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ABSTRACT: Δ1-Dehydrogenation of 3-ketosteroids catalyzed by
flavin adenine dinucleotide (FAD)-dependent 3-ketosteroid
dehydrogenases (Δ1-KSTD) is a crucial step in steroid degradation
and synthesis of several steroid drugs. The catalytic mechanism
assumes the formation of a double bond in two steps, proton
abstraction by tyrosyl ion, and a rate-limiting hydride transfer to
FAD. This hypothesis was never verified by quantum-mechanical
studies despite contradictory results from the kinetic isotope effect
(KIE) reported in 1960 by Jerussi and Ringold [Biochemistry 1965,
4 (10)]. In this paper, we present results that reconcile the
mechanistic hypothesis with experimental evidence. Quantum
mechanics/molecular mechanics molecular dynamics simulations
show that the proposed mechanism is indeed the most probable,
but barriers associated with substrate activation (13.4−16.3 kcal·mol−1) and hydride transfer (15.5−18.0 kcal·mol−1) are very close
(1.7−2.1 kcal·mol−1), which explains normal KIE values for steroids labeled either at C1 or C2 atoms. We confirm that tyrosyl ion
acting as the catalytic base is indeed necessary for efficient activation of the steroid. We explain the lower value of the observed KIE
(1.5−3.5) by the nature of the free energy surface, the presence of diffusion limitation, and to a smaller extent, conformational
changes of the enzyme upon substrate binding. Finally, we confirm the Ping-Pong bi−bi kinetics of the whole Δ1-dehydrogenation
and demonstrate that substrate binding, steroid dehydrogenation, and enzyme reoxidation proceed at comparable rates.

KEYWORDS: Δ1-ketosteroid dehydrogenase, 3-ketosteroids, Δ1-dehydrogenation, kinetic isotope effect, QM/MM,
kinetic solvent viscosity effect, Ping-Pong bi−bi mechanism

■ INTRODUCTION

Steroids are one of the most important groups of drugs on the
market, finding their application in treating inflammation and
diseases of immune function, such as allergies, asthma,
autoimmune diseases, and several mineral metabolism
disorders like hyponatremia, hyperkalemia, osteoporosis, and
hypotension as well as in birth control.1 Glucocorticoids (e.g.,
dexamethasone) were used in clinical practice and are
evaluated as agents for the treatment of acute respiratory
distress syndrome, which develops in many patients during
infection with SARS-CoV-2.2 As a result, the value of the
global steroid market is expected to reach 17 Bn USD by the
end of 2025 with extensive growth predicted in the segment of
corticosteroids and anabolic steroids (according to QY
Research, Inc.).3 Steroid drugs are synthesized by a
combination of chemical and microbiological methods,4

where the latter utilizes a natural metabolism of cholesterol
or phytosterols in fungi or bacteria. Microbial fermentation
very often provides steroid active pharmaceutical ingredients
(APIs) that can be further functionalized by chemical or

biocatalytic means. One of such biocatalytic processes that has
been extensively studied during the last 50 years is Δ1-
dehydrogenation of steroids catalyzed by 56 kDa Δ1-
ketosteroid dehydrogenase (Δ1-KSTD). Δ1-KSTDs are
essential in the production of several steroid drugs, such as
betamethasone,5,6 boldenone,7,8 prednisone,5,9 dexametha-
sone,10,11 and steroid APIs [4-androstene-3,17-dione (AD),
1,4-androstadiene-3,17-dione (ADD), and 9α-hydroxy-4-an-
drostene-3,17-dione].12−14 Due to their high importance in
steroid metabolism, and consequently for the pharmaceutical
industry, the flavin adenine dinucleotide (FAD)-dependent Δ1-
KSTDs are one of the best-studied steroid-degrading
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enzymes.14 They catalyze the regioselective introduction of a
double bond between C1 and C2 atoms in ring A of the steroid
core (Figure 1).

The mechanistic hypothesis describing the catalytic
mechanism has been formulated based on (i) the structure
of only one KSTD from Rhodococcus erythropolis (PDB 4c3x
and 4c3y),15,16 (ii) activity tests of genetically modified
enzyme variants, and (iii) numerous kinetic studies that
yielded values of the kinetic isotope effect (KIE) for chirally
labeled substrates.15,17−21 The currently accepted hypothesis
assumes that the overall reaction proceeds according to the
Ping-Pong bi−bi mechanism, with the steroid substrate
oxidized during reductive half-reaction (RHR) and FAD
reoxidation by the electron acceptor during oxidative half-
reaction (OHR).17 RHR proceeds in a step-wise manner, that
is, the steroid is activated by the tyrosyl anion, which abstracts
the acidic 2β-H proton from the C2 atom with a high degree of
stereoselectivity.20 In the second, supposedly rate-limiting step,
1α hydride is shifted to FAD resulting in the formation of the
double bond (Figure 1).14,22 Surprisingly, this hypothesis was
never validated with quantum chemical calculations despite
several intriguing results which did not entirely agree with the
undoubtedly sensible mechanistic hypothesis. Over 5 decades
ago, Jerussi and Ringold provided values of KIEs obtained for
steroids selectively labeled with deuterium at C1 and/or C2
positions. The authors observed KIEs for substrates labeled
either at C1 or C2 position and the values of VH/VD were in
the range of 1.2−2.5, which is relatively low for the primary H/
D KIE, especially compared to strictly chemical reactions.21

More importantly, if the second step of RHR indeed was rate-
limiting, why was the substitution of 2β protium with
deuterium influencing the observed KIE? Another unresolved
question concerns the protonation state of Tyr318. As most of
the KSTDs exhibit optimum pH under neutral or basic
conditions,17,23,24 it was sensible to assume that it is a tyrosyl
ion that deprotonates acidic C2 atom of the steroid. However,
several KSTDs have been recently discovered that exhibit
optimum activity under slightly acidic conditions, despite
highly conserved composition of the active site.25−27 There-
fore, the question is whether the deprotonation of tyrosine is
truly necessary for activation of the substrate. We decided to
apply advanced multiscale quantum mechanics/molecular
mechanics (QM/MM) methods to finally test the mechanistic
hypotheses on the reaction mechanism and to try reconciling it
with the results of experiments. In this paper, we present a
detailed investigation of Δ1-dehydrogenation of 17-methyl-
testosterone (17β-hydroxy-17-methyl-4-androsten-3-one, 17-
MT) to metandienone (17β-hydroxy-17-methyl-1,4-androst-
dien-3-one, MTD), and dihydrotestosterone (17β-hydroxy-5α-
androstan-3-one, DHT) to 1-testosterone (17β-hydroxy-5α-
androst-1-en-3-one, 1-TE) by Δ1-KSTD from R. erythropolis.
We compared possible reaction pathways and calculated values
of the intrinsic KIE for the RHR. These results were

confronted with kinetic experiments providing proof for the
Ping-Pong bi−bi mechanism, including observed KIEs from
the competitive, pre- and steady-state kinetic as well as kinetic
solvent viscosity effect (KSVE).

■ METHODOLOGY
Computational Model Setup. The initial atomic

coordinates of KSTD from R. erythropolis were obtained
from Protein Data Bank (PDB ID: 4c3y, resolution 2.3 Å).15

This crystal structure contains ADD bound in the active site
together with the FAD cofactor. ADD was subsequently
replaced by 17-MT or by DHT applying the Kabsch method28

using coordinates of ADD heavy atoms as a template.
Protonation states of titratable amino acids were determined
using PropKa ver 3.129,30 and H++ software31 at pH = 8, which
was reported as optimal for the enzyme activity. According to
the predicted pKa shifts (see the Supporting Information) and
after visual inspection of the geometry, it was concluded that
Lys450 should be deprotonated, whereas histidine residues
number 162, 328, 362, and 408 were protonated at δ positions.
The tyrosine in position 318 was considered in a deprotonated
state because, according to the mechanistic hypothesis, it
serves as a proton acceptor. Missing AMBER parameters for
17-MT, DHT, and tyrosyl anion were obtained at the B3LYP/
6-31G(d,p) level of theory in the gas phase with Gaussian16.32

Point charges were computed using Merz−Kollman electron
density calculations33 and the RESP procedure as implemented
in the Antechamber available in AmberTools34 (see Support-
ing Information). Parameters for FAD were adapted from
RESP ESP charge DDataBase (R.E.DD.B)35 (see Supporting
Information). The systems were neutralized by adding 33
sodium ions in the electrostatically most favorable positions
and soaked in a 93.5 × 76.5 × 72.0 Å3 box with TIP3P36 water
molecules. Models consisting of just the ketosteroid 17-MT
and DHT in a 73.5 × 73.0 × 76.2 Å3 box of TIP3P water
molecules were also prepared as reference models in solution.

Classical MD Simulations. The final models (with a total
number of 59737 and 59736 atoms for 17-MT and DHT,
respectively) were optimized using Amber package34 with the
ff03 force field.37 After energy minimization and heating from
0 to 303 K over 100 ps with the NVT ensemble, the system
was equilibrated during 100 ps with NPT conditions.
Subsequently, NPT nonaccelerated and nonbiased molecular
dynamic (MD) simulations at 303 K were conducted for 55 ns
using periodic boundary conditions. To improve the time of
simulations, cutoffs for nonbonding interactions were applied
with a value of 8.0 Å. The temperature during the simulations
was controlled using the Langevin thermostat.38 Root mean
square deviation (rmsd) indicates that the systems can be
considered as equilibrated after 30 ns (see Supporting
Information). Conformations during the last 20 ns of
simulations were analyzed to obtain representative structures
using cluster analysis based on rmsd of positions of heavy
atoms of the side chains of Tyr318, Tyr119, Tyr487, and ring
A of the 3-ketosteroid and FAD. Geometry closest to the
center of the largest cluster was used as the starting structure
for QM/MM calculations.39 For calculations related to the
protein-free models, 8 random frames were selected from the
last 20 ns of simulation for each ketosteroid.

QM/MM MD Simulations. The QM subsystem consisted
of the ketosteroid substrate, the side chain of Tyr318, and a
fragment of FAD, as shown in Figure 2, while the rest of the
protein and solvent water molecules were represented by

Figure 1. Dehydrogenation of AD catalyzed by Δ1-KSTD. Abstracted
hydrogen atoms, as marked in blue (H2β) and green (H1α), formed a
double bond, in red.
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classical AMBER and TIP3P force fields, respectively, as
implemented in fDYNAMO library.40,41 Two hydrogen link
atoms42 were added (Figure 2). Positions of all residues
beyond 20 Å from the substrate were fixed. To improve the
time of simulations, cutoffs for nonbonding interactions were
applied using a smooth switching function between 14.5 and
16 Å. Energies were computed using the standard additive
QM/MM scheme. Free energy surfaces (FESs), in terms of
potentials of mean force (PMF), were computed for the two
chemical steps of the reaction in order to obtain the full free
energy profile. The PMFs were computed through the
umbrella sampling approach43 at 303 K.
At first, the potential energy surfaces (PESs) using a selected

combination of interatomic distances as a distinguished
reaction coordinate were generated. In particular, the
antisymmetric combinations of the distances defining the
position of the transferred hydrogen, that is, rC2H − rOH for the
first step and rC1H − rNH for the second one, were chosen.
Then, series of QM/MM MD simulations were carried out in
which the distinguished reaction coordinate variable was
constrained around the values of the structures generated in
the PES with the Umbrella Sampling (US) method,43 using a
parabolic penalty potential with a force constant of 2500 kJ·Å−2

mol−1. The values of the variables sampled during the QM/
MM simulations were then pieced together to construct a
distribution function from which the PMF is obtained using
the weighted histogram analysis method.44 Due to the high
computational costs of PMF calculation, the QM Hamiltonian
for the QM/MM MD simulations was calculated at the AM1
level of theory. Nevertheless, to reduce the possible errors
associated with the semiempirical method, we used an energy
spline function defined in terms of interpolated corrections, as
described previously.45 The spline corrections46 were obtained
from single-point calculation at the B3LYP/6-311++G-

(2d,2p)/MM level of theory for structures generated along
the AM1/MM PESs. Transition state (TS) structures were
then fully optimized and characterized at the AM1/MM and
B3LYP/6-31G(d,p)/MM level from structures selected from
the quadratic region of the FESs. Each of the structures was
optimized with the Baker algorithm47 using the micro−macro
iteration scheme.45 The gradient norm for optimization was
maintained lower than 1 kJ·Å−1 mol−1 level for the QM region
and 0.5 kJ·Å−1 mol−1 for the remaining movable atoms. Every
localized TS structure was verified by the existence of one
imaginary frequency as computed using the Hessian matrix
containing all the coordinates of the QM subsystem in the
presence of the MM environment. Intrinsic reaction
coordinates were traced down from located TSs to the
connecting valleys in mass-weighted Cartesian coordinates,
and the vibration analysis was conducted for the ground states
to confirm reaching true minima.

Kinetic and Binding Isotope Effects. Averaged KIEs
were calculated for the reaction with deuterium-labeled 17-MT
and DHT (Figure 3), and individual contributions of each
deuteron (i.e., primary or secondary KIE) are presented in the
Supporting Information. From the definition of the free energy
of a state and using the transition state theory,48−50 the total
partition function and the zero-point energy of light and heavy

Figure 2. Schematic representation of the active site of the enzyme with substrates: 17-MT (a) and DHT (b). The light blue region contains atoms
that are treated quantum mechanically. Quantum link atoms are marked with an asterisk. Overview of the whole model with DHT (c): yellow,
orange, and red fragments represent Tyr318, DHT, and FAD, respectively, and flexible part of the model is shown in blue, while the frozen part of
the model is in gray. Solvent water molecules are omitted for clarity.

Figure 3. Deuterium-labeled 2,2,4,6,6-d5-17-MT (a) and 1,16,16,17-
d4-DHT (b) used in the calculations and experiments.
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isotopologues were computed from localized E:S, TS1, E:I, and
TS2 structures at the AM1/AMBER and B3LYP/AMBER level
of theory, as described elsewhere51−53 (see Supporting
Information). At this point, we must keep in mind the nature
of the chemical reactions under study, and quantum tunneling
effects could have an impact on the quantitative estimation of
the computed activation free energies (reducing the effective
barrier) and KIEs (increasing the primary deuterium KIE
values). Nevertheless, these possible corrections would not
influence the obtained trends, as demonstrated previously.54,55

Analogically, binding isotope effects (BIE)56 were calculated
from a model of the substrate in a water solution and E:S at the
B3LYP/AMBER level of theory. For BIE calculation, the QM
region was reduced to the steroid molecule.

■ EXPERIMENTAL METHODOLOGY
Materials. All chemicals were purchased from Sigma-

Aldrich (Germany), Tokyo Chemical Industry (Japan),
BioShop (Canada), Carl Roth (Germany), or Chempur
(Poland) unless otherwise specified. 4-Androsten-17α-meth-
yl-17β-ol-3-one-2,2,4,6,6-d5 was purchased from CDN Iso-
topes (Germany), while 17β-hydroxy-5α-androstan-3-one-
1,16,16,17-d4 was obtained from Alsachim (France).
Protein Expression and Purification. A gene encoding

3-ketosteroid Δ1-dehydrogenase from R. erythropolis (KSTD1)
was cloned into a pET15b vector57 and transformed into
calcium chloride chemically competent Escherichia coli (E. coli)
BL21(DE3)Magic cells (Creative Biolabs). An overnight
culture of the transformed cells was grown in 2% (w/v)
Lennox Broth (LB) supplemented with 100 μg mL−1

ampicillin and 50 μg mL−1 kanamycin at 37 °C, 180 rpm.
The preculture was diluted a hundred times with 1 L of
ampicillin and kanamycin supplemented LB with 0.5 M D-
sorbitol and grown under the same conditions as the overnight
culture until the OD600 reached 0.6. Next, the temperature was
reduced to 16 °C, and the culture was induced with 100 μM
isopropyl β-D-1-thiogalactopyranoside. After 48 h, the E. coli
cells were harvested by centrifugation at 4500g, 4 °C for 1 h.
The cell pellets were resuspended 1:5 (w/v) in the buffer 50
mM Tris-HCl pH 8.5, 100 mM NaCl, 10% (w/v) glycerol, 5
mM β-mercaptoethanol, and 10 mM imidazole and supple-
mented with 100 μM phenylmethylsulfonyl fluoride. The cell
suspension was lysed by sonication (Sonics Vibra-Cell
VCX500, 3 s on, 5 s off, 5 min, 40% amplitude, 150 000 J).
Cell debris was removed by centrifugation at 40 000g, for 1 h
at 4 °C. Purification of KSTD was carried out on a 5 mL
HisTrap HP (GE Healthcare) column using an FPLC system
(BioRad NGC Quest 10 Plus) and linear imidazole gradient
10−300 mM in the previously described buffer. The fractions
that absorbed light at a wavelength of 450 nm were collected,
desalted by dialysis, and stored at −20 °C. The concentration
of the purified active protein was determined using an
extinction coefficient of FAD in KSTD 12 627 M−1 cm−1 at
450 nm.
To determine the KSTD FAD extinction coefficient (εKSTD),

the protein UV−vis spectrum in the range of 650−300 nm was
measured (Shimadzu UV-1280) before and after heat
denaturation of the sample at 90 °C for 10 min. The
concentration of the free FAD was determined spectrophoto-
metrically using ε450nm of 11 300 M−1 cm−1. ΔεKSTD was
determined spectrophotometrically as a difference between the
spectrum of the KSTD with oxidized FAD and the spectrum of
the enzyme with the flavoprotein reduced with the excess

amount of sodium dithionite under anaerobic conditions (98:2
(v/v) N2/H2) divided by the concentration of free FAD. The
value of ΔεKSTD at 450 nm equaled 11 368 M−1 cm−1 and was
used to the calculated change in enzyme and substrate
concentrations for the global fit of the pre-steady state
experiments with 17-MT (see below). The values of εKSTD
for oxidized and reduced KSTD as well as ΔεKSTD in the
function of wavelength are provided in the Supporting
Information.

Protein MS-Based Identification. 100 μg of KSTD was
precipitated with 6-excess of cold acetone and resuspended in
20 μL of 0.5 M triethylammonium bicarbonate buffer with the
addition of 2% SDS solution. Then, the protein was reduced by
tris-(2-carboxyethyl)-phosphine and alkylated with iodoaceta-
mide. Finally, the protein was digested by 2 μg of Trypsin Gold
(from Promega) and desalted on MacroSpin Columns with the
C18 resin obtained from The Nest Group, Inc. The obtained
peptide maps were evaporated to dryness in a vacuum
centrifuge (Labconco). Prior to the nanoLC-MS/MS analysis,
the peptides were resuspended in 20 μL of 0.1% formic acid.
Nanochromatography combined with tandem mass spectrom-
etry analysis (nanoLC-MS/MS) used to separate protein
digests was performed using the Proxeon nanocapillary
chromatography system controlled by the Hystar software
(Bruker Daltonics). Separations were performed using a
PepMap column (15 cm long, 75 μm ID, C18, 3 μm particle
size, 100 Å pore size, Thermo-Scientific). The gradient was
formed using H2O/0.1% HCOOH (A) and ACN/0.1%
HCOOH (B) at a flow rate of 300 nL/min. A gradient was
formed from 2 to 35% B at 50 min and up to 90% B at 55 min
and then kept until 65 min at 90% B. Fractions eluted from the
column were directly deposited with an α-cyano-4-hydrox-
ycinnamic acid matrix on a MALDI target plate by a Proteineer
fc II sample collector (Bruker Daltonics). Fifteen-second
fractions were collected, 96 fractions for one sample, and
spotted on 384 MALDI target plate. The mass spectrometry
analyses were performed on ultrafleXtreme (Bruker Daltonics)
in positive ion mode.
The acquired mass spectra were analyzed using the Bruker

Data Analysis 4.0 software (Bruker Daltonics) and were
identified using the Mascot 2.4.1 algorithm (Matrix Science)
against the NCBInr protein sequence database ver. 2012.
Search parameters were set in the following way: taxonomy: all
entries; modification: carbamidomethyl (fixed) or methionine
dioxidation (variable); up to 1 missed cleavage; peptide
charges: +1; and mass tolerance: 25 ppm for precursor mass
and 0.6 Da for fragment mass. Proteins with at least two
fragmented, unique peptides detected were considered, and an
additional criterion was an ion score higher than 40, which is
above the level of false positives (p ≤ 0.05).

Spectrophotometric Activity Assay. Values of kinetic
constants were obtained using a stopped-flow approach. Single
wavelength kinetic traces were recorded on the SX20 (Applied
Photophysics, UK) stopped-flow spectrophotometer with a 10
mm pathlength and photomultiplier detector. The data were
collected and processed using Pro-Data software. All measure-
ments were conducted at 30 °C. The temperature in the
stopped-flow experiments was controlled by a Labo Plus
(Polyscience, Poland) thermostat bath. Solutions were treated
with argon for several minutes to provide anaerobic conditions.
All reported concentrations are the final values obtained after
mixing and dilution of the reactants. All collected data were
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processed using OriginPro 2019b software or Octave for global
fit.58

Steady-State Kinetics. A typical reaction mixture
contained 50 mM Tris-HCl buffer pH 8.0, 6.3 nM of KSTD,
and varying concentrations of 2,6-dichloroindophenol
(DCPIP; 0.025−0.1 mM) and AD (5−120 μM) in
isopropanol (the final concentration 1%). In each measure-
ment, one glass syringe of the stopped-flow instrument was
filled with the solution of AD and DCPIP and the second one
with the enzyme and DCPIP solution. Kinetic traces were
followed at 700 nm (ε700[pH 8.0] = 5100 M−1 cm−1). The initial
rate constants were obtained by fitting a linear function to the
first 10 s of the studied reaction. Subsequently, the received
data were fitted to the nonsequential Ping-Pong bi−bi model
with a nonlinear regression and to an alternate model (e.g.,
sequential model). The model was selected based on statistical
parameters such as R2, χ2, AICc, and errors of estimated
constants.
Pre-Steady-State Kinetics. The KD and kcat values for 17-

MT were determined in the reaction of 7.1 μM of KSTD with
the 17-MT (concentration 25 to 200 μM) using 50 mM Tris-
HCl at pH 8.0. In each measurement, one glass syringe of the
stopped-flow instrument was filled with the solution of the
steroid dissolved in dioxane/buffer solution (the final dioxane
concentration 5%), while the second one contained the
enzyme solution in the buffer. The reaction was conducted
under anaerobic conditions at 30 °C. The kinetics of FAD
reduction was followed at 450 nm for 31.25 ms. The obtained
traces (8 repetitions for each 17-MT concentration) were
globally fitted to a kinetic model (a set of differential
equations) consisting of two consecutive reversible steps:
formation/dissociation of the ES complex (k1 and k−1) and
FAD reduction/oxidation by the substrate/product (k2 and
k−2): ES⇌ E’P. To assess the information content of the set of
traces and to estimate confidence intervals for fitted kinetics
constants, confidence contours on error maps were determined
at the level by 10% higher than the minimum determined from
unconstrained fitting.59 Least-squares fitting and confidence
contour calculations were performed with an in-house written
Octave script,58,60 which is deposited together with the fitted
data at Mendeley Data.61 A more complicatedthree-step
model, which included an additional equilibrium (ES ⇌ EI)
between substrate binding and the redox step, was also fitted,
yet the confidence contours unequivocally showed that thus
determined k1 and k−1 are unconstrained by the data and can
attain arbitrarily high values. The E + S ⇌ ES ⇌ E’P model
was also fitted to the data obtained during the KSVE
experiment, but due to lack of enough data for enzyme
saturated with the substrate, it was not possible to
unequivocally determine k1 and k−1 values.
Kinetic Solvent Viscosity Effect. The KSVE was

determined by pre-steady-state kinetics measurements using
either glycerol or polyethyleneglycol (PEG) 20000 as
viscosigen. The reaction mixture contained 50 mM Tris-HCl
buffer pH 8.0, 8.9 μM of KSTD, and varying concentrations of
AD (50−200 μM) in 2-methoxyethanol (EGME; the final
concentration 5%) and glycerol (at a concentration of 0.27,
1.27, and 2.27 M) or PEG 20000 [at a concentration of 4.2
and 10% (w/v)]. In each measurement, one glass syringe of
the stopped-flow instrument was filled with the solution of
steroid and the other one with the enzyme solution. The
kinetic traces were followed at 450 nm for 35 to 125 ms. The
obtained traces were fitted with single exponential functions

A A ye t
0 0= +λ−

(1)

where λ is the observed decay rate (eigenvalue) of the flavin
reduction.
Afterward, the collected data were fitted to the Michaelis−

Menten model with nonlinear regression.
The dynamic viscosity of reaction mixtures was determined

using the rolling-ball Lovis 2000 M/ME viscometer supplied
by Anton Paar at 30 °C. For this purpose, a short capillary tube
and a 1.59 mm diameter steel ball were used.
In order to match the hydrodynamic diameter of PEG to

that of the KSTD enzyme, the diffusion coefficients of PEG
4000; PEG 8000; PEG 20000 and KSTD were measured in 50
mM Tris-HCl buffer pH 8.0 at 30 °C using the Zetasizer Nano
ZS apparatus (Malvern Instruments). Measurements were
carried out at a 173° scattering angle using a frequency-
doubled diode-pumped solid-state 532 nm laser as an incident
light source. Knowing the diffusion coefficient of the
molecules, their hydrodynamic diameters (dH) were calculated
using the Stokes−Einstein relationship

d
k T

D3H
B=

πη (2)

where kB is the Boltzmann constant, T is the absolute
temperature, η is the dynamic viscosity of the medium, and D
is the diffusion coefficient of the molecule.

Kinetic Isotope Effect. The KIE at C1 and C2 atoms of
the 3-ketosteroid core were determined by a direct method
under steady-state or pre-steady-state conditions or in
competition experiments for DHT and 17-MT, respectively.

Steady-State Kinetics. The reaction velocities were
determined in a spectrophotometric activity assay using a
UV-2700 spectrophotometer (Shimadzu) in 0.5 mL quartz
cuvettes with a 10 mm path length at 30 °C. The
measurements were carried out in 50 mM Tris-HCl buffer
pH 8.0 with 200 μM DCPIP, 200 μM steroid dissolved in
dioxane [2% (v/v)], and 84.4 nM of KSTD. The reduction of
DCPIP was followed at 700 nm (ε700[pH 8.0] = 5100 M−1 cm−1).
All measurements were performed in triplicates. The initial rate
constants were obtained with linear regression fitted to the
initial parts of the kinetic curves.

Pre-Steady-State Kinetics. λobs for C1 was determined in
the reaction of 8.9 μM KSTD with either 100 μM DHT or
1,16,16,17-d4-DHT in EGME/buffer solution (10%). λobs for
the C2 atom was measured with 7.1 μM KSTD and either 250
μM 17-MT or 2,2,4,6,6-d5-17-MT analogue dissolved in
dioxane/buffer solution (6%). Each experiment was repeated
at least 12 times. The obtained traces were fitted with single
exponential functions, and the ratio of the average λobsH/λobsD
was determined.

Competition Experiment. The D(V/K) kinetic isotope
method was measured according to the protocol described
previously.62,63 The determination of the competitive D(V/K)
KIE was based on the fractions of the converted light (x1) and
heavy (x2) substrate according to the formula

V
K

k
k

x
x

log(1 )
log(1 )

D
1

2

1

2

i
k
jjj

y
{
zzz = =

−
− (3)

D(V/K) was established by a nonlinear fit in Origin 2019
from the reformulated function of x1(x2)

x x1 (1 )k k
1 2

/1 2= − − (4)
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The reactions were carried out in triplicates and the reaction
mixtures consisted of 50 mM Tris-HCl buffer pH 8.0, 100 μM
DCPIP, equal 100 μM amounts of substrates and their
deuterated homologues (17-MT and 2,2,4,6,6-d5-17-MT or
DHT and 1,16,16,17-d4-DHT) in EGME (the final concen-
tration 2%), and KSTD (0.4 nM for 17-MT or 0.9 nM for
DHT). The reactions were run under anaerobic conditions
[98:2 (v/v) N2/H2] at 30 °C for 18 min. The conversion of
each substrate was analyzed with LC-ESI-MS/MS (Agilent
1290 Infinity System equipped with an MS Agilent 6460 Triple
Quad Detector) using the positive single-ion monitoring mode
(303.3, 308.3, 301.3, and 305.3 m/z signals for [M + H]+ of
17-MT, 2,2,4,6,6-d5-17-MT, MTD, and 2,4,6,6-d4-MTD as well
as 291.3, 295.3, 289.3, and 292.3 m/z for [M + H]+ of DHT,
1,16,16,17-d4-DHT, 1-TE, and 16,16,17-d3-1-TE). The sepa-
ration was carried out on the Agilent Zorbax Eclipse Plus C18
column (2.1 × 50 mm, 1.8 μm) using the ACN/H2O/
HCOOH (40:60:0.1, v/v) mobile phase in the isocratic mode
with a flow rate of 0.4 mL/min, 30 °C, and 1 μL injection
volume (see Supporting Information for details of the MS
method) The quantitation of analytes was conducted using
external calibration based on commercial standards or products
synthesized by 100% enzymatic conversion of the standards.

■ RESULTS AND DISCUSSION
Kinetic Mechanism. Our kinetic experiments confirmed

that Δ1-dehydrogenation catalyzed by 3-Δ1-KSTD is indeed
proceeded according to the Ping-Pong bi−bi mechanism
(Figure 4), as previously observed for transhydrogenation by
Itagaki et al.17

The steroid substrate (S) binds to the enzyme (E), then it is
oxidized, and the dehydrogenated product (P) is released
(RHR). Subsequently, the reduced enzyme (E′) binds to an
electron acceptor (DCPIP). FADH− gets oxidized, and
reduced DCPIPH2 is released (OHR). The obtained kinetic
data for different DCPIP concentrations were fitted to three
types of the two-substrate reaction mechanism equations
describing sequential random bi−bi, sequential ordered bi−bi,
or nonsequential Ping-Pong bi−bi mechanism. The goodness
of the fit was assessed by the comparison of the statistical
parameters. Because R2 values do not reflect the best fit for
nonlinear models with a different number of parameters, model
discrimination was also based on the Akaike information
criterion (AICc parameter)67 with smaller AICc values
indicating a better agreement with kinetic data. The non-
sequential Ping-Pong mechanism can be described by the
following equation

V
V

K K
S DCPIP

DCPIP S S DCPIP
max

S DCPIP
=

[ ][ ]
[ ] + [ ] + [ ][ ] (5)

where Vmax is equal to kcatPing-Pong[Et]. Kinetic parameters
are provided in Table 1.

We started the analysis of the RHR with pre-steady-state
kinetics conducted for 17-MT and global fit of the kinetic data
with the simple RHR model assuming reversibility of both
steps

E S E: I E: P
k

k

k

k

1

1

2

2
H Ioo H Ioo+

− − (6)

As a result, we were able to estimate values of the kinetic
constants (Table 2) describing binding (k1) and release of the

substrate as well as a composite kinetic constant describing
jointly two steps of the RHR reaction in the direction of
substrate oxidation (k2) or the reverse direction of substrate
reduction (k−2). The ratio of k−1 to k1 yields KD of 96.7 μM,
which is half of the estimated KD value for AD, indicating a
higher affinity of KSTD1 for 17-MT (see Table 3). More

important, however, is the fact that the rate of E:S formation is
of the same magnitude as the chemical step (k2 422 s−1),
exceeding it only above substrate concentration of 46 μM. This
result indicates that any process slowing down the substrate
binding (such as diffusion or hindrance of the environment to
the conformational change of the enzyme upon enzyme
binding) can influence the observed reaction velocity.
In pursuit of an explanation of the low KIE observed for

KSTDs by us (see below) and Jerussi and Ringold,21 and in the
light of these results, we decided to evaluate to what extent a
substrate diffusion into the enzyme active site or the enzyme
conformational change occurring upon substrate binding can

Figure 4. Schematic representation of the nonsequential Ping-Pong
bi−bi mechanism.64−66 KS and KDCPIP are dissociation constants of
complexes E:S and E’:DCPIP, respectively. k2 and k4 represent kcat for
RHR and OHR, respectively.

Table 1. Kinetic Parameters Obtained from Data Fitted to
the Nonsequential Ping-Pong bi−bi Mechanism Model

S KS [μM] KDCPIP [μM] Vmax [μM min−1] kcat
Ping‑Pong [s−1]

AD 119.6 ± 16.3 40.2 ± 6.9 181.1 ± 17.3 479.1 ± 45.8

RHR mechanism investigation.

Table 2. Kinetic Parameters Obtained from Global Data
Fitted to the Pre-Steady-State Experiment with 17-MT

constant value stdd 10% confidence range

k1 [s
−1 μM−1] 9.0 0.1 6.9−12.3

k−1 [s
−1] 872 12 676−1259

k2 [s
−1] 422 1.3 327−593

k−2 [s
−1] 98.2 0.4 77−129

Table 3. Pre-Steady-State Kinetic Parameters for
Dehydrogenation of AD at Different Viscosities Introduced
by Glycerol (Microviscosity) or PEG 20000
(Macroviscosity)

η [mPa s] KD [μM] k2 [s
−1] k2/KD [M−1 s−1]

Glycerol
1.006 (η0) 227.7 ± 13.9 658.4 ± 23.6 (2.9 ± 0.2) × 106

1.283 331.2 ± 22.9 571.2 ± 26.3 (1.7 ± 0.1) × 106

1.671 339.5 ± 15.0 379.7 ± 11.2 (1.1 ± 0.1) × 106

PEG 20000
1.011 (η0) 208.0 ± 13.7 533.4 ± 20.0 (2.6 ± 0.2) × 106

2.711 210.5 ± 12.2 374.4 ± 12.6 (1.8 ± 0.1) × 106

7.636 348.9 ± 31.2 337.9 ± 19.8 (1.0 ± 0.1) × 106
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affect the kinetic parameters. To address this, we measured the
KSVE.68 The KSVE was determined by rapid mixing of the
enzyme with AD under anaerobic conditions in the stopped-
flow spectrophotometer. The measurements were carried out
at 30 °C using glycerol or PEG 20000 as a viscosigens
providing micro- or macroviscosity, respectively. The effect of
substrate concentration on the net decay rate of flavin
reduction (λ) at increasing glycerol or PEG 20000
concentration is shown in Figure 5. λ can be described by eq
769

k
K

S
S

2

D
λ =

[ ]
+ [ ] (7)

where k2 is the limiting rate of FAD reduction under saturation
conditions ([S]≫[E]) and KD is the dissociation constant of
the enzyme−substrate complex. Over the microviscosity range
of 1.006−1.671 mPa s, we observed a statistically significant
decrease of k2 (from 658 to 407 s−1) and an increase of the KD
values (from 224 to 372 μM). The obtained data were
displayed in a plot of the normalized kinetic parameter: (k2)0/
(k2)η and (k2/KD)0/(k2/KD)η, (Figure 5) as a function of
relative viscosity (η/η0 − 1), and then, the linear function was
fitted with the intercept fixed at 1.68 The value of the linear
slope determines the degree of dependence of the normalized
kinetic parameters on viscosity. The slope of the line in the
plot presented in Figure 5C is 1.0 ± 0.14 and indicates that the
process catalyzed by KSTD strongly depends on solution

microviscosity. Meanwhile, in the experiment with PEG 20000,
the slope of the line in the plot presented in the Supporting
Information is only 0.12 ± 0.05, which indicates minuscule
dependence of the catalytic step from the macroviscosity
introduced by PEG. Therefore, we can conclude that there is
no significant conformational change of the protein during the
reaction.
In the case of the plot of (k2/KD)0/(k2/KD)η versus (η/η0 −

1), for glycerol, the slope was >2 (see Figure 5D), which
suggests that the formation of the enzyme−substrate complex
is also viscosity-dependent and may be partially limited by
diffusion. As the experiment with PEG on (k2/KD)0/(k2/KD)η
yielded the slope of 0.26 ± 0.01, we concluded that the
conformational change of the enzyme upon binding is only
slightly limited by macroviscosity introduced by PEG and the
binding is predominantly limited by the diffusion of the
substrate.
In a separate experiment, we have confirmed that glycerol

has no inhibitory effect on the enzyme (data not shown).
The conclusions drawn from KSVE are in agreement with

the analysis of the MD simulations conducted for the study. In
particular, we did not observe any significant changes in the
enzyme conformation upon substrate binding. However, our
MD simulations might not have been long enough to describe
such a conformational change, and such phenomena were not
the focus of this paper.

Figure 5. Effect of solvent viscosity on the pre-steady-state kinetics parameters for KSTD with AD as a substrate (A) Michaelis−Menten model
fitting kinetics in glycerol, (B) Michaelis−Menten model fitting kinetics in PEG 20 000, (C) effect on the k2 value in glycerol, (D) effect on the k2/
KD value in glycerol (see Supporting Information for figures with PEG). Reaction conditions: 50 mM Tris-HCl buffer pH 8.0 with 8.9 μM of
KSTD, 50−250 μM of AD in EGME (6%) and 0.27 M (□), 1.27 M (□) or 2.27 M (△) glycerol (A) or 0% (□), and 4.2% (□) or 10% (△)
glycerol PEG 20000 (B), respectively.
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The complementary kinetic studies conducted for AD with
the steady-state or pre-steady-state technique enabled the
comparison of the eigenvalues associated with those two
phases.
The k2 estimated from the rate of FAD reduction (RHR)

with AD was in the range of 533−658 s−1 (depending on the
enzyme batch, Table 3), while kcat

Ping‑Pong from steady-state
reaction with AD and DCPIP was 479.1 ± 45.8 s−1. The k2
turns out to be even higher (604−742 s−1) if the kinetic results
from the pre-steadystate experiment are extrapolated to the
same viscosity as that measured for the reaction mixture used
in the steady-state experiment (ηH2O = 0.896 mPa s). As values
of extrapolated k2 and kcat

Ping-Pong were obtained under different
conditions, it is very difficult to directly compare their values.
However, if one analyzes the relationship between kcat

Ping‑Pong,
k2, and k4, (eq 8), then one can see that k2 and k4 should be of
the same order of magnitude.

k
k k

k kcat
Ping Pong 2 4

2 4
=

+
‐

(8)

Modeling of the Reaction Mechanism. To test the
mechanistic hypothesis for Δ1-dehydrogenation of 3-ketoste-
roids by KSTD with deprotonated Tyr318, we first computed
QM/MM PESs describing the two process, that is, (i) the
abstraction of a proton from C2 by Tyr318 and (ii) the
hydride transfer from C1 to FAD, as presented in the
Supporting Information. The minimum energy pathway from
the reactants (E:S) to products (E:P) leads through the
formation of a carbanionic intermediate (E:I) (Figure 6).
According to the topology of the PES, a process involving the
simultaneous transfer of both hydrogen atoms does not exist.
The alternate reaction pathway starting with a hydride transfer
also turns out to be extremely unlikely due to the very high
energy of the carbocation intermediate (see Supporting
Information). Therefore, the formation of the carbanion by
proton transfer from C2 is the only thermodynamically
possible way to start a reaction. This route leads to the
currently accepted mechanism. Then, the FESs were computed
in terms of PMFs to obtain the free energy profile of the full
reaction. This procedure allowed us to describe the RHR
process, as summarized in Figure 7. Analysis of the initial
enzyme−substrate complex (E:S) shows how the substrate is
localized in the active site pocket with its ring A almost parallel
to the isoalloxazine ring system of FAD. The steroid position is
stabilized by H-bonds between the 3-keto group and Tyr487 as
well as Gly491. Tyr318 anion is interacting by an H-bond with
Tyr119. These H-bonds remain stable throughout the whole
RHR. In the first step of the reaction, the steroid is activated by

the abstraction of the proton from the 2β position by the
Tyr318 anion. Then, when the enolate intermediate is formed
(E:I), a new H-bond is created between the 3-keto group and
Tyr318 protonated with 2β-H atom. Formation of the
intermediate enolate results in a change in the ring A geometry
and repositioning of the substrate in the active site, which
decreases the distance between 1αH of the substrate and
N5FAD atom in E:I. This change of geometry facilitates the next
step of the reaction, when the hydride is transferred from the
1α position of the ketosteroid to N5 atom in the FAD residue,
resulting in a two-electron-reduced (hydroquinone) unproto-
nated state of flavin. Finally, the double bond is formed
between C1 and C2 atoms of the steroid and the enzyme−
product complex is formed (E:P). The resulting FESs obtained
for the reaction with DHT (blue line) and 17-MT (orange
line) are shown in Figure 8.
The general trend of the FESs obtained for both molecules is

similar, that is, the higher barrier is associated with hydride
transfer which corresponds to TS2, with free energy barriers of
18.0 and 16.3 kcal·mol−1 for DHT and 17-MT, respectively.
Both formed intermediates are 3.3 and 2.8 kcal·mol−1 less
stable than E:S of DHT and 17-MT, respectively. Both TS1
and TS2 barriers are lower for 17-MT than for DHT (13.4 and
15.5 kcal·mol−1 vs 16.3 and 18.0 kcal·mol−1, respectively for
TS1 and TS2). A detailed description of the calculated reaction
mechanism with full distances and geometry analysis is
available in Supporting Information. As can be deduced from
the FESs, the enolate is quite well stabilized, being only a few
kcal·mol−1 above the free energy of the enzyme−substrate
complex. In contrast to previous assumptions, the free energy
barriers for the first and second steps are comparable. Besides
that, however, this mechanism is in line with the widely
accepted hypothesis. The mutational studies described by
Rohman et al.15 provided useful clues about the mechanism.
Replacing Tyr318 with Phe rendered the enzyme completely
inactive, while Y119F and Y487F mutants retained only trace
activities (0.05 and 2.6% of original activity, respectively). The
experimental data suggest that these tyrosines are crucial for
enzyme reactivity. Our QM/MM modeling confirmed the role
of both residues. Tyr487 takes part in the binding of the
ketosteroid during the whole reaction and stabilizes its
activated intermediate by a hydrogen bond. Meanwhile,
Tyr119 interacts with Tyr318 anion with a hydrogen bond,
and this interaction also remains stable throughout the whole
RHR. The Tyr318 anion acts as a base that abstracts a proton
from the substrate. Surprisingly, after protonation, it becomes a
hydrogen bond donor to the intermediate product, similarly to
Tyr487 that interacts with the keto group of the steroid.

Figure 6. Reaction scheme of dehydrogenation of DHT. The substrate is marked in orange, and dashed lines represent hydrogen bond interactions.
The first step corresponds to the abstraction of the 2β proton at the C2 position of ketosteroid by tyrosine anion Tyr 318 and the second step is the
1α hydride transfer from the C1 position of the substrate to the N5 atom of the FAD.
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Therefore, Tyr318 does not only acts as a catalytic base
activating the C−H bond in the first step of the reaction but

also stabilizes the intermediate enolate. This fact can explain
the residual activity of the Y487F, as Tyr318 can stabilize the
carboanion intermediate. Up to date, this role was attributed
solely to stabilization by H-bond formed by the 3-keto group,
Tyr487 and Gly491.15 A similar situation was postulated for
Δ5-3-ketosteroid isomerase where ketosteroid homoenolate is
stabilized by low barrier hydrogen bonds.70 Finally, the average
Mulliken and ChelpG charges confirm that the second step
occurs via hydride transfer, leading to the formation of FADH−

(see population analysis deposited in the Supporting
Information).
Most of the KSTDs catalyze reaction at neutral to basic pH,

which supports the hypothesis of the presence of the tyrosyl
ion in the active site. However, some reports indicate that the
Δ1-dehydrogenation can proceed under mild acidic con-
ditions,25,27 and there were no unequivocal proofs for the
deprotonated state of Tyr318. Therefore, we investigated a
possible alternative mechanism with protonated Tyr318.
However, preliminary results indicate that the potential
energies of the first TS and intermediate are extremely high
(44.8 and 27.9 kcal·mol−1, respectively); therefore, an
alternative mechanism with protonated Tyr318 can be
discarded. A detailed description of this alternative pathway
is available in Supporting Information.

KIEs and BIEs. The values of KIE were initially estimated
with a steady-state technique using 200 μM concentrations of
steroids and DCPIP, following the method used by Jerussi and
Ringold.21 Such experiments yielded values of KIE of 1.49 ±
0.04 and 1.28 ± 0.02 for DHT and 17-MT, respectively. As our
preliminary stopped-flow analysis indicated that the enzyme
reoxidation may influence the result of the experiment, we also
collected KIEs using the pre-steady-state technique, recording
directly the reduction of FAD. Although we have not observed
an increase of the KIE for 17-MT, which was calculated as the
ratio of λobs

H/λobs
D ≈ k2

H/k2
D and equaled 1.5 ± 0.04 (see

Supporting Information), we measured a significantly higher
value for C1-substituted DHT, where the k2

H/k2
D ratio was 3.5

± 0.04.
To gain further insight into the effect of binding to the active

site of the enzyme of the labeled substrates on KIE, we
measured the D(V/K) in the competition experiment. The
obtained values were 2.2 ± 0.02 for 17-MT and 2.4 ± 0.07 for
DHT, indicating that in the case of DHT, the binding

Figure 7. Details of the active site of representative structures of the
key-states located along the Δ1-dehydrogenation of DHT. The
distances are given in Å. The transferring atoms are in blue and green.

Figure 8. FESs of Δ1-dehydrogenation of 17-MT (orange line) and
DHT (blue line). Results obtained at B3LYP/6-311++g-
(2d,2p):AM1/AMBER level of theory at 303 K.
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decreases the observed KIE. Surprisingly, we observed a slight
increase of the KIE for 17-MT when measured in a
competitive experiment compared to a direct measurement
method. These results indicate that we can expect an inverse
BIE for DHT and a normal (above 1) effect for 17-MT.
To address this issue, we calculated BIE at the B3LYP/

AMBER level of theory, obtaining values of 0.97 ± 0.06 and
0.76 ± 0.05, respectively, for DHT and 17-MT. As the values
of the calculated BIE were lower than unity for both substrates,
we can conclude that under simulation conditions, deuterated
substrates are bound better by the enzyme than the non-
deuterated ones. These predictions are in qualitative agree-
ment only in the case of DHT.
We should underline that in our MD simulation, we model a

limit case, where the substrate is either in complex with
enzyme or in pure water. However, steroids are so hydro-
phobic that it is not possible to dissolve them in pure water in
concentrations enabling the saturation of KSTD1 (100−200
μM). In our experiments, the addition of the organic solvent
was used (5% dioxane or 10% EGME), which stabilized the
substrate in the solution by providing thermodynamically
favorable hydrophobic interactions. Therefore, the experimen-
tal BIEs should be closer to unity than those predicted in our
modeling, and we cannot exclude the possibility of even
normal (i.e., above 1) BIE for 17-MT.
We assume that the qualitative agreement of our BIE

prediction for DHT with results of Vmax and V/K KIE stems
from the difference in the deuteration pattern between
2,2,4,6,6-d5-17-MT and 1,16,16,17-d4-DHT. In the case of
17-MT, the deuteron labels are in ring A or B, which are bound
inside the enzyme, while in the case of DHT, three deuterons
are located on the ring D, which is exposed to the solvent (see
Supporting Information). As a result, the environment of the
DHT deuterons changes only in the case of the C1 substituent,
while for the rest of the deuterons, the situation remains
unchanged (no difference between solvent and enzyme−
substate complex). In consequence, the lack of organic solvent
in the simulation will strongly influence the estimation of BIE
for 17-MT, while only a small effect will be expected for DHT.
Generally, KIE experiments are in agreement with our

estimation of k2 and k4. The kinetic assay, based on the process
of DCPIP reduction (k4), is less sensitive to isotope labels,
which results in lowering of the observed KIE (i.e., partial
masking the intrinsic KIE).

Our experimental KIE results obtained for KSTD from R.
erythropolis are similar to those reported by Jerussi and
Ringold.21 They performed a series of KIE measurements
using KSTD from B. sphaericus with 5α-3-keto- and Δ4-3-
ketosteroids deuterated at 1α and 2β positions. Surprisingly, it
was found that substitutions at any of these positions affected
the Vmax. Substantial values of KIE were observed mostly for
1α substitution (VmaxH/VmaxD = 1.9) and much lower for 2β
(VmaxH/VmaxD = 1.2−1.3) in the case of 5α-3-keto steroids.
However, in the case of ketosteroid with an additional double
bond in ring A (i.e., Δ4-3-ketosteroids), both substitutions, at
1α or 2β, affected the observed kinetic rate (VmaxH/VmaxD =
2.4−2.5). Values obtained for 1α and 2β substitutions were too
high to be explained by the secondary isotope effect.
To understand this unusual effect we conducted a series of

KIE calculations based on QM/MM optimized geometries of
E:S, TS1, E:I, TS2, and E:P for 17-MT and DHT. Results of
KIEs derived from calculations and experiments are shown in
Table 4.
For the Δ1-dehydrogenation of DHT, isotopic substitutions

at 1α should strongly affect the hydride transfer (TS2) but
have an almost negligible influence on the proton transfer
(TS1). On the other hand, the experiments showed that
substitutions at each position (i.e., C1 or C2) affected the
kinetics of the RHR and the whole reaction. Such behavior
could be explained with an unknown mechanism where both
hydrogens are transferred simultaneously, and what would be
observed was primary KIE for both substituted positions. This
hypothesis was, however, discarded as experimental data,20,21

and results from our calculations show that hydrogen atoms
are removed in a step-wise manner. Another potential
explanation of the experimental values would be a situation
where the barrier heights of TS1 and TS2 were so close, that
both of them affected the reaction rate.21 As it turns out, our
QM/MM free energy profile of the most favorable mechanism
combined with calculations of intrinsic KIE confirms this
hypothesis (see Figure 8). Finally, the overall value of KIE can
be further decreased by binding and other non-chemical steps
(e.g., conformational changes of the protein, diffusion
limitation of reagents, as demonstrated by KSVE), but for
qualitative analysis, we will focus only on the influence of
reaction profile and intrinsic KIEs to the overall KIE. The
studied reaction is taking place according to the following
reaction scheme (9)

Table 4. Theoretical QM/MM (B3LYP/AMBER) and Experimental Values of KIEs Obtained for Deuterium-Labeled 17-MT
and DHTa

theoretical KIE ± SE
experimental KIE ± SE

direct pre-steady-state competitive D(V/K) direct steady-state

17-MT/2,2,4,6,6-d5-17-MT
E:S → TS1 5.39 ± 0.04

1.5 ± 0.04 2.2 ± 0.02 1.28 ± 0.02
E:I → TS1 5.13 ± 0.02
E:I → TS2 0.92 ± 0.02
E:S → TS2 0.98 ± 0.01

DHT/1α,16,16,17-d4-DHT
E:S → TS1 1.12 ± 0.01

3.5 ± 0.04 2.4 ± 0.07 1.5 ± 0.04
E:I → TS1 0.97 ± 0.01
E:I → TS2 4.36 ± 0.05
E:S → TS2 4.95 ± 0.05

aTheoretical values of KIE were computed for each possible individual step of the reaction. The values of direct pre-steady-state KIE correspond to
the ratio of the observed λ value (see eq 7); values of direct steady-state KIE correspond to the ratio of activities measured in standard activity assay
(200 μM DCPIP/steroid); and D(V/K) values were obtained with a competition method.
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Due to the high barrier between the products and the
intermediate (see Figure 8), a reverse process from products to
the intermediate (E:P to E:I) can be considered negligible.
Then, the expression for k2 would be

k
k k

k k k2
S I I P

S I I S I P
=

+ +
− −

− − − (10)

Using eq 10, it is possible to analyze the contribution of each
kinetic constant to the overall KIE. We will use the following
notation

k
k

KIEi
i
H

i
D=

(11)

where KIEi is the KIE associated with an individual step
characterized by kinetic constant ki (i = S−I, I−S, I−P). KIEs
on the k2 value would be as follows (derivation is given in
Supporting Information)
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Then, according to eq 12, KIE2 is a function of 5 variables:
KIES−I, KIEI−P, KIEI−S, kI−S

H /kS−I
H , and kH−P

H /kS−I
H . Three of these

variables can be obtained based on the results of QM/MM
calculations (KIES−I, KIEI−P, KIEI−S). For further analysis, we
set a range of 10−3 to 103 for both ratios kI−S

H /kS−I
H and kI−P

H /
kS−I
H . These ratios were estimated from the free energy profiles
and Eyring equation. Nevertheless, we have to bear in mind
that such values are subject to some error. It is also possible to
replace kI−S

H /kS−I
H and kI−P

H /kS−I
H in eq 12 by a function of free

energies

k
k

G G
RT

log
ln(10)

i

S I

S I i=
Δ − Δ

−

−
‡ ‡

(13)

As a result, KIEobs can be analyzed as a function of KIES−I,
KIEI−P, KIEI−S, ΔGS−I⧧ − ΔGI−S

⧧ , and ΔGS−I
⧧ − ΔGI−P

⧧ .
Taking into account the above mentioned considerations,

we can plot maps of all possible values of KIE2 for 17-MT and
DHT (Figure 9). Black curves correspond to the values of KIE
measured in our experiments (with confidence bands based on
the experimental standard error of the mean for KIE
estimation). Centers of white circles represent KIE2 values
calculated from QM/MM results: 1.09 for 17-MT and 4.78 for
DHT. These circles have a radius of 1 kcal·mol−1 error (the
error of the applied theoretical method) which translates to the
confidence ranges of KIE for 0.97−2.0 and 3.31−5.0,
respectively for 17-MT and DHT. As can be seen in the
plots in Figure 9, the curves representing the experiments for
both substrates intersect with the circles corresponding to
QM/MM values. It is easy to notice that both circles represent
wide ranges of KIE values. Thus, in a mechanism like this one,
it is necessary to estimate free energies with very small errors
to obtain an accurate theoretical prediction of KIEobs,
combined with experiments capable of measuring KIEs also
with high accuracy. Nevertheless, a fair agreement between
theoretical results and experiment can be found, even without

considering other factors that may lead to a decrease of
measured KIE.
Our analysis demonstrated that only the energy landscape of

our mechanism can reconcile the experimental KIE results
obtained for substitutions at both C1 and C2 positions, which
both lead to KIE values significantly greater than one but much
lower than the calculated intrinsic KIE. The main reason for
this phenomenon is the relation between individual rate
constants leading to a situation where both steps have a
significant influence on the overall process.

■ CONCLUSIONS
The reaction catalyzed by Δ1-KSTD from R. erythropolis was
investigated using QM/MM computational methods and
experimental kinetic measurements of isotope effects. We
first proved that dehydrogenation proceeds via a two-step
Ping-Pong bi−bi mechanism, which is in line with the widely
accepted hypothesis.16,17 Calculations performed from two
different initial states of the enzyme, one with Tyr318 as a
tyrosyl anion and the second for a protonated Tyr318, allow us
to conclude that the existence of deprotonated tyrosine is
essential for initializing the Δ1-dehydrogenation process. We

Figure 9.Maps of possible KIE values for 17-MT (a) and DHT (b) as
a function of the difference in energy barriers. Black curves represent
experimental values (with additional lines indicating experimental
errors), and white circles represent the calculated QM/MM KIEs
(with 1 kcal·mol−1 radius, as the error associated with the method).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c01479
ACS Catal. 2021, 11, 8211−8225

8221

https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01479/suppl_file/cs1c01479_si_003.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01479?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01479?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01479?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01479?fig=fig9&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01479?rel=cite-as&ref=PDF&jav=VoR


have shown that the enolate intermediate is stabilized not only
by Tyr487 and Gly491 but also by Tyr318. This role of Tyr318
was not reported up to date, but it is in agreement with
previous mutational studies revealing the complete inactivation
of the enzyme after replacing this residue. However, the
retention of minimal activity of the Y487F mutant may indicate
that Tyr318 can take over the stabilizing role of Tyr487.15

Despite the general agreement with previously proposed
mechanisms for the reaction catalyzed by Δ1-KSTD, the free
energy barriers for the first and second steps deduced from our
QM/MM simulations turned out to be comparable. This result
appears to be at the origin of the surprising KIEs which seemed
to contradict the mechanistic hypothesis for over half a
century. Our computational results derived from the
exploration of the FESs and calculations of BIE and intrinsic
KIE, finally explained why deuterium substitution affects the
overall reaction rate, regardless of the labeled position. This is
the effect of comparable free energy barriers for the first and
second step. The difference is so small, that both steps
influence the overall reaction rate. Our experimental values of
KIE obtained for KSTD1 are consistent with those described
for the enzyme from B. sphaericus, although we were able to
demonstrate that the KIE measured in the pre-steady-state at
C1 is significantly higher than the value obtained in the steady-
state experiment. Therefore, the conclusions seem to be
generally applicable to the whole class of Δ1-KSTD.
Furthermore, we are convinced that our holistic approach to
describing enzyme kinetics by experimental (steady- and pre-
steady-state kinetics, KIE, and KSVE) and theoretical methods
(QM/MM MD, global fit to kinetics, and analysis of potential
crossing points of theory and experiments) applies to any
enzymatic system and provides a potential guideline for
elucidation of similar problems. We also pointed out potential
pitfalls which may lead to discrepancies in modeling and
experiment due to the influence of additives used to introduce
the organic substrate into the assay. Quantitative agreement
between computational and experimental results is nontrivial
to achieve because, as can be seen from the relationship
between k2, KD, and viscosity, the relative values of k1, k2, and
k4, diffusion-controlled processes and, to smaller effect,
conformational changes upon binding, as well as reoxidation
of the enzyme play important roles in the overall reactivity of
KSTD. Despite these obstacles, however, the application of
complementary techniques can lead to a better understanding
of the enzymatic mechanism, which has eluded scientists for
over 50 years.
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Isotope Effects as a Tool for Distinguishing Hydrophobic and
Hydrophilic Binding Sites of HIV-1 RT. J. Phys. Chem. B 2015, 119,
917−927.
(42) Field, M. J.; Bash, P. A.; Karplus, M. A Combined Quantum
Mechanical and Molecular Mechanical Potential for Molecular
Dynamics Simulations. J. Comput. Chem. 1990, 11, 700−733.
(43) Torrie, G. M.; Valleau, J. P. Nonphysical Sampling
Distributions in Monte Carlo Free-Energy Estimation: Umbrella
Sampling. J. Comput. Phys. 1977, 23, 187−199.
(44) Kumar, S.; Rosenberg, J. M.; Bouzida, D.; Swendsen, R. H.;
Kollman, P. A. THE Weighted Histogram Analysis Method for Free-
Energy Calculations on Biomolecules. I. The Method. J. Comput.
Chem. 1992, 13, 1011−1021.
(45) Martí, S.; Moliner, V.; Tuñón, I. Improving the QM/MM
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