conserving the migrating
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hydrogen from interactions with surrounding bulk
water, we also modeled the reaction in the gas phase,
reaction R2 and in aqueous solution reaction R3,
simulating Asp38 with formic acid, as shown in Fig. 1.
The pKa values of formic acid (pKa ¼ 3:74)53 and that
of the aspartic acid side-chain (pKa ¼ 3:90)54 are
comparable. The major goal of this study was to shed
new light into the overall catalytic function of KSI
targeting in particular the following questions still
under debate as described above: (i) what is the role of
the enzyme environment, such as electrostatic field
effects including charge transfer and space confine-
ment; (ii) does ring-puckering of the substrate play any
noticeable role; (iii) does the activation energy benefit
from TS stabilization, such as strong hydrogen bond-
ing; (iv) what is the role of Tyr14 and Asp99 in stabi-
lizing the postulated oxoanion hole, in reactant and
product, TSs and the intermediates. As special tools for
our investigation we utilized the Unified Reaction
Valley approach (URVA) and the Local Mode Analysis,
(LMA) which is briefly described in the following.

A comprehensive review of the URVA methodology
can be found in Ref. 55, the theoretical basis and
background of URVA have also been thoroughly de-
scribed in Refs. 56–58. Selected URVA applications
including enzyme studies are discussed in Refs. 57,
59–68. URVA requires a representative reaction path
which is followed by the reaction complex (RC), i.e.,
the union of reacting molecules on its way from the

entrance channel, via the TS to the exit channel on the
potential energy surface (PES) of the reaction. As the
reaction proceeds, the electronic structure of the RC
changes, which is registered by vibrational modes
perpendicular to the long amplitude motion along the
reaction path spanning the so-called Reaction Valley.
As described in the seminal Miller, Handy, and Adams
paper on the Reaction Path Hamiltonian, these vibra-
tional modes couple with the translational motion
along the reaction path and the sum of all coupling
elements defines the scalar reaction path curvature.69

Hence, any chemical change is reflected by changes in
the scalar reaction path curvature.

We further decompose the scalar reaction path
curvature into components, e.g., internal coordinates
representing bond lengths, bond angles, and dihedral
angles, as well as puckering coordinates or pyr-
amidalization angles,56 which allows to assign the
reaction path curvature maxima to specific events
occurring along the reaction path, such as bond
formation/cleavage processes, atomic rehybridization
conformational changes and so on, providing a detailed
insight into the reaction mechanism. In contrast to the
reaction path curvature peaks, the curvature minima
correspond to minimal electronic structure changes of
the reaction complex, often reflecting the beginning of
a new chemical event. In this way curvature minima
and maxima can be used to divide the entire reaction
path into chemically meaningful reaction phases67,68

Fig. 1. (Color online) Two-step isomerization of 5-androstene-3,17-dione to 4-androstene-3,17-dione investigated in this work; R1:
Reaction in KSI, R2: Gas-phase reaction with Asp38 simulated by formic acid, R3: Reaction in aqueous solution.
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providing a close look at what happens at certain
locations on the reaction path. It has to be noted that
only chemical events occurring before the TS contrib-
ute to the energy barrier, so that the careful analysis of
the curvature peaks in the entrance provides, e.g.,
helpful hints on how to lower a barrier.55 The curvature
profiles were complemented by an analysis of the
changes of atomic and molecular charges along the
reaction path based on the natural bond orbital (NBO)
analysis,70,71 as well as the analysis of conformational
changes of the six-membered carbon rings involved in
the isomerization using Cremer–Pople puckering
coordinates.72,73

The strength of individual bonds of all stationary
points on the PES, i.e., reactants, TSs, and products was
determined with LMA, which is based on vibrational
spectroscopy. The theoretical background of LMA,
originally developed by Konkoli and Cremer74–78 can
be found in a comprehensive review paper.79 The local
vibrational modes of a molecule can be considered as
the local counterparts of normal vibrational modes,
which are generally delocalized due to electronic and
mass-coupling.80 Therefore associated normal mode
stretching force constants are of limited use as indi-
vidual bond strength descriptors. In contrast, local vi-
brational stretching force constants derived from
uncoupled local vibrational modes directly reflect the
intrinsic strength of a chemical bond and/or weak
chemical interaction.81 We have successfully applied
local stretching force constants to characterize covalent
bonds82–88 and weak chemical interactions such as
halogen bonds,89–94 chalcogen bonds,95–97 pnicogen
bonds,98–100 tetrel bonds,101 and hydrogen
bonds,102–110 as well as so-called $hole interactions.111

LMA was further complemented with the topological
analysis of the electron density using Bader’s quantum
theory of atoms–in–molecule (QTAIM).112–115

2. COMPUTATIONAL METHODS

We used in this study as reaction path the intrinsic
reaction coordinate (IRC) path of Fukui.116 All IRC
calculations presented in our study were performed
with the improved reaction path following procedure of
Hratchian–Kraka,117 which allows to accurately trace
the reaction path and its curvature far out into entrance
and exit channel and leads to reliable vibrational fre-
quencies along the IRC which are needed to span the
reaction valley. Calculations were performed with a
B3LYP/6–31G(d,p) model chemistry, i.e., the B3LYP
density functional118–121 and Pople’s 6–31G(d,p) basis
set122,123 using an ultrafine grid and tight convergence

criterion with a step size of s ¼ 0:03 amu1=2 Bohr. For
reaction R3 we utilize the polarizable continuum sol-
vent model (PCM) of Tomasi and co-workers124,125 to
simulate the aqueous solution environment. (A com-
parison of the energetics of reactions R2 and R3 with
6–31G(d,p) and 6–311G(d,p) basis sets is shown in
Table S1, Supporting Materials.)

For the reaction R1 we started from a crystal
structure of D38N mutant enzyme [PDB: 1OHP, chain
A],126 where residue 38 was changed back to depro-
tonated aspartic acid. The steroid molecule was placed
in the active site of the enzyme with a geometry re-
sembling the TS geometry obtained in the gas-phase
calculations of the reaction R2. Then we performed an
energy minimization of the entire protein with
AMBER,127 where hydrogen atoms were placed
according to standard rules of the AMBER force field.
In the AMBER energy minimization the steroid mol-
ecule was frozen at its TS geometry of the gas phase.
The final protein structure was divided into a QM part
which includes the steroid molecule and the COO-side
chain of Asp38, and a MM part involving the rest of the
protein. A hydrogen link atom was placed on the COO-
side chain of Asp38 in order to cap the QM subsystem.
The QM/MM TS optimization followed by the IRC
calculations were performed with the ONIOM meth-
od128 and the B3LYP/6–31G(d,p)/AMBER level of
theory was applied with the ultrafine grid and the IRC
step size of s ¼ 0:05 amu1=2 Bohr.

The analysis of the stationary points was performed
at the endpoints of the IRCs and the corresponding
transitions states. Particularly, for the enzyme reaction,
this is important because the energies of stationary
points calculated with QM/MM cannot directly be
compared. QM/MM calculations imply simultaneous
geometry optimizations of the QM and MM parts.
Changes in the QM part during the geometry optimi-
zation e.g., of reactant or product complex can induce
different changes in the corresponding MM part lead-
ing to different local minima of the protein with a
different total energy. In the QM/MM IRC calculations
done with a small step on the reaction coordinate, the
changes of the QM part are done gradually which
prevents moving the protein structure into a different
local minimum. For easier comparison, the local mode
stretching force constants ka can be transformed into
dimensionless bond strength orders (BSO) via a power
relationship based on a generalized Badger rule67,83:
BSO ¼ A " ðkaÞB, where the constants A and B are
determined by two reference molecules with known
BSO and ka values, and a zero value of the force con-
stant for a zero value of BSO. As reference molecules,
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we have used CH4 as a molecule representing a C–H
bond of a BSO value of 1.0, H2O as a molecule repre-
senting an O–H bond of a BSO value of 1.0, and
F2H% anion (with a 3-center 4-electron structure) as a
molecule representing a chemical bond with a hydro-
gen atom having a BSO value of 0.5, which was used for
both the C–H and O–H chemical bonds in our study.
For the C–H bond the A and B values are 0.4593 and
0.4633, respectively, and for the O–H bond these values
are 0.4680 and 0.3606. The covalent character of a
chemical bond/weak chemical interaction can be
obtained using the Cremer–Kraka criterion,129,130

which is based on the value of the energy density H%

taken at the bond critical point r% between the two
atoms involved in the chemical bond or weak chemical
interaction. A negative value of H% indicates the co-
valent character of the bond/interaction whereas a
positive value reflects dominant electrostatic character.

All DFT calculations were performed with Gauss-
ian09.131 The URVA analysis was carried out with the
program pURVA.132 The puckering analysis was per-
formed with the program RING133 and the local mode
analysis with program LModeA.134 Natural bond or-
bital (NBO) charges were calculated with the program
NBO6135 and the energy density at bond critical points
was obtained with the AIMALL program.136

3. RESULTS AND DISCUSSION

Energetics. Both the enzyme reaction R1 as well as the
reaction in the gas-phase R2 and in aqueous solution
R3 follow a two-step mechanism with an intermediate
van der Waals complex (see Figs. 1 and S1, Supporting
Materials). As reflected by the data in Table 1, activa-
tion enthalpies for Step 1 range from 6.6 kcal/mol to

11.4 kcal/mol, whereas Step 2 reactions proceed with an
almost negligible barrier, Ha ¼ 0:4 kcal/mol for reac-
tion R1, or in the case of reactions R2 and R3 without
any barrier. Calculated activation enthalpies for reac-
tion R1 are in good agreement with the experimental
values derived from the D38E mutation of wild type
KSI137 (6.6 kcal/mol versus 7.6 kcal/mol for Step 1 and
7.7 kcal/mol versus 9.2 kcal/mol for Step 2, respectively)
confirming the quality of our calculations. It is note-
worthy that the activation enthalpies of Step 1 in the
enzyme and in the gas phase are very similar (6.6 kcal/
mol, R1 versus 6.1 kcal/mol, R2, respectively) con-
firming Talalay’s hypothesis that the enzyme pocket
shields the migrating hydrogen atom. This is also fully
in line with our observation that in the aqueous solu-
tion allowing solvent solute interaction the activation
barriers increases considerably (6.1 kcal/mol, R2 versus
11.4 kcal/mol, R3, respectively).

All Step 1 reactions are endothermic with a HR of
7.3 kcal/mol value for reaction R1 which is comparable
to that of the gas-phase reaction R2, confirming again
that the gas-phase situation perfectly models the
shielding of the migrating proton. In the aqueous so-
lution reaction R3, which allows the interaction be-
tween the migrating H-atom and the solvent, the HR
value increases to 13.1 kcal/mol. In contrast to Step 1,
Step 2 reactions are strongly exothermic with HR values
ranging between %16 kcal/mol and %20 kcal/mol.
These data suggest that once the intermediate is
formed, the final isomerization to 4-androstene-3,17-
dione, which benefits from double bond delocalization,
is straightforward. It has to be noted that the
IRC endpoint of the product channel of Step 1,
i.e., intermediate Ia has a slightly different energy than
the IRC endpoint of the entrance channel of Step 2, Ib,

Table 1. Energetics of the 5-androstene-3,17-dione isomerization reaction.

Step 1 Step 2 Step 1 Step 2
Reaction Ea ER Ea ER Ha HR Ha HR

R1 10.5 8.5 11.1(2.6) %9:4ð%17:9Þ 6.6 7.3 7.7(0.4) %8:5ð%15:8Þ
R2 9.6 9.0 —a %12:7ð%26:1Þ 6.1 7.7 —a %12:2ð%19:9Þ
R3 15.0 14.2 —a %6:3ð%20:5Þ 11.4 13.1 —a %6:1ð%19:2Þ
Expb 7.6 9.2

Notes: aBarrier-less reaction.
bHa derived from the D38E protein mutation.137

Ea: activation energy, ER: reaction energy, Ha: activation enthalpy, HR: reaction enthalpy, all
values in (kcal/mol). R1: Isomerization catalyzed by KSI, B3LYP/6–31G(d,p)/AMBER. R2: Gas-
phase isomerization catalyzed by formic acid, B3LYP/6–31G(d,p). R3: Isomerization in aqueous
solution, B3LYP/6–31G(d,p)/PCM. Values for Step 2 are given relative to the reactants S of Step
1, values relative to the intermediates Ib are given in parenthesis.
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ca. 1 kcal/mol. The difference results from the different
positions of the migrating H-atom and the Asp38/
formic acid relative to the steroid (see Fig. 1). In Ia the
migrating H atom and as well as the catalyzing acid are
located above ring A of the steroid, whereas in Ib they
are located above ring B, as visualized in the electro-
static potential maps shown in Fig. 2.

In summary, the energetics show important overall
trends, however they do not provide us with mecha-
nistic details and are not able to answer questions such
as (i) how do different chemical events such as bond
formation/breaking, rehybridization and conforma-
tional changes contribute to the activation barrier and
(ii) although in both steps C–H bonds are broken, C
and O atoms are rehybridized, why is the second step
obviously much more effortless than the first step?
These questions are targeted in the following.

Reaction mechanism. As depicted in Fig. 1, Step 1 is
characterized by a proton transfer from the C4-atom
(!-carbon) of the substrate to the side chain of the
deprotonated Asp38 residue forming an intermediate
dienolate. In Step 2, the proton transfers back from the
Asp38 residue to the allylic C6 atom ("-carbon) of the
substrate involving a double bond shift from ring B to
ring A.

Figures 3(a) and 3(b) show the energy and curvature
profiles for the first step of the isomerization reaction
R1 in KSI. According to Fig. 3(b) the reaction can be
divided into five distinct phases. Preparation phases 1
and 2 with small curvature enhancements K1 and K2
are characterized by the approach and orientation of
Asp38 and the ketosteroid, which stretch over more
than 14 s units (dashed decomposition line in Fig. 3(b),

calculated from the sum of internal components de-
scribing the position of Asp38 relative to the steroid
substrate). Then two relatively short chemical phases 3
and 4 with two large curvature peaks K3 and K4 follow
where the C!–H bond is cleaved and the new O–H
bond with Asp38 is formed. In phase 5, with curvature
peak K5, the intermediate dienolate adapts is final
conformation, as denoted by the dashed component in
Fig. 3(b). In phase 3 the C!–H bond starts to break
(supportive, component with positive sign) while at the
same time the formation of the new O–H bond is still
resisting (component with negative sign). After the TS
in phase 4 bond breaking/formation is finalized. O–H
and C–H bonds change roles; the O–H bond compo-
nent becomes supportive and the C!–H contribution
resistant. Figure 3(a) and Table 2 show the energy
contribution of each reaction phase to the reaction
barrier. Phases 1 and 2 contribute with 4.1 kcal/mol
(40%) to a substantial part of the activation energy
compared with the start of C–H bond cleavage and
O–H bond formation (phase 3: 5.9 kcal/mol, phase 4:
0.5 kcal/mol). It has to be noted that all chemical events
occurring after the TS do not contribute to the acti-
vation energy, including the finalization of O–H bond
formation and C–H bond breaking (phase 4) and the
conformational adjustments of the intermediate die-
nolate (phase 5).

According to Fig. 3(d), Ca–H bond cleavage and
formation of the intermediate O–H bond with the acid
proceed in the gas phase with the same mechanism as
in the enzyme, i.e., starting with conformational
adjustments in phases 1 and 2 making up 4.1 kcal/mol
of the activation energy (44%) followed by the start of

Fig. 2. (Color online) Electrostatic potential mapped on the electronic density calculated at all stationary points of Steps 1 and 2 for the
enzyme isomerization R1.
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Ca–H bond cleavage and O–H bond formation
(5.5 kcal/mol), see Fig. 3(c) and Table 2. The overall
mechanism remains the same in aqueous solution, as
revealed by Fig. 3(f), the major difference is that Ca–H
bond cleavage is more difficult; whereas the contribu-
tion of the pre-chemical phases to the activation energy
is slightly reduced compared to the enzyme reaction
(33% versus 40%), the contribution of phases 3 and 4,
the barrier is increased (67%), see Fig. 3(e) and Table 2.

These findings clearly confirm Talalay’s hypothesis that
the enzyme pocket conserves the migrating hydrogen
from interactions with surrounding bulk water “dilut-
ing” its attraction of the catalyzing acid, underlined by
the similarity of enzyme and gas phase results, which
shows that this is the major role of the enzyme in the
catalytic process rather than special electrostatic field
effects, as also ruled out by time-resolved fluorescence
spectroscopy studies.49

(a) Energy profile (b) Reaction curvature

(c) Energy profile (d) Reaction curvature

(e) Energy profile (f) Reaction curvature

Fig. 3. (Color online) (a) Energy and (b) reaction path curvature profiles for Step 1 of reaction R1 in KSI; (c) Energy and (d) reaction path
curvature profiles for Step 1 of reaction R2 in the gas phase; (e) Energy and (f) reaction path curvature profiles for Step 1 of reaction R3 in
aqueous solution. The borders of the reaction phases are indicated by vertical dashed lines at curvature minimums M1, M2, M3, etc. and the
curvature maximums are indicated by K1, K2, K3, etc. The reaction phases are indicated by the blue numbers. The TS at s ¼ 0 amu1=2 Bohr
is also indicated by a vertical dotted line. The dashed decomposition line represents the orientation of acid and steroid, see text. The gray bar
indicates the chemical phase.
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Figure 4 shows the energy and reaction path cur-
vature profiles of the second step of the isomerization
in the enzyme, which, starting from the intermediate
dienolate anion, proceeds with a small energy barrier of
only 2.6 kcal/mol, as shown in Table 1. As depicted by
Fig. 4(b), the barrier is made up from minor confor-
mational rearrangements leading to small curvature
enhancement K1 in phase 2 and the actual O–H bond
breaking and C"–H bond forming processes (peaks K2
and K3) occur in the exit channel, after the TS, and in
this way they no longer contribute to the energy bar-
rier. In summary, the curvature profile provides a clear
rational for the energetics.

Ring conformation. In the following, the suggested
influence of conformational changes of the steroid
substrate rings A and B on KSI’s activity2,50 is

investigated. During the isomerization process the
!-carbon of ring A changes from its sp3 hybridization
in 5-androstene-3,17-dione to sp2 hybridization in 4-
androstene-3,17-dione whereas the "-carbon of ring B
changes from sp2 to sp3 hybridization. The accompa-
nying double bond shifts lead to conformational
changes in both rings.

Figure 5(a) decomposes the reaction path curvature
into pyramidalization angle contributions for the six
carbon atoms of ring A for Step 1 of reaction R1,
Fig. 5(b) decomposes the reaction path curvature into
pyramidalization angle contributions for the six carbon
atoms of ring B for Step 2 of reaction R1, visualizing in
this way the rehybridization process. In both the steps,
rehybridization as reflected by the pyramidalization
angles contributes to the chemical phases, i.e., phases 3
and 4, curvature peaks K3 and K4 in Step 1 and cur-
vature peaks K2 and K3 in Step 2. The same features
were found for the gas phase and aqueous solution
reactions (the corresponding curvature plots for reac-
tion R2 are shown in Fig. S2, Supporting Materials),
amplifying that the overall mechanism is the same in all
three media.

In addition, we performed in this work a compre-
hensive ring puckering analysis based on the Cremer–
Pople puckering coordinates.72,73 Using puckering
coordinates, the full set of 3N%6 independent Carte-
sian coordinates of any puckered N-membered
ring can be uniquely determined via N%3 puckering
coordinates (amplitude q and puckering angle "),
N%3 bond angles and N bond lengths.72,73 Six-
membered rings can adapt three basis conformations,
chair, boat or Twist-boat as well conformations being
composed of a particular percentage of these basic

Table 2. Energy contribution (En) of each reaction phase
(Ph) to the reaction barrier for the reactions R1–R3. All
values in kcal/mol.

R1 R2 R3

Ph Ena Enb Ph Ena Enb Ph Ena Enb

Step 1
1 1.3 1.3 1 2.3 2.3 1 2.2 2.2
2 2.8 4.1 2 1.9 4.2 2 0.9 3.1
3 5.9 10.0 3 4.7 8.9 3 1.9 5.0
4 0.5 10.5c 4 0.8 9.6c 4 8.6 13.6

5 1.4 15.0c

Step 2
1 0.4 0.4
2 2.3 2.6c

Notes: aEnergy contribution of the reaction phase.
bEnergy at the end of the reaction phase.
cEnergy up to TS contained in this phase.

(a) Energy profile, Step 2 (b) Reaction curvature, Step 2

Fig. 4. (Color online) The energy profile (a) and the reaction curvature (b) of the reaction R1 Step 2. The borders of the reaction phases are
indicated by vertical dashed lines at curvature minimums M1, M2, M3, etc. and the curvature maximums are indicated by K1, K2, K3, etc.
The reaction phases are indicated by the blue numbers. The TS at s ¼ 0 amu1=2 Bohr is also indicated by a vertical dotted line. The gray bar
indicates the chemical phase.
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forms and their ring puckering can be described by two
puckering amplitudes q2 and q3, a pseudo-rotation
phase angle "2, a hyperspherical angle # and total
puckering amplitude Q.138,139 These parameters can be
expressed in terms of 6% 3 ¼ 3 puckering coordinates,
the pseudo-rotational coordinate pair (q2, "2) de-
scribing the pseudo-rotation of boat and twistboat
forms, and the crown puckering amplitude q3, which
describes the chair conformer,72,140 which lead the
percentage of the chair, boat, and Twist-boat forms
according to the following formulas72:

Chair : 100%
q3 2

Q2
; ð1Þ

Boat : 100%
q2 2

Q2
cos2ð3"2Þ; ð2Þ

TwistBoat : 100%½1% cos2ð3"2Þ'
q2 2

Q2
: ð3Þ

In Table 3, the chair, boot, and Twist-boat compo-
sitions of the steroid rings A and B, evaluated at all
stationary points utilizing Eqs. (1)–(3), are summa-
rized. Noteworthy are the different puckering patterns
of Ia and Ib reflecting the different location of the
migrating H atom, being closer to the !-carbon in Ia
and closer to the "-carbon in Ib. In the reactants S of
Step 1, i.e., the 5-androstene-3,17-dione, the !-carbon
of ring A is sp3 hybridized. Consequently, ring A has a
predominant chair conformation with 78.5%, 99.0%,
and 99.2% for reactions R1, R2, and R3, respectively.
The value for the enzyme is somewhat smaller, caused
by the space confinement in the enzyme pocket. On the
other hand, in products E of Step 2, i.e., the 4-
androstene-3,17-dione, the "-carbon of ring B is sp3

hybridized and has a predominant chair conformation
with 90.1%, 97.3%, and 97.7% for reactions R1, R2, and
R3, respectively. Obviously, ring B has more flexibility
to adjust to the chair form than ring A. The "-carbon of
ring B in reactant S and the !-carbon of product E in
ring A are sp2 hybridized. Both cyclohexene and
cyclohexenone rings are known to prefer a half-chair
form,138 which is reflected by an almost equal admix-
ture of chair, boat and Twist-boat conformations found
for E, see Table 3. Intermediate Ib has a relatively large
chair contribution (78.3%, 82.6%, and 63.9% for reac-
tions R1, R2, and R3, respectively). This indicates that
the "-carbon of Ring B has already a dominant sp3

hybridization, facilitating the proton transfer and in
this way lowering the activation energy of Step 2.

A more detailed insight into how ring puckering
puckering changes during the isomerization reaction
can be gained by the decomposition of the reaction
path curvature into puckering coordinates. Figure 6
shows the decomposition of the reaction path curvature
into puckering amplitudes q2, q3 and puckering angle
"2 of rings A and B for Steps 1 and 2 of the enzyme
reaction R1. The corresponding plots for reactions R2
and R3 are shown in Fig. S3, Supporting Materials. In
both steps, puckering contributes to the reaction path
curvature in the chemical phases 3 and 4. However,
there is an important difference. In Step 1, peak K3 is
characterized by large supporting q2ðAÞ component, a
strongly resisting q3ðAÞ component (reflecting changes
in the chair conformation of ring A), and smaller
resisting q2ðBÞ and "2ðBÞ components, which all con-
tribute to the energy barrier. For Step 2, supportive
q3ðBÞ and q2ðBÞ are most characteristic, reflecting that

(a) Ring A carbon atoms in Step 1 (b) Ring B carbon atoms in Step 2

Fig. 5. (Color online) (a) Decomposition of the reaction path curvature into pyramidalization angle contributions for the six carbon atoms
of ring A for Step 1 of reaction R1 the !-carbon contribution is shown in red; (b) Decomposition of the reaction path curvature into
pyramidalization angle contributions for the six carbon atoms of ring B for Step 2 of reaction R1 the "-carbon contribution is shown in red.
The borders of the reaction phases are indicated by vertical dashed lines at curvature minimums M1, M2, M3, etc. and the curvature
maximums are indicated by K1, K2, K3, etc. The reaction phases are indicated by the blue numbers. The TS at s ¼ 0 amu1=2 Bohr is also
indicated by a vertical dotted line. The gray bar indicates the chemical phase.

DOI: 10.1142/S2737416521400032
321 J. Comput. Biophys. Chem. 2022, 21 (3), 313–333

Journal of Computational Biophysics and Chemistry Research

https://dx.doi.org/10.1142/S2737416521400032


it is easier for ring B to adjust to its final conformation
in 4-androstene-3,17-dione E.

NBO charges and charge transfer. In this section we
discuss how the charge distribution changes during the
isomerization process, i.e., when the proton migrates
from the ring A of the steroid molecule to the depro-
tonated side chain of aspartic acid in Step 1, followed in
Step 2 by the back-transfer of the same proton from the
acid to the ring B of the steroid molecule. Figure 7
presents the NBO atomic charges along the reaction
path for the migrating proton, !- and " carbon atoms
of the steroid molecule (Ca and Cb in Fig. 7, respec-
tively) and the oxygen of the aspartic/formic acid
accepting the migrating proton. In addition, the total
charge of the steroid with and without the migrating H
atoms and that of the deprotonated acid are plotted as

well along the reaction path in order to reflect the
charge transfer between these two entities. (Fig. S4,
Supporting Materials, shows in addition the NBO
charge differences between the protonated steroid
moiety and the deprotonated acid for Step 1 of the
reactions R1–R3 along the reaction path.)

In both reactions, R1 and R2, the migrating H-atom
keeps a positive charge of 0.35 e during the first reac-
tion phases of Step 1. At the end of chemical phase 3,
the positive charge starts to slightly increase until
shortly after the TS in phase 4 its final value of 0.5 e in
Ia is reached, where the hydrogen atom is bonded to
the acid. In phase 3 of Step 2 the positive charge starts
to decrease until it reaches its final value of 0.3 e in E at

Table 3. Chair, boat and Twist-boat puckering con-
formers (%) of rings A and B for the reactions R1–R3
evaluated at the stationary point, i.e., IRC endpoints and
TSs of Step 1 and Step 2, respectively.a

Step 1 Step 2
Ring Chair Boat Tboat Chair Boat Tboat

Reaction R1
Ring A
Re 78.5 17.6 4.0 37.1 28.5 34.4
TS 72.9 21.1 6.0 35.7 28.2 36.1
Pr 59.7 16.3 24.0 27.5 53.2 19.2

Ring B
Re 32.0 14.3 53.8 78.3 7.6 14.1
TS 30.4 20.7 48.9 86.8 12.8 0.4
Pr 32.8 14.1 53.1 90.1 2.4 7.5

Reaction R2
Ring A
Re 99.0 0.2 0.8 34.0 37.0 29.1
TS 80.9 1.6 17.5 — — —
Pr 65.5 3.6 30.9 34.2 44.6 21.2

Ring B
Re 39.8 4.4 55.8 82.6 4.7 12.7
TS 40.1 9.7 50.2 — — —
Pr 41.6 16.8 41.6 97.3 0.3 2.4

Reaction R3
Ring A
Re 99.2 0.7 0.1 36.8 30.9 32.3
TS 73.7 9.4 16.8 — — —
Pr 57.5 13.1 29.4 33.5 45.5 21.0

Ring B
Re 39.3 0.3 60.4 63.9 16.1 20.0
TS 43.5 15.5 41.0 — — —
Pr 44.8 23.9 31.3 97.7 0.0 2.3

Notes: aFor Step 1 Re corresponds to S, TS to TS (SIa) and
Pr to Ia; for Step 2 Re corresponds to Ib, TS to TS (IbE)
and Pr to E.

(a) Puckering analysis for Step 1

(b) Puckering analysis for Step 2

Fig. 6. (Color online) Decomposition of the reaction curvature
into puckering components for rings A and B for reaction R1; (a)
Step 1 and (b) Step 2. The borders of the reaction phases are in-
dicated by vertical dashed lines at curvature minimums M1, M2,
M3, etc. and the curvature maximums are indicated by K1, K2, K3,
etc. The reaction phases are indicated by the blue numbers. The TS
at s ¼ 0 amu1=2 Bohr is also indicated by a vertical dotted line. The
gray bar indicates the chemical phase.
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the beginning of phase 4. Both !- and "-carbon atoms
and the O atom are negatively charged throughout both
the steps; with only marginal changes, i.e., the overall
change of the charge of both, steroid and acid along
during the isomerization process is determined by the
charge of the migrating H-atom. At the beginning of
Step 1 of reaction R1, the steroid including the mi-
grating H-atom carries %0:1 e and the deprotonated
Asp38 of %0:9 e of the overall negative charge of %1 e
at the intermediate Ia the roles are switched, the steroid
has a negative charge of %0:9 e. In Step 2 the reverse
charge transfer takes places, so that at the end of the
isomerization the deprotonated acid has a negative
charge of %0:9 e again. The same trends are observed
for the gas phase phase reaction R2 as revealed by
Fig. 7. This shows that specific electrostatic field effects
and enhanced charge transfer in the enzyme can be
excluded.

Local Mode Analysis. Finally, we address the
remaining two questions (i) TS stabilization via strong
hydrogen bonding and (ii) the role of Tyr14 and Asp99
via a comprehensive local mode analysis. Table 4

summarizes bond length R, local mode force constant
ka, energy density at the bond critical point H%, and
bond strength order BSO for the C–H and O–H
bonds primarily involved in the isomerization reactions
R1–R3 taken at the stationary points. Figure 8
shows in addition bond lengths (black color)
and BSO values (brown color) also for additional C–H,
O–H, C–O and C–C bonds at the stationary points
of Steps 1 and 2 of the isomerization reaction R1 in the
enzyme.

In the starting, van der Waals complex S, C–O bond
of deprotonated Asp38 acid is in closer contact with the
migrating H-atom which is only slightly longer and
weaker than the other C–O bond of the carboxylate
anion part (R ¼ 1:260Å, BSO ¼ 1:566 versus
R ¼ 1:256Å, BSO ¼ 1:612, respectively). In TS(SIa)
the difference between the two CO bonds increases and
in the intermediate Ia one can speak of a C–O single
bond and a C–O double bond as depicted in Fig. 8 with
(R ¼ 1:319Å, BSO ¼ 1:269 versus R ¼ 1:214Å,
BSO ¼ 1:905, respectively). At the same time the OH–
bond with the migrating H-atom changes from a weak

(a) Step 1 (b) Step 2

(c) Step 1 (d) Step 2

Fig. 7. (Color online) The NBO charges of selected atoms and overall charge of the steroid molecule and the interacting acid along the
reaction path; (a) and (b) Step 1 and Step 2 of reaction R1, respectively; (c) and (d) Step 1 and Step 2 of reaction R2. Because Step 2 of R2 is
barrier-less, the reaction path corresponds to a downhill path starting from Ib. The borders of the reaction phases are indicated by vertical
dashed lines at curvature minimums M1, M2, M3, etc. The reaction phases are indicated by the blue numbers. The TS at s ¼ 0 amu1=2 Bohr
is also indicated by a vertical dotted line. The gray bar indicates the chemical phase.

DOI: 10.1142/S2737416521400032
323 J. Comput. Biophys. Chem. 2022, 21 (3), 313–333

Journal of Computational Biophysics and Chemistry Research

https://dx.doi.org/10.1142/S2737416521400032


interaction in S to a covalent OH-bond in Ia reflecting
the drastic change of the R values (1.999Å versus
1.025Å, respectively, and the corresponding BSO
values of 0.241 versus 0.706, respectively). Synchro-
nously, C!H bond becomes longer and weaker, with
R ¼ 1:119Å, BSO ¼ 0:881 in S versus R ¼ 1:928Å,
BSO ¼ 0:190 in Ia, respectively. The B CC double
bond becomes slightly longer and the C!C bonds of
ring A slightly shorter. The CO double bond in prox-
imity to Asp99 and Tyr14 becomes longer and weaker
R ¼ 1:231Å, BSO ¼ 1:820 in S versus R ¼ 1:266Å,
BSO ¼ 1:554 in Ia, respectively. However, hydrogen
bonding between the substrate carbonyl oxygen and
Asp99 and Tyr14 changes only marginally, (Asp99:
R ¼ 1:856Å, BSO ¼ 0:306 in S versus R ¼ 1:797Å,
BSO ¼ 0:354 in Ia, respectively; Tyr14: R ¼ 1:825Å,
BSO ¼ 0:345 in S versus R ¼ 1:768Å, BSO ¼ 0:392
in Ia, respectively), therefore the suggested strong

catalytic activity of Asp99 and Tyr14 can be excluded,
which is in line with our observation that the energetics
and mechanism in both gas phase and enzyme are
pretty similar. Along the same lines, there is no par-
ticularly strong hydrogen bonding in the TSs, which
would explain the low activation barrier.

Bond length and bond strength changes in Step 2
follow a somewhat different pattern as shown in Fig. 8,
where now the focus is on both ring A and ring B. In
the starting intermediate Ib, the C–O bonds of the
protonated Asp38 acid reflect double and single bond
character with R ¼ 1:224Å, BSO ¼ 1:762 versus
R ¼ 1:303Å, BSO ¼ 1:240, respectively. In the final
complex E, the two CO bond of the deprotonated
Asp38 acid are again fairly equal with R ¼ 1:264Å,
BSO ¼ 1:563 versus R ¼ 1:249Å, BSO ¼ 1:657, re-
spectively. At the same time the covalent OH-bond
with the migrating H-atom changes back to a weak

Table 4. Bond length R, local mode force constant ka, energy density at the bond critical point H½, and bond strength order BSO
for the C–H and O–H bonds involved in the isomerization reactions R1–R3 taken at the stationary points: 5-androstene complex S,
TS(SIa), intermediates Ia and Ib, TS(IbE) and 4-androstene complex Ea.

R (Å) ka (mDyn/Å)
Reaction S TS(SIa) Ia Ib TS(IbE) E S TS(SIa) Ia Ib TS(IbE) E

R1
Ca–H 1.119 1.474 1.928 2.995 3.001 2.962 4.078 0.488 0.149 0.171 0.184 0.518
Cb–H 3.069 3.340 3.584 1.839 1.679 1.106 0.576 0.267 0.134 0.066 0.091 4.593
O–H 1.999 1.208 1.025 1.049 1.105 2.081 0.158 0.513 3.131 1.104 0.275 0.144

R2
Ca–H 1.107 1.490 1.784 3.725 — 3.157 4.562 0.398 0.185 0.048 — 0.508
Cb–H 3.172 3.253 3.397 2.622 — 1.105 0.532 0.151 0.102 0.122 — 4.595
O–H 2.119 1.181 1.047 0.992 — 2.186 0.090 0.508 2.063 6.051 — 0.066

R3
Ca–H 1.107 1.504 1.800 3.059 — 3.121 4.601 0.568 0.196 0.078 — 0.471
Cb–H 3.148 3.246 3.385 1.865 — 1.102 0.502 0.126 0.078 0.163 — 4.921
O–H 2.248 1.165 1.036 1.024 — 2.388 0.056 0.638 2.454 2.966 — 0.074

H% (Hartree/Bohr3) BSO
Reaction S TS(SIa) Ia Ib TS(IbE) E S TS(SIa) Ia Ib TS(IbE) E

R1
Ca–H %0:2671 %0:0615 %0:0064 — — — 0.881 0.329 0.190 0.203 0.210 0.339
Cb–H — — — %0:0102 %0:0236 %0:2846 0.356 0.249 0.181 0.130 0.151 0.931
O–H %0:0011 %0:1863 %0:4531 %0:4013 %0:3093 %0:0011 0.241 0.368 0.706 0.485 0.294 0.233

R2
Ca–H %0:2805 %0:0555 %0:0123 — — — 0.928 0.300 0.210 0.113 — 0.336
Cb–H — — — 0.0000 — %0:2848 0.343 0.191 0.160 0.173 — 0.931
O–H %0:0006 %0:2214 %0:4060 %0:5397 — %0:0007 0.196 0.367 0.608 0.896 — 0.176

R3
Ca–H %0:276 %0:0514 %0:0109 — — — 0.932 0.353 0.216 0.141 — 0.324
Cb–H — — — %0:0075 — %0:2819 0.334 0.176 0.141 0.198 — 0.961
O–H %0:001 %0:2413 %0:4304 %0:4590 — %0:0002 0.166 0.398 0.647 0.693 — 0.183

Notes: aR, ka, and H% of the C–H bond in CH4, are 1.092 Å, 5.362mDyn/Å, and %0:2823Hartree/Bohr3, respectively. R, ka, and H% of the
O–H bond in H2O, are 0.965Å, 8.208mDyn/Å, and %0:5878Hartree/Bohr3, respectively.
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interaction, with R ¼ 1:049Å, BSO ¼ 0:485 in Ib
versus R ¼ 2:081Å, BSO ¼ 0:233 in E, respectively.
Synchronously, the C"H bond becomes shorter and
stronger with R ¼ 1:839Å, BSO ¼ 0:130 in Ib versus
R ¼ 1:106Å, BSO ¼ 0:931 in E, respectively. As in
Step 1 hydrogen bonding between the substrate car-
bonyl oxygen and Asp99 and Tyr14 changes only
marginally, (Asp99: R ¼ 1:771Å, BSO ¼ 0:378 in Ib
versus R ¼ 1:824Å, BSO ¼ 0:331 in E, respectively;
Tyr14: R ¼ 1:783Å, BSO ¼ 0:364 in Ib versus
R ¼ 1:835Å, BSO ¼ 0:319 in E, respectively). In
contrast to Step 1 the CC bonds in both ring A and B
change length and strength to accommodate the
necessary double bond shift leading to the final
4-androstene-3,17-dione E.

In Figs. 9 and 10, general bond length/strength
changes for the C–H and O–H bonds primarily in-
volved in the isomerization process are visualized for all
three reactions R1–R3 based on the data of Table 4. As
obvious from Fig. 9(a), C!–H bonds in S and the C"–H
bonds in E are the strongest C–H bonds with a bond
strength close to that found in CH4 (ka values are in the
range between 4.078mDyn/Å and 4.601mDyn/Å
compared to the ka(CH) value of 5.362mDyn/Å for

CH4), whereas the corresponding C–H bonds of the
intermediates Ia and Ib are the weakest (Ia: ka values in
the range of 0.149–0.196mDyn/Å and Ib: ka values in
the range of 0.171–0.048mDyn/Å). C–H bond
strengths at the transition states of Step 1 cover an
intermediate range. TS (IbE) of R1 (Step 2 of reactions
R2 and R3 is barrier-less) falls into the range of the
weak C–H bond of the intermediates, reflecting that
because of the small barrier and strong exothermicity,
the TS is close to the reactant Ib in line with the
Hammond–Leffler postulate.141 Figure 9(b) shows the
corresponding O–H bond strengths which are com-
plementary to those of the C–H bonds. Weakest O–H
bonds are found for the 5-androstene-3,17-diones S
and 4-androstene-3,17-diones E in which Asp38/for-
mic acid is deprotonated, strongest O–H bonds are
found for the intermediates, which are generally weaker
that the O–H bond in water (kaðOHÞ ¼ 8:208mDyn/
Å). They show a larger spread of ka values (i.e., range
between 1.104 and 6.051mDyn/Å) than those of the C–
H bonds. This indicates that the O–H bonds are more
sensitive to the environment than the C–H bonds.

Figures 10(a) and 10(b) show the correlation
between bond strength and bond length for C–H and

Fig. 8. (Color online) Bond lengths in Å (black color) and BSO values (brown color) for the selected C–H, O–H, C–O and C–C bonds at
the stationary points of Steps 1 and 2 of the isomerization reaction R1 in the enzyme.
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O–H bonds, respectively. In both cases there is a
moderate correlation (R2 ¼ 0:8567 for C–H bonds,
R2 ¼ 0:8389 for O–H bonds) reflecting the general
trend that shorter bonds are the stronger bonds, which

is not always true.86,142 In Figs. 10(c) and 10(d) the
correlation between bond strength and the energy
density H% for C–H and O–H bond, respectively, is
depicted. All C–H bonds of intermediates Ia and Ib,

(a) C–H Bonds (b) O–H Bonds

Fig. 9. (Color online) (a) BSO n(CH) as a function of the local mode force constant ka(CH), C!H bonds for Step 1 and C"H bonds for Step
2 of reactions R1–R3; (b) BSO n(OH) as a function of the local mode force constant ka(OH) for Steps 1 and 2 of reactions R1–R3, calculated
from the power relationship described in the text. Naming of the symbols in the legend is according to Fig. 1.

(a) C–H Bonds (b) O–H Bonds

(c) C–H Bonds (d) O–H Bonds

Fig. 10. (Color online) (a) Correlation between R(CH) and ka(CH); (b) Correlation between R(OH) and ka(OH); (c) Correlation between
H%(CH) and ka(CH); (d) Correlation between H%(OH) and ka(OH) for Steps 1 and 2 of reactions R1–R3. Naming of the symbols in the
legend is according to Fig. 1.
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TS(SIa) and TS(IbE) have H% values close to zero, i.e.,
no predominant covalent character, whereas the C–H
bonds of S and E complexes are strongly covalent, the
correlation between H%(CH) and ka(CH) is signifiant
(R2 ¼ 0:8567). This no longer holds for the O–H
bonds, as revealed in Fig. 10(d). There are three clusters
of O–H bonds, one compact cluster formed by the weak
O–H interactions in S and E complexes with H% values
close to zero, i.e., no predominant covalent character,
second cluster formed by the TSs, with moderate co-
valent character, and a third cluster spreading over a
large ka range with substantial covalent character
formed by the protonated intermediates. Again, the
large spread of values and the missing correlation reflect
that the O–H bonds are more sensitive to the envi-
ronment such as solvent than their CH counterparts,
which is not well represented by H%, a property taken at
a single point on the bond path, whereas the local mode
force constant as a second-order properties sensitively
picks up the environment between both atoms forming
the bond/interaction under consideration.

4. CONCLUSIONS AND OUTLOOK

We investigated in this work the two-step isomeriza-
tion of 5-androstene-3,17-dione to 4-androstene-3,17-
dione in WT KSI (reaction R1) utilizing as a novel
toolbox the combination of URVA, LMA and ring
puckering. The focus was on shedding more light into
the currently open questions how the exceptional cat-
alytic power of KSI is reflected in the mechanism, in
particular (i) how do different chemical events such as
bond formation/breaking, rehybridization and confor-
mational changes contribute to the activation barrier
and (ii) although in both steps C–H bonds are broken,
C and O atoms are rehybridized, why is the second step
obviously much more effortless than the first step? To
elucidate the catalytic effect of Asp38 in the protein and
to test the postulated shielding of the enzyme active site
pocket conserving the migrating hydrogen from inter-
actions with surrounding bulk water, we also modeled
the reaction in the gas phase (reaction R2) and in
aqueous solution (reaction R3), simulating Asp38 with
formic acid. This led to the following findings:

. The activation enthalpies of Step 1 in the enzyme and
in the gas phase are very similar (6.6 kcal/mol, R1
versus 6.1 kcal/mol, R2, respectively) confirming
Talalay’s hypothesis that the enzyme pocket shields
the migrating hydrogen atom. This is also fully in
line with our observation that in the aqueous solu-
tion allowing solvent solute interaction the activation

barriers increases considerably (6.1 kcal/mol, R2
versus 11.4 kcal/mol, R3, respectively).

. URVA identifies simultaneous breakage of the C!–H
bond and O–H bond formation with the catalytic
acid, leading to an intermediate with the acid posi-
tioned over ring A as the major chemical events of
the first reaction step. Via a barrier-less shift, a sec-
ond intermediate is formed with the acid being po-
sitioned over ring B (see Fig. S5, supporting
materials). Then, according to URVA, breakage of
the intermediate O–H bond and the formation of the
new C"–H bond accompanied by a double bond shift
in rings A and B form the major chemical events of
the second reaction step, which is facilitated by fa-
vorable ring puckering.

. In 5-androstene-3,17-dione, the !-carbon of ring A
is sp3 hybridized. Consequently, ring A has a pre-
dominant chair conformation in both gas phase,
solution and enzyme (the value for the enzyme is
somewhat smaller, caused by the space confinement
in the enzyme pocket). On the other hand, in 4-
androstene-3,17-dione, the "-carbon of ring B is sp3

hybridized and has a predominant chair conforma-
tion. Obviously, ring B has more flexibility to adjust
to the chair form than ring A. The "-carbon of ring B
in reactant S and the !-carbon of product E in ring A
are sp2 hybridized. Cyclohexene and cyclohexenone
rings are known to prefer a half-chair form, which is
confirmed by our analysis revealing an almost equal
admixture of chair, boat and Twist-boat conforma-
tions found for E. This indicates that the "-carbon of
ring B has already a dominant sp3 hybridization,
facilitating the proton transfer and in this way low-
ering the activation energy of Step 2.

. Ca–H bond cleavage and formation of the interme-
diate O–H bond with the acid proceed in the gas
phase with the same mechanism as in the enzyme;
i.e., starting with conformational adjustments in
phases 1 and 2 making up 4.1 kcal/mol of the acti-
vation energy (44%) followed by the start of Ca–H
bond cleavage and O–H bond formation (5.5 kcal/
mol). The overall mechanism remains the same in
aqueous solution, the major difference is that Ca–H
bond cleavage is more difficult; the contribution of
phases 3 and 4 to the barrier is increased (67%). This
reflects that the catalytic power of the acid is reduced
because of interaction with the solvent.

. In both steps, rehybridization as reflected by the
pyramidalization angles contributes to the chemical
phases (phases 3 and 4, curvature peaks K3 and K4
in Step 1 and curvature peaks K2 and K3 in Step 2).
The same features were found for the gas phase and
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aqueous solution reactions, amplifying that the
overall mechanism is the same in all three media. In
addition, specific electrostatic field effects and en-
hanced charge transfer in the enzyme can be ex-
cluded according to our NBO data, monitored along
the reaction path.

. The LMA analysis performed at the stationary points
of both isomerization steps shows that in the enzyme
(i) there is no special H-bonding with Asp99 and
Tyr14, excluding their catalytic activity, and (ii) there
is no strong hydrogen bonding in the TS, which
could account for lowering the activation barrier.

In summary, our study quantifies Talaly’s postulated
role of the enzymatic activity of KSI shielding the mi-
grating hydrogen at the starting 4-position (i.e.,
!-carbon) guiding it directly to the 6-position ("-car-
bon) of the steroid. Furthermore, it provides a clear
picture of the mechanistic features and details of the
isomerization process, which will hopefully inspire
similar investigations of other important enzymatic
reactions.
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