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Abstract

Kinetic isotope effect (KIE) reveals the transition state structure of an elementary reaction and can be predicted by quantum
chemical calculation. Density Functional Theory calculation of an enzymatic reaction with large numbers of atoms is compu-
tationally prohibitive, especially if explicit solvent effect is considered. Cutoff method, which simplifies an entire molecule to a
cluster around a target position, can simplify position-specific equilibrium isotope effect calculation for a large organic molecule.
It should also be applicable to KIE calculation of an enzymatic reaction and allow us to introduce explicit solvent molecules to
the system. If this treatment is feasible and trustable, it will provide an efficient method to estimate a number of KIEs produced
by enzyme reactions. Obviously, its robustness must be tested. Here, using NO3

� reduction by the active site of periplasmic dis-
similatory nitrate reductase (Nap) in Rhodobacter sphaeroides as an example, we built 17 models to test the influence of cutoff
size, implicit, and explicit solvent effects on KIE calculation. The results show that to estimate the KIE value of an enzymatic
reaction accurately and efficiently, we can first simplify the reaction model to a cutoff model with 3 proximal bonds to the active
position. Then, incorporating implicit-plus-explicit solvent models can simulate a reaction environment more realistically, which
is necessary for accuracy. Our calculated lnKIE values for nitrate Nap reduction at 25 �C are �32.4 ± 1.8‰ for 15N and �20.9
± 0.4 ‰ for 18O, respectively, with a ln18KIE/ln15KIE ratio of 0.65 ± 0.05. Although additional reservoir-transport processes
need to be considered, our calculation results are consistent with calibrated isotope effects from laboratory experiments, suggest-
ing that the transition state we calculated depicts the general reaction mechanism of NO3

� reduction by Nap.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Global cycling of essential life elements, such as C, N, O,
and S, on Earth surface is largely controlled by microorgan-
isms. Understanding enzymatic reaction mechanisms is the
fundamental step towards a quantitative assessment of bio-
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chemical processes in laboratory experiments, at field
observation, as well as during biogeochemical cycling at
the global scale.

The key to elucidating the reaction mechanism of an
enzymatic reaction is to elaborate its transition state struc-
ture. A transition state refers to the saddle point of the
potential energy surface for an elemental reaction, where
the reaction can take place over the path corresponding
to the lowest energy barrier (Eyring, 1935a,b). The molecu-
lar structure of such a rate-limiting but unstable transition
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state is the key to understand the integral behavior of bio-
logical functions (Wong et al., 2015). However, the elemen-
tary steps of an enzymatic reaction are usually uni-
directional and occur in nano- and femto- seconds. It is dif-
ficult to virtually identify each elementary step of enzymatic
processes even in our state-of-the-art laboratories (Williams
and Wilson, 2016).

The force field of a compound is independent of its iso-
tope substitutions. Therefore, an isotope fractionation fac-
tor between the transition state and reactant, i.e. kinetic
isotope effect (KIE), can be used as a unique test of a tran-
sition state molecular structure (Bigeleisen and Wolfsberg,
1958; Bigeleisen, 1949). KIE is an intrinsic parameter for
an elementary reaction. To be consistent with the definition
of equilibrium isotope effect (EIE = hK/lK, where K denotes
the equilibrium constants of heavy (h) or light (l) isotopes),
here we use the definition of KIE = hk/lk, where k denotes
the reaction rate constants (Jones and Urbauer, 1991; Bao
et al., 2016; He et al., 2020b). This definition is opposite to
what Bigeleisen (1949) originally defined, and that of
commonly used in environmental isotope geochemistry
community. Using such definition, a KIE value smaller
than 1 or a negative lnKIE value will be called a normal
KIE, where light isotopes react faster than heavy isotopes.

Obtaining the vibrational frequencies is the key point for
understanding the molecular structure of a transition state
complex. Density Functional Theory (DFT) calculation
coupled with Urey-Bigeleisen-Mayer model is a reliable
approach to identify the transition state for a specific reac-
tion and to estimate its KIE theoretically (Bigeleisen and
Mayer, 1947; Urey, 1947; Bigeleisen and Wolfsberg, 1958;
Felipe et al., 2001; Liu and Tossell, 2005; Guo et al.,
2009; Zeebe, 2014; Zhang and Liu, 2014; Zhang et al.,
2020). The calculation results can be used to test the validity
of experimental results and guide interpretations of
observed isotope fractionation factors. Calculation results
can also provide candidates that can be tested by controlled
laboratory experiments. In addition, one calculation result
of an enzymatic reaction can be used to guide and justify
future researches of other similar reactions, since multiple
enzymes share similar active site molecular structures. For
instance, dimethylsulfoxide reductase (DMSOR) family of
molybdenum (Mo) enzyme is found responsible for enzy-
matic reactions such as reductions of nitrate, chlorate, per-
chlorate, iodate, and polysulfide, oxidation of arsenite,
arsenate, and pyridoxal, dehydrogenation of formate,
formylmethanofuran, and xanthine, etc. (Hille, 1996,
2002; Youngblut et al., 2016; Glasser et al., 2018;
Crawford et al., 2019; Lv et al., 2020; Yamazaki et al.,
2020). If we know the transition state structure of nitrate
reduction by nitrate reductase of DMSOR family, such a
model can be easily transferred to the KIE calculations of
reductions of chlorate, perchlorate, iodate, and polysulfide.

Calculating the KIE of a reaction by quantum chemical
methods has a long-existing problem that an enzyme usually
contains a large number of atoms, which is computationally
prohibitive. Therefore, simplification of enzymatic reaction
calculation is the key to broader application of KIE estima-
tion. The first KIE calculation for an enzymatic reaction is
the methyl transfer between the sulfur of S-
adenosylmethionine and oxygen of catecholate (Rodgers
et al., 1982). Such calculation used two simplifications: (1)
Since it was impossible during that time to include all atoms
in proteins in quantum chemical calculation, the system was
simplified by cutoff method (Wolfsberg and Stern, 1964;
Stern and Wolfsberg, 1966) to a cluster of 17 atoms; and (2)
It used bond-energy bond-order vibrational analysis (BEBO-
VIB) approach (Sims et al., 1977), which simplifies involved
diagonalization of the mass-weighted Hessian matrix in
Cartesian coordinates (Gwinn, 1971) with empirical relation-
ships between bond order, bond length, and force constants
(Johnston, 1966; Burton et al., 1977). Based on the optimized
cutoff model cartesian coordinates and force constants calcu-
lated by quantum chemistry software, ISOEFF98 (Anisimov
and Paneth, 1999) and QUIVER (Saunders et al., 1989) were
developed to calculate KIEs of enzymatic reactions.

The cutoff method was widely used to simplify KIE cal-
culations for enzymatic reactions. Assuming the atoms,
which are not directly involved in the bond-breaking and
bond-formation of a reaction, have only secondary isotope
effect, i.e. KIE � 1.000 (Bigeleisen and Wolfsberg, 1958),
previous works commonly used the cutoff method to reduce
the whole system to a cluster around the active position.
For instance, DFT calculation of human methionine S-
adenosyltransferase catalyzed S-adenosylmethionine for-
mation from ATP and methionine was simplified to a cutoff
model with 26 atoms to estimate its KIE value (Firestone
and Schramm, 2017).

While these two programs were successfully applied to
enzymatic reaction researches (e.g. Acevedo and
Evanseck, 2003; Adamczyk et al., 2011; Firestone and
Schramm, 2017; Klajman et al., 2017; Wiest et al., 1994),
debates between high calculation precision and affordable
computational resources never ceased. Previous research
of cis-dihydroxylation of nitroaromatic compounds cat-
alyzed by nitrobenzene dioxygenase showed that the activa-
tion Gibbs free energies for the same process fluctuated
with cutoff sizes, as well as with or without implicit or expli-
cit solvent models (water molecule or protein pieces, Pabis
et al., 2014). The sensitivity of calculated KIE values to cut-
off sizes leads to the question if a cutoff model with a small
number of atoms is adequate to describe the reaction envi-
ronment (Wolfsberg and Stern, 1964; Stern and Wolfsberg,
1966; Williams, 2012). Some researchers optimized cutoff
models with a relatively large number of atoms by lower
theoretical levels, then did single-point energy calculation
by higher theoretical levels (Wiest et al., 1994; Liao and
Siegbahn, 2015; Wei et al., 2017). Such a method can reduce
calculation resources, but single-point calculation by a
higher theoretical level may produce small imaginary fre-
quencies if the configuration is optimized by a lower theo-
retical level (Liao and Siegbahn, 2015). Furthermore, a
cutoff model simulates an enzymatic reaction in the gaseous
phase, which rarely occurs in the biosystem. The interac-
tions between solute and solvent molecules, i.e. short-
range solvent effect, and the electrostatic effects caused by
polarized solvent molecules, i.e. long-range solvent effect,
will affect transition state structure. Therefore, a KIE
calculation requires to consider solvent effects. Solvent
effects can be simulated implicitly or explicitly. Due to the
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limitations in computational capability, KIE calculations of
enzymatic reactions usually involve only polarizable contin-
uum models (PCM), which implicitly incorporate solvent
effects by electrostatic equations (Wujec and Paneth,
2007; Adamczyk et al., 2011, 2014; Geronimo and
Paneth, 2014; Pabis et al., 2014; Liao and Siegbahn, 2015;
Rivard et al., 2015; Firestone and Schramm, 2017;
Klajman et al., 2017; Wei et al., 2017). Surrounding a target
molecule with water molecules and/or protein pieces can
simulate a solution environment realistically and would
have substantial influences on local configurations and
therefore the predicted KIE values (Rustad et al., 2008,
2010; Zhang and Liu, 2014; He and Liu, 2015; Gao et al.,
2018). However, the explicit solvent effect has rarely been
considered. In this study, we believe that the introduction
of solvent molecules into simulations of enzymatic reac-
tions can be achieved with the cutoff method.

Like all laboratory experiments, computational experi-
ments also require careful evaluations and standard proto-
cols. The influences of cutoff size and solvent effects on
transition state search, i.e. KIE calculation, need to be rig-
orously tested. Our previous study showed that the vibra-
tional frequencies of an atom in a large organic molecule
in gaseous phase are mostly affected by its proximal sur-
roundings. Thus, the position-specific reduced partition
function ratios (RPFR or b factor), which refers to the
equilibrium isotope fractionation factor between an atom
in a specific bond environment and its atomic form, of
the target atom can be properly addressed by the cutoff
model with proximal three bonds or one ring (He et al.,
2020a). Therefore, the KIE calculation of an enzymatic
reaction should be able to be simplified to a cluster, where
the active site is located at the center of the cluster with
close proximal surroundings.

For quantum chemical calculations, the theoretical level
and basis set can directly affect the results of geometry opti-
mization, single-point energy, and vibrational frequencies.
However, the calculation of large molecular size with high
theoretical levels is even more restricted by current compu-
tational resources. The efficiency and accuracy of calculat-
ing equilibrium isotope effect (EIE) of large organic
molecules by DFT has been rigorously tested before (Iron
and Gropp, 2019). KIE is the relative isotope enrichment
between the transition state and reactant. Compare to an
absolute b value, the KIE value should cancel more calcu-
lation errors, such as scaling factors for vibrational fre-
quency. Therefore, theoretically, the KIE value is
expected to be less sensitive to theoretical level, and a rela-
tively smaller basis set can still accurately predict a KIE
value. Examination of theoretical levels confirmed that
B3LYP hybrid exchange-correlation functional is robust
for enzymatic reaction KIE calculation (Adamczyk et al.,
2011; Klajman et al., 2017). In addition, previous works
also showed that estimated KIE values are not sensitive
to basis sets (Wiest et al., 1994; Adamczyk et al., 2011).
Thus, we do not test the influences of theoretical level
and basis set in this work.

Nitrate is a key component in global nitrogen cycle and
an important source of biologically available nitrogen.
Quantitative assessment of nitrate reduction, which is the
initial step of nitrogen fixation, provides significant infor-
mation on understanding global nitrogen cycle. Periplasmic
dissimilatory nitrate reductase (Nap) is a Mo containing
enzyme that belongs to the DMSOR family. Its structure
coordinates have been determined (Dias et al., 1999;
Hille, 2002; Jormakka et al., 2004), which can be directly
used for KIE calculation. The nitrogen (N) and oxygen
(O) KIE values of NO3

� reduction by Nap have been cali-
brated by laboratory experiments (Granger et al., 2008;
Karsh et al., 2012; Carlisle et al., 2014; Frey et al., 2014;
Treibergs and Granger, 2017), which can be used to test cal-
culation results. Therefore, here, we use NO3

� reduction to
NO2

� by the active site of Nap as an example to test the
influence of cutoff size and solvent effects on the KIE calcu-
lation of enzymatic reaction by the quantum chemical cal-
culation method.
2. METHODS

2.1. Nitrate reduction by Nap

Nap is a mononuclear Mo enzyme. Its active site has
two tricyclic pyranpterin cofactors (L) bound to the Mo
atom, which is the attribute of DMSOR family. The Mo
coordination sphere is completed by a cysteine (Cys) and
a single Mo@O group in an L2MoVIS core (Fig. 1, Hille,
1996, 2002; Dias et al., 1999; Jormakka et al., 2004;
Sparacino-Watkins et al., 2014; Cerqueira et al., 2015).

The proposed mechanism of nitrate reduction by Nap
involves a series of electron, oxygen, and hydrogen transfer
processes (Richardson et al., 2001; Cerqueira et al., 2009,
2015; Biaso et al., 2012; Weinberg et al., 2012; Sparacino-
Watkins et al., 2014; Coelho and Romão, 2015). The Nap
shall first have two hydrogens and two electrons from exter-
nal reductant species to the metal site. This leads to the dis-
sociation of the Mo@O oxygen (at the moment of
dissociation, as a water molecule). After oxygen dissocia-
tion, the enzyme is at a chemically active state with �1
valence (Fig. 2A). Nitrate that promptly occupies a free
position near Mo will bind with the active site and form a
(NO2)AOAMo(VI) complex (Fig. 2B). In the next step,
the NAO bond will break and release nitrite (Fig. 2C).

The nitrogen and oxygen isotope fractionations of NO3
�

during this process are caused by two steps: (1) free NO3
� in

solution binds with the activated Nap, and (2) NO3
� on Nap

reduces to NO2
�. Such an enzyme-substrate reaction can be

described by the pre-equilibrium approximation: an enzyme
E binds with a substrate S to produce an enzyme-substrate
complex intermediate ES, which then forms a product P.
The ES complex consumption rate constant (k2) is
relatively small compared to the forward and backward
reaction rate constants between E + S and ES (k1 and
k–1), and the backward reaction of ES complex consump-
tion is negligible (k–2� k2) (Galimov, 2006; Turányi
and Tomlin, 2014). Such a process can thus be
expressed as

E þ S
!k1
 
k�1

ES!k2 E þ P ð1Þ



Fig. 1. Active site molecular structure of Nap nitrate reductase, Cys = Cysteine (Modified from Arnoux et al., 2003; Sparacino-Watkins et al.,
2014; Tejada-Jimenez et al., 2018).

Fig. 2. Proposed nitrate reduction mechanism by Nap nitrate reductase. –2 is the total valance and 1 is the spin multiplicity of the system
(Modified from Biaso et al., 2012; Coelho and Romão, 2015; Cerqueira et al., 2009, 2015; Jepson et al., 2007; Niks and Hille, 2019;
Richardson et al., 2001; Sparacino-Watkins et al., 2014; Weinberg et al., 2012).
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Using the pre-equilibrium approximation, the ES can be
assumed to be in equilibrium with E + S, and the produc-
tion of P can be considered uni-directional. In our case, after
the equilibration between NO3

�-enzyme complex and NO3
�

in solution, NO2
� is produced uni-directionally. The appar-

ent isotope fractionation of nitrate reduction by Nap (aNap)
equals to the sum of the EIE of NO3

�-enzyme with NO3
� in

solution and the KIE of the NAO bond-breaking process.
This study focuses on the validation of the KIE calculation
method for enzymatic reactions. Thus, we do not provide
calculation details of aqueous phase NO3

� here.

2.2. Calculation details

2.2.1. Calculation models

The enzyme structure used in this study has been
adopted and modified from the active center coordinates
of Rhodobacter sphaeroides NapA enzyme (PDB ID:
1OGY, Arnoux et al., 2003). To test the influence of cutoff
size, implicit, and explicit solvent effects on KIE calcula-
tion, 17 models have been built and calculated indepen-
dently (Table 1).
Three enzyme clusters with 65 (NapAL), 45 (NapAM),
and 29 (NapAS) atoms (Fig. 3, top panel) are built based
on the optimized structure of 1OGY active center (see SI
for the structure coordinates of the optimized active center
at chemically activated state with �1 valence). All bonds
that have been cut are single bonds and have been balanced
by a hydrogen atom. Two self-consistent reaction field
approach: integral-equation-formalism polarizable contin-
uum model (IEFPCM) (Scalmani and Frisch, 2010) and
solvation model density (SMD) (Marenich et al., 2009),
have been used on the NapAS model to evaluate the implicit
solvent effect by comparing the results with the ideal gas
state calculation results. To test the errors arisen from the
explicit solvent effect, we have also performed calculations
for the NapAS model by adding additional 3, 6, 9, 12 expli-
cit water molecules (Fig. 3, bottom panel).

2.2.2. Ab initio calculation

All geometry optimization and harmonic vibrational fre-
quencies calculation for ground states have been performed
in software Gaussian16 (Frisch et al., 2016). In this study,
all calculations have been carried out at the DFT level using



Table 1
Descriptions of calculation models.

Model Atom number Explicit water Implicit solvent effect

NapAL 65 0 NA
NapAM 45 0 NA
NapAS 29 0 NA/SMD/IEFPCM
NapAS(H2O)3 38 3 NA/SMD/IEFPCM
NapAS(H2O)6 47 6 NA/SMD/IEFPCM
NapAS(H2O)9 56 9 NA/SMD/IEFPCM
NapAS(H2O)12 65 12 NA/SMD/IEFPCM

Note: L denotes cluster models with 65 atoms; M denotes cluster models with 45 atoms; and S denotes cluster models with 29 atoms.

Fig. 3. Representative NO3
�-NapA models with cutoff sizes of 65 (NapAL), 45 (NapAM), and 29 (NapAS) atoms (top panel), and NO3

�-
NapAs models with 3 (NapAS(H2O)3), 6 (NapAS(H2O)6), 9 (NapAS(H2O)9), and 12 (NapAS(H2O)12) explicit water molecules. Dark gray,
light gray, red, yellow, blue, and green spheres represent C, H, O, S, N, and Mo atoms, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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B3LYP hybrid exchange-correlation functional (Lee et al.,
1988; Becke, 1993). 6-31+g(d,p) basis set (Frisch et al.,
1984), which is widely used in the DFT studies of enzymatic
reactions (e.g. Wujec and Paneth, 2007; Adamczyk et al.,
2011, 2014; Klajman et al., 2017), has been used for C, H,
O, N, and S atoms. LANL2DZ-ECP basis set with effective
core potential (Hay and Wadt, 1985; Wadt and Hay, 1985)
has been used for the Mo atom in enzymes to save some
computational efforts with negligible loss of accuracy. Scal-
ing factors are not considered since they are largely can-
celed in the reported KIE values (Schauble et al., 2006;
Méheut et al., 2007). The reactant (NO3-NapA complex)
structures are optimized to local minimum without imagi-
nary frequency except for the NO3

�-NapAS(H2O)6 model
with SMD implicit solvent effect, which has a small imagi-
nary frequency of 6.6i cm�1. This small imaginary fre-
quency does not significantly affect the zero-point energy
and thus has been disregarded. Based on the optimized
reactant structures, we build initial guess structures (TS-
NapA complex) for transition states search with Berny
algorithm (Schlegel, 1982), i.e. TS method in Gaussian16.
All transition state structures are optimized to a saddle
point with exactly one imaginary frequency along the
OAN decomposition path.
2.2.3. KIE calculation

Based on the optimized structures, we calculated b val-
ues for reactant (bNO�

3
�NapA) and transition state (bTS�NapA)

at 25 �C for the nitrogen and three oxygen atoms of NO3
�.

bNO�
3
�NapA have been calculated with harmonic approxi-

mation using Urey- Bigeleisen-Mayer model (Bigeleisen
and Mayer, 1947; Urey, 1947):

bNO�
3
�NapA ¼

Y3n�6
i

u�i
ui

� �
e�u

�
i =2

e�ui=2

� �
1� e�ui

1� e�u
�
i

� �
ð2Þ

ui ¼ hti
kBT

ð3Þ

where the superscript ‘‘*” indicates rare isotope (15N and
18O) substituted molecules and the one without superscript
is the reference isotope (14N and 16O), mi denotes the i

th har-
monic vibration frequency, h denotes the Planck constant,
kB denotes the Boltzmann constant, and T denotes the tem-
perature in K, and n is the total number of atoms.

bTS�NapA have been calculated using Bigeleisen model

(Bigeleisen, 1949; Bigeleisen and Wolfsberg, 1958):

bTS�NapA ¼
m�L
mL

Y3n�7
i

u�i
ui

� �
e�u

�
i =2

e�ui=2

� �
1� e�ui

1� e�u
�
i

� �
ð4Þ
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where mL denotes the imaginary frequency along the path of
decomposition.

The average values for the three oxygens are also
reported since the observed isotope fractionations are
compound-specific. The b value differences are discussed
in terms of ln(bA/bB) in per mil, where A and B denote
the two models in comparison.

KIE have been calculated by Eq. (5):

KIE ¼ bTS�NapA
bNO�

3
�NapA

ð5Þ

For better illustration, we report KIE values as lnKIE in
per mil. The KIE value difference is also reported as ln
(KIEA/KIEB) in per mil. In addition to single KIE values,
the relationships between the KIEs of nitrogen and oxygens
in NO3

�, i.e. 18lnKIE: 15lnKIE values, are also reported.

3. RESULTS

3.1. Optimized Structures for reactants and transition states

The optimized active position structures (MoAONO2

complex) with selected geometric parameters for reactant
and transition states are shown in Tables 2, 3, and Fig. 4.
Among the three oxygens, Oa denotes the oxygen binds
with Mo atom, which is the O2 atom in structure coordi-
nates. Ob and Oc denote O3 and O4 atoms in structure
coordinates, respectively (See SI for the optimized structure
coordinates).

The active position structures of the reactant complex
vary in a small range (Table 2, Fig. 4A). Among all models,
the standard deviations of NAO bond lengths and
\OANAO angles are smaller than 0.01 Å and 0.8�, respec-
tively. The largest uncertainty is the MoAOa bond length, d
Table 2
Selected geometric parameters (d – distances in Å, \– angles in �) of NO

Model Implicit
solvent
effect

d(MoAOa) d(OaAN) d(NAOb) d(

NO3
�-NapAL NA 2.21 1.31 1.25 1.2

NO3
�-NapAM NA 2.28 1.30 1.25 1.2

NO3
�-NapAS NA 2.28 1.29 1.25 1.2

NO3
�-NapAS SMD 2.53 1.27 1.26 1.2

NO3
�-NapAS IEFPCM 2.35 1.29 1.26 1.2

NO3
�-NapAS(H2O)3 NA 2.37 1.28 1.25 1.2

NO3
�-NapAS(H2O)3 SMD 2.53 1.26 1.27 1.2

NO3
�-NapAS(H2O)3 IEFPCM 2.42 1.27 1.26 1.2

NO3
�-NapAS(H2O)6 NA 2.38 1.27 1.27 1.2

NO3
�-NapAS(H2O)6 SMD 2.52 1.26 1.27 1.2

NO3
�-NapAS(H2O)6 IEFPCM 2.44 1.26 1.27 1.2

NO3
�-NapAS(H2O)9 NA 2.28 1.28 1.26 1.2

NO3
�-NapAS(H2O)9 SMD 2.28 1.28 1.26 1.2

NO3
�-NapAS(H2O)9 IEFPCM 2.27 1.28 1.26 1.2

NO3
�-NapAS(H2O)12 NA 2.28 1.28 1.27 1.2

NO3
�-NapAS(H2O)12 SMD 2.29 1.28 1.26 1.2

NO3
�-NapAS(H2O)12 IEFPCM 2.29 1.28 1.27 1.2

Average* 2.35 1.28 1.26 1.2
Stdv. 0.10 0.01 0.01 0.0

* The ‘‘Average” data are the mean values of all models, and the ‘‘Std
(MoAOa), and the \MoAOaAN angle in the reactant
structure, which are 2.35 ± 0.10 Å and 133.1 ± 3.0�, respec-
tively. Implicit solvation effects introduce �0.2 Å variations
on d(MoAOa) when a model has 3 or 6 explicit water mole-
cules. Such influence disappears when a model has 9 or 12
explicit water molecules (0.01 Å). Both implicit and explicit
solvent effects cause variations on \MoAOaAN. This is lar-
gely due to the electrostatic effects and hydrogen bonds
among the NO3

� and explicit solvent molecules.
Nitrate reduction is the dissociation of the OaAN bond.

Our calculation results predict an elongation of the OaAN
bond from 1.28 ± 0.01 Å of the reactant to 1.75 ± 0.02 Å
of the transition state, accompanied by the shortening of
the MoAOa bond from 2.35 ± 0.10 Å of the reactant to
1.90 ± 0.02 Å of the transition state. Similar to reactant
structures, explicit solvent molecules also cause relatively
large uncertainty on the \MoAOaAN angle of transition
state structures (128.2�) with a standard deviation of 2.9�.

3.2. bNO�
3
�NapA factors

The calculated bNO�
3
�NapA values at 25 �C are 1.1540

± 0.0031 for 15N, and 1.0986 ± 0.0014 for 18Oave (Table 4).
Without solvent effects, cutoff size has limited effects on the
calculated bNO�

3
�NapA value, where ln(bNO�

3
�NapAM

=bNO�
3
�NapAL

)

are 0.8‰ for 15N and �0.7‰ for 18Oave, and ln
(bNO�

3
�NapAS

=bNO�
3
�NapAM

) are 0.0‰ for 15N and 0.0‰ for
18Oave. Such variations are both significantly smaller than
the standard deviation of different bNO�

3
�NapA values.

Compare to the cutoff sizes, implicit solvent effects have
relatively larger influences on the calculated bNO�

3
�NapA val-

ues. For models with the same number of explicit water
molecules, SMD implicit solvent effect introduces maxi-
3
�-NapA complexes.

NAOc) \MoAOaAN \OaANAOb \OaANAOc \ObANAOc

4 131.8 116.2 120.6 123.2
4 127.7 117.2 120.3 122.4
5 128.6 117.4 120.4 122.2
5 130.3 118.6 120.9 120.5
5 128.8 117.6 120.6 121.7
6 133.0 118.2 120.8 121.1
5 131.4 118.1 121.6 120.2
6 131.9 118.5 120.7 120.7
5 135.5 117.1 121.8 121.0
5 133.3 118.2 121.6 120.2
5 137.6 117.5 121.8 120.7
5 136.8 116.9 121.3 121.8
4 135.2 116.4 121.8 121.8
4 135.1 116.7 121.5 121.8
4 136.5 116.7 121.8 121.5
4 134.7 116.9 121.6 121.5
4 134.3 116.8 121.6 121.6
5 133.1 117.4 121.2 121.4
1 3.0 0.7 0.6 0.8

v” data are the standard deviation of all models.



Table 3
Selected geometric parameters (d – distances in Å, \ – angles in �) of TS-NapA complexes.

Model Implicit solvent effect d(MoAOa) d(Oa-N) d(NAOb) d(NAOc) \MoAOaAN \ObANAOc

TS -NapAL NA 1.87 1.77 1.22 1.21 126.4 127.1
TS -NapAM NA 1.87 1.80 1.22 1.22 128.2 126.4
TS-NapAS NA 1.89 1.74 1.22 1.21 126.7 126.7
TS-NapAS SMD 1.92 1.73 1.23 1.21 126.0 126.1
TS-NapAS IEFPCM 1.89 1.76 1.22 1.22 126.8 126.7
TS-NapAS(H2O)3 NA 1.90 1.73 1.22 1.23 134.7 124.7
TS-NapAS(H2O)3 SMD 1.92 1.73 1.24 1.22 129.4 124.0
TS-NapAS(H2O)3 IEFPCM 1.90 1.75 1.23 1.22 128.3 124.5
TS-NapAS(H2O)6 NA 1.90 1.72 1.23 1.22 135.0 124.3
TS-NapAS(H2O)6 SMD 1.92 1.72 1.24 1.23 128.5 123.5
TS-NapAS(H2O)6 IEFPCM 1.90 1.73 1.24 1.23 129.9 123.6
TS-NapAS(H2O)9 NA 1.90 1.74 1.22 1.22 128.0 126.0
TS-NapAS(H2O)9 SMD 1.89 1.76 1.23 1.21 127.5 126.3
TS-NapAS(H2O)9 IEFPCM 1.88 1.78 1.22 1.21 128.0 126.2
TS-NapAS(H2O)12 NA 1.90 1.75 1.24 1.21 124.9 125.7
TS-NapAS(H2O)12 SMD 1.91 1.76 1.23 1.21 125.6 125.9
TS-NapAS(H2O)12 IEFPCM 1.91 1.76 1.23 1.21 125.6 126.0
Average* 1.90 1.75 1.23 1.22 128.2 125.5
Stdv 0.02 0.02 0.01 0.01 2.9 1.2

* The ‘‘Average” data are the mean values of all models, and the ‘‘Stdv” data are the standard deviation of all models.

Fig. 4. Optimized active position structures (MoAONO2 complex) with selected geometric parameters for reactant (A) or transition state (B).
Geometric parameters are the average of 17 models with different cutoff sizes, implicit, and/or explicit solvent effects.
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mum bNO�
3
�NapA value variations of 6.9‰ on 15N and 2.5‰

on 18Oave, and IEFPCM implicit solvent effect introduces
maximum bNO�

3
�NapA value variations of 3.5‰ on 15N and

1.6‰ on 18Oave.
For models with or without the same implicit solvent

effect, adding explicit water molecules introduce maximum
bNO�

3
�NapA value variations of 3.5‰ on both 15N and 18Oave.

However, there are limited bNO�
3
�NapA value variations

among models with different explicit water molecule num-
ber. The four explicit solvent models without implicit sol-
vent effect have maximum differences of 0.7‰ for 15N
and 1.5‰ for 18Oave. The four explicit solvent models with
SMD implicit solvent effect have maximum differences of
1.3‰ for 15N and 1.7‰ for 18Oave. The four explicit solvent
models with IEFPCM implicit solvent effect have maximum
differences of 1.6‰ for 15N and 2.5‰ for 18Oave.
3.3. bTS�NapA factors

The calculated bTS�NapA values at 25 �C are 1.1190

± 0.0036 for 15N, and 1.0769 ± 0.0014 for 18Oave (Table 5).
Without solvent effects, cutoff size also has limited effects on
the calculated bTS�NapA value, where ln(bTS�NapAM

=bTS�NapAL
)

are �1.8‰ for 15N and �0.9‰ for 18Oave, and ln
(bTS�NapAS

=bTS�NapAM
) are 1.3‰ for 15N and 0.6‰

for 18Oave.
Implicit solvent effects have similar influences on the cal-

culated bTS�NapA values as on the calculated bNO�
3
�NapA values.

For the same explicit solvent models, SMD implicit solvent
effect introduces a maximum bTS�NapA value variation of

8.9‰ on 15N and 5.1‰ on 18Oave; IEFPCM implicit solvent
effect introduces a maximum bTS�NapA value variation of

3.7‰ on 15N and 1.9‰ on 18Oave.



Table 4
Calculated bNO�

3
�NapA values at 25 �C.

Model Implicit solvent effect 15N 18Oa
18Ob

18Oc
18Oave

NO3
�-NapAL NA 1.1547 1.0924 1.0996 1.1037 1.0986

NO3
�-NapAM NA 1.1556 1.0951 1.0977 1.1006 1.0978

NO3
�-NapAS NA 1.1556 1.0957 1.0975 1.1001 1.0978

NO3
�-NapAS SMD 1.1477 1.0975 1.0920 1.0975 1.0957

NO3
�-NapAS IEFPCM 1.1516 1.0961 1.0958 1.0997 1.0972

NO3
�-NapAS(H2O)3 NA 1.1574 1.1003 1.0970 1.1013 1.0995

NO3
�-NapAS(H2O)3 SMD 1.1497 1.0996 1.0922 1.0982 1.0967

NO3
�-NapAS(H2O)3 IEFPCM 1.1543 1.1012 1.0977 1.0978 1.0989

NO3
�-NapAS(H2O)6 NA 1.1578 1.1029 1.0948 1.1010 1.0996

NO3
�-NapAS(H2O)6 SMD 1.1512 1.1022 1.0930 1.0986 1.0979

NO3
�-NapAS(H2O)6 IEFPCM 1.1549 1.1020 1.0937 1.0992 1.0983

NO3
�-NapAS(H2O)9 NA 1.1571 1.0997 1.0986 1.1017 1.1000

NO3
�-NapAS(H2O)9 SMD 1.1505 1.0970 1.0944 1.1025 1.0980

NO3
�-NapAS(H2O)9 IEFPCM 1.1542 1.0983 1.0969 1.1028 1.0993

NO3
�-NapAS(H2O)12 NA 1.1579 1.1004 1.0967 1.1061 1.1011

NO3
�-NapAS(H2O)12 SMD 1.1510 1.0976 1.0968 1.1014 1.0986

NO3
�-NapAS(H2O)12 IEFPCM 1.1561 1.1017 1.0962 1.1051 1.1010

Average* 1.1540 1.0988 1.0959 1.1010 1.0986
Stdv 0.0031 0.0029 0.0022 0.0025 0.0014
Preferred value** 1.1549

±0.0008
1.0994
±0.0010

* The ‘‘Average” data are the mean values of all models, and the ‘‘Stdv” data are the standard deviation of all models;
** The ‘‘preferred value” is the average results of four explicit NO3

�-NapAS(H2O)n models with IEFPCM implicit solvent effect.

Table 5
Calculated bTS�NapA values at 25 �C.

Model Implicit solvent effect 15N 18Oa
18Ob

18Oc
18Oave

TS-NapAL NA 1.1237 1.0422 1.0960 1.0977 1.0786
TS-NapAM NA 1.1217 1.0417 1.0948 1.0963 1.0776
TS-NapAS NA 1.1232 1.0408 1.0955 1.0982 1.0782
TS-NapAS SMD 1.1161 1.0381 1.0902 1.0954 1.0746
TS-NapAS IEFPCM 1.1189 1.0398 1.0934 1.0958 1.0763
TS-NapAS(H2O)3 NA 1.1221 1.0408 1.0977 1.0967 1.0784
TS-NapAS(H2O)3 SMD 1.1122 1.0408 1.0890 1.0934 1.0744
TS-NapAS(H2O)3 IEFPCM 1.1164 1.0420 1.0918 1.0955 1.0764
TS-NapAS(H2O)6 NA 1.1210 1.0405 1.0951 1.0984 1.0780
TS-NapAS(H2O)6 SMD 1.1124 1.0419 1.0905 1.0931 1.0752
TS-NapAS(H2O)6 IEFPCM 1.1154 1.0422 1.0931 1.0942 1.0765
TS-NapAS(H2O)9 NA 1.1213 1.0399 1.0972 1.0958 1.0776
TS-NapAS(H2O)9 SMD 1.1169 1.0390 1.0909 1.0970 1.0756
TS-NapAS(H2O)9 IEFPCM 1.1197 1.0405 1.0936 1.0967 1.0769
TS-NapAS(H2O)12 NA 1.1226 1.0411 1.0933 1.1029 1.0791
TS-NapAS(H2O)12 SMD 1.1184 1.0391 1.0909 1.0998 1.0766
TS-NapAS(H2O)12 IEFPCM 1.1209 1.0403 1.0926 1.1013 1.0781
Average* 1.1190 1.0406 1.0933 1.0970 1.0769
Stdv 0.0036 0.0012 0.0025 0.0026 0.0014
Preferred value** 1.1181

±0.0023
1.0770
±0.0007

* The ‘‘Average” data are the mean values of all models, and the ‘‘Stdv” data are the standard deviation of all models;
** The ‘‘preferred value” is the average results of four explicit NO3

�-NapAS(H2O)n models with IEFPCM implicit solvent effect.
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For models with or without the same implicit sol-
vent effect, adding explicit water molecules introduces
a maximum bTS�NapA value variation of 4.0‰ on both
15N and 1.7‰ on 18Oave. Among the four explicit sol-
vent models without implicit solvent effect, the maxi-
mum bTS�NapA value variations are 0.7‰ on 15N and
1.5‰ on 18Oave. However, the four explicit solvent
models with SMD implicit solvent effect have maximum
variations of 4.0‰ on 15N and 2.0‰ on 18Oave, and
the four explicit solvent models with IEFPCM implicit
solvent effect have maximum differences of 4.9‰ for
15N and 1.6‰ for 18Oave.
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3.4. Kinetic isotope fractionation of nitrate Nap-reduction

The calculated lnKIE values at 25 �C are �30.8 ± 2.3‰
for 15N, and �20.2 ± 0.9‰ for 18Oave, with ln18KIE:
ln15KIE = 0.66 ± 0.04 (Table 6, Fig. 5). As expected, only
the N and Oa atoms that directly involved in the bond-
breaking process have primary isotope effects
Table 6
Calculated lnKIE (‰) values of NO3

� reduction by NapA at 25 �C.

Model Implicit solvent effect 15N 18

NapAL NA �27.2 �
NapAM NA �29.8 �
NapAS NA �28.4 �
NapAS SMD �27.9 �
NapAS IEFPCM �28.8 �
NapAS(H2O)3 NA �31.0 �
NapAS(H2O)3 SMD �33.2 �
NapAS(H2O)3 IEFPCM �33.4 �
NapAS(H2O)6 NA �32.3 �
NapAS(H2O)6 SMD �34.3 �
NapAS(H2O)6 IEFPCM �34.8 �
NapAS(H2O)9 NA �31.4 �
NapAS(H2O)9 SMD �29.6 �
NapAS(H2O)9 IEFPCM �30.3 �
NapAS(H2O)12 NA �31.0 �
NapAS(H2O)12 SMD �28.7 �
NapAS(H2O)12 IEFPCM �30.9 �
Average* �30.8 �
Stdv 2.3 2.
Preferred value** �32.4

±1.8

* The ‘‘Average” data are the mean values of all models, and the ‘‘Std
** The ‘‘preferred value” is the average results of four explicit NO3

�-Na

Fig. 5. Comparison of calculated lnKIE (‰) values of NO3
� reduction by

explicit solvent effects.
(ln18KIEOa = �54.4 ± 2.8‰), while Ob and Oc only have
�5.5 – 0.6‰ secondary isotope effects.

Reducing cluster size influence more on the calculated
15KIE, but it does not affect 18KIE much. The ln
(KIENapAM

=KIENapAL
) values are �2.6‰ for 15N and �0.2‰

for 18Oave, and the ln(KIENapAS
=KIENapAM

) values are 1.4‰

for 15N and 0.5‰ for 18Oave.
Oa
18Ob

18Oc
18Oave

18Oave:
15N

47.0 �3.3 �5.5 �18.6 0.68
50.0 �2.6 �3.9 �18.8 0.63
51.4 �1.8 �1.7 �18.3 0.64
55.6 �1.6 �1.9 �19.7 0.71
52.7 �2.2 �3.6 �19.5 0.68
55.6 0.6 �4.2 �19.7 0.64
55.0 �2.9 �4.4 �20.8 0.63
55.3 �5.4 �2.1 �20.9 0.63
58.2 0.3 �2.4 �20.1 0.62
56.3 �2.3 �5.0 �21.2 0.62
55.8 �0.5 �4.6 �20.3 0.58
55.9 �1.3 �5.4 �20.9 0.67
54.3 �3.2 �5.0 �20.8 0.70
54.1 �3.0 �5.5 �20.9 0.69
55.4 �3.1 �2.9 �20.5 0.66
54.8 �5.4 �1.5 �20.6 0.72
57.3 �3.3 �3.4 �21.3 0.69
54.4 �2.4 �3.7 �20.2 0.66
8 1.6 1.4 0.9 0.04

�20.9
±0.4

0.65
±0.05

v” data are the standard deviation of all models;
pAS(H2O)n models with IEFPCM implicit solvent effect.

NapA at 25 �C by models with different cutoff sizes, implicit, and
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Compare to individual b values, the variation of KIE
values introduced by implicit solvent effects are largely can-
celed. For the same explicit solvent models, SMD implicit
solvent effect introduces maximum KIE value variations
of 2.2‰ on 15N and 1.4‰ on 18Oave; IEFPCM implicit sol-
vent effect introduces maximum KIE value variations of
2.5‰ on 15N and 1.2‰ on 18Oave. For models with the
same explicit water molecule numbers, SMD and IEFPCM
have a similar influence on the calculated KIE values, with
maximum differences of 0.9‰ on 15N and 1.1‰ on 18Oave.

For models with or without the same implicit solvent
effect, adding explicit water molecules introduce maximum
KIE value variations of 3.9‰ on 15N and 2.5‰ on 18Oave.
The four explicit solvent models without implicit solvent
effect have maximum variations of 1.3‰ on 15N and
1.1‰ on 18Oave. However, the four explicit solvent models
with SMD implicit solvent effect have maximum variations
of 5.6‰ on 15N and 0.7‰ on 18Oave. The four explicit sol-
vent models with IEFPCM implicit solvent effect have max-
imum differences of 4.5‰ for 15N and 1.1‰ for 18Oave.
Therefore, those results indicating that solvent effects must
be considered for KIE calculation of enzymatic reactions.

4. DISCUSSIONS AND IMPLICATIONS

4.1. KIE calculation setups

4.1.1. Cutoff size

For the NapAL, NapAM, and NapAS models without
implicit nor explicit solvent effect, the calculated lnKIE val-
ues range from �27.2 to �29.8‰ for 15N and from �18.3
to�18.9‰ for 18Oave. Previous studies showed that, for min-
erals or organic molecules, only the proximal three bonds
have considerable influences on the vibrational frequencies
of a target atom (Liu and Tossell, 2005; Rustad et al., 2008,
2010; Li and Liu, 2011, 2015; Zhang and Liu, 2014; He and
Liu, 2015;Gao et al., 2018; He et al., 2020a). The comparison
between the NapAL, NapAM, and NapAS models showed
that the KIE value differences can be as large as 2.6‰ for
15N and 4.4‰ for 18Oa. Unlike minerals, an enzyme center
with carbon chains is more flexible. Therefore, the enzyme
cutoff sizes will have influences on the local configurations
of the active positions. The hydrogens on the distant atoms
can also have influences on the local configurations of active
positions similar to the explicit solvent effect. Due to higher
degrees of freedom in larger enzyme cutoff size, the transition
statewill bemore difficult to be located. Larger enzyme cutoff
size is not only time-consuming but also can easily cause con-
vergence failure. During our calculation, we found that the
C@O bond on the Cys group (Figs. 1 and 3) caused energy
fluctuation that lead to convergence failure. Compare to
the calculated lnKIE values, the variation caused by cutoff
size is within 10%. Therefore, a cutoff size with the proximal
three bonds can still be considered to represent the bonding
environment of an enzymatic reaction and used for obtaining
reasonable lnKIE values.

4.1.2. Implicit solvent effect

The implicit solvent effects have a relatively large influ-
ence on the optimized structures and absolute b values of
both reactant and transition states. For instance, for the
NO3

�-NapAS models without explicit water molecules, com-
pare to the gas-state model, the differences in d(MoAOa)
are 0.25 Å for the SMD model and 0.07 Å for the IEFPCM
model. Such a variation disappears when the explicit sol-
vent molecule reaches 12, with d(MoAOa) difference of
0.01 Å for both SMD and IEFPCM models. The influences
of implicit solvent effects on the optimized reactant and
transition state structures as well as the calculate b values
are largely canceled when the lnKIE values are reported.
It is noteworthy that the influences of the implicit solvent
effect are gradually decreasing with the increasing numbers
of explicit water molecules. For instance, the calculated
KIE value differences between NapAS(H2O)3 models with
or without the IEFPCM solvent effect is 2.4‰ for 15N
and 1.2‰ for 18Oave. Such differences become �0.1‰ for
15N and 0.8‰ for 18Oave between the NapAS(H2O)12 mod-
els with or without the IEFPCM solvent effect. This result is
consistent with previous studies that implicit solvent effect
becomes less significant for energy calculation when a sys-
tem involves more water molecules (Sevastik and Himo,
2007; Hopmann and Himo, 2008; Georgieva and Himo,
2010; Liao et al., 2011, 2015).

Based on the current data, we cannot evaluate the accu-
racy of the absolute b values. Previous researches showed
that the explicit-plus-implicit solvent method can provide
more accurate calculation results (Gao et al., 2018). Thus,
considering the implicit solvent effect is necessary. How-
ever, we have observed that adding SMD can easily intro-
duce a small imaginary frequency. Thus, we recommend
using IEFPCM implicit solvent effect. If adding implicit sol-
vent effect caused convergence failure, the calculation of an
enzymatic model only incorporates the explicit solvent
effect that can provide KIE values with acceptable error.

4.1.3. Explicit solvent effect

Except for the influences on local configurations, com-
pared to the cutoff size and implicit solvent effect, the expli-
cit solvent effect can also significantly affect the calculated
lnKIE values from about �28‰ to �31‰ for 15N, and
from �19‰ to �20‰ for 18Oave. Therefore, to estimate
the KIE values of an enzymatic reaction, the explicit sol-
vent effect must be considered. In real enzymatic reactions,
the solvent molecules are not only water but also protein.
Nevertheless, the solvent molecules only form hydrogen
bonds with the reactant. Water molecules serve a similar
purpose to protein molecules. For example, the calculation
of catalytic cis-Dihydroxylation of nitrobenzene and 2-
nitrotoluene showed that incorporating different amino
acid residues or water molecules to the reaction system pro-
duced similar transition state structures (Pabis et al., 2014).
Thus, surrounding an active center of an enzymatic reac-
tion with only water molecules should properly simulate
the reaction environment. One additional reason that pro-
tein pieces substrates are not recommended is that protein
pieces have more atoms and more complex structures than
water molecules, which consumes extra computational
times and can easily cause convergence failure.

Due to the local configuration variations caused by
explicit solvent molecules, sampling multiple configurations
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are necessary. A b value of a compound in aqueous phase
usually converges at the models with 24–36 water molecules
(Zhang and Liu, 2014; He and Liu, 2015; Gao et al., 2018).
However, for the nitrate reduction models with 3, 6, 9, and
12 water molecules in this study, we find that increasing the
numbers of water molecules does not significantly affect the
calculated KIE values. A reactant, which binds with an
enzyme, leaves only half of its surrounding space open.
Therefore, the influence of the explicit solvent effect is smal-
ler on the calculated KIE value of an enzymatic reaction
than a b value of a compound in the aqueous phase. The
1‰ variation observed in our calculation will be averaged
out by sampling multiple configurations. Thus, for an enzy-
matic reaction, sampling multiple configurations of models
with 12 to 18 explicit water molecules would produce more
accurate KIE values.

Here, we report the average value of the four IEFPCM-
plus-explicit solvent models as the preferred calculated KIE
values of nitrate reduction by NapA, which are ln15KIE =
�32.4± 1.8 ‰ and ln18KIE = �20.9± 0.4 ‰ with
ln18KIE: ln15KIE = 0.65± 0.05. It should be noted that
our calculations only consider the NAO bond-breaking
step. As discussed above, aNapA also involves the EIE
among NO3

� in the aqueous phase and NO3
�-enzyme com-

plex (EIE ¼ bNO�
3
�NapA=bNO�

3
ðaqÞ). The b values of NO3

� in

solution can be estimated by water droplet method, which
has been widely used in the b value calculation of species
in aqueous phase (Rustad et al., 2008, 2010; Zhang and
Liu, 2014; He and Liu, 2015). The calculated lnEIE values
for both 15N and 18Oave are in several per mils
(15bNO�

3
ðaqÞ = 1.1577 and 18bNO�

3
ðaqÞ = 1.0995: Harmonic

results of IEFPCM-plus-explicit solvent models by
B3LYP/6-31 + g(d,p) basis set without scaling factor).
Considering the EIE among NO3

� in the aqueous phase
and NO3

�-enzyme complex, the isotope fractionation fac-
tors do not change in degrees, and the calculated ln18aNapA:
ln15aNapA value does not vary much compared with the
calculated 18lnKIE: 15lnKIE value (ln15aNapA = �34.8‰
and ln18aNapA = 21.0‰ with ln18aNapA:ln

15aNapA = 0.60.
Therefore, our calculation results can be compared with
experimental results.

4.2. Bonded isotope effect of nitrate reduction

The observed stable isotope fractionation factor (aobs) in
laboratory experiments or field observations may not equal
to the intrinsic KIE of an elementary step since it will be
affected by substrate concentration, microbial activity,
commitment to catalysis, transportation through the cell
membrane, the competition between microbial individuals
or groups, and other mixing or mass transfer processes
(Thullner et al., 2012; Treibergs and Granger, 2017; He
and Bao, 2019). It leads to major uncertainties in linking
an aobs to a KIE and further deducing the fundamental
reaction mechanism. In addition to a single a value of an
element, the relationships between the a values of two or
more elements in a compound named bonded isotope effect
(BIE, He and Bao, 2019), is more conserved for a specific
reaction under different conditions (Hatzinger et al., 2009;
Thullner et al., 2012; He and Bao, 2019). In the study of
nitrate, the nitrogen-oxygen BIE has already become one
fundamental tool to identify in situ reaction mechanisms
(Bottcher et al., 1990; Fukada et al., 2003, 2004;
Lehmann et al., 2003, 2004; Granger et al., 2004; Sigman
et al., 2005; Wankel et al., 2007, 2009; Itoh et al., 2011;
Casciotti et al., 2013; Wankel et al., 2015; Granger and
Wankel, 2016; Buchwald et al., 2018).

To better understand the reaction mechanism of nitrate
reduction, laboratory experiments had been implemented
to calibrate KIEs and BIEs of nitrate reduction processes
(Granger et al., 2008; Karsh et al., 2012; Carlisle et al.,
2014; Frey et al., 2014; Treibergs and Granger, 2017).
The KIE reported in the abovementioned literature uses
the definition of e = lightk/heavyk–1 = 1/(a�1). Here we con-
vert all values to lna. Under different experimental condi-
tions, the observed ln15a and ln18a ranged from �6‰ to
�40‰ and �6‰ to �32‰, respectively. However, the
ln18a: ln15a value showed a binomial distribution, either
around 1 (0.86–1.17, Granger et al., 2008; Karsh et al.,
2012; Treibergs and Granger, 2017), or around 0.6 (0.46–
0.68, Granger et al., 2008; Frey et al., 2014; Treibergs and
Granger, 2017).

The lna and ln18a: ln15a values obtained from Rhodobac-

ter sphaeroides NapA laboratory experiments are listed in
Table 7. Two types of NO3

� reduction laboratory experi-
ments were implemented: by bacterial strains (Granger
et al., 2008) and by extracted reductase assays (Treibergs
and Granger, 2017). The bacterial strain experiments
obtained ln15a and ln18a values of �12.5‰ to �19.7 ‰
and �7.9‰ to �13.0‰, respectively, with ln18a: ln15a val-
ues from 0.56 to 0.66 (Granger et al., 2008). The reductase
assay experiments obtained ln15a and ln18a values of
�36.7‰ to �39.0‰ and �18.5‰ to �19.7‰, respectively,
with ln18a: ln15a = 0.50 (Treibergs and Granger, 2017).

Comparing with nitrate reduction experiments by bacte-
ria, the nitrate reduction by reductase assays experiences
fewer transportation processes, such as the transportation
of nitrate through a membrane. It is expected that the iso-
tope fractionation factors obtained from reductase assay
experiments should be closer to the intrinsic KIE values.
Our calculated results of ln15KIE = �32.4 ± 1.8 ‰ and
18lnKIE = �20.9 ± 0.4 ‰ (Fig. 6 and Table 6) agree with
the lna values obtained from reductase assay experiments
(Treibergs and Granger, 2017), which support the
argument.

Our calculated ln18KIE/ln15KIE value of 0.65 ± 0.05
located within the range of the bacterial strain experiments
(from 0.56 to 0.66, Granger et al., 2008), and roughly com-
parable with the reductase assays experiments (0.50,
Treibergs and Granger, 2017). In addition, the culture
experiments of Sulfurimonas gotlandica that reduce nitrate
by Nap also obtained ln18a: ln15a values from 0.48 to 0.66
(Frey et al., 2014). Our one-step elementary reaction KIE
calculation results can be independent evidence to support
the laboratory experiments, and provide a profound under-
standing of the nitrate Nap reaction mechanism.

The previously reported calculated lnKIE values of
nitrate reduction by eukaryotic assimilatory nitrate reduc-
tase, prokaryotic respiratory nitrate reductase, and Nap
were ranging from �32.2 to �35.9‰ for 15N, and from



Table 7
Calculated lnKIE value (�1000‰) of this work and calibrated lna values (�1000‰) from the literature for NO3

� reduction by Rhodobacter

sphaeroides.

ln15a1 ln18a ln18a: ln15a References

DFT calculation2 �32.4 ± 1.8 �20.9 ± 0.4 0.65 ± 0.05 This work
Reductase assays �36.7 ± 4.4 �18.5 ± 2.0 0.50 ± 0.01 (Treibergs and Granger, 2017)3

Reductase assays �39.0 ± 5.4 �19.7 ± 2.5 0.50 ± 0.01
Bacterial strains �12.5 ± 0.2 �7.9 ± 0.4 0.63 ± 0.02 (Granger et al., 2008)3

Bacterial strains �13.6 ± 0.2 �8.6 ± 0.1 0.63 ± 0.01
Bacterial strains �14.6 ± 0.3 �8.7 ± 1.0 0.59 ± 0.02
Bacterial strains �14.4 ± 0.1 �8.6 ± 0.3 0.59 ± 0.02
Bacterial strains �17.9 ± 0.2 �10.2 ± 0.2 0.57 ± 0.02
Bacterial strains �15.9 ± 0.2 �8.9 ± 0.1 0.56 ± 0.00
Bacterial strains �15.6 ± 0.4 �9.5 ± 0.1 0.61 ± 0.00
Bacterial strains �14.7 ± 2.8 �9.7 ± 2.8 0.66 ± 0.04
Bacterial strains �15.8 ± 0.2 �8.9 ± 0.2 0.56 ± 0.03
Bacterial strains �19.7 ± 0.2 �13.0 ± 0.2 0.66 ± 0.06

Note: 1. The definition of e in literature is lightk/heavyk–1 = 1/(a–1). Here we convert all the values to lna values.
2. For the DFT calculation, the reported lna values are lnKIE, and the reported ln18a: ln15a values are ln18KIE/ln15KIE.
3. See references for the experimental conditions.

Fig. 6. Calculated lnKIE or calibrated lna values (‰) for NO3
� reduction by Rhodobacter sphaeroides of this work (pink circle), reductase

assay experiments (yellow triangles, Treibergs and Granger, 2017), and bacterial strain experiments (green squares, Granger et al., 2008). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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�33.0 to �34.2‰ for 18O with ln18KIE/ln15KIE values from
0.9 to 1.1 (Guo et al., 2010). Our calculation shows similar
ln15KIE values, but distinctive ln18KIE values. However, its
computational details were not given. Thus, we cannot
evaluate the results, nor discuss the reaction mechanism
differences.

5. CONCLUSIONS

We have built 17 models to test the influences of cutoff
size and solvent effects on KIE calculation of NO3

� reduc-
tion by the active center of Rhodobacter sphaeroides NapA
under DFT B3LYP/6-31+g(d,p) level. The calculation
results show that to estimate the KIE value of an enzymatic
reaction, we can simplify the system of interest to a cutoff
model with the proximal three bonds to the active position.
The implicit solvent effect has a limited influence on the cal-
culated KIE values when explicit solvent molecules are
involved. Sampling multiple configurations using explicit
solvent models with 12 to 18 water molecules are necessary
for accurate prediction of KIE values. The transition state
of NO3

� reduction by NapA has MoAOa and OaAN bond
length of 1.90 ± 0.02 Å and 1.75 ± 0.02 Å, respectively,
with the \MoAOaAN angle of 128.2 ± 2.9�. Using
IEFPCM-plus-explicit solvent models, the obtained ln15-
KIE and ln18KIE values are �32.4 ± 1.8 ‰ and �20.9
± 0.4‰, respectively, with ln18KIE/ln15KIE = 0.65 ± 0.05.
Our results are consistent with previous laboratory experi-
ments, which support the validity of the proposed calcula-
tion settings.
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