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Abstract

A predicted equilibrium intramolecular isotope distribution (Intra-ID) serves as a reference for measured position-specific
(PS) isotope composition variation in an organic molecule. Equilibrium Intra-ID can be estimated from calculated reduced
partition function ratios (RPFR or B factor), which are largely absent to date. For relatively small molecules, the PS B factor
can be calculated directly. However, estimating the PS f factor considering an entire, large organic molecule is computation-
ally prohibitive. The isotope effect is local in that the vibrational frequencies of an atom are only affected by its proximal
bonding environment. Therefore, the cutoff calculation, which simplifies the calculation of an entire molecule to a local area,
was previously proposed for large organic molecules. However, the cutoff size was not validated, which has hindered the appli-
cation of the cutoff calculation. Here, we calculated a series of small organic molecules with 2-18 carbon atoms to test the
influence of cutoff size on the '*p value estimation of a target carbon position in a carbon chain or a carbon ring. We calcu-
lated nineteen small molecules that have a methyl carbon and a functional group that is at least three bonds away from the
target methyl position. The result showed that the equilibrium 13C enrichment of the methyl group relative to CO, at 25 °C
(ln”oc(eq )) for the nineteen molecules varied in a small range, with a standard deviation of 0.2%o.. Fourteen aromatic hydro-
carbons with a benzene and one adjacent functional group were calculated to test the influence of different adjacent functional
groups on similar carbon positions in benzene. The results showed that different adjacent functional groups had significant
influence only on the predicted ln'3oc(eq ) value of the carbon position directly connected to them (standard deviation = 1.0%o,
n = 14), with a negligible influence on the predicted ln13oc(eq ) value of the remaining carbons in benzene (standard devia-
tion = 0.2%o, n = 14). The PS 3P value of a specific carbon position in CoA calculated by the cutoff calculation differed from
that of the entire-molecule calculation by 0.0-0.3%.. We concluded that the cutoff calculation simplified the calculation of a
target position from an entire molecule to a cluster of three proximal bonds in a chain and/ or an adjacent ring, providing PS
138 values of sufficient accuracy for large organic molecules.
© 2019 Elsevier Ltd. All rights reserved.
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carbons in amino acids, an increasing number of position-
specific (PS) 8'C have been measured by pioneers using
analytical approaches such as chemical degradation
(Rinaldi et al., 1974; Monson and Hayes, 1980, 1982;
Rossmann et al.,, 1991; Gleixner and Schmidt, 1997;
Savidge and Blair, 2004, 2005) or pyrolysis (Corso and
Brenna, 1997; Oba and Naraoka, 2006). In recent years,
using  gas-chromatography-pyrolysis/combustion-isotope
ratio mass spectrometry (Gilbert et al., 2016a, 2016b,
2019; Nimmanwudipong et al., 2015; Piasecki et al.,
2016a, 2018; Suda et al., 2017; Li et al., 2018), flow-
injection analysis-reaction-isotope ratio mass spectrometry
(Fry et al., 2018), orbitrap mass spectrometry (Eiler et al.,
2017), or isotopic '*C nuclear magnetic resonance spec-
troscopy (Bayle et al., 2014, 2015; Diomande et al., 2015;
Gilbert et al., 2009; 2010, 2011a, 2011b, 2012a, 2012b;
Joubert et al., 2018; Julien et al., 2015a, 2015b, 2016;
Romek et al., 2016; Remaud and Akoka, 2017; Robins
et al., 2017; Liu et al., 2018, 2019), researchers are actively
developing techniques for 8'*C position-specific isotope
analysis (PSIA). The measured or predicted PS isotope
composition distribution within a molecule is called
intramolecular isotope distribution (Intra-ID). Intra-ID
contains information about carbon source, reaction path-
ways, and their associated equilibrium or kinetic isotope
effects (EIE or KIE), which is concealed or lost in bulk
molecule isotope compositions.

Intra-ID has become a promising tool for identifying
and quantifying the production and consumption pathways
of large molecules. The study of PS §'*C values of carboxyl
carbons in amino acids suggested that CO, fixation could
occur via the citric acid cycle in addition to the ribulose
diphosphate pathway in photosynthesizing algae (Abelson
and Hoering, 1961). Different fatty acid Intra-ID in
E. coli and S. cerevisiae revealed different fatty acid meta-
bolic and catabolic processes (Monson and Hayes, 1980,
1982). Analysis of propane produced from different path-
ways showed that Intra-ID of propane produced from
anaerobic bacterial oxidation has '*C enriched in the cen-
tral position, which is different from that in the thermogenic
propane (Gilbert et al., 2019). In addition, propane Intra-
ID is a promising geothermometer (Webb and Miller III,
2014; Gilbert et al., 2016a, 2019; Piasecki et al., 2016a,
2016b, 2018; Eiler et al., 2018; Li et al., 2018; Liu et al.,
2018; Xie et al., 2018). Intra-ID can serve as forensic evi-
dence to discriminate the precursors of organic molecules
(Meinschein et al., 1974; Gilbert et al., 2012a, 2012b;
Julien et al., 2016). It has also been used to study the
volatilization process of organic compounds, such as
methanol, toluene, and bromothane (Julien et al., 2015a,
2015b).

It has been observed that reversible biochemical reac-
tions exist, which has the potential to reach local isotope
equilibrium (ap Rees and Morrell, 1990; Igamberdiev and
Kleczkowski, 2009, 2011; Morandini, 2009). The combina-
tion of reversible and irreversible reactions can lead an
organism to different sets of steady-state. While many
factors can result in various sets of disequilibrium in
Intra-IDs, to quantify a set of disequilibrium state, we need
a reference, and the intramolecular equilibrium state is such

a reference. The reduced partition function ratio (RPFR or
B factor) is the equilibrium isotope fractionation factor
between a PS atom in a molecule and its atomic form. Gal-
imov pointed out the similarity between measured 5'*C val-
ues and his predicted '*B values in molecules such as
acetoin, malate, and chlorophyll. He proposed that such
similarity should be used as a fingerprint for the existence
of reversible biochemical reactions that lead biomolecules
to reach a close-to-equilibrium steady-state (Galimov,
1985, 2004, 2006). The calculated EIEs can also assist and
improve our understanding and interpretation of experi-
mental and field KIE observations (Bennet and Sinnott,
1986; Chen et al., 2000a, 2000b; Williams and Wilson,
2016; He et al., 2018).

PSIA is available for some large molecules, such as
sucrose (Gilbert et al., 2012b), long chain n-alkane
(Gilbert et al., 2013), and nicotine (Romek et al., 2016),
and will predictably be available for even more complex
biomolecules, such as proteins and DNA, in the coming
years. We have few theoretical predictions of equilibrium
Intra-IDs, since the theoretical calculation for large organic
molecules is computational prohibitive. Such computa-
tional limitations have hindered our understanding and
widespread application of Intra-ID.

B values can be calculated theoretically. However, the
KIE and EIE calculations for large molecules are time-
consuming and are limited by the molecular size. For a
molecule with n atoms, the current computational time
increases approximately proportional to n® (Stern and
Wolfsberg, 1966b) or nt (Rustad, 2009). In addition, to
obtain more accurate results, higher theoretical levels are
needed. For instance, when computing [ values under
supercold conditions, we must consider the Born-
Oppenheimer correction for light elements such as C, H,
O, and N. Such calculation requires the use of second-
order Moller-Plesset (MP2) perturbation theory with the
aug-cc-pVTZ basis set (Zhang and Liu, 2018). However,
for a molecule with 13-27 atoms, the CPU time taken by
MP2 calculations are 3—11 times that of Density Functional
Theory (DFT) calculations, which is also proportional to
the number of atoms in a molecule (Rustad, 2009). There-
fore, the calculation of large molecular size with high theo-
retical levels is even more restricted by current computer
powers.

Considerable effort has been devoted to simplifying the
computation of isotope effects for large molecules. A theo-
retical derivation showed that the EIE and KIE calcula-
tions of a target atom can be simplified by considering
vibrational frequencies of bonds in a local area
(Herschbach et al., 1959). Another preliminary investiga-
tion also showed that at room temperature and above, cal-
culated compound-specific KIEs of a reaction do not differ
significantly between considering an entire molecule and
considering only the neighbor atoms close to the reaction
site (Wolfsberg and Stern, 1964; Stern and Wolfsberg,
1966b). The simplification approach that considers only
the closest surroundings is termed the “‘cutoff” calculation
(Wolfsberg and Stern, 1964; Stern and Wolfsberg, 1966a,
1966b). The cutoff calculation was applied to H/D isotopes
during the early years of stable isotope effect research. The
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H/D KIE calculation was simplified by considering only
three to five collinear atoms (Sharp and Johnston, 1962).
The calculation of simple molecule reactions showed that
H/D fractionation depends significantly on the directly
linked carbons, which validated the cutoff calculation
(Hartshorn and Shiner Jr, 1972). The cutoff approach is
promising for calculating EIE and KIE of large molecule
systems. However, compared to experimental results, the
accuracy of such simplification is “open to grave doubt”
(Sharp and Johnston, 1962) and should not be “tacitly
accepted” (Wolfsberg and Stern, 1964; Stern and
Wolfsberg, 1966b) without necessary calculation tests.

Galimov developed a generalized semiempirical
approach to estimate PS '’ factor from isotopic bond
numbers (L)) of a target carbon atom (g =1+ > L)
L; is a numerical value that quantifies chemical bond types
(Galimov, 1985). Such an approach successfully predicted
that the carboxyl carbon would be preferentially enriched
in 13C over other carbon positions in amino acids, which
has been confirmed by experiments (Abelson and
Hoering, 1961; Gilbert et al., 2011a, 2013; Monson and
Hayes, 1980, 1982; Robins et al., 2017, Romek et al.,
2016). Galimov’s approach offers an efficient but not very
accurate approximation for many carbon positions in
organic compounds. The reason is that the PS *B factor
of an atom is determined not only by its bond types but also
by its adjacent functional groups.

Ab initio calculation reliably estimates the 3 factor theo-
retically. Using MP2 and DFT methods, Rustad calculated
the average and PS '*p values for carbons in 20 standard
amino acids (Rustad, 2009). The calculation results agree
with Galimov’s prediction that the carboxyl carbon would
be heavier than other carbons in amino acids at equilib-
rium. However, in Galimov’s method, the '3[5 value of a
carbon position was calculated by considering only its
direct bonds. For instance, two carboxyl carbons in differ-
ent amino acids would have the same '’ values even if
the attached carbon groups were different. Rustad’s calcula-
tion illustrated that the '*p values of the same positions are
similar but vary in different molecules. For instance, the '*p
values of carboxyl carbons can differ by as much as 5%o
between isoleucine and asparagine; the '*p values of amine
carbons differ by 5.6%0 between isoleucine and threonine;
the 13 values of methyl carbons differ by 2.9%o between iso-
leucine and threonine; and the '*p values of methylene car-
bons differ by 7.0%0 between tryptophan and arginine. The
138 values of similar positions vary even within the same
molecule. For example, the methylene carbons in arginine
have PS *B values ranging from -22.5%c to —27.7%c
(Rustad, 2009).

Quantum mechanical/molecular mechanical (QM/MM)
considers an active site of an enzymatic reaction that is
bonded immediately to a few functional groups as its inner
layer. The inner layer is calculated by the QM method. The
core group is subsequently surrounded by more atoms as a
background environment, which is calculated by the MM
method. Based on force constants and molecular geometry
obtained from the QM/MM approach, compound-specific
KIEs for enzyme catalytic biochemical reactions have been

calculated using, for example, the ISOEFF program
(Anisimov and Paneth, 1999; Swiderek and Paneth, 2011,
2012, 2013). The QM/MM approach simplifies the calcula-
tion of KIE but also compromises the calculation accuracy.
In addition, for the calculation of KIE, the transition-state
structure is usually searched manually until the calculated
KIE agrees with experimental values. Such a method is
not only cumbersome but also ineffective in providing inde-
pendent evidence or predicting alternating transition-state
structures (Williams and Wilson, 2016).

Recent PS PB calculation of a target hydrogen atom of a
set of organic molecules showed that hydrogens on carbon
chains can be approximated by a cutoff molecule with only
two neighbor bonds, and hydrogens on rings can be
approximated by a single ring (Wang et al., 2009a, 2009b,
2013). Thus, cutoff calculation, or cluster model, should
be applicable to large molecules. However, it is necessary
to reevaluate the size of the cluster that can be applied to
organic molecule cutoff calculations. A variety of cluster
models have been successfully applied to represent minerals
or solutions and obtain B values (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). In these
cutoff calculations, the structures are normally simplified
according to the NNN rule, which means that the B value
of a target atom can be simplified to its closest three bonds
in minerals or three shells of water molecules (usually 24
water molecules) in solutions (Gao et al., 2018). We predict
that the calculation of PS '*f values for a target position in
a large molecule can be simplified to a cluster, in which the
target atom has its closest three adjacent bonds in a chain
and/ or one adjacent ring. The PS *B value estimated by
the cutoff calculation should be within a small error range
of those calculated by the tedious or often improbable
entire-molecule calculation.

DFT with the B3LYP exchange-correlation function has
been routinely used in QM calculation. The validity of
B3LYP with different basis sets for calculating harmonic
vibrational frequencies of '>*CH, and '>C;Hj isotopologues
was evaluated and discussed in a previous study (Piasecki
et al., 2016b). It has been used to calculate PS B values of
organic molecules, such as carbon and hydrogen isotopes
in small hydrocarbon molecules (Rustad, 2009; Wang
et al., 2009a, 2009b, 2013; Webb and Miller III, 2014;
Piasecki et al., 2016b) and Mg isotopes in chlorophyll
(Black et al., 2007). Here, we use DFT with the
Urey-Bigeleisen-Mayer model to calculate PS '*p values
at 25 °C for a set of organic molecules with 2-18 carbon
atoms. The calculation results are used to test the size of
the cutoff calculation for large organic molecules. Coen-
zyme A (CoA) plays an important role in fatty acids and
pyruvate metabolism. The simplification of CoA is the
key to KIE calculations of biochemical reactions for fatty
acids and glucose. In addition, CoA is a relatively small
enzyme with both chains and rings, which is an ideal subject
to test the accuracy of the cutoff calculation. We therefore
use CoA as an example to compare the "*p value results
of the cutoff calculation with those of the entire-molecule
calculation.
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2. METHOD
2.1. Cutoff calculations

The cutoff calculation uses a small molecule to represent
an atom at similar positions in a large molecule. The bond
being cut will leave an unsaturated atom. The volume vari-
able cluster model (VVCM) is a widely used cluster model
in mineral calculations. It uses virtual charges to balance
valences and cancel volume variations that result from
unbalanced valences (He and Liu, 2015, Gao et al., 2018).
Similar to VVCM, in the cutoff calculation for organic
molecules, we saturate the bond being cut with a hydrogen
atom. Rings must be considered as a whole and cannot be
cut to pieces. Each target atom is surrounded by at least
three bonds in a chain or at least a ring on each side. The
molecule structures are built by GaussView 5 (Semichem
Inc.) software.

To examine the influence of cluster size on PS '*p value
estimation, we first calculated n-pentane, n-hexane, n-
heptane, 3-methylpentane, 3-methylhexane, acetic acid,
propionic acid, butanoic acid, pentanoic acid, and hexanoic
acid. The deviation of PS 3B values at carbon positions in a
similar bond environment is examined by comparing simi-
lar carbon positions in normal alkanes, isomeric alkanes,
and carboxylic acids.

The combinations of all functional groups are impossi-
ble to test individually. Thus, we built a set of molecules
with a functional group at least three bonds away from a
terminal methyl. The chosen functional groups are ketone
(2-hexanone), acyl chloride (pentanoyl chloride), amine
(butylamine), amine and carboxyl (2- aminopentanoic
acid), alcohol (n-butanol), phosphate (n-butylphosphate),
ether (butyl methyl ether), thiol (1-butanethiol), nitrile
(pentanenitrile), chloride (n-butyl chloride), benzene (butyl-
benzene), cyclopentadiene (n-butyl cyclopentadiene),
tetrahydrofuran (2-butyltetrahydrofuran), and pyrrole (n-
butylpyrrole). To ensure that the terminal methyl carbons
are in a similar bond environment, we put methylenes in
between the methyl carbons and the functional groups.
Using methyl carbon as an example, we test the influence
of different functional groups that are three bonds away
from the target position on PS B value estimates.

The calculation for carbon rings takes more time than
carbon chains. Thus, it is more essential to simplify carbon
ring calculations. Here, we use a set of aromatic hydrocar-
bons to test the influence of functional groups on the PS '*p
values of benzene. The aromatic hydrocarbons are toluene,
ethylbenzene, n-propylbenzene, n-butylbenzene, biphenyl,
2-phenyltoluene, 3-phenyltoluene, 4-phenyltoluene,
diphenylmethane,  bibenzyl, = dibenzoylmethane,  4-
phenylpyridin,  2-phenyltetrahydrofuran, and para-
terphenyl. The carbons on the target benzene are called
C1 for the position immediately adjacent to a functional
group and C6 for the carbon the furthest away from the
adjacent functional groups (Fig. 1).

The three tests set up the basis of our cutoff calculations
for organic molecules. Next, we use CoA as an example to
test if the choice of cluster size can be generalized to carbon
positions other than methyl, methylene, carboxylic and

C4 C2

C1
C6 R

cs5 C3

Fig. 1. Structure and named carbon numbers of benzene in
aromatic hydrocarbons.

benzene carbons. The structure of the CoA is shown as
cluster 0 in Fig. 2, which is optimized as an entire molecule.
The structure of CoA is reduced to small clusters, where
each target atom has at least three adjacent bonds in a
chain and/or one adjacent ring to represent the whole struc-
ture (Fig. 2). The carbons are named Cy;, where f'indicates
the cluster number and i indicates the carbon number in the
cluster.
We built cluster 1 from Cy/1-Co/14. Cluster 1 contains an
NH, OP,04H,-
adenine (C5N5H5,</N T j‘), a C5H11013p3 'Siz)' ),
and an isobutane L) (dots are the connecting point). In
cluster 1, Cy;;—Cy/1o are representative of positions Coy/—
Co/10- Except for cluster 1, the rest of the molecule is a
chain. Thus, we can simplify each position by keeping the
closest 3 bonds. C,/,—Csy/6, C3/6, Ca/3, and Cs/3-Csg are rep-
resentative of Co/11—Cos1s, Costs, Cosr7, and Coy18-Coyar,
respectively (see molecule structure configurations in SI
for atom numbers).

N HO OPO;H,

2.2. 3B calculation

All optimization and harmonic vibrational frequency
calculations for the ground states are performed using
DFT with the B3LYP exchange-correlation function
(Lee et al., 1988; Becke, 1993) and 6-311G+-+/d,p basis
set in Gaussian 09 software (Gaussian Inc.).

Using calculated vibrational frequencies, we estimate
single substituted PS '*p values in harmonic approximation
using the Urey-Bigeleisen-Mayer model (Bigeleisen and
Mayer, 1947; Urey, 1947):

3n=6 u; eI\ [1—e™ 1
=116 (=) (=) "
where only the most abundant isotope is considered for
atoms other than the target position.

The relative equilibrium PS '3C enrichment at 25 °C in
position i is reported as the equilibrium fractionation value

relative to gas CO, (ln”fxeq :ln%, calculated
2(e)

BBeor = 1.196457). The In'"x,, cancels some calculation
errors for the absolute '* values and offers a direct and more
accurate scale of the degree of isotope fractionation, which
has also been adopted by Rustad (2009). Scaling factors
are not considered since they are canceled in the
lnlSaeq. Here, we only compare the vibrational frequencies
calculated by the cutoff calculation with those from the
entire-molecule calculation. Corrections such as anharmonic
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Fig. 2. Structures of Coenzyme A and five reduced clusters built
for the cutoff calculation. In the configuration of CoA, gray spheres
represent carbon atoms, white spheres represent hydrogen atoms,
red spheres represent oxygen atoms, blue spheres represent
nitrogen atoms, yellow spheres represent sulfur atoms, and orange
spheres represent phosphorus atoms. For the clusters’ chemical
structures, black parts are the reduced cluster, and gray parts are
ignored. Stars indicate target atoms. (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)

and Born-Oppenheimer corrections can be later applied
based on the calculation results.

To test the cutoff approach, it is necessary to examine
the influence of cluster size and adjacent functional groups

on the "B values of a specific position. To compare the
results of calculations using different clusters for the same
carbon position, we use the absolute value of

13 . .
InBe ;= lnﬁg: to represent the '*p value difference in a

specific position between clusters i and j.
3. RESULTS

Here, we first use normal alkanes, isomeric alkanes,
and carboxylic acids to test the influence of cluster size
on PS 13B value estimation in carbon chains. Then, a set
of chain molecules with a functional group that is at least
three bonds away in a chain from a terminal methyl is
used to test if the cutoff calculation can simplify the calcu-
lation of the terminal methyl to a cluster with three prox-
imal bonds. Next, the calculation of a set of aromatic
hydrocarbons is used to test the validity of the cutoff cal-
culation for rings. Finally, we use CoA to test the accu-
racy of the cutoff calculation for '*p values for a large
molecule and see if the chain and ring simplification can
be expanded to other carbon positions other than methyl,
carboxyl, and benzene carbons. All the optimized struc-
ture coordinates can be found in S1. Optimized coordinates
in SI. The PS 1n13oceq values of carbons in each molecule
are labeled in S2. Structures and the corresponding
ln”oceq values in SI.

3.1. Carbon chains

For a normal alkane, there are only three structurally-
distinct bonding environments: terminal methyl (*CHjz—
CH,-CH,-), methylene adjacent to the terminal methyl
(CH3-*CH,—CH,-), and methylene in between two other
methylenes (-CH,—*CH,~CH,-). The smallest unit that
contains all three types of carbons is n-pentane. Here, we
compared the same positions in n-pentane, n-hexane, and
n-heptane (Table 1).

The standard deviation of the large organic molecule
PSIA for 8'3C is ~0.1-2.7%o (Gilbert et al., 2011a, 2013,
2016b; Romek et al., 2016). As shown in Table 1, compared
with current laboratory measurement errors, the 1n13a,-_‘,-
value differences for all the carbon positions in normal
alkanes are negligible (In'? Uijrmax) < 0.1%o0). Extending the
length of the carbon chains does not influence the predicted
PS 3B values in normal alkanes much.

For 3-methylpentane and 3-methyl hexane, the PS *f
values of similar carbon positions are also minimally differ-
ent (Table 2). The In" o, value of the methyl carbons next
to a methylene carbon (*CH3;—CH,-) and of the methyl car-
bons next to a tertiary carbon (*CH3;-CH-) between the
two isomeric alkanes is 0.1%o, and the 1n13oz,»_j value between
the two tertiary carbons (—*CH-) is 0.4%o.

The calculated PS '*p values for carboxylic acids with 2—
6 carbons are shown in Table 3. Comparing the carboxylic
acids, we can see that the PS '*B values of the terminal
methyl carbons and carboxyl carbons are similar, with
0001 00q) = —49.8 £ 0.4%0 and  In"syprey) = 2.4+
0.1%0, n = 5, respectively.

Next, we tested the influence of a functional group that
is at least three methylenes in a chain away from a terminal
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Calculated position-specific In'?a,,, values (%o) for n-pentane, n-hexane, and n-heptane. The In'’a,,, value indicates enrichment in '*C relative
to COy at 25 °C. n is the number of In'%x,, values that are used to calculate the standard deviation.

Molecule Structure *CH;3-CH,-CH,»- CH;3-*CH,-CH»— —~CH,—*CH,~CH»—
n-Pentane NN -50.3 —-36.0 -35.0

—50.3 —36.0
n-Hexane NN —50.4 -36.0 -35.0

—50.4 —359 —35.0
n-Heptane NN -50.3 -36.0 -35.1

—50.3 —36.0 —35.1

—35.1

Standard deviation (n = 6) 0.05 0.04 0.05

Table 2

Calculated position-specific ln'3aeq values (%o) for 3-methylpentane and 3-methylhexane. The lnISaé,q value indicates enrichment in '*C relative

to COyy) at 25 °C.

Molecule Structure *CH3-CHy»— CH;—*CH,»- —~CH,—*CH,-CH- —*CH- *CH;-CH-
3-Methylpentane I —50.4 -35.6 ~25.0 —49.0
—50.4 -35.6
3-Methylhexane /\/L/\ —50.3 —36.2 —34.5 —24.6 —49.1
‘ -50.3 -36.2 -34.5

Table 3

Calculated position-specific ln”och values (%o) for carboxylic acids.
The In"g,, value indicates enrichment in '*C relative to COx at
25°C.

Molecule Structure CHs— —~CH»~ -COOH
Acetic acid PN —49.9 -2.6
Propionic acid NPN —48.9 -37.4 =22
Butanoic acid A _JL_ —-49.8 348 24
-36.6
Pentanoic acid NP —50.0 -35.7 -2.5
-33.9
—36.7
Hexanoic acid /\/\/k —-50.2 —35.8 -24
—34.7
-33.8
—36.6

methyl carbon (Table 4). The results show that the influence
of a functional group on the methyl group varies within a
small standard deviation (lnl3aeq = —50.2 £ 0.2%0, n = 19).

3.2. Carbon rings

The PS '*p values of benzene carbons in 14 aromatic
hydrocarbons are calculated (Table 5). The lnl3aeq values
for the six carbons are —20.5+ 1.0%0, —31.7 & 0.2%o,
—31.7 £ 0.2%0, —31.9 &+ 0.2%0, —31.9 4+ 0.2%0, and -32.3
+ 0.2%0 for C1 to C6, respectively.

3.3. Applications of cutoff calculations for CoA

Here, we use CoA to test the accuracy of the cutoff cal-
culation for '*p value estimates for a large molecule and see

Table 4

Calculated position-specific ln'3oc£q values (%o) for molecules with a
functional group that is 3 bonds away from a terminal methyl. The
In'?x,, value indicates enrichment in '*C relative to COxg at 25 °C.
n is the number of ln”ozc,q values that are used to calculate the
standard deviation.

Molecule Structure In' 395,,,@,(&, )
Pentane NN —50.3
Hexane NN —50.4
Heptane SAAS —50.3
Pentanoic Acid NP -50.0
Hexanoic acid A -50.2
2-Hexanone o~ -50.2
Pentanoyl chloride oA —50.0
n-butanol SN —-50.2
Butylamine SN -50.4
n-Butyl chloride SN —50.1
1-Butanethiol S —50.1
Butyl methyl ether NN —50.2
Pentanenitrile oA —49.9
n-Butylphosphate AKX —50.0
2- Aminopentanoic acid //L( —50.1
n-Butyl cyclopentadiene N . —50.3
n-Butylbenzene 0 -50.5
n-Butylpyrrole A —50.3
2-Butyltetrahydrofuran ANy -50.2
Standard deviation (n = 19) 0.2

if the chain and ring simplification can be expanded to
other carbon positions. The calculated 1n13aeq values for
the entire CoA molecule and 5 clusters and their absolute
differences are shown in Table 6.
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Table 5

Calculated position-specific ln”:xe,, values (%o) of for six-carbon benzene in different aromatic hydrocarbons. The ln”a(,q value indicates
enrichment in '*C relative to COx at 25 °C. n is the number of In'?x,, values that are used to calculate the standard deviation.

Molecule Structure Cl1 Cc2 C3 C4 C5 C6

Toluene O —21.1 -31.6 -31.6 -32.0 -32.0 -32.6
Ethylbenzene O —20.1 —31.8 —31.8 -32.0 -32.0 -324
n-Propylbenzene o —20.1 -31.8 -31.9 -32.1 -32.1 -32.5
n-Butylbenzene o —20.3 —31.8 -31.8 -32.0 -32.0 -32.4
Biphenyl O -20.3 -31.7 -31.7 =319 =319 -32.3
2-Phenyltoluene o0 —19.8 -31.6 -31.9 -31.9 —31.8 -32.0
3-Phenyltoluene C_(j -20.3 -31.8 -31.8 =319 =319 -32.3
4-Phenyltoluene OO -22.6 -31.6 -31.5 -31.6 -31.6 -32.3
Diphenylmethane o0 -21.5 -31.7 -31.5 -32.0 -31.9 -324
Bibenzyl o< —20.1 -31.9 -31.9 -32.1 -32.1 -32.5
Dibenzoylmethane &0 -20.3 -31.9 -31.9 -32.0 -32.1 -32.5
4-Phenylpyridin O —19.6 -32.1 -32.1 —31.7 —31.7 -32.0
2-Phenyltetrahydrofuran o —18.9 -31.5 -31.3 -32.0 -31.9 -32.3
para-Terphenyl o000 -22.6 314 314 —-31.6 —-31.6 -32.3
Standard deviation (n = 14) 1.0 0.2 0.2 0.2 0.2 0.2

Table 6

Comparison of In"?a,, values (%0) calculated from an entire Coenzyme A molecule using the cutoff calculation. The In"*%,, value indicates

enrichment in *C relative to COx at 25 °C.

Whole molecule Cutoff calculation Absolute difference Whole molecule Cutoff calculation Absolute difference

Atom Con Cin Cosiz Co3

I, 4.6 —45 0.1 —16.4 -16.6 0.2
Atom Corz Cip Coiz Cosa

In'%,, 211 -21.2 0.1 —46.8 —47.0 0.2
Atom Cos3 Ciss Co/1a Cyss

In'%,,  —42 —43 0.1 —46.3 —46.2 0.1
Atom C0/4 C1/4 C0/1 5 C2/6

In'%,,  —10.1 ~10.1 0.0 -26.7 -26.7 0.0
Atom Coss Cus Cosis Csss

ln”ocgq -22 -22 0.0 1.1 1.4 0.3
Atom Coss Cus Coz Cus3

In'%,,  —175 —-17.5 0.0 -31.9 -31.6 0.3
Atom Co/7 Ci7 Co/1s Csa

In"e, 146 -14.8 0.2 -35.5 -35.2 0.3
Atom Coss Cis Costo Cs/a

ln”ocgq -20.9 -20.9 0.0 0.4 04 0.0
Atom Coso Cuo Cor20 Cs/s

In'%,, 212 —21.1 0.1 315 —-31.5 0.0
Atom Costo Ci1o Coyat Csss

In,  —353 —35.3 0.0 —51.7 —51.7 0.0
Atom Co/11 Cypn Average Average

In"%,,  —359 -35.8 0.1 235 234 0.1

4. DISCUSSION

For the three carbon positions (*CH;—CH,~CH,—,
CH;—*CH,-CH,—, and -CH,—*CH,-CH,-) in n-propane,
the PS '*B values predicted by force field in literature is
1.1330, 1.1506, and 1.1519, respectively (Galimov and
Ivlev, 1973), where the In' s of CH;—*CH,~CH,— and
7CH27*CH27CH27 to *CH3*CH2*CH2* are 15.4%o0 and
16.5%0 respectively. In our prediction, the PS "B values
for the three positions are 1.1377, 1.1541, and 1.1553
respectively, and the two In'’a values are 14.3%0 and
15.3%o, which are in good agreements with the '*p values
predicted by force field.

Carbons with stronger bond environments have heavier
In"%a,, values. Methyl carbon has only one C-C bond with
three C—H bonds. Its ln13oceq value is the lightest among all
carbon positions in normal alkanes, isomeric alkanes, car-
boxylic acids, and other molecules (ln”ocme,(()q )= —48.9 to
—50.4, Tables 1-4). Methylene carbon has two C-C bonds
with two C-H bonds, which has a stronger bond environ-
ment than methyl carbon. Thus, methylene carbons are
heavier than methyl carbon (Inach,eq) = —33.8 to
—37.4%o, Tables 1-3). Carboxyl carbon has one C-C bond,
one C=0 bond and one C-O bond, which is in a very
strong bond environment. Thus, it is much heavier than
other carbon types in carboxylic acids (In"0coom
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(eq) = —2.2 to —2.6%o, Table 2). Among the benzene car-
bons in aromatic hydrocarbons, C2-C6 carbons have simi-
lar In"x,, values (In"’a,,=-32.6 to —31.3%0, Table 5),
since they are in similar bond environments. The C1 carbon
of benzene is connected to one additional carbon of the
adjacent functional group. Thus, its ln”ocy,, values are heav-
ier than the remaining carbons in benzene (1n13aeq =-20.3
+ 0.1%0, n = 14, Table 5).

In the test of normal alkanes, the standard deviation for
the three carbon positions (*CH3;—CH,-CH,—, CH3—*CH»—
CH,—, and -CH,—*CH,—CH,—, n = 6) are 0.05%o, 0.04%o,
and 0.05%o, respectively. It suggests that PS *B values for
the three positions in n-pentane are representative for the
same positions in all normal alkanes: In'%c,, = —50.3%o
for methyl carbon, ln13zxeq = —36.0%0 for methylene carbon
adjacent to the terminal methyl, and ln13oceq = —35.1%o for
methylene carbon in between two other methylenes. These
values can be used to analyze laboratory-measured Intra-
IDs for long-chain alkanes (e.g., Gilbert et al., 2013,
2016b).

For carboxylic acids with increasing cluster size, the
influence of the carboxyl on the methyl '*B value decreases.
100 ponsatrexarmer) 18 < 0.2%0 when the carboxyl is three or
more methylenes away from the methyl carbon. Similar
to the methyl carbon, extending the carbon chain has little
influence on the ln”ocw,;,(eq ) value of the carboxyl carbon
(ln13o¢m,,,(e,,) = —2.4 4 0.15%0, n = 5). For a target position
in an alkane or carboxylic acid, ignoring atoms that are
three bonds away from it can provide an accurate estima-
tion of the PS '*p value in a chain. The molecules with a
functional group that is at least three bonds in a chain away
from a terminal methyl carbon has similar 1n13oc,,7e,(eq ) val-
ues (Table 4), which indicates that to estimate the PS 13 Bmet
value of a methyl position for a methyl carbon with two
adjacent methylenes (*CH3;-CH,-CH,-R), we can build a
butane molecule to represent its bond environment and
use the butane PS 13Bmet value to represent the PS 13 B value
of the methyl carbon in the molecule of concern. The chain
molecule examples support that the PS '*B value of a target
position can only be influenced by their proximal three
bonds in a chain.

The calculation results of aromatic hydrocarbons show
that an adjacent functional group has a significant influence
only on the PS '*p value of the C1 carbon in benzene (stan-
dard deviation = 1.0%0, Table 5) but has a negligible influ-
ence on the C2-C6 carbons (standard deviations = 0.2%o,
Table 5). This finding indicates that to estimate the PS
3B value of a ring, we can consider only its one adjacent
ring or three proximal bonds in a chain. For benzene PS
isotope studies, if the C1 position is not the target position,
substituting the adjacent functional groups by a methyl
group can provide a good approximation for the C2-C6
carbons. If we are working with a PSIA accuracy of 1%o
(e.g., Eiler et al., 2017; Cesar et al., 2019), a benzene cluster
with one adjacent ring or three proximal bonds in a chain is
sufficiently accurate to estimate its PS B value.

In the cutoff calculation of the CoA molecule, the 5 clus-
ters consider three proximal bonds in a chain and/or one
adjacent ring of each carbon position. The comparison
between the entire CoA molecule calculation and the cutoff

calculation shows that the PS ln13oc(,q values estimated by
the cutoff calculation are in good agreement with those cal-
culated by considering the entire molecule (absolute differ-
ences < 0.3%0). The results suggest that considering three
proximal bonds in a chain and/or one adjacent ring of a tar-
get position can provide an accurate estimation of PS '*p
values. Such simplification can be expanded from methyl
carbon and benzene carbons to other carbon positions. In
addition to the PS '*B value, the compound-specific '*p
value, i.e., the average ISB value of the whole molecule,
between the calculation results from the entire molecule
and the five clusters is 0.1%0. Our results indicate that the
cutoff calculation can be used to estimate lnlSaeq values
for large organic molecules with high accuracy. To estimate
the PS '3B values of adenine, we only need a cluster of an
adenine and its adjacent tetrahydrofuran. However, the cal-
culation of tetrahydrofuran must consider both adenine
and the CsH;;05P; group. Thus, the adenine cluster is
not calculated independently. To calculate the vibrational
frequencies of Cy,1o (*C in CsH;1045P3), the angle of ZCy/-
Co/1000/21 must be maintained. Therefore, sufficient atoms
(Co/11—Co/14, the isobutane) must be located on the other
side of the pyrophosphate to keep the angle of ZCy9Co/10-
Op/21 from bending. Therefore, cluster 1 is still sufficiently
large for computational accuracy. If Cy/o is not a target
position, the clusters can be further simplified, and the ade-
nine and CsH;;O5P; clusters can be calculated
independently.

The above results show that to estimate a PS > value
for a specific carbon position, we can use the cutoff calcula-
tion to simplify the calculation to a small cluster, where the
target position is surrounded by its proximal three bonds in
a chain and/or one adjacent ring on each side. Such simpli-
fication not only is useful for estimating PS > values accu-
rately and efficiently but also works for the calculation of
KIEs of biochemical reactions that have the solvent effect.
Biochemical reactions rarely occur in a gas phase. There-
fore, the theoretical calculation of such molecules must con-
sider solvent effects. Surrounding a target molecule with
water molecules and/or protein pieces can simulate a solu-
tion environment realistically (Rustad et al., 2008, 2010;
Zhang and Liu, 2014; He and Liu, 2015). However, the
optimization of a large molecule with more than 50 atoms
by Gaussian software requires from 10 s to 100 s GB com-
puter memory, which can easily result in frequent conver-
gence failures. Such solvent treatment to a large organic
molecule is computationally impracticable. In addition to
optimization, a transition-state search for a reaction system
with large organic molecules and enzymes is severely
restricted by current computational resources. For instance,
in the synthesis of fatty acids, one key step is the conversion
of pyruvate to acetyl-CoA by a cluster of enzymes. The
whole reaction involves 93 atoms without considering
enzymes. The transition-state search for such reactions con-
sidering the solvent effect is computationally prohibitive.
However, if we are studying the KIE of the acetyl carbons
in this process, the cutoff calculation can simplify CoA to a
small cluster with three proximal bonds to the thiol
(HSCH,CH;NH;), which can represent the active site. Such
a cutoff system involves only 20 atoms. Adding water mole-
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cules or protein pieces into the system and the transition-
state search for such a reaction is doable.

5. CONCLUSIONS

Benefiting from the recent development of position-
specific isotope analysis techniques, Intra-ID has become
a promising tool for identifying and quantifying the pro-
duction and consumption pathways of large molecules.
Position-specific B factor can serve as an absolute reference
for understanding measured Intra-IDs. The cutoff calcula-
tion breaks a large organic molecule down to a set of small
clusters where a target atom is surrounded by its most adja-
cent three bonds in a chain and/or one ring. For large
organic molecules, the approach provides accurate PS '*p
value estimations and takes less time than calculating the
entire molecule. It is especially useful for KIE calculation
for enzymatic reactions with solvent effects and at a higher
theoretical level.
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