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ABSTRACT: The study of isotopic fingerprints in nitrate (6"°N, §'*0, A'70) has
enabled pivotal insights into the global nitrogen cycle and revealed new knowledge
gaps. Measuring populations of isotopic homologs of intact NO;™ ions
(isotopologues) shows promise to advance the understanding of nitrogen cycling
processes; however, we need new theory and predictions to guide laboratory
experiments and field studies. We investigated the hypothesis that the isotopic
composition of the residual nitrate pool is controlled by the N—O bond-breaking
step in Nar dissimilatory nitrate reductase using molecular models of the enzyme
active sites and associated kinetic isotope effects (KIEs). We integrated the
molecular model results into reaction path models representing the reduction of
nitrate under either closed-system or steady-state conditions. The predicted %

intrinsic KIE (*°¢ and '®¢) of the Nar active site matches observed fractionations in

both culture and environmental studies. This is what would be expected if the

isotopic composition of marine nitrate were controlled by dissimilatory nitrate reduction by Nar. For a closed system, the molecular
models predict a pronounced negative "’N—'0 clumping anomaly in residual nitrate. This signal could encode information about
the amount of nitrate consumed in a closed system and thus constrain initial nitrate concentration and its isotopic composition.
Similar clumped isotope anomalies can potentially be used to distinguish whether a system is open or closed to new nitrate addition.
These mechanistic predictions can be tested and refined in combination with emerging ESI-Orbitrap measurements.

Co-Fractionation:
18¢[15¢ = 0.978

Clumping:
15187 /15¢ = -0.036
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B INTRODUCTION the 6'*0/6"°N slope of the environmental samples, or
equivalently in terms of the '®¢/"Se¢ slope of the NO,~
reduction process itself, where € refers to the apparent isotopic
fractionation effect of the overall NO;™ reduction reaction. In
marine samples, the §'80/5"°N slope of NO;~ samples
consistently has a value of 0.9—1.0,"°7'® whereas terrestrial
samples tend to exhibit 5'0/5"N slopes of 0.5—0.7.""~** The
fact that these slopes are so consistent is consistent with a
single origin: that they originate due to a fundamental effect of
the NO,;~ oxidation reaction, unaffected by total NO;~
concentration or size of NO; -reducing microbial populations.
One hypothesis is that NO,;~ oxidation is controlled by
different groups of organisms, consistently using different
enzymes, in each environment.”* An alternative hypothesis is
that the natural slope of ~1 has been overprinted by different
signals in the terrestrial environment, including anammox and
nitrification, and the presence of enzymatic reversibility,

Nitrate Reduction. Nitrogen is an essential element for
organisms, integral to both amino acids and nucleic acids.
Most N is inaccessible to organisms, locked in sedimentary
deposits or in N, gas which is chemically inert. As a result, N is
a limiting nutrient in many environments." The nitrogen cycle
converts N, gas into bioavailable forms such as NH," and
NO;” and is primarily driven by microorganisms. The
acceleration of anthropogenic nitrogen fertilizer production
and use is upending long-evolved low-nutrient ecologies, with
drastic impacts on biodiversity, eutrophication, and atmos-
pheric pollution.”

The nitrogen cycle takes advantage of N’s many available
redox states ranging from —3 (in NH,*) to +5 (in NO;™). The
change in redox state contributes to the large isotopic
fractionations present in many steps of the nitrogen cycle.””
The isotopic variability of N in the nitrogen cycle, and of the O
bound to N in oxidized species, allows for stable isotopes to

serve as a versatile tracer for its various synthesis and Received: April 11, 2022
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have been observed to covary in environmental NO;~ samples
in a regular way. The covariance can be described in terms of
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forming NO;~ from NO,.** The source of the different
8¢/ slopes in different environments, and thus a major
control on isotope fractionation in the nitrogen cycle, has yet
to be conclusively determined.

Dissimilatory Nitrate Reductases. Both dissimilatory
NO;"~ reduction to NH,* and denitrification to N, begin with
the reduction of NO;~ to NO,™. This initial reduction step is
mediated by two classes of dissimilatory NO;~ reductase
enzymes: the periplasmic Nap and the cytosolic Nar. Bacteria
are known which express one or both of these enzymes.”*™>*
Bacterial cultures containing only Nap have been found to
express '*¢/'5¢ slopes of 0.43—0.68,”**"*" whereas most Nar-
based NO;~ reduction imparts a slope of ca. 0.9—1.0.”%*°7%
The similarity in slope dichotomy suggests that environmental
differences in *¢/'S¢ may be driven by preferential use of Nar
in marine environments and Nap in terrestrial environments.
This is possibly due to the use of Nar and not Nap to generate
metabolic energy, although NO;™ respiration is expected to
influence N isotope systematics across terrestrial environ-
ments.”* A molecular model of the NapA active site has
predicted a '8e¢/!e slope of 0.6—0.7.”> In contrast, other
molecular models of both NapA and NarG have predicted
18¢/15¢ slopes of 0.9—1.1.* Recently, Nar from two Bacillus
species has been discovered with *¢/"¢ slopes of 0.61—0.64;
their gene sequences form a clade divergent from that of most
other Nar reductases.’

Nitrate Isotopic Clumping. It has recently become
possible to quantify isotopic homologs (isotopologues) of
intact NO;~ and other oxyanions by soft-ionization mass
spectrometry (electrospray Orbitrap).*>*® It is therefore timely
to investigate whether rare nitrate isotopologues, such as the
doubly substituted nitrate **N'*0'°0'°0~, contain information
that can provide novel insights into N cycling processes.
“Isotopic clumping” refers to the preferential partitioning of
multiple heavy isotopes into the same molecule, most often in
a shared bond. The amount of clumping in a compound is
defined relative to the hypothetical abundances of the clumped
isotopologue in a sample of the same total isotopic
composition if all of the isotopes were randomly distributed,
i.e, the stochastic distribution. The clumping anomaly ‘A for
clumped isotopologue i in a sample is conventionally defined
as 'A = (R, qmple/Rigtoch) X 1000%0, where R; is the abundance
ratio between clumped isotopologue i and the isotopologue
with no heavy atom substitutions, i.e., the most common
isotopologue. The stochastic abundance ratio R;o is
calculated from the overall abundances of individual isotopes.’”

Electrospray Orbitrap measurements do not yield ‘A
directly, but instead ratios between two intact isotopologues,
such as [“N'™0'0,7]/[*N"0'0,”] by excluding the
dominant peak from the most common isotopologue
uNteQ, = 3536 Although ‘A can be computed by combining
two sets of measurements, one with and one without 14N16O3_,
the use of two instrument settings can introduce error. Thus, it
would be helpful to develop an understanding of the behavior
of isotopologues that could be measured without including the
dominant "*N'60;~ peak.

Both equilibrium and disequilibrium clumping effects are
known. For example, equilibrium clumping between rare heavy
isotopes "*C and '®O in carbonate minerals has promoted the
extensive growth of carbonate clumped isotope paleother-
mometry, in which the degree of clumping is sensitive only to
temperature and not to overall 5C or 'O of the minerals or
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the reactant CO, and H,O from which they formed.**”” At
equilibrium, clumping is always favored, and ‘A is always
positive. In contrast, potential disequilibrium clumping signals
are known which exhibit both clumping increases"”*' and
decreases*™ relative to equilibrium, and some “anticlumping”
signals even show selection against clumped isotopes, ie.,
negative ‘A values. Anticlumping signals can form due to
kinetic effects during chemical reactions on either products or
residual reactants, diffusion, or statistical effects due to the
mixing of different sources."*>' Clumping increases are not
unambiguously caused by disequilibrium processes, and
instead can result from equilibration under nonbulk con-
ditions, such as during catalysis on surfaces.”® In contrast,
anticlumping signals are an unambiguous indicator of
disequilibrium, including potentially the mixing of two
individually equilibrated sources that have not achieved mutual
equilibrium.

In addition to the effects of NO;™ reduction on N and O
isotopes, the step could also have a key influence on *N—"*0
clumping in NO;™. Isotopic clumping in NO;~ has not yet
been explored as an indicator of environmental conditions, and
measurements of individual NO;™ isotopologue abundances
including clumped species have only recently been re-
ported.*>*® Interpretation of '"N—'*0 and *0—'*0 clumped
isotope signals may provide additional information on the
process of NO;~ reduction and uncertainties around the
influence of NO;™ production by nitrification and anammox on
SN and 'O stable isotope dynamics.”® Clumped isotopes have
begun to be investigated in N,O alongside bulk 6'°N and 6'*0,
and site preference for "N,>”°>** but we are just beginning to
be able to explore clumped isotopes of intact oxyanions.

In this work, we report on molecular models of the NarG
active site and make predictions about their intrinsic isotope
fractionation based on transition state (TS) theory. We link
these intrinsic isotope fractionations to variations in &N,
5'%0, and *N-"%0 and "*0—"*0 clumping of residual NO,~
through the use of a box model representing enzyme reactivity,
exploring the co-occurring isotope effects and postulating a use
for "N—"%0 clumping as a proxy record of NO;~ production
and consumption rates.

B METHODS

Molecular Modeling. Rhodobacter sphaeroides NapA active
site models were obtained from a study of N and O isotope
effects”® which adapted the coordinates of the original protein
crystallization (PDB: 10GY).>* The structures were modified
by the replacement of the Cys residue with a monodentate Asp
residue to replicate the active site structure of Escherichia coli
NarG enzyme.”® To test the effect of cluster cutoff sizes on
isotope effects, three different sizes of models were created by
cutting the ligands on the catalytic Mo atom in different
locations. Cut bonds in all active site models are terminated
with H atoms; cuts were made at various points in the
molybdopterin guanine dinucleotide cofactors, creating models
of different sizes.”” All models had a single Asp amino acid
residue ligating the Mo center, with both peptide bonds cut
and replaced with H atoms. NO;~ was bound to the active site
Mo via one O atom. The total electronic charge on all active
site models is —2 and the spin multiplicity is 1.

To test the effect of active site hydrophilicity on isotope
effects, 0, 3, 6, 9, or 12 H,O molecules were used to solvate the
bound NO;™ on the smallest active site model, in conjunction
with one of two implicit solvation models, or no implicit

https://doi.org/10.1021/acsearthspacechem.2c00102
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solvation. The implicit solvation models used are the integral-
equation-formalism polarizable continuum model
(IEFPCM)°° or the solvation model density (SMD)
model.”” The initial positions of H,0 molecules in our
NarG models match those from a previous study of the NapA
active site,”®> but these positions adjust during model
optimization.

Seventeen molecular models were produced for the NarG
active site. Fifteen small active site models (e.g., NarGS) were
produced: five levels of explicit solvation by H,O molecules
and three levels of implicit solvation. One medium (NarGM)
and one large (NarGL) model were created with no solvation.
For each molecular model, both a bound reactant state and a
TS were produced.

The molecular modeling software GAUSSIAN 09 revision
D.01°* was used to optimize the coordinates of all molecular
models and predict their harmonic frequencies using density
functional theory (DFT). For all molecular models, the B3LYP
functional’®™®" was used. The basis set LANL2DZ-ECP®* was
used on Mo atoms, and the basis set 6—31+G(d,p)63_69 was
used for all C, H, O, N, and S atoms. Reactants and transition
states (TS) were optimized (i.e., energy-minimized) using the
Berny algorithm and Tight optimization criteria (maximum/
root mean square (RMS) atomic displacement change per step
6 X 107°/4 x 10~ b, maximum/RMS force 1.5 X 107°/1 X
1075 hartrees/b or hartrees/rad), with an Ultrafine integration
grid mesh. Each completed optimization was assessed with a
frequency calculation, with no imaginary frequencies for a
completed reactant optimization and exactly one imaginary
frequency corresponding to the separation of the breaking N—
O bond for a completed TS optimization. Frequencies were
then recalculated for every possible isotopologue on the NO;~
ion: N and N for N; 'O, 70, and **0 for O, for a total of
54 frequency calculations per molecular model.

In addition to a full set of enzyme-bound NO;~ and N-O
bond-breaking TS models, three models of NO;™ surrounded
by 19 H,0 molecules were created, each with a different
continuum solvation treatment. These were optimized to test
the ability of the selected computational method to reproduce
experimental vibrational spectra of aqueous NO;™.

The reduced partition function ratio  was calculated for
each isotopologue using the equations

_ H yheavy,i

i\ Vighei 1 —e

—hVpeney i/ 2k T
heavy/lightﬂ € heavy, B

reac,i

~Ppeany,i/ kT

1— e—huughw/kBT
—htygp/ 2k T
e (1)
for reactants, and
imaginary
heavy

imaginary
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heavy/lightﬂT8, i =

TS
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no imaginary freq

—huheavy'[./ZkBT

% heavy,i €

~Mpayyi/ kT
Vyight,i 1 — e " hewi™™®

1 — e—h’/hgm,l/kBT

e_hulnght,x/ZkBT

)

for TS, where v is the vibrational frequency for mode i in s/,
T is the temperature in K, & is Planck’s constant, and kj is the
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Boltzmann constant. Values of v}y, are taken from each
isotopologue with at least one rare isotope substitution, and
values of vj,,; are taken only from the unsubstituted
isotopolog:‘;ue.%’71 All calculations were made at a temperature
of 25 °C. Note that imaginary frequencies only appear in the
TS calculation in the leading factor, and not in the product
term.”> Therefore, the reactant f# includes 3N — 6 frequencies
in the IT term for models with N atoms, whereas the TS
includes 3N — 7 frequencies in the IT term.

Reaction Path Modeling. Values of  were integrated into
a box model representing NO;™ binding to the enzyme active
site and reduction to NO,™. The box models included direct
introduction of NO;™ to the enzyme active site, with the only
isotope fractionation resulting from equilibration in the
distinguishable O positions of the bound NO;~, and
irreversible NO;~ reduction to NO,~ with associated kinetic
isotope fractionation. The box models also consider enzyme
concentrations to not be rate-limiting, i.e., reaction kinetics
were first-order in NO;™ only. The box model could be closed,
in which case the initial NO;~ was the only NO;~ added to the
model, or it could be open and steady-state, in which case an
additional NO;™ could be added with isotopologue composi-
tion identical to the initial NO;™ and with total NO;~ added to
balance the amount of NO,~ formed at all times. The box
model could allow isotopomers (isotopologues with the same
isotopes but with a different O bound to Mo) to equilibrate,
essentially allowing residual NO;™ to unbind from the enzyme
and rebind via a different O, or binding equilibration between
isotopomers could be prohibited.

The initial NO;~ composition was set at equilibrium relative
to the abundances of the unsubstituted isotopologue (at an
arbitrary abundance of 1.0) and abundances of rare isotopes at
approximately natural absolute abundances: "N at 0.3663%,
70 at 0.0379%, and %0 at 0.20004%.”> These abundances
were used directly for the abundances of the '“N'O;7,
“NY0'0,7, and “N'0'%0,” isotopologues. All other
isotopologues were set at initial isotopic equilibrium based
on these abundances: isotopomers j of the singly substituted
isotopologues i have their initial abundances set using K, =
Preacj/ Preacy and clumped isotopologues have their abundances
set using K. for a reaction involving a single isotope
substitution of their first rare isotope. For example, the
abundance of N'0'0'0 is set using the reaction

15N160; + 14N160180160_

= 15N160180160_ + 14N1603_ (3)
K = ﬁreac,lstOmOwO_ reac,HNmO;
eq
ﬂreac,lleﬁO; reac,14N1601801607
[15N160180160_][14N160;]
[15N160;1[14N160180160_] (4)

Note that the position of '*0 substitutions is consistent across
both sides of eq 3 because the active site breaks the symmetry
of the NO;™ molecule and has different effects on each O. All
four f# in eq 4, and three of the four concentrations, are known,
allowing solution of the doubly clumped concentration. Triply
clumped species are then solved using singly and doubly
clumped species, and quadruply clumped species are solved
using singly and triply clumped species.

https://doi.org/10.1021/acsearthspacechem.2c00102
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Figure 1. Example TS structures of the NarG active sites. (a) NarGL, 0 H,0; (b) NarGS, 12 H,0O + PCM. Atoms are colored by element: H
(white), C (black), N (blue), O (red), S (yellow), Mo (pink). Green arrows show the motion of the TS imaginary frequency.

Isotopologue-specific first-order rate constants are then
calculated as k; = ko(frs;/Preacr), Where kg is the rate constant
for the unsubstituted isotopologue. In all model runs, k; is set
arbitrarily to 1.0. The box model thus produces output using
dimensionless concentration and dimensionless time, but the
relative concentrations of isotopologues are the important
output and are thus unaffected by the nondimensionality.

If isotopomers are allowed to achieve binding equilibrium
prior to reaction, a second set of equations is used to
accomplish the equilibration without accounting for a separate
unbound NO;~ pool. These equations use a pseudo-rate
constant 1000 X k, in one direction and 1000 X ko(freqc;/
Preac;) in the other direction to equilibrate isotopomers i and j,
guaranteeing their abundance ratios stay constant and at
isotopic equilibrium. For isotopologues with three identical O,
no equilibration is necessary. For isotopologues with two
identical O, there are three isotopomers to equilibrate. For
isotopologues where no O are identical, there are six
isotopomers to equilibrate. This step does not equilibrate
any nonisotopomers, so no isotope exchange takes place; it
only affects binding orientation equilibrium of isotopomers on
the active site. Physically, this represents unbinding of NO;~
isotopologues and rebinding via any of the O atoms, in an
equilibrium proportion that is given by Pie.i/Breacs €8
Mo—"80"N"0*0~ can equilibrate with Mo—'¢0"*N**0'0~
and Mo—"0"N"*0"0" without breaking any N—O bonds.

If steady-state conditions are specified instead of closed-
system conditions, the total concentration of enzyme-bound
NO;™ is kept constant by ensuring > d[m]/dt = 0 for all
isotopologues m. That is, the total concentration of NO;~
given by Y.[m] is kept constant by adding NO;~ with the
initial isotopologue composition, given by [i]o/Y.[m], for a
given isotopologue i over all isotopologues m, to replace all
reacted NO;™. This allows the system to approach steady-state
concentrations over the course of the box model run.

The differential equation governing the abundance of
enzyme-bound NO;™ isotopologue i as a function of time is
thus

% = —k[il + 2. { ~1000ky—=L[i] + 1000k,j]
j reac,i
m dt Zm [ﬂ’l]o (5)
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where the term in curly brackets is included only if
isotopomers i and j are allowed to equilibrate, and the term
in angle brackets across all isotopologues k is included only if
steady-state conditions are specified. The differential equations
are solved using the solve ivp function in Python module
SciPy.”*

Isotope abundances of residual NO;~ calculated as & values
use the initial composition as a reference state. The calculation
for PR, 'R, and "R explicitly uses the abundance of each
isotope across all isotopologues.

B RESULTS

Models and vibrational spectra of aqueous NO;™ indicate that
our selected methods are sufficient to describe molecular
vibrations and thus isotope fractionation during NO;~
reduction (Supporting Information). All NarG molecular
models predict N and O kinetic isotope fractionations
matching the observed trends in environmental samples
(Active Site Model Behavior and Kinetic Isotope Effects
(KIEs) sections). Interestingly, the models predict a substantial
anticlumping signature in “"'*A of NO;~ during denitrifica-
tion in a closed system, measurements of which could be used
to assess the amount of NO;~ which has been consumed
(Reaction Path Modeling, Closed System section). The
anticlumping signature arises primarily because the accumu-
lation of *N and '®O by Rayleigh fractionation outweighs the
accumulation of the clumped isotopologues (Reaction Path
Modeling, Closed System with Restricted Binding section). At
steady state, the models predict a small clumped '*"'*A signal
along with a larger 18-18 7 signal, measurements of which could
be used to assess the influx rate of NO;™ in a denitrifying
system (Reaction Path Modeling, Steady-State System
section).

Active Site Model Behavior. We modeled the transition
state of the NO;™ reduction reaction occurring at the NarG
active site. We used several related models to ensure our results
are not sensitive to the approximations employed in each
model. Example TS models are given in Figure 1. Coordinates
for all molecular models and 3D animations of example TS
models are given in the Supporting Information. Each active
site molecular model consists of hexacoordinate Mo, with two
bidentate molybdopterin guanine dinucleotide ligands cut
depending on model size, one monodentate Asp amino acid
ligand, and NO;™. The NO;™ molecular ion binds to Mo via
one of its O atoms. In all TS molecular models, the imaginary
frequency corresponds to stretching of the N—O bond for this

https://doi.org/10.1021/acsearthspacechem.2c00102
ACS Earth Space Chem. 2022, 6, 2582—-2594
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O atom; values range from 304.5i to 513.3i cm™, close to the
values of 330i and 476i cm™ reported for two molecular
models of NapA.”> Small amounts of cooperative motion can
also be observed in the other ligands and in explicit H,O
molecules. These small cooperative motions do not substan-
tially alter the character of the motion across the TS
corresponding to the imaginary frequency. As a result, the
TS motion is largely the same across all models.

The ground-state electron configuration of an isolated Mo
atom is [Kr]5s?4d*. Prior to NO,~ reduction, Mo is in the
Mo(IV) state and is in the Mo(VI) state after reduction. That
makes the likely spin multiplicities of both states singlets:
[Kr]5s® and [Kr], respectively. To verify this, we calculated
single-point energies in the singlet and triplet states for NarGL
and NarGS with 12 explicit H,O. The singlet state was the
lowest-energy state by 15.1 and 18.8 kcal/mol, respectively.
Previous molecular models of similar analogue clusters also
found singlets to be the lowest energy state across the potential
energy surface of the NO;™ reduction reaction. In some cases,
the difference in energy was small, <1 kcal/mol, albeit
accompanied by distortions in the positioning of the cofactors
around Mo that are not observed in the X-ray crystallographic
structures of NarG. Moreover, experimental results have found
no evidence of triplet species in analogue clusters.”® Therefore,
we use singlet multiplicity in all models.

Activation energies including zero-point energies range from
13.0 to 20.2 kcal/mol. Most prior molecular modeling studies
have focused on Nap instead of Nar; those studies found
activation energies of 11.6 to 19.3 kcal/mol, usingg a wide range
of density functionals and solvation models.”*~"® Only one set
of models attempted to model the Nar active site, employing
acetate instead of CH3S™ or CH,S,” as the fifth ligand; it
found activation energies of 10.3—17.5 kcal/mol when
excluding explicit solvation.”’

Kinetic Isotope Effects (KIEs). Using the molecular
models, we predicted the simultaneous N and '*O KIEs,
and also the isotope clumping effects, of NarG-catalyzed NO;~
reduction. The isotope effects are summarized in Table 1.
Isotopologue-specific first-order rate constants relative to k, are

Table 1. Kinetic Isotope Parameters Derived from
Molecular Models®

parameter minimum best model maximum
i/ 0.9633 0.9637 0.9687
B/ 'k 0.9645 0.9646 0.9684
B/ % 0.9292 0.9296 0.9369
8¢/%e slope 0.942 0.978 1.089
IS—ISA
0% consumed 0.339 0.352 0.370
80% consumed —1.756 —-1.731 —1.337
90% consumed —2.667 —-2.627 —-2.114
157187 /15¢ slope —0.037 —0.036 —0.032
18—1 SA
0% consumed 0.117 0.128 0.137
80% consumed —0.533 —0.426 0.018
90% consumed —0.813 —0.664 —0.030
18=18A /15¢ slope —0.013 —0.009 —0.002

“Summarized molecular model-derived kinetic parameters and co-
isotope slopes. Individual values are given in the Supporting
Information (Table S2). The “Best Model” results come from
NarGS 12H,0-PCM.
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compiled for each model in Table S2 (Supporting
Information). The “Best Model” listed comes from the
model with 12 explicit H,O molecules as well as PCM
continuum solvation. The same configuration was selected as
the “best” model in a study of NapA isotope fractionation.”

KIEs are normal for all **N and '®O isotope substitutions on
NO;7, including substitutions made on the N—O bonds which
are not broken in the TS. Kinetic isotope effects ¢ and "¢ in
%o can be approximated as 1000(*k/™k — 1) or 1000-
( 18kavg/ 1%k — 1), respectively; the arithmetic averaging for 'O
reflects the need to account for isotope effects on the unbroken
bonds as well as the breaking one. In the NarG models, ¢
ranges from —36.7 to —31.3%o and '®¢ ranges from —35.5 to
—31.6%0. "*O/"N isotope slopes for the molecular model are
also summarized in Table 1. These values are computed using
the output of the reaction path models discussed below, but
they can be approximated using '*¢/"%¢. All active site '*0/'°N
slopes are ~1.0. These values are broadly similar to
measurements on enzymes,3 marine cultures,m’24 and marine
environmental samples.”” Adjusting for possible starting
isotope compositions, the molecular model-derived slopes
agree well with most of the range of 5'°N and 5'%O from a
marine sample database (Figure 2).

351 NarG Range 103
Marine Samples 7

30 { = Best Model / 3

S

---- 1:1 Slope o~

(=]

Jd c

25 10? £

=
3\8, 20 A %*
o &
s o
S 154 F 10!
Q

£

3

10 4 "

=

s - 100 2

0 U
0 35

65N (%)

Figure 2. §'°0 vs §"°N of residual NO;™. Solid black curve taken from
the NarGS 12H,0 + PCM molecular model, fractionating from a
closed pool of NO;™ and overlapping with the high density of marine
samples at (S, 2%o0); 1:1 slope is shown with same intercept. Ranges
of slopes from all models are also shown, including +5%o range of
intercept values. Points represent a database of marine samples
colored by point density.”

Emerging developments in electrospray Orbitrap measure-
ments open a route to the use of isotopic clumping in NO;™ to
constrain environmental processes.”>*® We find that the
N-"%0 clumping anomaly *"'®A in NO, is also influenced
by KIEs. Equilibrium *N—'%0 clumping, as calculated for the
active site-bound NO;7, is ca. +0.35%0 for all molecular
models (Table 1). First-order rate constants for the reaction of
each "N—"20 clumped isotopologue are also given in Table
S2 (Supporting Information). These first-order rate constants
are approximately equal to the product of the rate constants of
the single isotope substitutions '*k'k, but are slightly smaller,
indicating that the clumped species will react more slowly. This
reflects the stabilization of the clumped isotopologue relative
to the singly substituted isotopologues. The stabilization is due
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to the lowered zero-point energy of the clumped species.
Clumping is favored in the active site-bound NO;~ (ie., the
value of "7'®A is >0) largely because the zero-point energy in
the clumped species is lowered more, relative to the
unsubstituted species, than the sum of the zero-point energy
decreases in the singly substituted species. This effect is typical
of all chemical species at equilibrium that can undergo
clumping. Clumping is also favored in the TS, but it is favored
less than in the reactant, enzyme-bound NO;™. This is because
the zero-point energy is lowered less in the weakened N—O
bonds of the TS than in the reactant. Because the clumped
isotopologue in the reactant is stabilized more than the
clumped isotopologue is stabilized in the TS, the true clumped
reaction rate constant '8k < *k'8k, and the clumped species
reacts more slowly than the singly substituted species and the
unsubstituted species. A similar effect on reaction rates is
observed during H abstraction from CH, by OH or Cl, which
can be exglained by zero-point energy changes in the reactant
and TS.*” During the course of NO;~ reduction, clumped
NO;~ will thus concentrate in the residual unreacted fraction.
It is tempting to assume that this would lead to an increase in
S718A in the residual NO;™ pool as the reaction proceeds, in a
manner analogous to Rayleigh fractionation on individual
isotopes, but this does not occur in a closed system.

Reaction Path Modeling, Closed System. We integrated
the kinetic parameters derived from the NarG molecular
models into a reaction path model to determine the isotope
behavior of NO;~ during consumption in a closed system. In
particular, we modeled the behavior of clumped isotopologues
to determine the expected magnitude of clumped isotope
effects, and whether Rayleigh-like fractionation controls
clumped isotope abundance. The equation for each isotopo-
logue’s rate of consumption over time is given by

dli] _

FT

reac,j

—k[i] + ) { —1000k,——[i] + 1000k;]
j

reac,i
(6)

for each isotopologue i and for any equivalent isotopomers j,
e.g,"'N"* 010, and “N'60'5010".

In a closed system, the residual NO;™ left by the NarG
model concentrates N and '®O, following the expected
Rayleigh fractionation pattern (Figure S2) and producing a
linear relationship between 5'®0 and §'°N (Figure 2). Slopes
for NarG active sites range from 0.942 to 1.089 roughly
matching the slopes determined from culture studies of
microbes containing NarG.” Model size and solvation have
no consistent effect on the predicted slopes.

Clumping anomalies '*"'*A and '®7'®A are shown in Figure
3. Approximately 65% of all NO;™ is consumed after one
“turnover time”, equal to the initial concentration divided by
the initial flux, and approximately 87% of all NO;™ is
consumed after two turnover times. Regardless of its initial
value, 57'8A decreases as NO;™ is consumed, approximately
linearly until ~80% of NO;™ has been converted to NO,™. The
net effect on >'8A (final — initial) is —1.90 + 0.12%0 for
NarG at 80% consumption. This occurs despite "~k < Sk'®;
similar behavior has been observed during CH, H abstraction
by radicals.*” Anticlumping signals are likely to be generated in
residual NO;~ by reduction via NarG. Depending on
variability in the initial NO;~, the value of *"'*A may be
useful as a proxy for the amount of NO;~ consumed if it can be
determined with sufficient precision. In a closed system, the
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Figure 3. Clumping anomaly *~'®A and '®7'®A of residual NO;™ in a
closed system. Initial composition fixed at A = 0%o. Turnover time is
calculated as initial amount NO;/initial flux. Curves are taken from
the NarGS 12H,0 + PCM molecular model. Ranges of values from all
molecular models are also shown; individual model parameters are
listed in Table S2.

S"18A /8N slope is relatively constant, with some slight
curvature at very high (3>90%) consumption (Figure 4).
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Figure 4. """A and 78A vs 6N during closed-system
denitrification and approach to steady-state denitrification. Curves
are taken from the NarGS 12H,0 + PCM molecular model. Ranges
of slopes from all models are also shown.

The *O—"%0 clumping anomaly "*~'®A also decreases and
eventually reaches anticlumped values as NO;™ is consumed. It
decreases less severely than *7'®*A does (Figures 3 and 4), and
its precise slope is less well constrained by the molecular
models. Determining its value with sufficient precision to use it
as a proxy for the proportion NO;~ consumed would thus
likely be more difficult than for ~'8A. However, '*""*A could
help constrain whether a denitrifying system is instead
operating at, or approaching steady state due to the addition
of new NO;~ (Figure 4; see below).

Reaction Path Modeling, Closed System with Re-
stricted Binding. The purpose of restricting binding is to
clarify the source of the anticlumping signal in “7'8A
generated by NO;~ reduction (Figure 3). The test may help
to discriminate between three hypotheses: (I) The anticlump-
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ing signal is generated by the statistical effect of mixing the two
unreacted O atoms on NO;~ which never bound to Mo with
the partially fractionated, residual O atom on the breaking N—
O bond.*”* (II) The anticlumping signal is generated by
preferential reduction of clumped isotopologues, i.e., clumped
species react faster than unsubstituted or singly substituted
species. (III) The anticlumping signal is generated by
preferential reduction of light isotopologues in which increases
in the clumped isotopologue’s expected stochastic abundance
R, 1o Outpace the actual increase in the clumped isotopologue
relative abundance R; .- By restricting binding, isotopomers
such as "N'#0'0,~ and *N**0'¥ 090~ can be distinguished.
The N—O bonds and thus their clumped values and stochastic
isotopologue distributions are rendered distinguishable, and
the separate effects of primary isotope effects on the breaking
N—O bond, effects on the two other N—O bonds, and
statistical effects from mixing their population can be
distinguished. The equation for each isotopologue’s rate of
consumption is given by simple first-order kinetics with no
isotopomer equilibration

dii] _
a (7)

Results of the restricted binding model are shown in Figure S.
The increases in '*"'*R for all three N—O bonds in residual
NO;™ indicate that the abundance of the clumped isotopo-
logue increases relative to the unsubstituted isotopologue in
each bond over time. That is, the relative amount of the
clumped isotopologue increases as NO;~ is consumed,
invalidating hypothesis II. This matches the prevailing
knowledge in a variety of clumped isotope systems, e.g., CH,
atmospheric sinks, and the theoretical underpinning that zero-
point energy is lowered less by clumping in a TS than in a
reactant.”’ Although "'8A decreases in the residual NO,~
pool, this does not indicate clumped NO;~ reacts faster.
Instead, the values of 78R, increase faster than 'S7'*R
increases, resulting in a decrease in 7'®A in each bond.
Although the reduction of NO;™ has a normal KIE which
causes unsubstituted isotopologues of NO;™ to react faster, the
increase in clumped isotopologues is outweighed by the
simultaneous increase in singly substituted isotopologues that
make up the definition of the stochastic distribution.

The increase in "7'®Ry;_q, can be thought of as a normal
primary KIE; the unsubstituted isotopologue reacts faster than
the clumped isotopologue. The increases in *~"*Ry;_o; and
5718Ry1-04 can likewise be thought of as normal secondary
KIEs. Light isotopes react faster even when they are part of the
N—O bonds that are not bound to the active site and remain
unbroken in product NO,”. Large primary and small
secondary clumping KIEs have also been identified during
CH, degradation by radicals.*” Despite these normal KIEs, the
increase in singly substituted isotopologues results in bond-
specific ""*A values that decrease for each bond. We point
this out to note that decreases in ‘A in residual reactants do
not necessarily indicate inverse KIEs.

The value of ls_lgAavg is the arithmetic average of all of the
bond-specific *7'®A values. It is higher than the true “7'8A
at all times (Figure Sb); the difference between ls_lsAavg and
IS7I8A | represents the impact of hypothesis I above. The
reason for the difference is the mixing of N—O bonds of
different compositions: two that have not been fractionated by
partial N—O bond cleavage, and one that has. The difference in
composition of N1—O2 relative to N1—03 and N1-04 can

_ki[i]
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Figure S. Clumped isotope composition from a closed-system,
restricted-binding reaction path model run. Isotope effects are taken
from the NarGS 12H,0 + PCM molecular model. Clumped isotope
composition is shown as (a) ® "R and (b) “7®*A. Bond-specific
values are shown separately for each bond; N1—-0O2 is the bond that
can be catalytically broken at the active site, while NI-O3 and N1—
O4 are not bound to the active site and are not cleaved. The value of
ls’lsAavg reflects the arithmetic average of the bond-specific **™**A
values. Turnover time is calculated as the initial amount NO;™/initial
flux.

be seen in the difference in their "*"'*R values (Figure Sa),
which represents a difference of >10%0 once >98% of the
NO;™ has been consumed. This effect is analogous to the
statistical clumped isotope signatures that result from the
mixing of atoms of different source compositions.””* The
anticlumping signal is partially explained by mixing but is
dominated by the increase of stochastic clumped isotopologue
abundance relative to the true clumped isotopologue
abundance during the NO;” reduction reaction with its
normal KIEs, i.e., hypothesis III. In other words, most of the
anticlumping signal in residual NO;™ arises because bond-
breaking by NarG leaves behind lots of N0, and
MN'00,", enough to outweigh the '"N'80'0,” left
behind. A small amount of the anticlumping signal arises
because reduction proceeds more slowly for heavy isotopo-
logues even when a bond between the heavy isotopes is not
being broken. And a smaller amount still arises from mixing
between N—O bonds that were bonded directly to the active
site, and N—O bonds that were not.
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As a comparison, we can calculate the maximum clumping
effect on "7'8A, as clumped isotopes do not mix linearly. If
marine pools of NO;~ were mixed with the most extreme
values of 8N and 6'%0 known,”” with reasonable S7'SA
values (separated by <3%o), then the most nonlinear mixing
could affect "“7'A is ~0.35%0 (see the Supporting
Information for a calculator). Thus, the S7'8A effect of
NO;™ reduction is larger than any expected mixing effect.

Reaction Path Modeling, Steady-State System. In
addition to closed systems, steady-state systems are a common
endpoint used to understand and interpret isotope behavior.
We also modeled steady-state consumption of NO;~ to
consider how the ‘A values of a system with constant NO;~
input might behave. The equation for each isotopologue’s rate
of consumption is given by

% = —k[il + ), {_1000k0 (1] + 1000k[j]
j reac,i
d[m] [ilo
+ — X
(§ dt ) X, mly (®)

The only difference from the closed-system case is the
continuous addition of NO;~ with the initial isotopologue
composition to keep the total concentration of NO;™ constant.

As expected for an approach to a steady-state system with
one input and one output, §°N and §'*0 of NO;~ approach
(1 + €) because inward flux composition must equal outward
flux composition by mass balance (Figure S3a,b). Values of
6N and 6'0 approach steady state after approximately 4
turnover times, and ‘A values approach steady state after
approximately twice this time. The 6'*0/8"N slope during the
approach to steady state (Figure S3e) is identical to the slope
during closed-system consumption of NO;~ (Figure 2). That is
because 6"°N and §'®0 of NO;™ are controlled by isotopic
mass balance, and the approach to steady state is equivalent to
mixing between a reacted and unreacted end member.
Therefore, the 5'*0/5"N slope is unaffected by whether the
system is closed to new NO;™ addition, so long as the input
NO;™ has a constant isotopic composition.

Results for *""*A and "*7'8A during the approach to steady
state are shown in Figure 4 (also see Figure S3c,d for time
series). The clumping anomaly '“7'®A initially decreases as
steady state is approached, with a slope equal to that in the
closed-system model. However, as steady state is approached,
IS718A approximately approaches the value of the input NO; ™,
while 5'°N approaches (1 + '%¢), causing the “7'®A/§"N
slope to change dramatically. Because '*”'®A is not controlled
solely by mass balance but also by the arrangement of isotopes,
it does not vary in the same way 5'°N does. The *7"*A/56"°N
slope could possibly be used as a proxy for the addition of new
NO;™ to the system, even when the new NO;™ has the same
bulk isotopic composition as the original NO;™. Steady-state
consumption also produces positive values of *7'8A, which
might likewise be used to indicate the new addition of NO;™ to
the system. The larger values of "*'®A relative to *"'*A can
be explained by considering the bonds in each clumped
species: two “N—'%0 and one '*N-'°0 bond, vs one
BN-'80 and two N—'°0 bonds. In contrast to “7!#A, in
which a clumped ""N—'20 bond can be broken in only one of
three possible active site orientations, a heavy *N—'*0 bond
can be broken in two of three possible orientations for '87'8A.
This leads to the slower-reacting '*O—'%0 clumped species
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accumulating more than "N—'0 species. Although 7'*A
and "*"'®A change nonmonotonically during the approach to
steady state, the individual concentrations of isotopologues do
change monotonically (Figure S4). The nonmonotonic
behavior of “7'®A and '®7®A are due to the mixing of an
unreacted pool of constant isotopologue compositions with the
reacted pool, and the nonlinear changes to A values that result
from changes to the stochastic distribution with changing bulk
isotopic composition. Similar nonmonotonic evolution of ‘A is
observed in models of DIC isotope exchange and CO,
absorption/degassing, *°

B DISCUSSION

In this study, we make the first reported predictions for
isotopic clumping in residual NO;™ left behind by NarG and
make the first proposed uses for *7*A and '*7'8A for a proxy
record of N cycling. Experimental evaluation of clumping
produced in residual NO;™ could help further solve the puzzle
of differences in the isotope effects of NarG and help to tie
those effects more directly to observations of N and O isotope
fractionation observed in the environment during NO;~
reduction. Furthermore, the measurement of isotopic clumping
could give additional information on the details of environ-
mental nitrogen cycling processes, including reaction mecha-
nisms, reversibility, and system closure and fluxes.

O/N Slope Prediction. Considering fractionation imparted
solely by the N—O bond-breaking step at the active site, NarG
is predicted to produce §'*0/5"°N slopes of 1.0 + 0.1. The TS
imaginary modes corresponding to the breaking of the N—O
bond are similar across all models, explaining why there is little
variability in slope. Thus, bond-breaking at the active site can
explain most of the isotope trend produced by NarG (Figure
2). Overall, this modeling study suggests that the NarG
molecular models reproduce the observed slope of ~1.0
because NarG is well represented by a reversibly binding,
irreversibly reacting single-step reaction to break the N—O
bond. The NapA enzyme likely either has partially irreversible
NO;™ binding, partially reversible NO,™ reoxidation prior to
H,O release or active site reduction, or a combination of the
two.

Isotopic Clumping in NO;~ and Link to Empirical
Observations. Cluméping measurements in NO;~ are now
becoming feasible.”*° Such measurements could help track
many processes in the nitrogen cycle. The advent of these
analytical capabilities motivates the need for theoretical
predictions of isotopic clumping in response to different
nitrogen cycle processes. This study provides a starting point
to consider the abundances of clumped isotopologues of intact
populations of NO;™. It also suggests three possible uses for
measurements of '"7!8A. First, the anticlumping signal
expected as a result of NO;~ reduction could be used to
reconstruct the amount of NO;~ consumed and the original
concentration of NO;~ in a closed system. Second, the
constant ">"'8A /85N slope in closed systems could be used to
reconstruct the original 5'°N of NO; . Third, the difference in
B7I8A /8N slope behavior between closed systems and
systems approaching steady state could be used to assess the
degree to which new NO;™ is being added to a system
undergoing NO;™ reduction.

In a closed system, "S"®A is predicted to decrease roughly
linearly in response to the amount of NO;~ that has been
consumed. This linear trend continues to ~80% NO;~
consumption, at which point continued NO;~ reduction
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results in a dramatic decrease in 7!8A. At first glance, this
behavior appears similar to Rayleigh fractionation, in which
continued consumption of clumped NO;~ produced residual
NO;~ with more and more negative *~'®A values. However,
this is not truly Rayleigh fractionation, for two reasons. First,
Rayleigh fractionation occurs because of mass balance, where
e.g., one heavy isotope is preferentially depleted in residual
reactants as isotopically heavy products are continuously
removed from the system. Because individual isotopes are
not created nor destroyed, mass balance dictates that
enrichment in products causes depletion in reactants, or vice
versa. However, clumped isotopologues can be created or
destroyed, as they represent only an arrangement of the
available isotopes. Mass balance expressions can track reactions
of individual isotopologues if bonds are not formed or broken,
or if newly formed or broken bonds are tracked. However, it
would be impossible experimentally to track e.g, “N'°0,~
formed by cleavage of a ""N—'%0 bond in NO; separately
from *N'0,” formed by cleavage of a "N—'%0 bond. A
second reason that this behavior is not true Rayleigh
fractionation is that the proportion of clumped isotopologues
relative to the unsubstituted isotopologue actually increases as
NO;™ is consumed (Figure Sa). Despite the accumulation of
clumped isotopologues, the '*7'*A value decreases because the
value of "7'®A is dependent on the overall isotopic
composition of the residual NO;™ and thus is dependent on
the singly substituted isotopologue abundances [“*N'60;7]
and Y ["*N'80'%0,7] as well as the unsubstituted isotopologue
abundance ["*N'60;~]. The dependence of ‘A on bulk isotopic
composition through modifications of the stochastic abun-
dance reference has been discussed previously in other
systems.gl’82

For processes with co-occurring isotope fractionations and
clumping effects, it is possible to conserve ‘A values only if
there are particular mathematical relationships between
fractionation factors.””® Those relationships often rely on
there being a consistent, mass-dependent relationship between
isotopes of the same element, e.g, 30 and 0. However,
there is no general mass-dependent relationship between
fractionations of different elements, e.g.,lSN/ 4N and 80/'0
that holds in all bond-breaking processes. For processes that
involve either steady-state or closed-system fractionation
within a system with one sink and at most one source,
Whitehill et al.** have derived expressions that can describe
variations in ‘A as a function of individual isotope effects and
can thus be used to derive what the values of isotope clumping
effects would need to be to conserve '*7'®A values in this
system. For a steady-state system, 378k = 5k'8k will conserve
the original >"'®A value. For a closed system, using the range
of rate constant values in Table 1, 7 8k/k8k = 0.99860—
0.99901 would conserve '“7'*A values. For smaller values of
157181 /15K 18k, 15718A would increase in residual NO;~ during
closed-system fractionation, and for larger values, 1518 A would
increase (as we observe across all models). The “7'8A-
conserving value implies that *N'$0'°0,~ would have to be
0.99—1.40%o0 less abundant in the TS than in the reactant.
Because reactant NO,~ has a 78A of 0.34—0.37%,
conserving *""A would require that ""N'80'0,” be less
stable in the TS than '*N'60;™. This is not expected to be
possible, as zero-point energy stabilization should favor
clumping in any molecular species including a TS, albeit less
than in stable reactants. Therefore, we expect the IS=18A
decline in closed systems to be robust.
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The existence of anticlumping signals generated by statistical
effects due to the mixing of different pools of atoms has been
described.”””" The anticlumping signal expected in residual
NO;™ can be partially a result of those statistical effects (Figure
5b), where the pools are unreacted and partially broken N—O
bonds. However, the anticlumping signal is dominated by
simultaneous increases in the proportion of N, 'O, and
“N-"0 clumped isotopologues in the residual NO;™. This
occurs even though the clumped NO;™ isotopologues react
more slowly than either the singly substituted or unsubstituted
isotopologues. So long as the energetic benefit of clumping is
small relative to the energetic benefit of single isotope
substitutions, anticlumping signals can be generated in the
residual reactant of a kinetically controlled reaction, due to the
stochastic abundance of clumped isotopologues exceeding the
true abundance. Even in reactions in which clumping’s
energetic favorability is identical in reactant and TS,
anticlumping signals will result from closed-system fractiona-
tion due to the prevalence of normal KIEs for single isotope
substitutions.”” Similar effects have been observed in both
bond—breakin% and bond-conserving processes, including gas
diffusion,***>** release of CO, by carbonates,®*® ethane
cracking®” and methane production®®*” and consumption,*’
where the accumulation of light isotopes is associated with
increases in ‘A (or accumulation of heavy isotopes is associated
with decreases in ‘A) because of the convention of referencing
to the stochastic abundance when measuring clumped
isotopologues.

The constant *""*A/5"N slope in closed-system models
suggests that the slope could be used to reconstruct the
original 5'°N of NO, ™. This would require substantial accuracy
of 7'8A measurement, as the slopes are predicted to be fairly
flat, ca. —0.035%0 clumping/1%c 5N (Table 1). A ~30%0
change in §"°N would thus be associated with only a 1%o
depletion in 15-18 A Moreover, the initial >"'®A value would
need to be somehow constrained to make the reconstruction.
If the original NO;™ is at internal clumping equilibrium, this
could be possible, although it is likely that any NO;~ formed
during nitrification would not be at internal isotopic
equilibrium. It would also be possible to make the
reconstruction if NO;~ formed during nitrification has a
constant "'8A. The value of *""®A produced by nitrification
has not yet been experimentally constrained.

Because *7'®A behaves differently in a system approaching
steady state (Figure 4), *""*A/5"N slope could be useful to
indicate systems in which NO;™ is being continuously added vs
those where NO;™ addition has ceased. Much like the reason
that the closed-system anticlumping signal is not true Rayleigh
fractionation, the change in slope in approach to steady-state
conditions is caused by the lack of mass balance control on A
values. If NO;~ samples are found which do not have
consistent variation between *"'®A and 6N, or if the slope is
found to differ substantially from —0.035, that could indicate
additional ongoing sources of NO;™. Determining the input
rate of those sources, or their isotopic composition, would
likely require fitting of a reaction path model similar to that
described in this study, with terms for both sources and sinks
whose compositions could vary over time or in response to
certain perturbations. For simple cases where a single source of
NO;™ does have nearly constant isotopologue composition and
steady state is achieved, the final values of “>"*8A and '87!8A
should be offset from the >7'®A and '*7'®A values of the input
NO,~ by constant offsets** equal to the difference in initial and
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final compositions shown in the steady-state cases in Figure 4
and governed by the reaction KIEs. That is, the change in ‘A
upon reaching steady state, relative to the input ‘A, should be
insensitive to initial composition, at least near natural isotope
abundances. The shape of the nonmonotonic evolution in A is
explained and supported by a derivation given in the
Supporting Information. Similar nonmonotonic behavior is
predicted during the evolution of dissolved inorganic carbon
clumped isotope compositions in processes such as isotope
exchange with H,O and degassing. 646

NapA is known to produce an '¢/'3¢ slope of 0.5—0.6,
much different from that of NarG. Its clumped isotope effects
are thus also likely to differ from those of NarG. Future work
will be needed to constrain the clumped isotope effects of
NapA, and potentially reveal the proportion of denitrification
proceeding via NapA vs NarG by the measurement of clumped
isotopologues.

The behavior of '®7'*A is predicted to complement that of
S78A. Like *7'8A, "718A decreases in Rayleigh-like closed-
system fractionation to potentially anticlumping values, despite
an accumulation of clumped species relative to the most
common isotopologue. However, the decrease in '7'%A is
much more gradual and may not reach anticlumped values
even at relatively high §'*N values (Figure 4). Also, the '*7'5A
value is predicted to be higher than the value of “7'®A at
steady state. The steady-state '*O—'*0 clumping is predicted
to be substantial despite the absence of a shared bond between
them. Potentially, measurements of '*"**A could be compared
to 718A to help constrain production vs consumption rates.

Electrospray Orbitrap measurements record ratios between
two isotopologues, and do not reveal ‘A values directly. The
values can be computed in a straightforward way, without the
need for a stochastic reference material, but computation
requires measurement both with and without the dominant
“N'0;~ peak, compounding error from two measurement
settings. We report "*"'®A and '®7'8A here as it matches the
convention of clumped measurements made on other geo-
chemical species, and because we are still developing the best
way to measure intact clumped isotope abundances with the
least error on electrospray Orbitrap instruments. It is possible
that reporting isotopologue abundance ratios directly such as
[N80]/[**N] or [*0O'0]/[**0], or more unconventional
Orbitrap ratios such as [N'™0]/['*0'"0],>® might be a
solution. Developments in this regard will require more studies
such as this one which consider the way in which multiple
clumped isotopologues behave simultaneously during chemical
reactions. Such insights may also extend to other intact ion
populations, such as the many clumped isotopologues of
SO,
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