Theoretical estimates of equilibrium carbon and
hydrogen isotope effects in microbial methane

production and anaerobic oxidation of methane

Jonathan Gropp!*, Mark A. Iron?, and Itay Halevy'

'Department of Earth and Planetary Sciences, Weizmann Institute of Science, Rehovot 7610001, Israel
2Computational Chemistry Unit, Department of Chemical Research Support, Weizmann Institute of Science,
Rehovot 7610001, Israel

*Corresponding author, E-mail address: jonathan.gropp@weizmann.ac.il (J. Gropp)

Abstract

Microbial production and consumption of methane are widespread in natural and artifi-
cial environments, with important economic and climatic implications. Attempts to use the
isotopic composition of methane to constrain its sources are complicated by incomplete un-
derstanding of the mechanisms of variation in methane’s isotopic composition. Knowledge of
the equilibrium isotope fractionations among the large organic intracellular intermediates in
the microbial pathways of methane production and consumption must form the basis of any
exploration of the mechanisms of isotopic variation, but estimates of these equilibrium isotope
fractionations are currently unavailable. To address this gap, we calculated the equilibrium
isotopic fractionation of carbon (*C/!2C) and hydrogen (D/H) isotopes among compounds in
anaerobic methane metabolisms, as well as the abundance of multiple isotope substitutions
(“clumping,” e.g., >*C-D) in these compounds. The Density Functional Theory calculations
employed the M06-L/def2-TZVP level of theory and the SMD implicit solvation model, which
we have recently optimized for large organic molecules and tested against measured equilib-
rium isotope fractionations. The computed ' and 28 values decrease with decreasing average
oxidation state of the carbon atom in the molecules, resulting in a preference for enrichment
of the molecules with more oxidized carbon in '*C and D. Using the computed 3 values, we
calculated the equilibrium isotope fractionation factors in the prominent methanogenesis path-
ways (hydrogenotrophic, methylotrophic and acetoclastic) and in the pathway for anaerobic
oxidation of methane (AOM) over a temperature range of 0-700 °C. Our calculated equilib-
rium fractionation factors compare favorably with experimental constrains, where available,

and we used them to investigate the relation between the apparent isotope fractionation during



methanogenesis and AOM and the thermodynamic drive for these reactions. We show that a
detailed map of the equilibrium fractionation factors along these metabolic pathways allows
an evaluation of the contribution of equilibrium and kinetic isotope effects to apparent isotope
fractionations observed in laboratory, natural and artificial settings. The comprehensive set of
equilibrium isotope fractionation factors calculated in this study provides a firm basis for future

explorations of isotope effects in methane metabolism.
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1 INTRODUCTION

1.1 General

The isotopic distributions in thermodynamic equilibrium can be predicted with quantum mechan-
ical calculations. These theoretical predictions are invaluable in exploring isotope fractionation
systematics where experimental data are lacking or hard to obtain (e.g., Rustad et al., 2008; EI-
dridge et al., 2016), such as for the intracellular components of biological production and oxidation
of methane (methanogenesis and methanotrophy, respectively). Theoretical approaches, in particu-
lar density functional theory (DFT), have been widely applied to small molecules (Li & Liu, 2011;
Fujii et al., 2014), and recently also to large organic molecules (Black et al., 2007; Rustad, 2009;
Wang et al., 2009a,b, 2013; Moynier & Fujii, 2017; Iron & Gropp, 2019) in the gas, aqueous and
solid phases. The application of DFT is of special interest in methanogenesis and methanotrophy
since these processes involve large organic molecules, which have received less attention than small
molecules due to issues of calculation cost and accuracy (Iron & Gropp, 2019). Consequently,
studies to date of the isotopic compositions in methanogenesis and methanotrophy have focused
on the extracellular substrates and products, mainly Hy, CO,, CH4 and H;O, but have neglected
the intracellular components of these processes. To bridge this gap, we (i) provide a novel set of
constraints on the temperature-dependent carbon and hydrogen isotope equilibrium fractionation
factors (EFFs) among the intracellular molecules involved in the methanogenesis and methanotro-
phy pathways, (ii) compare these results to previous reports, mostly of the pathway end-members,
and (iii) discuss the possible application and the associated caveats of these results in geochemical

and bioisotopic models.

1.2 Methanogenesis and anaerobic methanotrophy

1.2.1 Physiology of methanogens and methanotrophs

Methanogenic organisms produce methane by fixing CO; in the hydrogenotrophic pathway or by
reducing methylated compounds, such as acetate (i.e., acetoclastic methanogenesis) or methanol

(i.e., methylotrophic methanogenesis), as described in the following net reactions:

CO,+4H, = CH4+2H,0, (D)
CH3COOH <= CH4+CO,, 2)
4CH30H <= 3CH4+CO;+2H50. 3)

These three metabolic pathways have been described in detail (Thauer et al., 2008), and all are as-
sumed to originate from a single, common ancestor that utilized a version of the hydrogenotrophic

pathway (Berghuis et al., 2019) (Fig. 1). In the hydrogenotrophic pathway (Eq. 1), CO; is reduced
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to methane in seven, consecutive enzymatic reactions, with four reduction steps, which are medi-
ated by the electron carriers ferredoxin (Fd), coenzyme F4o0 (F420) and coenzyme B (HS-CoB). In
acetoclastic methanogenesis (Eq. 2), acetate (CH3COQ™) is initially activated to acetyl-CoA (CHj3-
COSCoA). The methyl group is then transferred to tetrahydromethanopterin (H4MPT) and then
into the classic hydrogenotrophic pathway (Welte & Deppenmeier, 2014), while the CoA-bound
carbonyl carbon is oxidized to CO,. In the methylotrophic pathway (Eq. 3), the methyl group is
transferred from methanol directly to HS-CoM to form methyl coenzyme M (CH3-SCoM). The
CH3-SCoM then disproportionates to either CO; in the oxidative reverse-methanogenesis pathway
or to methane in the reductive pathway. The reductive and oxidative branches of this pathway
operate at a ratio of ~3:1, to balance the electrons needed for the reduction of CH3-SCoM (Van-
wonterghem et al., 2016).

Anaerobic oxidation of methane (AOM) is an important process in mitigating the emission of
methane from anoxic sediments to the atmosphere (Egger et al., 2018). More specifically, AOM
is mediated by anaerobic methanotrophs (ANME) in a modified reverse-methanogenesis pathway,
where the same enzymes of the hydrogenotrophic pathway catalyze methane oxidation. The oxida-
tion is generally coupled to syntrophic sulfate, nitrate or ferric iron reduction (Scheller et al., 2010;
Thauer, 2011; McGlynn, 2017; Scheller et al., 2017).

1.2.2 Isotopic composition of methane

The hydrogen (D/H) and carbon (3C/!2C) isotope ratios of methane have been extensively used to
distinguish among environmental methane sources (Whiticar, 1999), yet the sources often overlap
in their characteristic isotopic compositions (e.g., Alstad & Whiticar, 2011), masking the source
of methane. Recent developments in the precise measurement of the abundance of the doubly-
substituted (“clumped”) isotopologues of methane (i.e., 13CH;D and '>CH,D,) further constrain
the temperature of methane formation under equilibrium conditions (Stolper et al., 2014; Ono et al.,
2014; Stolper et al., 2015). However, disequilibrium clumped isotope compositions are common
in laboratory and natural settings (Wang et al., 2015; Gruen et al., 2018; Young, 2019), and the
mechanisms that control these departures from equilibrium are incompletely understood.
Bioisotopic models have the potential to reveal details of the elusive mechanisms that control
such isotopic fingerprints. Such models have been successfully applied to microbial sulfate reduc-
tion by demonstrating how the sulfur isotope fractionations of individual steps in the pathway com-
bine to control the net fractionation (Wing & Halevy, 2014; Zaarur et al., 2017; Wenk et al., 2017).
Previous application of simplified isotope mass-balance models to the hydrogenotrophic methano-
genesis pathway assign EFFs of the intracellular intermediate reactions as free parameters without
any theoretical or experimental constraints (Wang et al., 2015; Stolper et al., 2015; Cao et al., 2019).
To address this gap, to facilitate the application of bioisotopic models to microbial production and

consumption of methane, and to allow a better understanding of data from laboratory experiments
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and natural environments, we provide hydrogen and carbon isotope and clumped isotopologue EFF
values for the three main pathways of methanogenesis and for ‘reverse-methanogenesis’ AOM.

1.3 Calculating equilibrium fractionation factors

Experimentally-measured EFFs are the basis for understanding the distributions of isotopes in many
geochemical systems, but the scope of these methods is often limited by long equilibration times
at low temperatures, potential fractionation during the sampling processes, and complex separation
procedures of the reactants and products. Early studies demonstrated that EFFs can be calculated
from the observed molecular vibrational frequencies using a simplified quantum mechanical model
of the experimentally measured molecular vibrations and rotations and expressed as a reduced par-
tition function ratio (RPFR) (Urey, 1947; Bigeleisen & Mayer, 1947). Subsequently, computational
methods such as Hartree—Fock (HF) (Roothaan, 1951) and DFT (Hohenberg & Kohn, 1964; Kohn
& Sham, 1965) provided an independent means of estimating the vibrational frequencies. These
approaches have been extensively used to study several systems of geochemical interest, primarily
for small molecules in the gaseous and aqueous phases, including sulfur compounds (Otake et al.,
2008; Eldridge et al., 2016), metals (Domagal-Goldman & Kubicki, 2008; Fujii et al., 2014) and
crystalline solids (e.g., Méheut et al., 2007). Application to large organic molecules in the aque-
ous phase has remained limited due to computational cost and inaccurate results. Accordingly, in
methanogenesis, experimental and theoretical work so far has focused on the small gaseous end-
members, namely the H,O-H;, CHs—H; and CO,—CHy4 systems (e.g., Suess, 1949; Bottinga, 1969;
Horibe & Craig, 1995; Horita, 2001), and not on the intracellular organic intermediates.

There have been attempts to calculate EFFs among large organic molecules for some elements,
such as Mg (Black et al., 2007; Moynier & Fujii, 2017), C (Rustad, 2009), Cu (Tennant et al., 2017)
and H (Wang et al., 2009a,b, 2013). Wang et al. (2009a; 2013) compared experimental and DFT
calculations (B3LYP/6-311G**) of hydrogen isotope EFFs of the C, positions in ketones finding
a good overall agreement. The B3LYP functional is commonly used in geochemical DFT calcula-
tions, and is the most commonly used functional in general. However, there are more modern and
cost-effective methods, such as M06-L (Zhao et al., 2006) or HCTH/407 (Boese & Handy, 2001),
and until recently the accuracy of these and other functionals in predicting EFFs of large organic
molecules has not been systematically compared. We recently conducted a thorough examination
of various DFT functionals and basis sets to determine the uncertainty associated with the pre-
diction of EFFs of H, C, N and O stable isotopes among large soluble organic molecules (Iron &
Gropp, 2019). The mean unsigned error (MUE) of these calculations in predicting the hydrogen
fractionation in the C, position of linear and cyclic ketones is 20.8%o, comparable to the results of
Wang et al. (2009a; 2013). For C, N and O isotopes, there was an insignificant difference between
the various methods, but the M0O6-L functional with the def2-TZVP basis set and the SMD solvation
model yielded the best fits, with an MUE of 2.3%o for carbon isotopes. In this study, we employed
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the best-fit DFT model (M06-L functional, def2-TZVP basis set, SMD solvation model) to calcu-
late a novel set of carbon and hydrogen equilibrium fractionation factors for the species involved in
the core methanogenesis and AOM pathways. This dataset can aid in the interpretation of isotopic
fractionations during methanogenesis and methanotrophy, in both laboratory cultures and natural
environments. Moreover, this dataset eliminates a degree of freedom from future bioisotopic mod-
els, which could potentially be used to understand disequilibrium methane isotope compositions
and their physiological and environmental implications. We will discuss the uncertainties in our
predictions and their implications for the observations of the isotopic composition of methane in
various systems.
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2 METHODS

2.1 Overview: the Bigeleisen—Mayer equation

The RPFR is the equilibrium fractionation factor of a given isotope pair in a given molecule:

3IN-6(5) .
ke = © 17 o) 1-ew(u)
o* &1 ui exp(—u;i/2) 1—exp(—uj)

“4)

where u; = hcw; /kgT, h is the Planck constant, ¢ is the speed of light, ®; are the vibrational fre-
quencies, kp is the Boltzmann constant, T is the absolute temperature, ¢ is the symmetry number
(most large organic molecules lack any symmetry so this term is often unity), and the asterisk de-
notes the species with the heavy isotope(s). The product runs over the 3N — 5 or 3N — 6 vibrational
frequencies of linear and non-linear molecules, respectively, where N is the number of atoms in
the molecule. The three ratios in the product are the classical factor accounting for rotational and
translational energy, the zero-point energy (ZPE) contribution, and the excitation factor. The RPFR
can be directly related to the 8 factor, which is the RPFR of a compound and an ideal monoatomic
gas. For single isotope substitutions, when the excess factors are ignored, B = RPFR, and the
(temperature-dependent) EFF between two species (o) that contain the rare isotope r is the ratio of
the respective Bs: "oty 5 ="Ba /" Ba.

We also calculated the EFFs of doubly-substituted (clumped) isotopologues that contain a sin-
gle 13C-D bond. The abundance of clumped isotopologues is commonly reported as the deviation
from the expected stochastic distribution, qu = (R?q /R} — 1) where i is the isotopologue of inter-
est, qu is the abundance of the clumped isotopologue relative to the nonsubstituted isotopologue at
equilibrium, and R} is its abundance at a stochastic distribution of the rare isotopes. We calculated
qu from RPFRs following Cao and Liu (2012), who suggested that qu of the clumped isotopo-
logue V'Y'Y,,_1, where V' and Y’ are the rare isotopes of atoms V and Y, respectively, and 7 is the

number of Y atoms in the molecule VY, can be calculated by the general relation:

A [ (0*/o) x VY RPFRyy, 5
V/Y/Yn,I - V/BVY % Y/ﬁVY ( )

where V/Y/RPFRVYH is the RPFR of the clumped isotopologue of interest. V/ﬁVYn and Y/ﬁVY,, are

approximately equal to the § values of single substitutions of V' and Y’ in VY, (Cao & Liu, 2012).
In addition to the internal equilibrium distribution of V=Y’ bonds in the molecule VY, (Eq. 5),
we are interested in the distribution of V'Y’ bonds in large organic molecules of the general form
xVY,, where x denotes an arbitrary molecular residue. We calculated the EFFs of reactions that
include a clumped isotopologue and distinguish between primary isotope effects, where a new V'—
Y’ bond is formed or broken:

V/ Y/ V/Y/
Aaviy VY Jevry' = Bavry X Bpvyr/" T RPFR yryr (6)

/Y/

7
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and secondary isotope effects, where an original V/~Y’ bond remains intact:

I~

Yoy vy =¥ RPER iyryr /¥ Y RPFR yryr (7)

2.2 Quantum mechanical calculations of partition coefficients for large or-

ganic molecules

All calculations were done with GAUSSTAN16 revisions A.03, B.01 AND C.01 (Frisch et al., 2016).
Based on its performance in predicting EFFs in large organic molecules (Iron & Gropp, 2019), we
chose the M06-L DFT exchange—correlation functional and def2-TZVP basis set (Andrae et al.,
1990; Kaupp et al., 1991; Leininger et al., 1996; Metz et al., 2000; Weigend & Ahlrichs, 2005).
Vibrational frequencies were scaled prior to being used in the Bigeleisen—-Mayer equation, using
previously determined factors (Aparm = 0.9965, Azpg = 0.9825). This has been shown to provide
a more accurate prediction of vibrational frequencies (Kesharwani et al., 2016). Separate scaling
factors were used for the harmonic frequencies and zero-point (vibrational) energy terms in Eq. 4
(for further details, see Iron and Gropp, 2019).

The original derivation of RPFR by Bigeleisen and Mayer suited molecules in a gas phase,
but biochemical reactions within the cells usually occur in the aqueous phase. Adding explicit
water molecules should, in principle, yield more accurate results for reactions in aqueous solution,
but this also increases the size of the system and associated calculation costs. Implicit solvation
models, which assume that the solvent effects can be described by the free energy cost of solvation
alone, thereby offering a substantial reduction in computational cost, are a common solution to this
issue (Tomasi et al., 2005). We generated the RPFRs of the end-member molecules in both the
gaseous and aqueous phases. To account for the aqueous phase, we used the SMD solvation model
of Truhlar and coworkers (Marenich et al., 2009).

In this work, we use the singly substituted hydrogen isotopologues as a proxy for the bulk D/H
ratios of the compounds, which is a common practice for isotopologues with atoms in equivalent
positions (Galimov, 2006; Wang et al., 2009a; Liu et al., 2010). We perform our DFT calculations
for frozen-geometry molecules, which produce distinct RPFR values for substitution of D for H in
the different positions of the methyl groups. The free rotation of the methyl group makes the three
C-H bonds equivalent and chemically indistinguishable, and we therefore calculate the RPFR of
the deuterated molecule from the arithmetic mean of RPFR values determined from the distinct
site-specific D/H-substitutions (Wang et al., 2009a).

Liu et al. (2010) considered a number of corrections to the Bigeleisen—Mayer equation, in-
cluding anharmonic effects and vibrational-rotational couplings. However, they studied small,
triatomic molecules, where these corrections are small. In our previous study, where we considered
much larger molecules, it was found that these terms were actually detrimental to the accuracy of
the results (Iron & Gropp, 2019). We hypothesized that the degradation of accuracy may result
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from the inclusion of these terms violating the underlying assumptions of the Bigeleisen—Mayer
equation, specifically, the assumptions of a rigid rotor and a harmonic oscillator, which in turn
allow the use of the Teller—Redlich product rule.

He et al. (2019) recently suggested that truncating large organic molecules to ease the calcu-
lation cost may have a negligible effect on '3 predictions when used with an implicit solvation
model. We chose to model the entire molecules, especially since none were too large for the avail-
able computer hardware. He et al. used the more expensive Mgller-Plesset (MP2) method, yet
we found that reliable results can be obtained using cheaper DFT methods and, in fact, MP2 is
inferior to many DFT functionals in predicting vibrational frequencies, which are the basis of the
Bigeleisen-Mayer equation (Eq. 4) (Iron & Gropp, 2019). In addition, in some cases, long-range
interactions, such as hydrogen bonds, may affect the vibrational frequency of the primary site, and
these effects might be overlooked if truncations are applied without the appropriate considerations.
A careful truncation of molecules can be effective, but it does introduce a new potential source of
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3 RESULTS

We calculated the RPFRs for position-specific single !3C or D substitutions and double '3C—D sub-
stitutions of the molecules that participate in anaerobic methane metabolisms at the M06-L/def2-
TZVP level of theory (Full details in Section 2.2). The results of these calculations are presented
in Tables 2—4, Table S.1 and Table S.2. The 13 and 28 values at 0-100 °C are presented in Fig. 2.
In general, 3B, 2B and !3?RPFR values at 25 °C covary with the carbon oxidation state, with the
exception of the '3 values for the methyl and carbonyl groups in CH3-COSCoA, the '3 for the
methyl group in CH3-COOH, and the 28 and '>*RPFR values for CHO-MFR, CHO-H4MPT and
CH=H4MPT" (Tables 2-4).

We calculated the EFFs (a®?) for the enzymatic reactions in the hydrogenotrophic, acetoclastic
and methylotrophic methanogenesis pathways. The full results at 25 °C, 50 °C and 75 °C are pro-
vided in Table 5 and Figs. 3-4. For each reaction, we report ¢-values based on 8 and RPFR values
through the relation " OCquB = Ba/PBB, where we arbitrarily chose compounds A to be upstream
of compounds B in the methanogenesis pathway. For convenience, we follow the convention of
reporting EFFs as a natural logarithm of ’oceAq_B in permil (%o) units (1000In¢). The fractionations
of reactions involving H,O are reported relative to HyO(). As calculation of the RPFR for lig-
uid H,O is notoriously challenging, we chose to apply the approach used by Wang et al., (2009a)
and calculate 23 of H>0/,) and use the zo‘?%omezo(g) reported for the range 0-374 °C (Horita &

Wesolowski, 1994), where ZﬁHZO(l) = ZﬁHzo(g) X zaffzo(l)_Hzo(g).

Notably, the carbon isotope fractionations of the reactions in the hydrogenotrophic pathway,
which add up to the net CO,—CHy4 carbon isotope fractionation, distribute almost evenly among
four steps in the pathway, three of which are carbon reduction reactions. The CO,—CHO-MFR,
CH=H4MPT*-CH,=H4MPT, CH,=H4MPT-CH3-H4MPT and CH3-H4MPT-CH3-SCoM carbon
isotope fractionations are all between ~14%o¢ and ~18%0, whereas the other reactions yield smaller
positive or small negative fractionations (Table 5). For hydrogen, primary isotope effects, in which
a C—H bond is broken or made, produce larger positive or negative hydrogen isotope fractionations
than secondary isotope effects, in which C—H bonds remain intact, besides the reaction between
F420H, and CH3-H4MPT which has a small primary EFF compared to its secondary EFFs (Fig.
4).

Using the RPFR values of the singly- and doubly-substituted isotopologues, we calculated the
equilibrium deviation of clumped isotopologues from a stochastic distribution at equilibrium (qu)
of each intermediate metabolite in the methanogenic pathways, as well as the clumped isotope
fractionations of reactions that involve doubly-substituted isotopologues ('>?a). In general, the A;
values increase with decreasing oxidation state, from Af?CDO_H4MPT =4.211%o0to A?;]CH3D =5.738%o
at 25 °C, and they depend inversely on temperature (Fig. S.1). The '>2a® values are similar in
magnitude to the corresponding product of >¢® and 2®d, but not equal, as demonstrated by the

10
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positive A?q values that we calculated. As suggested by Wang et al. (2015), the clumped isotope
13,2 13,2 13,2
) 9 I ’y

factor is a measure of the deviation of the fractionation from the expected stochastic distribution

fractionation factor can be expressed as o9 = B x 2¢59 x Y, where the unitless
(Fig. 5). For secondary isotope effects, where the !3C—D bond remains intact, 132y is very close to
unity with a mean of —0.17%o at 25 °C due to the similar magnitude of the A;? values. For primary
isotope effects, where a '>C—D bond is formed or broken, !3:2y is larger and can be directly related

to the qu of the reaction product through A?q = (1 / 13’2)/) —1.
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4 DISCUSSION

4.1 Beta values

The principles of equilibrium isotopic fractionation can explain the general trends observed in the
calculated 133, 2B and !3>RPFR values, where at a given temperature these values decrease with
the carbon oxidation state. The carbon oxidation state, ranging from +4 in CO, to —4 in CHy, exerts
first-order control over the carbon bonding environment, and specifically over the bond stiffness and
strength. A higher oxidation state generally corresponds to stiffer bonds and consequently larger
38,2 and '3*RPFR values at a given temperature. Similar correlations of B values and oxidation
state have been observed for S (Eldridge et al., 2016), Fe (Fujii et al., 2014), and Se (Li & Liu,
2011) isotopic fractionations. A natural consequence of this correlation is that, in general, we may
expect carbon reduction reactions to have carbon, hydrogen and clumped isotope EFFs larger than

unity.

4.2 Uncertainties in calculated fractionation factors

The uncertainties in our predicted EFFs would best be estimated by comparison with experimen-
tally determined isotopic fractionations. However, experimental evaluations of carbon, hydrogen
and clumped isotopic fractionations among the intermediate, intracellular metabolites of all three
methanogenic pathways have not yet been reported, with the exception of one investigation of the
carbon and hydrogen isotopic fractionation among CH3-SCoM, HS-CoB and CH4. Moreover, in
the methylotrophic and acetoclastic pathways, even measurements of equilibrium isotopic fraction-
ations between the pathway end-members have not been reported. In the absence of experimental
constraints on the isotopic fractionation factors, we follow the approach taken in previous studies
for assessing the accuracy of DFT calculations of EFFs of large organic molecules. The 95% con-
fidence interval (CI95) associated with the comparison of calculated and experimental hydrogen
EFFs was found to be +5%o to +10%o for linear ketones (Wang et al., 2009a) and 410%o to £30%o
for cyclic ketones (Wang et al., 2013), at the B3LYP/6-311G** level of theory. More recently, we
extended the evaluation to isotopes of C, N and O (Iron & Gropp, 2019). The associated CI95 for
C, N and O isotopes is +2.5%c. However, CI95 represents only the uncertainty in the parameters
of the regression model, and the predictive power of our DFT calculations is more rigorously cap-
tured by the 95% prediction interval (PI95). The nonsimultaneous observation bounds of the PI95
are £30%o for hydrogen isotopes and £8%o for carbon isotopes. While the benchmark database
on which these PI95 are based is limited in its coverage of different functional groups, we sug-
gest that it is currently the most suitable alternative to experimental constraints when attempting to

determine the actual magnitude of the uncertainty.
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4.3 Comparisons with previous experimental and theoretical studies

To validate our calculated EFFs, we compare our results with previous experimental observations

and theoretical predictions of EFFs.

4.3.1 Isotopic fractionation in the CO,-CH4-H,0-H, system

The small, volatile end-members of the hydrogenotrophic methanogenesis pathway have been well
characterized in both theoretical and experimental studies, and the efforts to better constrain the iso-
topic fractionations among them are ongoing. Four EFFs are of interest: (i) the CO,—CHy carbon
isotopic fractionation, (if) the HyO-H, hydrogen isotopic fractionation, (iii) the CH4—H; hydrogen
isotopic fractionation, and (iv) the CH4—H>O hydrogen isotopic fractionation. For hydrogen iso-
topes, we also present here the results using the HCTH/def2-TZVP level of theory. Overall, our
predictions based on the M06-L/def2-TZVP and HCTH/def2-TZVP levels of theory yield good
agreement with previous estimates of the fractionation factors, as discussed below.

Our results for case (i) agree with 10001n1306‘3’CqO27CH4 values calculated using measured vibra-
tional frequencies over a temperature range of 0-700 °C (Richet et al., 1977) and with experimental
observations of 10001n13oc§:%2_CH4 over a temperature range of 200-700 °C (Horita, 2001; Kueter
et al., 2019) (Fig. 6a). To our knowledge, CO,—CH, carbon isotopic fractionations have not been
experimentally measured below 200 °C, but the agreement of our theoretical predictions with the
available, high-temperature experimental data provides confidence in our predictions at lower tem-
peratures.

For case (ii), our 1000In? ai?zo_Hz values generally agree with previous experimental measure-
ments at low and high temperatures (Cerrai et al., 1954; Rolston et al., 1976) (Fig. 6b). Rolston
et al. (1976) measured fractionation between HyO(;y and Hy(,). Our HyO-H, hydrogen isotopic
fractionations using M06-L are comparable but slightly higher than other modeling studies based
on spectroscopic data rather than DFT (Suess, 1949; Bardo & Wolfsberg, 1976). Our H,O-H; hy-
drogen isotopic fractionation based on the HCTH functional produce a better fit to the observations,
which is identical to the prediction of Bardo & Wolfsberg (1976).

In case (iii), our IOOOInZOCeC(%{rH2 values calculated at the M06-L level of theory are larger by
40-45%0 than the values measured in the temperature range 200-500 °C (Horibe & Craig, 1995)
(Fig. 6c), while the HCTH level of theory produces a better fit in this temperature range (only
10-30%o larger than the experimental values). At this range of temperatures, there is disagreement
between published theoretical estimates of the CHs—H, equilibrium hydrogen isotopic fractiona-
tion (Bottinga, 1969; Richet et al., 1977). Our results agree with those of Richet et al. (1977) and
are smaller by 0-30%o than the fractionations calculated by Bottinga (1969). Of all published the-
oretical estimates of the CHs—H, equilibrium hydrogen isotopic fractionation, our calculations at

the HCTH level of theory are closest to the available high-temperature measurements. At temper-
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atures lower than 100 °C, which are relevant for biological activity, there are no experimentally-
determined CH4—H; equilibrium hydrogen isotopic fractionations. At these temperatures there is
an even larger discrepancy between all available theoretical predictions and a linear regression of
zaec%u—Hz on 10%/T, extrapolated from experimental results at 200-500 °C (Horibe & Craig, 1995).
Reconciling these discrepancies is beyond the scope of the current study, requiring experiments
to determine the CH4—H; equilibrium hydrogen isotopic fractionations at temperatures lower than
200 °C.

For case (iv), there are no direct measurements of the CH4—H;O equilibrium hydrogen iso-

topic fractionation, IOOOInZaquHrHZO and a common practice is to combine available values

W’
of 1000In*ogyy, ) and 10001n2a§?27H20(1). There is a striking disagreement among the different
combinations of 1000In?eccyy, yy, and 1000In* et _yy o values, with 1000In® gy, _yy o Tanging
from —110 to —300%o at 0 °C and from -85 to —210%. at 60 °C (Fig. 7a). Most of this spread
stems from the uncertainty in 10001n2056CqHFH2 values at low temperatures. To date, most inter-

pretations of environmental 10001n2a§§{47H20 values rely on the extrapolation of the 200-500

°C experimental results (Horibe & Craig, l99<15>) to environmentally-relevant temperatures (e.g.,
Proskurowski et al., 2006; Wang et al., 2017). As noted above, this extrapolation does not agree
with any method of theoretical calculation. We collected from the literature 165 environmen-
tal samples of biological origin from marine sediments and gas reservoirs (Table S.3) and com-
pared their measured CH4—H»O(;) hydrogen isotopic fractionation to the calculated temperature-
dependent 1OOOln2aquH4_H2O(l) (Fig. 7a-b). We also compiled 183 values of measured CO,—
CHy4 carbon isotopic fractionations from the same locations and their deviation from the expected
temperature-dependent 1000111130‘?:(102ch4 (Fig. 7c). We found that the distribution of the devia-
tions of the CO,—CHy4 apparent carbon isotopic fractionation from isotopic equilibrium has a dis-
tinct peak at zero, which we interpret as evidence of carbon isotope equilibration in the CO,—CHy
system. This may suggest that the hydrogen isotopes in the CH4—H;O system are also at (or close
to) isotopic equilibrium. If this is the case, the distribution of compiled apparent hydrogen isotopic
fractionations may inform the choice of DFT theory and constrain the error on our calculated hy-
drogen isotopic fractionation factors. The distribution of the deviation of the CH4—H>O;) apparent
hydrogen isotopic fractionation from isotopic equilibrium calculated with the M06-L functional
has a distinct peak at zero, whereas with HCTH the distribution peaks at ~20%o, suggesting that
the M0O6-L functional provides a more accurate prediction in this case.

4.3.2 Isotopic fractionation between large organic molecules in the methanogenesis pathway

To our knowledge, the equilibrium hydrogen isotopic fractionation between CH3-SCoM and CHy
(lnzocec%s_SCOM_cm) is the only experimentally determined fractionation between intracellular in-
termediate metabolites in the methanogenesis pathway. Scheller et al. (2013) investigated the ki-

netic isotopic fractionation in the Mcr-catalyzed reaction, the final step in methanogenesis. EFFs
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can be calculated from the kinetic fractionation factors (KFFs) of the reverse and forward reactions:
rayl g ="okn , /rakn o where "ok, , and "aK, 5 are the reverse and forward KFFs, respec-
tively. While Scheller et al. (2013) did not report. 10001n> aEqH3—SC0M—CH4’ we calcula.ted a value of
174+42%o at 60 °C, based on their measured 2o _scom scp, (0-84010.01) and 20ty gy, _scom
(0.855+0.05) taking into account error propagation. Our calculated value of 40.4%o at this temper-

ature is within error of the experimental value.

€q
433 Ao

For methane, our predictions of Afg‘CH3D in thermodynamic equilibrium agree well with previous
theoretical and experimental estimates (Webb & Miller, 2014; Liu & Liu, 2016; Eldridge et al.,
2019). There are currently no available measurements of the intermediates in the methanogenesis

pathway to which we can compare our results.

4.4 Implications of predicted EFFs for methanogenesis and methanotrophy

Methanogenesis is characterized by large and variable CO,—CHy carbon isotopic fractionations
(tens of permil) and CH4—H>O hydrogen isotopic fractionations (hundreds of permil). Variation
within these ranges has been hypothesized to be controlled by the degree of reversibility of the
enzymatically-catalyzed reactions (Valentine et al., 2004; Wang et al., 2015; Stolper et al., 2015).
The net isotopic fractionation of any individual biochemical reaction varies between thermody-
namic and kinetic end-members. The thermodynamic end-member is the product of a fully re-
versible reaction, and it gives rise to a substrate-product isotopic fractionation equal to the EFF
between these compounds. The kinetic end-member is well-defined for a single reaction as the
isotopic fractionation when that reaction is unidirectional, and it is equal to the ratio of the isotope-
specific rate constants of the reaction. The kinetic end-member depends on the reaction mechanism,
which depends on the structure of the enzyme catalyzing the reaction, and on the exact substrates
participating in the reaction. Thus, the kinetic end-member may vary for different microbial strains
and physiological conditions.

As a reaction departs from equilibrium, for example in response to an increase in substrate
concentration, its isotopic fractionation will transition smoothly from equilibrium to the kinetic
fractionation (DePaolo, 2011; Wing & Halevy, 2014). For the reaction r == p, the net isotopic

fractionation from metabolite pools r to p at a steady state (") can be calculated from the EFF

r=p
(a3 ), the forward KFF (a}‘ﬂ}p) and the ratio of the backward and forward mass fluxes of the
reaction (f) ,):
ki ki
ot = (o, — i, ) £+ o, ®)

The thermodynamic end-member is expressed when the reaction is fully reversible (f,, = 1) and

Eq. 8 reduces to Otfftp = Oc,eﬂp. The kinetic end-member is expressed when the reaction is uni-
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directional (f, , = 0), and Eq. 8 reduces to anet = aX" . In a linear reaction network with the

r—p-*
metabolite pools s, r and p such as s = r = p, differenlz steps have fractionations that differen-
tially depart from their individual thermodynamic equilibrium fractionation end-members to give
a range of disequilibrium fractionations of the total reaction network (Wing & Halevy, 2014). The
net isotopic fractionation between s and p at a steady state can be calculated from the recursive
expression:

i, = (o0 x 037, — ol )y + al, ©)
(See Appendix A and Wing & Halevy (2014) for more detiles). In this case, the thermodynamic
end-member is expressed when both reactions are fully reversible (f,.; = f» - =1) and Eq. 9 reduces
to og?itl, = o, 0 » X o3 ,. The kinetic end-member is expressed when the most upstream reaction is

“e‘ = X1 . A range of disequilibrium net isotopic

unidirectional (f.; = 0), and Eq. 9 reduces to o,
fractionations between these values is expressed upon progressive departure from equilibrium (e.g.,
with increasingly negative AGy), and the transition may not be monotonic due to the dependence
on the reversibilities and KFFs of individual reactions. This approach is only applicable to linear
metabolic networks, and we use it here to explore the possible effect of the AG; (and rate) of
hydrogenotrophic and acetoclastic methanogenesis and anaerobic methanotrophy on the carbon
isotopic fractionation (Sections 4.4.1, 4.4.4 and 4.4.5).

In some metabolic networks, the isotope exchange reaction involves three compounds rather
than two, such as for hydrogen atoms in the hydrogenotrophic pathway. For example, in the reaction
aY, +bY,, = cY,ym, where a, b and ¢ are arbitrary organic residues, Y is the atom of interest
and n and m are the stoichiometric coefficients of Y. For brevity, we will denote this reaction as
r1+ry = p, where ry isaYy, r2 18 bY,, and p is ¢Y,+,. The change of the isotopic composition of

compound p with time can be expressed as:
d 1 ;
ar K 1l [%’ (” “o Ry e oSt R ) B
Opr-Rp (1 < P—>r1 +m- akﬂQ) _Rp(m+n> (‘prp - ‘Ppr)] , (10

where ¢, and ¢, are the net forward and reverse mass fluxes, respectively, and R, R,, and R, are
the ratios of the rare and abundant isotopes in pools r{, r» and p, respectively. In the spemﬁc case of
a chemical and isotopic steady state, the isotopic composition of p is constant, and % ([p]-Rp) =0.

Rearranging the equation yields an analytical solution for R, at a steady state:

Orp (n 0%, Ry +m- 50, Ry,
(Ppr ( O‘pﬂrl +m- a}fﬂm) + (m + ") (¢rp - ¢pr>

R, = (11)

(see full derivation of Eqgs. 10 and 11 in Appendix B.1). In a metabolic network with multiple
sources of an atom of interest, extending the expression in Eq. 11 is impractical, unless we im-

pose constraints over the values of the mass fluxes and isotope effects (e.g., Cao et al., 2019). To
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avoid prior assumptions, the net isotopic fractionations in such a system can be determined nu-
merically by solving an isotopic mass balance such as in Eq. 10 for every metabolite as a set of
ordinary differential equations. The numerical solutions do not provide the same intuition as an-
alytical expressions, and in some cases the systems can be simplified to produce an approximate
analytical solution. Next, we will discuss one such simplified analytical solution for the hydro-
gen isotopic fractionation between CH,4 and H;O in the hydrogenotrophic pathway (Section 4.4.2)
and a numerical solution for carbon isotopic fractionation in the methylotrophic pathway (Section
4.4.3). In both cases we discuss isotopic fractionations observed in laboratory cultures or environ-
mental samples. These apparent isotopic fractionations between compounds A and B is defined
by "ota—g = "Ra/"Rp and presented using the 1000In” as_p notation. These isotopic fractiona-
tions represent combinations of the equilibrium and kinetic isotopic fractionations (Section 4.4)
and should not be confused with the EFFs (1000In” Ociq_B) or KFFs (1000In” algilB).

4.4.1 Carbon isotopes in the hydrogenotrophic pathway

Fractionation of carbon isotopes in the hydrogenotrophic methanogenesis pathway (1000In'3 0(cO,—CH,)

ranges from ~10%o to ~90%o in laboratory cultures, and correlates with the net AG; and the cell-
specific rate of methanogenesis (Valentine et al., 2004; Penning et al., 2005; Takai et al., 2008;
Okumura et al., 2016; Topcuoglu et al., 2019). Cultures grown at small negative AG; (e.g., low con-
centrations of Hy) often show 1000In3 0co,—cH, values larger than the equilibrium carbon isotopic
fractionation (the temperature-dependent EFF). For example, batch cocultures of methanogens and
syntrophic partners grown on propionate at 37 °C have apparent 1000In'3 0co,—cH, Vvalues of 64%o-
89%o with a mean of 78%o (Penning et al., 2005), larger than the calculated temperature-dependent
EFF of 64.8%o at the same temperature. Batch cocultures grown on formate at 82 °C have apparent
10001n13occo2,CH4 values of 73%0¢-85%o, again larger than the temperature-dependent calculated
EFF of 53.45%¢ (Topguoglu et al., 2019). Larger-than-equilibrium carbon isotopic fractionations
have also been observed in pure cultures grown in chemostats although with smaller deviations
from the EFF, probably because the departure from equilibrium was large enough (i.e., AG; was
negative enough) that the combined reversibilities and KFFs resulted in smaller net isotopic frac-
tionations (Valentine et al., 2004; Topcuoglu et al., 2019). Larger-than-equilibrium carbon isotopic
fractionations have also been observed in incubation experiments with deep aquifer groundwater
(Hattori et al., 2012). We compiled the apparent 10001n13()c(302_CH4 values available in the litera-
ture for pure culture, coculture and enrichment experiments. Comparing these measurements with
the calculated temperature-dependent EFFs we found a bimodal distribution with peaks at +10%o
and —20%o (Fig. S.2). Most of the values larger than the corresponding temperature-dependent
EFF are from batch culture experiments. However, we only consider data that were not affected
by Rayleigh distillation, that is, experiments where the isotopic composition of the substrates was

similar to the initial isotopic composition throughout the experiment.
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a27 Previous models of microbial methanogenesis suggested various scenarios in which the re-
w28 versibility of the metabolic pathway shapes the relationship between 10001n13aC02—CH4 and AG;
220 or the cell-specific methanogenesis rate. In these models, the EFFs and f for the various steps in
10 the reaction network were treated as free parameters. We used our calculated EFFs at 25 °C and
s1  the mathematical framework for linear metabolic networks outlined in Section 4.4 to explore some
12 of the previously suggested scenarios:

433 (i) Gradual and uniform departure from equilibrium of all steps in the pathway (Wang et al.,
434 2015).

a5 (i) Isotopic equilibrium between CO, and CH3-H4sMPT or CH3-SCoM, and variable reversibil-
436 ity of the Mtr- or Mcr-catalyzed reactions (Alperin & Hoehler, 2009; Stolper et al., 2015).

a7 (iii) Differential reversibility of the different reactions in the pathway (Cao et al., 2019).

ss  For each scenario, we used some combination of f values in the recursive term in Eq. 9 to estimate

439 10001n13occoz,cH4 (Table 7). We assigned 1000In'3 oXiM of 20%o. for all the reactions in the path-

a0 Wway, except for 10001n13aéi§3_SC0M _,cn,» Which has been experimentally measured to be ~40%o

a1 (Scheller et al., 2013). Details of the calculations are in Appendix A).

442 In scenario (i) of uniform departure from reversibility, the minimal, kinetic end-member 1000In!3 0(cO,—CH,4
w3 value (i.e., when f = 0) is 20%o, consistent with fractionations measured at large negative AG;. In

as  this case, only the KFF of the most upstream, Fmd-catalyzed reaction (1n13061882 _.CHO-MFR) 1S €X-

ws pressed, and the net fractionations of the other reactions in the network (in this case, all '3
us values as f = 0) are not expressed (Eq. 9). The maximal 10001n]3(XC02_CH4 depends on the
13 o kin

447 values assigned to the different reactions. For 3 gkin yalues smaller than 60%o, the max-

as  1mal 10001n13oc(;02,CH4 is the thermodynamic equilibrium carbon isotopic fractionation of 69%o.

mo  Larger-than-equilibrium 10001n13(xc02,CH , values require 3 okin yalues larger than 60%.. For ex-

0 ample, a 100()1n13occo2_CH4 value of 75%o at 25 °C would require 3o values of ~80%o for the
ss1 reactions catalyzed by Mtd, Mer and Mtr. Though we cannot rule them out, to the best of our
s> knowledge carbon isotope KFFs of such magnitude have not been measured. Within the limits of
53 observed carbon isotope KFFs, the assumption of a uniform departure from equilibrium places a
ss¢  hard limit on the maximum value of 10001n1306c02—CH4, which is smaller than the observed net
45 carbon isotopic fractionation.

456 In scenario (i7), the reactions from CO, to CH3-SCoM are fully reversible (i.e., f = 1), and only
ss7 - the most downstream, Mcr-catalyzed reaction departs from reversibility. When implemented in the
s framework described above, the range of possible lOOOlnlg’occoz_CH4 is 69-106%c. The maximal
459 lOOOInISOcCOZ_CH4 value is due to substitution of the small CH3-SCoM-CH4 EFF (we calculated
w0 1.6%0 at 25 °C) by the much larger KFF of the Mcr-catalyzed step (40%c; Scheller et al., 2013).

w1 In this scenario, 10001n13occo2,CH4 cannot be smaller than 69%o, which is inconsistent with the
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large number of 10001n13’occoz,cH4 measurements that are smaller than this value, and suggesting
that the departure from equilibrium of the last steps in the pathway cannot be the sole process
responsible for the observed range of CO,—CH4 carbon isotopic fractionation.

In scenario (iii), Cao et al. (2019) explored combinations of differential reversibility in methano-
genesis, focusing on clumped isotopologues. They suggested binary f values (either O or 1) for the
reactions catalyzed by Fmd, Mtd, Mer and Mcr. Using our calculated EFFs, we find that the binary
scenarios yield 10001n13ac02_CH4 covering the range of observed values (20-106%0). The largest
10001n13()c(302_cH4 value is obtained, as in scenario (ii), when f = O for the Mcr-catalyzed reac-
tion and f = 1 for all other reactions in the pathway. In this case, a combination of the KFF of the
Mcr-catalyzed reaction (40%o) with the equilibrium CO,—CH3-SCoM carbon isotopic fractionation
(~69%o) leads to the net 10001n13aco2_CH , of 109%o. The smallest 10001n13aC02—CH , 18 obtained,
as in scenario (i), when f = 0 for the Fmd-catalyzed reaction, leading to expression of only the KFF
of that reaction (prescribed to be 20%o).

We conclude that both scenarios (i) and (iii) are capable of covering the entire range of observed
10001n13occo2_CH4. However, both scenarios invoke arbitrary combinations of the reversibility of
the steps in the pathway, and scenario (i) also requires unrealistic carbon isotope KFFs. We note that
in all models suggested to date, the reaction reversibilities were assigned rather than calculated, and
it seems that a more detailed metabolic model is required to explain the nuances in the dependence
of 1000In'3aco, —c, on AG;.

4.4.2 Hydrogen isotopes in the hydrogenotrophic pathway

Fractionation of hydrogen isotopes during hydrogenotrophic methanogenesis in laboratory cul-
tures ranges from ~—100%o0 to —600%o0 and displays a weaker dependence on AG; than the carbon
isotopic fractionation (Valentine et al., 2004; Stolper et al., 2015; Okumura et al., 2016). Ob-
served 10001n2(xCH4_H20 values deviate significantly from the expected CH4—H>O hydrogen iso-
tope EFF (Fig. 6). For example, in two different experiments grown at 55°C and low H; con-
centrations (< tens of uM), one a coculture and the other a deep aquifer groundwater incuba-
tion, the 10001n205CH4,H20 values of —320+12%o0 and —393443%o, respectively, are significantly
more negative than the temperature-dependent equilibrium fractionation of —175%o at this temper-
ature (Yoshioka et al., 2008; Hattori et al., 2012). Similar to carbon isotopes, such deviations of
lOOOlnzocCH4_H20 from the temperature-dependent hydrogen isotope EFF may arise from varia-
tions in the reversibility of the metabolic pathway, depending on the AG;. In contrast to carbon
isotopes, hydrogen isotope deviations from the EFF may also arise from mixing of hydrogen atom
sources through direct incorporation of hydrogen atoms from H, in the Hmd-catalyzed reaction.
There is ample evidence that this only occurs at high H, pressure or during exponential cell growth
(e.g., Kawagucci et al., 2014; Okumura et al., 2016). Thus, it seems likely that the large, negative

10001n? O(cH,—H,0 Values observed in cultures grown at low H; concentrations are due to departure
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from equilibrium and expression of KFFs, not incorporation of hydrogen from Hy.

Hydrogenotrophic methanogenesis involves the stepwise addition of four hydrogen atoms in
four individual reactions (Fig. 1). Each of these additions is characterized by an individual net
CH4—H,0 hydrogen isotopic fractionation, which depends on the reaction reversibility and the
equilibrium and kinetic end-member fractionations. The overall 10001n? OcH,—H,0 Vvalue depends
on these individual fractionations in ways that may not be intuitive. In the extreme case that all
hydrogen addition reactions are unidirectional (i.e., f = 0), for example at very large negative AG;
of the methanogenesis reaction, the overall 10001n? OcH,—H,0 value will be the average of the four
KFFs associated with these reactions. As primary hydrogen isotope KFFs are generally large (e.g.,
IOOOZaléiﬁySCOM cn, is ~890%o at 60 °C; Scheller et al., 2013), the expectation in this case is a
substantially larger-than-equilibrium net 1000In?oicy +—H,0-

Unlike carbon isotopes, for which the reaction network is linear, there are four distinct steps
in which exchange of hydrogen isotopes between methane and water may occur. The exchange
does not occur directly with intracellular water, but through various intracellular metabolites with
isotopic compositions that are related to that of the intracellular water. For example, in the Mcr-
catalyzed reaction, one hydrogen atom is transferred from HS-CoB to CH3-SCoM, yielding methane
with a net CH4—H>O hydrogen isotopic fractionation that depends on the reversibility of this re-
action. If the Mcr-catalyzed reaction fully departs from equilibrium (f = 0) to express its KFF,
the total 1000In2 oy .—H,0 Will deviate from the calculated EFF, even if the other three hydrogen
addition reactions result only in equilibrium isotope effects. In this case (See Appendix B.1 for full
derivation), the net CH4—H;O hydrogen isotope fractionation at a steady state between HS-CoB
and methane is:

net 3 2 . kin 2 ..,eq l 2 kin €

2OCCHFHZO =1 ( O'CH;-SCoM—CH, aHzofCHyscOM) + 1 ( OUFiS-CoB—sCH, / Zaliost-cOB .
(12)
In other words, even if three of the four hydrogen atoms in CHy reflect equilibrium between H,O
and an intracellular CH3-S-CoM intermediate, departure of the last hydrogen addition reaction from
equilibrium will result in a disequilibrium net 10001n2 O(cH,—H,0- Using our calculated EFFs at 25
°C and literature KFFs for this reaction (2 O‘l((:iﬁyscc)M ~cn, =0.85and Zon. o _cn, = 0.41; Scheller
et al., 2013) Eq. 12 yields a 1000In” oy ,—H,0 value of —=507%o, compared to the calculated EFF of
—195%o. The standard AG; (AG?) of Mcr is ~—30 kJmol~!, and it has been suggested that during
methanogenesis the last hydrogen addition reaction is effectively irreversible (Thauer, 2011). Eq.
12 demonstrates how the KFFs that are associated with Mcr are sufficient to drive deviations of the
net CH4—H;O hydrogen isotopic fractionation from equilibrium by more than 300%o.
On the other hand, if the Hdr- and Mcr-catalyzed reactions are at or close to equilibrium (f — 1),
disequilibrium upstream of the Mcr-catalyzed reaction does not impact the net CH4—H;O fraction-

ation, which will reflect the equilibrium exchange of hydrogen isotopes between CH4 and H,O (via
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HS-CoB):

2 net _ (2,29 2 ..,eq
*CH,-H,0 = ( s con—cH,/ aHgO—HS-CoB)' (13)

Given the thermodynamic favorability of the Mcr-catalyzed hydrogen addition reaction, near-equilibrium

of this reaction concurrent with disequilibrium of the upstream hydrogen additions is unlikely,
and this hypothetical case serves only to illustrate the situation in which downstream equilibrium
exchange of hydrogen isotopes with water (via HS-CoB) overprints upstream hydrogen isotopic
fractionations. This is in contrast with linear reaction networks in which isotopic exchange only
occurs among metabolites in the main reaction chain, such as carbon isotopes in methanogenesis
or sulfur isotopes in dissimilatory sulfate reduction. In such linear networks, it is upstream kinetic
control that mutes isotopic fractionation inherited from downstream reactions (Wing & Halevy,
2014), opposite to the hypothetical case discussed above.

4.4.3 Methylotrophic pathway

The methylotrophic pathway is underrepresented in the literature compared to the hydrogenotrophic
pathway, and thus there is a smaller database with which to compare our results. Most of the data
are from laboratory experiments, which are important as they are often used to assess the specific
pathway of microbial methane production in the environment (e.g., Zhuang et al., 2018). However,
the main controls on carbon and hydrogen isotopic fractionation in these pathways remain unclear,
as do their dependencies on AG;. Below, we discuss the implications of our predicted EFFs for the
methylotrophic pathway, focusing on carbon isotopes.

Net carbon isotopic fractionation between methanol and methane 1000In '3 Gethanol—cCH , during
methylotrophic methanogenesis in laboratory cultures spans a relatively narrow range of 67-83%o
(Krzycki et al., 1987; Londry et al., 2008; Penger et al., 2012, 2014), and methylotrophic enrich-
ment cultures display carbon isotopic fractionations of up to 90%o (Rosenfeld & Silverman, 1959).
It is unclear whether these limited observations cover the entire range of physiologically relevant
conditions, but it is clear that the range of 1OOOIn13ocmethanol,CH4 values is much larger than our
predicted EFFs that are 19.1-20.9%0 at 25-40 °C. Methanol conversion to methane is a dispro-
portionation pathway, where methanol molecules are either fully oxidized to CO, or reduced to
methane (Fig. 1). Assuming that all methanol is used to produce chemical energy and not to gen-
erate biomass, a 3:1 ratio of reduction:oxidation (R;/,) is expected to account for cycling of the
electron carriers. However, R,/, may vary if the cells utilize some of the methanol to generate
biomass, which requires reducing equivalents. The reducing equivalents in this case are reduced
coenzyme Fy0 and ferredoxin, which are produced in the reverse methanogenesis pathway from
CHj3-S-CoM to COs.

We explored the dependence of 10001n]3amethanolfCH4 and 1()001n]3ocmethano1,co2 on the re-
versibility of the pathway and on R, ,, and to this end developed a simplified isotopic mass balance

to find the isotopic fractionation in the methyltrophic pathway at steady state (see Appendix B.2).
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We reduced the pathway to its three main branches: (1) from methanol to CH3-S-CoM, (2) from
CHj3-S-CoM to CHy, and (3) from CH3-S-CoM to CO,. We assign KFFs in the range 30%o to 50%o,
assign a value to R, ,,, and use our calculated EFFs at 25 °C. We assume 75% reversibility between
CH3-SCoM and CO; (f3 = 0.75), repeatedly (N = 10,000) pick random reversibility values for
reactions 1 (f1) and 2 (f>) from a uniform distribution between 0 and 1, and calculate the possible
range of 1000In' pehanot—cr, and 1000In!3 pethanol—co, values (Table 7).

For R,/, = 3:1, 10001n]3amethan01,CH4 is 55-70%0, covering the lower range of the experi-
mental observations. At Rr/o = 1:1, the range of 10001n13a1nethan01—CH4 shifts to 60-90%o (Fig.
8, left), closer to the observed range and suggesting that the ratio of methanol reduction to ox-
idation may, in some cases, be appreciably lower than 3:1 due to a biosynthetic shunt. At the
theoretical extreme case of R, /, = 20:1, there is almost no oxidation of methanol to CO», and the
IOOOlnBOcmemanol,CH4 range is 35-55%o. These small IOOOlnBOcmemanol,(;H4 values indicate that
the oxidation to CO; is required to generate the observed range of carbon isotopic fractionation be-
tween methanol and CHy. There are currently no known available measurements of methanol limi-
tation conditions, and we have no indication whether at very low rates of methylotrophic methano-
genesis 10001n13Ocmethanol,CH4 values approach the EFF.

In this study, we calculated an equilibrium methanol-CO, carbon isotopic fractionation (1000In'3

of —47.8%o at 25 °C, while at R, /, = 3:1 our model predicts a range of net carbon isotopic frac-
tionations between —25%o and 0%o (Fig. 8, right). At R/, = 1:1, the range shifts to —20%o to
20%o. The upper end of this range is similar to the ~20%o fractionations measured in a labora-
tory cultures (Penger et al., 2012). These values are complemented by the methanol-biomass and
methanol-lipid carbon isotopic fractionations, which are also large and positive (>30%o; Londry
et al., 2008) and which stem from the same metabolic branch. In our model, the large, positive
10001n13’ocmethanol,co2 values required that the reversibility of the CH3-SCoM to CO, branch is
lower than 75%, because the calculated EFF is large and negative. At low reversibility of the
methanol oxidation reaction, the net methanol-CO, fractionation shifts from the large, negative
EFF to the large, positive KFF. Overall, this suggests a dominance of kinetic isotope effects in
methylotrophic methanogenesis, at least under the conditions explored in laboratory culture exper-

iments.

4.4.4 Acetoclastic pathway

The isotope effects in the acetoclastic pathway, similar to the methylotrophic pathway, are not well-
studied. During acetoclastic methanogenesis, acetate dissociates to a methyl group (C;), which
is reduced to CH3-H4sMPT and later released as CHy4, and to a carboxyl group (C;), which is
released as CO,. The acetoclastic pathway has a smaller carbon isotopic fractionation between
the substrate and CHy (10001n13aacetate(Cl)—CH ,) than the hydrogenotrophic and methylotrophic
pathways, with a range of 7-35%0 (Krzycki et al., 1987; Gelwicks et al., 1994; Penning et al.,
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2006; Londry et al., 2008; Goevert & Conrad, 2009). Published measurements of the fractionation
between the carboxyl group of acetate and CO; (IOOOIHISaacetate(Cz)—COZ) are in the range of 35-
47%o in laboratory experiments and as low as 9%o in a rice field soil incubation (Goevert & Conrad,
2009). We calculated the acetate—-CH4 and acetate—CO, carbon isotope EFFs of 16.3%0 and —
13.3%o, respectively, at 25 °C. The equilibrium carbon isotopic fractionations between the C;
atoms in acetate and those in acetyl-CoA and CH3-H4MPT are —0.4%0 and —3.3%o, respectively.
The largest equilibrium carbon isotopic fractionation in this pathway is associated with the methyl
group transfer between CH3z-H4MPT and CH3-S-CoM (17.9%o).

We explored the dependence of 10001n13ocacetate(cl),CH4 and 10001n13Ocacmte(cz),co2 on the
reversibility of reactions in the pathway using the recursive expression in Eq. 9 for linear metabolic
networks (details in Appendix A). A scenario of full reversibility (i.e., isotopic equilibrium) in
the steps before the Mcr-catalyzed reaction and variable expression of 13aléilr'll3—SCOM _cn, Yields a
10001n13aacetate(cl),CH , value between 16%o and 53%o at 25 °C depending on the reversibility of
the Mcr-catalyzed reaction (Table 7). This calculated range covers most of the range observed in
laboratory experiments, but it also dictates that 10001n13aacetate(cz),C02 is equal to the acetate—CO,
carbon isotope EFF (—13%0), much lower than the observed range. This suggests that the observed
ranges of carbon isotopic fractionations between acetate and CO, or CH4 are due to expression of
kinetic isotope effects not only in the Mcr-catalyzed reaction but also in the first two reactions in
the acetoclastic pathway (catalyzed by Ack/Pta and Cdh, Table 1).

4.4.5 Anaerobic methane oxidation

In reverse-methanogenesis AOM, the EFFs are the inverse of those in hydrogenotrophic methano-
genesis, with the expected 10001n13ocquH4_CO2 in the range of —50%o to —70%o, depending on tem-
perature. To date, there are only a few measured IOOOInIB’OCCHrCO2 and IOOOIHQOCCHFHZO values
of AOM in laboratory cultures, with ranges of 12-38%0 and 103-274%o, respectively (Holler et al.,
2009). This enrichment of methane in '3C and D contradicts the trends predicted by the EFFs
for these reactions, suggesting that under the conditions of the available experimental results, the
kinetic fractionation of carbon and hydrogen isotopes of steps in the pathway contributed to the
observed net fractionations. There are limited observations at low sulfate availability (< 0.5 mM),
in which methane is depleted in '3C during AOM activity (Yoshinaga et al., 2014; Chuang et al.,
2018). More specifically, Chuang et al. (2018) observed an apparent CH4—CO,; fractionation of
—54.3%o in the sulfate-methane transition zone (SMTZ), compared to the expected temperature-
dependent EFF of —76.1%o at 5 °C. In the case of AOM, a positive apparent 10001n1306cH4,CO2 is
indicative of strong kinetic control over the system, whereas negative values, though not as negative

as the EFFs, are indicative of joint expression of equilibrium and kinetic isotope effects.

To explore the possible control of the reversibility on 1000In'3 acy .—C0, during reverse-methanogenesis

AOM, we used the recursive expression in Eq. 9 for linear metabolic networks (details in Appendix
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A). We apply the approach of Cao et al. (2019) for methanogenesis, where we follow the carbon
isotope reservoir effect of the seven reactions in the pathway (Table 7). We use the EFFs calcu-
lated in the present study at 25 °C, and calculate a 10001n130618ﬁ4 .CHs-SCom Value of 38%o based
on the measured 10001n13a18ﬁ3_SC0M L\CH, value (40%o, Scheller et al., 2013) and our calculated
10001n13ocquHrCH3_SCOM (—2%o0). For the rest of the pathway, we assume arbitrary but reasonable
10001n!3 oKiM values of 5%o or 40%q(Table 7).

We find that at steady state, a gradual expression of 1OOOln13’Oclgﬁ4 ~,CH;-SCoM (moving from f =
1 to 0) yields the largest 10001H1305CH4—C02 range of —69%o to 37%oc. The minimum value in this case
is the calculated EFF, and the maximum value is the complete expression of 1000In'> Ocléiﬁ4 —.CH3-SCoM
blocking any expression of isotope effects downstream of the reaction catalyzed by Mcr (Ta-
ble 6). This covers the entire observed range of AOM 10001n1306CH4_C02 in lab cultures (12-
38%0). However, it is not clear whether this reaction can actually be fully reversible due to its
large-positive AG? (+30 kJmol™!) (Thauer, 2011). The same range can be obtained if the next
downstream step between CH3-SCoM and CH3-H4MPT imposes a reservoir effect and assuming
a 10001n13(x]éiﬁ3_SC0M cy-aympr Of 40%o, similar to the approach taken by Alperin & Hoehler
(2009). As the isotope reservoir effect occurs further downstream in the AOM pathway, the range
of net carbon isotopic fractionation becomes smaller, until finally the maximal 1000111130CCH4_C02

is between —50%¢ and —15%o depending on the magnitude of 3okin €0,
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S5 CONCLUSIONS

This study provides a set of equilibrium carbon, hydrogen and clumped isotope fractionation fac-
tors associated with methanogenesis and anaerobic oxidation of methane, calculated by DFT at
the M06-L/def2 TZVP level of theory and the SMD implicit solvation model. We compared our
calculations to previous experimentally measured carbon and hydrogen isotope EFFs of the small,
volatile end-members of these metabolic pathways (CO,, CH4, H,O, H,). Notably, we suggest
that the CH4—H,O hydrogen isotope EFF at low (biologically-relevant) temperatures is probably
more positive than the values obtained from extrapolation from high-temperature (>200 °C) ex-
perimental results. Experimental results with which to compare most of our calculated EFFs are
absent, and we based our computational pipeline on a previous exploration of the optimal method
of calculation of EFFs for large organic molecules.

We used our calculated EFFs to probe the isotopic fractionation among molecules in the most
important metabolic pathways of anaerobic production and oxidation of methane—hydrogenotrophic,
methylotrophic and acetoclastic methanogenesis, and anaerobic oxidation of methane. In these
pathways, the net isotopic fractionation between the reactants and products are determined by a
combination of EFFs and KFFs, and the degree of expression of each depends on the metabolic
state of the organisms. In extremely energy-limited environments, the extracellular reactants and
products may be in isotopic equilibrium. In this case, the intracellular reactions will also be at or
close to equilibrium, each expressing its respective EFF. If more energy is available, departure from
equilibrium of some (but not necessarily all) of the intracellular reactions in the pathway results in
net fractionations that reflect a combination of their respective EFF and KFF, the contribution of
which depends on the degree of departure of the reactions from equilibrium.

In the hydrogenotrophic methanogenesis pathway, we suggest that the large range of CO,—
CH4 carbon isotope fractionations is a product of differential departure from reversibility along
the metabolic pathway, rather than a uniform departure of all reactions or a departure of only one
of the reactions from equilibrium. In the methylotrophic pathway, the calculated CH3-OH-CHg4
carbon isotope fractionation is smaller than the apparent fractionations observed in environmental
and laboratory culture samples by at least 50%o. Using a numerical solution to a simplified model
of the methylotrophic pathway, we suggest that the large observed carbon isotope fractionations
are due to utilization of some of the electrons from methanol to fix biomass rather than to produce
methane, resulting in a higher proportion of methanol oxidation to CO; than reaction stoichiometry
would dictate in the absence of biomass fixation.

The simplified examples discussed in this work provide a glimpse of the insights into complex
biological systems, made available by accurate determination of equilibrium isotope fractionation
factors. In the future, the comprehensive set of EFFs calculated here can be used in investigations
of biologically-induced isotope effects in methanogenesis and AOM, to expand our understanding
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s3 Of the interaction between microorganisms and their environment, and the way in which these

0« 1interactions are recorded in the stable isotope composition of natural materials.
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Table 1: Enzymes that are included in this report and the reactions they catalyze. The hydrogen and

carbon atoms of interest are shown in bold. Note that we include only the reactions that participate in carbon

and hydrogen isotope exchange during methanogenesis and AOM.

# Enzyme Reactant Product

1 Fmd* CO; +Fdieg + MFR +2H* &= CHO-MFR + Fdox + H,O

2  Fu CHO-MFR + HHMPT = CHO-H4MPT + MFR

3  Mch CHO-H4MPT + H* = CH=H4MPT" + H,0

4 Mtud CH=HsMPT" + Fyp)H, = CH,;=HsMPT + Fyp0 + H*

5 Hmd CH=H,;MPT*+H, <= CH,=H4;MPT

6 Mer CH,;=H4MPT + FgpoH, = CH3-H4MPT + Fay

7 Mitr CH;3-H4sMPT + HS-CoM <= CH3-SCoM + H4MPT

8 Mer CH3-SCoM + HS-CoB &= CH4 + CoM-S-S-CoB

9 Frh” Hy +Fap & FapoH:

10 Hdr* H, + CoM-S-S-CoB + Fdyx, = HS-CoB + HS-CoM + Fd;eq + 2H*
11 Mta CH;0H + HS-CoM <= CH3-SCoM + H,0

12 Ack/Pta CH3-COO™ + ATP + CoA-SH = CH;3-COSCoA + ADP + HPOﬁ’
13 Cdh CH;3-COSCoA + HiMPT + Fdox = CH3-H4MPT + CO; + CoA-SH + Fd,q

* In these reactions, the source of the hydrogen atom is a proton from H,O, while Hj is the electron

donor of the reaction.

Abbreviations: Fmd - formyl-methanofuran dehydrogenase; Ftr - formyl transferase; Mch -

methylene-H4MPT cyclohydrolase; Mtd - Fgp9-dependent methylene-H4sMPT dehydrogenase;

Hmd - H,-forming methylene dehydrogenase; Mer - methylene-H4MPT reductase; Mtr - methyl

transferase; Mcr - methyl-CoM reductase; Frh - F40-reducing hydrogenase; Hdr - heterodisulfide

reductase; Mta - methanol:coenzyme M methyltransferase; Ack - acetate kinase; Pta - phospho-
transacetylase; Cdh - CO-dehydrogenase/acetyl-CoA synthase; MFR - methanofuran; H4MPT -
tetrahydromethanopterin; F4p¢ - oxidized coenzyme Fay0; F420H» - reduced coenzyme Fas; Fd -
ferredoxin; HS-CoM - Coenzyme M; HS-CoB - Coenzyme B; CoM-S-S-CoB - heterodisulfide;
CoA-SH - coenzyme A.
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Table 2: Coefficients for the fourth-order polynomial fits to 23 values. Computed at the M06-L/def2-
TZVP level of theory, between 273.15 and 973.15 K (0-700 °C). The fit to all values is of the form
A x 10"2/T* +B x 10°/T3 4+ C x 10%/T? + D x 103 /T +E. For compounds with two or more inequiva-
lent hydrogen atoms, the position-specific isotope substitutions are marked in bold font. For compounds
with steric centers, we present the relevant stereoisomers (pro-R or pro-S). For a full list of the RPFR values
see Tables S.1 and S.2.

Compound Ax1073 Bx1072 Cx1072 Dx1072 E 2B (25°C) C valence
CHO-MFR 188.700 -96.325  277.178 -250.764 2.011161  12.3172 +2
CHO-H;MPT 174276  -88.761  257.329 -230.847 1.925948  11.6957 +2
CH=H,;MPT* 202.677 -105.337 299.106 —270.939 2.089275  12.5539 +2
CH,=H;MPT (pro-S) 238.998 —125.852 352.540 —333.294 2.342288  13.5825 0
CH,=H;MPT (pro-R) 238470 —125.587 351.946 —333.399 2.343234  13.5462 0
CH;-OH 190.193  -96.232  278.474 -250.075 2.003502  12.7025 -2
CH;3-H;MPT 187.409 -95.287  275.880 —247.777 1.994895  12.4834 -2
CH3-SCoM 170.244  -85.585  250.455 —219.282 1.878176  11.9506 -2
CH;-COOH 160.477 -80.086 236.737 —204.718 1.819687  11.6762 -3
CH;-COSCoA 164.030  —82.081  241.799 —209.912 1.840587  11.7892 -3
CH; (2) 134531 —64311 198282 -161.302 1.643685  11.2990 —4
H,O0 (g) 141410 -66.149 207302 -153.094 1.615920  12.7383 -
H> (g) 3.667 -0.730 12.521 28.365  0.904290  3.4528 -
Faz0H> (pro-S) 191.181  —98.557  282.447 -257.273 2.032984  12.1852 -
HS-CoB 35269  -15.134 63265 30315 1.112846  5.9661 -

Table 3: Coefficients for the fourth-order polynomial fits to '3 values. Computed at the M06-L/def2-
TZVP level of theory, between 273.15 and 973.15 K (0-700 °C). The fit to all values is of the form A x
10'2/T*+B x 10°/T? 4+ C x 10° /T2 +D x 10 /T +E. For compounds with two or more inequivalent carbon
atoms, the position-specific isotope substitutions are marked in bold font. For a full list of the RPFR values
see Tables S.1 and S.2.

Compound Ax107® Bx10 Cx107* Dx107* E BB (25°C) C valence
CO; (g) 378.971 —422.108 231.331 171.986 0.991924 1.1985 +4
CH3-COOH 355.064 —480.175 298386 —52.862 1.001026 1.1827 +3
CH3-COSCoA  296.299 —395.606 249.130 -29.922  1.000209 1.1587 +3
CHO-MFR 360.010 —464.949 272.630 20.041  0.998523 1.1821 +2
CHO-H4MPT  330.577 —431.111 261.215 12.120  0.998480 1.1756 +2
CH=H4MPT* 316709 —413.527 257.571  22.179  0.998312 1.1796 +2
CH,=H;MPT  204.063 -296.311 208.790  37.254  0.997932 1.1593 0
CH3-OH 235761 —309.752 180.321  90.980  0.996065 1.1424 -2
CH3-H4MPT 191.942 —257.125 164937 97403  0.995777 1.1413 -2
CHj3-SCoM 145.468 —194.885 127.383  111.103  0.995456 1.1209 -2
CH;3-COOH 184.170 —246.096 157.450 100.524  0.995793 1.1371 -3
CH3-COSCoA  185.514 —247.784 158.102 101.067 0.995780 1.1375 -3
CH; (g) 190.098 —230.199 119.420 159.209 0.993661 1.1186 -4
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Table 4: Coefficients for the fourth-order polynomial fits to !>>RPFR values. Computed at the MO06-
L/def2-TZVP level of theory, between 273.15 and 973.15 K (0-700 °C). The fit to all values is of the form
A x10'2/T*+B x 10° /T3 +C x 10°/T? + D x 103 /T +E. For compounds with steric centers, we present
the relevant stereoisomers (pro-R or pro-S). For a full list of the RPFR values see Tables S.1 and S.2.

Compound Ax1073 Bx107%2 Cx1072 Dx1072 E I32RPFR (25°C) C valence
CHO-MFR 276.519 —147.767 409.088 -394.266 2.596187 14.6322 +2
CHO-H4MPT 253.624 -135.125 376217 -359.983 2.451389 13.8121 +2
CH=H MPT* 295.355 —160.317 440307 —425.042 2.717397 14.8817 +2
CH,=H4MPT (pro-S)  334.631 —183.173 498.905 —494.123 2.998400 15.7842 0
CH,=H4MPT (pro-R)  335.623 —183.769 500.478 —495.239 3.002964 15.8290 0
CH3-OH 259.118 -136.428 382.098 -362.833 2.464551 14.5949 -2
CH3-H4MPT 255.130 —134.664 376.721 —356.845 2.438415 14.3256 -2
CH3-SCoM 223.774 -116.526 330.031 —305.129 2.227630 13.4725 )
CH3-COOH 217.330  —112.661 320.668 —295.474 2.191095 13.3493 -3
CH3-COSCoA 222.842 115969 329.053 -304.161 2.224800 13.4843 -3
CH; (2) 175.010 -86.612 256.157 222475 1.891761 12.7142 -4
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Table 5: Equilibrium carbon and hydrogen isotope fractionation factors at 25 °C, 50 °C and 75 °C.

Notations: (s) secondary isotope effects, (p) primary isotope effects, (g) gas phase, (1) liquid phase, (S) is the

pro-S face, and (R) is the pro-R face of molecules with a chiral center. In the acetoclastic pathway, C; is the

methyl bound carbon atom, and C, is the carboxyl or CoA bound carbon atom. The full reactions are listed

in Table 1.
Enzyme Reactant Product 10001 ard | (%0) 1000In* 0 | (%o)
25°C 50°C 75°C 25°C 50°C 75 °C
Hydrogenotrophic pathway
Net CO,() / H2Oy CHyg) 694 61.0 569 195.3 177.9 165.6
Fmd COyg) / H2Oy) CHO-MFR 13.9 13.1 12.7 110.1 109.9 111.4
Ftr CHO-MFR CHO-H4MPT 5.5 53 5.1 51.6 48.2 45.1
Mch CHO-H4MPT CH=H,MPT* -33 29 27 -70.5 —65.2 -61.1
Mtd (p)  FapoH: (S) CH,=H4MPT (R) - - - -105.2 -94.0 -84.3
Mud (s) CH=H4MPT* CH,=H4MPT (S) 16.9 15.6 148 -78.2 -68.3 -59.5
Hmd H, CH,=H4MPT (R) - - - -1359.0 -1202.1 -1069.6
Mer (p)  FapoH> (S) CH;-H4MPT - - - -239 -25.8 -27.0
Mer (s) CHp=H4MPT (R) CH3-H4MPT 15.8 13.2 12.0 81.3 68.2 57.3
Mer (s) CHp=H4MPT (S) CH;-H4MPT - - - 84.0 71.0 60.2
Mtr CH;-H4MPT CH3-SCoM 18.1 15.9 14.9 429 38.2 34.1
Mcr (p) HS-CoB CHyo) - - - -635.8 -580.0 -531.6
Mcr (s) CHj3-SCoM CHy(e) 2.1 0.8 0.2 55.4 442 353
Acetoclastic pathway
Net CH3-COO™ (Cy) CHyg) 15.7 13.5 12.1 31.9 23.6 17.2
Net CH3-COO™ (Cp) COye) / H2Oyyy -133 -134 -135 -162.1 -1537 -1474
Ack/Pta CH3-COO™ (C)) CH3-COSCoA (C;) -04 04 -03 -94 -8.5 1.7
Cdh CH3-COSCoA (C;) CH3;-H4MPT -32 28 26 -57.0 -50.2 —44.5
Methylotrophic pathway
Net CH;0H CHyo) 20.3 18.0 16.5 115.8 98.9 85.0
Net CH;0H COy() / H2Oy -46.7 -429 -404 -79.3 -79.1 -81.0
Mta CH;0H CH3-SCoM 18.6 17.2 16.3 60.4 54.8 49.7
Electron cycling
Frh HyOq Fy0H; (S) - - - 120.9 121.4 123.2
Hdr H>O( HS-CoB - - - 831.1 757.9 697.2
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Table 6: Carbon isotopic fractionation during AOM. The maximum net CH4—CO; carbon isotope frac-
tionation (10001n13ocCH4,C02) that can be obtained at a steady state, when a single reaction is irreversible
(f = 0) and all other reactions remain completely reversible (f = 1), using the framework outlined in Ap-
pendix A. We used the experimentally-determined KFF of Mcr (100011113061&1_114 ,CHs-5CoM = 38 %0; Scheller
et al., 2013). The KFFs of the other enzymes were uniformly assigned values of 5%o or 40%eo.

100011113(XCH4,CQ2

Irreversible reaction  1000In!3 ok = 5%,  1000In'3 k" = 40%.

Mcr 37.9 37.9
Mtr 3.0 37.9
Mer -14.0 20.0
Mtd -30.6 4.4
Mch —47.8 -12.7
Ftr —44.4 -9.3
Fmd -49.9 -14.8
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Table 7: Scenarios of reversibility control over the net carbon isotopic fractionation in the considered

pathways. In all scenarios, the reversibility f (defined as the ratio of the backward and forward fluxes) of

each enzymatically catalyzed reaction ranges from 1 (i.e., fully reversible) to O (i.e., irreversible). References

are to previous reports that used the scenario.

Scenario description Ref. 1000In"3 ¢
Hydrogenotrophic pathway (Section 4.4.1)
(7) Uniform departure from equilibrium of all reactions (f =1 — 0). 1 20%o to 69%o

(ii) Equilibrium between CO, and CH3-SCoM (f = 1), gradual

crer . . 2,3 69%0 to 106%0
departure from equilibrium of the Mcr-catalyzed reaction (f =1 — 0).
(iii) Pathway reduced to four carbon reduction steps (Fmd, Mtd, Mer,

. . 4 20%o to 106%0

Mcr), with f of either O or 1 for each.
Methylotrophic pathway (Section 4.4.3)
Variable reversibility between CH3OH and CH3-SCoM, and between Depends on R, /,, the
CH3-SCoM and CHy4 (f drawn from a uniform distribution between 0 - reduction:oxidation
and 1). Between CH3-SCoM and CO; f is set to 0.75. ratio of methanol
Acetoclastic pathway (Section 4.4.4)
Equilibrium between CH3-COO™ and CH3-SCoM (f = 1), gradual

e ) - 16%0 to 53%o
departure from equilibrium of the Mcr-catalyzed reaction (f =1 — 0).
AOM (Section 4.4.5)
All reactions are fully reversible (f = 1), with the exception of a single
reaction that is irreversible (f = 0). The identity of the irreversible 2 —69%o0 t0 37%o

reaction is varied to produce the range.

(1) Wang et al. (2015); (2) Alperin & Hoehler (2009); (3) Stolper et al. (2015); (4) Cao et al. (2019).
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Figure 1: Metabolic pathways of methanogenesis and anaerobic oxidation of methane (AOM). The

metabolite names are in black, electron carriers in gray, and enzymes in bold-italicized colored fonts. The

reactions that are unique to the acetoclastic and methylotrophic pathways are in green and red, respectively.

The reactions in blue are the hydrogenotrophic and AOM pathways, and are common also with the aceto-

clastic and methylotrophic pathways. All the reactions are assumed to have the potential for full reversibility.

34



20

CO,(g) [+4] H.0(g)
1.22 - === = CH,(9)
) 18 F|===H:A9)
CHO-MFR [+2] e CHOMFR
CH-H,4MPT [+2] CHO-H,MPT
1.2 CHO-H/MPT [+2] === CH-H.MPT
16 - CH,-H,MPT (R)
CH,-HMPT (S)
s CHy-H,MPT
1.18 - CHp-H4MPT [0] 14 - CH-SCoM
F420H2
= = = HS-CoB
CH5-OH [-2] Chron
o 116 CH3-H4MPT [-2] - 12 || === CH,-COOH
® CHz-COOH[-3] o — CHy-CSCoA
10
114 CH;-S-CoM [-2]
CHy(9) [-4]
49 8
112+ Pt
- -
6 F _4"
-
-
11 ¢ "
4;'—"' --—--—-—
108 L 1 1 -—-\_-—-—\ | | |
3 3.5 4 2.8 3 3.2 3.4 3.6
1000/T (K) 1000/T (K)

Figure 2: Calculated carbon (left) and hydrogen (right) § values. The carbon oxidation state is given in
square brackets. (R) and (S) indicate the pro-R and pro-S faces of chiral CH,-H4MPT.
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Figure 3: Temperature dependence of the calculated equilibrium carbon isotope fractionation factors

(EFFs) for the reactions involved in methanogenesis. The reactions catalyzed by the enzymes shown in

the figure legend are listed in Table 1.
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Figure 4: Temperature dependence of the calculated equilibrium hydrogen isotope fractionation fac-
tors (EFFs) for the reactions involved in methanogenesis. The dashed lines represent primary EFFs, and
the solid lines represent secondary EFFs. The orange circle is a measurement of 10001n2a6(23(%{3—SC0M—CH4 for
the reaction catalyzed by Mcr (Scheller et al., 2013) with the respective error bars.
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hydrogen EFFs, respectively. The dashed and solid lines are 7 for primary and secondary EFFs, respectively.
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derived from a linear regression of 20‘CH47H20 on 10%/T2.
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Figure 7: Comparison of CH4~H,O;) carbon and hydrogen isotope fractionations calculated in this

and previous studies with environmental estimates. (a) 1000In? OcH,—H,0 from theoretical studies and

biogenic environmental samples. The lines were generated from different combinations of fits to experi-
mental and theoretical work (Suess, 1949 (S49); Cerrai et al., 1954 (C54); Bottinga, 1969 (B69); Rolston
et al., 1976 (R76); Richet et al., 1977 (R77); Horibe and Craig, 1995 (HC95) and this work using the M06-
L and HCTH functionals). The HyO;)-H2O(,) hydrogen isotope fractionations were based on Horita &

Wesolowski (1994), except for the results of Rolston et al. (1976), in which case this is noted in the figure leg-

end. (b) The deviation of environmental 1000In? OcH,—H,0 from the temperature-dependent EFFs calculated
in this study with the M0O6-L and HCTH functionals. (c) The deviation of environmental 10001n13aCOZ,CH .
from the temperature-dependent EFFs calculated in this study with the MO6-L functional. A full list of the

environmental samples presented in this figure is available in Table S.3 with the corresponding references.
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Figure 8: Carbon isotope fractionation between methanol, CH; and CQO,. Left: Methanol-CHy car-
bon isotope fractionation; Right: Methanol-CO, carbon isotope fractionation. Each histogram repre-
sents 10,000 simulations of methylotrophic methanogenesis with KFFs 1000In!3gkin, _.CH,-sCom and
10001306181{113_SC0M _.co, in the range 30-50%oand the reversibilities between methanol and CH3-SCoM and
between CH3-SCoM and CHy in the range 1072 to 1, each drawn randomly from uniform distributions. The
reversibility between CH3-SCoM and CO; was held constant at 0.75, and the KFF 10001n13ocléj]‘_1[3_SC0M \CH,
was set to 40%o (Scheller et al., 2013). The methanol reduction:oxidation ratio, R, /o5 used for each set of
simulations is indicated.
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Figure S.1: Doubly-substituted (‘“‘clumped’) isotopologue compositions in methanogenesis. The devi-
ation of the abundance of the '*C-D clumped isotopologue from the stochastic distribution is expressed as
A; = (R;/R}) — 1, where R; is the calculated ratio of the doubly-substituted isotopologue to the unsubstituted

isotopologue, and R; is this ratio at a stochastic distribution of the rare isotopes.
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Figure S.2: Deviations from the expected temperature-dependent EFFs in laboratory culture experi-
ments. Left: carbon isotopes (n = 213); Right: hydrogen isotopes (n = 172). n represents the number of
samples in each bin. Laboratory data are from Valentine et al. (2004); Penning et al. (2005); Hattori et al.
(2012); Okumura et al. (2016); Topcuoglu et al. (2019). The complete list of samples is available in Table
S.4.
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A Isotope fractionation in linear metabolic reaction networks

A.1 General derivation

The net isotopic fractionation of any linear metabolic pathway at steady state can be described
by a recursive mass balance expression, which requires knowledge of the intermediate reactions’
EFFs, forward KFFs and reversibilities, where the reversibility f is defined as the ratio of the
reverse and forward mass fluxes (Wing & Halevy, 2014). We implement here this recursive term
for carbon isotopes in the hydrogenotrophic and AOM pathways. Under steady-state conditions,
the net fractionation of the general reaction r = p can be described by:

anet . <aeq akm )pr_i_akln (A.l)

r—p — r—p~ “Yr—p r—p?

where afﬂ » a}‘ij p

flux of r to p, and the net isotope fractionation between r and p. This treatment can be applied to

and Otfftp are, respectively, the EFF between r and p, the KFF between r and the
linear pathways, such as s &= r = p, by extending Eq. A.1:

net __ net eq kin kin
as—p - (ar—p X O — as—>r> fV,S + 045, (A2)

(full derivation in Wing and Halevy (2014)). Eq. A.2 can be further extended by recursion to
any number of reactions in a linear metabolic network at steady state. We use this type of recur-
sive expression to explore carbon isotope fractionation in the hydrogenotrophic (Section 4.4.1)and
acetoclastic (Section 4.4.4) methanogenesis, and anaerobic methane oxidation (Section 4.4.5) path-

ways.

A.2 Equations for hydrogenotrophic methanogenesis and AOM

We used Eqgs. A.3—-A.9 to calculate the net carbon isotope fractionation at steady state between (i)
CO, and CH4 (Section 4.4.1) and (if) CH4 and CO; (Section 4.4.5). For brevity, we denote here
the molecules in the pathway by the letters A-H, where for case (i) A is CO, and H is CHy4, with

the intracellular carbon-bearing molecules denoted by B-G, and for case (ii) we use the reverse
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notation where CHy is A and CO; is H.
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B Isotope fractionation in nonlinear metabolic reaction networks

The analytical expression for the calculation of net isotope fractionation presented in Appendix A
is only applicable to reversible, linear networks. However, if some of the reactions in the network
have more than one source of the atom of interest, an analytical solution is usually not possible,
and a numerical solution is required. Consider the reaction:

0
aY,+bYm 7 Y (nim) (B.1)

pr
where a, b and c are are arbitrary organic residues, Y is the atom of interest, n and m are the
stoichiometric coefficients of Y, and ¢ is the reaction flux. For brevity, we denote aY,, bY,, and
¢Y (nym) @s r1, r2 and p, respectively. The change of the isotopic composition of compound p with

time is:
d 1 ok K
dt = m [4)71? ( rlllper +m- arzlpR > -
Opr Ry (- i, -t ) = Ry(m-+m) (9rp — 0pr) |, (B2)

where R, R,, and R, are the ratios of the rare to abundant isotopes in pools r, r» and p, respec-
tively. In the specific case of a chemical and isotopic steady state, the concentration and isotopic
composition of p are constant, and dR” = % =0. Rearranging Eq. B.2 yields an analytical solution

for R, at steady state:

Orp (n- 051", Rry +m- 0", Ry

¢pr ( Of}iﬂrl +m- O‘}ggrz) + (m + n) (¢rp - q)pr)

R, = (B.3)

(Full derivation in Eq. S5 in Wing and Halevy (2014)). This approach is used here for two specific
cases: hydrogen isotope fractionation in hydrogenotrophic methanogenesis (Section 4.4.2) and

carbon isotope fractionation in methylotrophic methanogenesis (Section 4.4.3).

B.1 Hydrogen isotope fractionation in the hydrogenotrophic methanogene-

sis pathway

The last reaction in the hydrogenotrophic methanogenesis pathway, catalyzed by Mcr, has a large
negative AG? (~=30kJmol~! at 25 °C) and is thought to be practically irreversible during methano-
genesis (i.€., OcH;-SCoM—sCH, > @cH,—CH;-scom) (Thauer, 2011). In this case, the reverse reactions
from methane will not affect the net isotope composition, and Eq. B.3 can be simplified to:

2 _3 2 xin 2 15 kin 2
Reny = 7 X 7 0Chy-scoM—cH, ReH;-sCoM + 7 X “0tHs coB -, RHS-CoB- (B.4)
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In the specific case that the reaction between H,O and CH3-SCoM, and coenzyme B reduction to
HS-CoB are at chemical and isotopic equilibrium, then:

2RCH3-SC0M = 2RHzO/ Za;:{qu—CHySCoM (B.5)
and
?Rus-coB = “Ru,0/ zafﬂo,Hs_C(,B- (B.6)
Eq. B.4 is then:

2 _ kin 2 2 eq
Rch, = 1 (OCCH3-SC0M%CH4 ““Ru,o0/ aHgO—CH3—SCoM) +

1 2 ki
in 2 2 .,€q
Z( QHS-CoB—CH, RH20/ O‘Hzost-cOB>- (B.7)

The net hydrogen isotope fractionation between CH4 and H,O, 20w ,—H,0, can be calculated by
dividing both sides of Eq. B.7 by 2RH203

2 _ 3 (2, kin 2_eq
OCH,—H,0 = 1 ( aCH3-SCoM—>CH4/ aHgOfCH3-SC0M> +

1 2 ki 2
7 (ol concn 200 nscon) - (BS)

B.2 Carbon isotope fractionation in the methylotrophic methanogenesis path-

way

In the methylotrophic methanogenesis pathway, methanol is converted to CH3-SCoM, which is
then either oxidized to CO; in the reverse methanogenic pathway or reduced to CH4 by the Mcr-
catalyzed reaction (Fig. 1):

(n+m)-CH30H & (n+m) - CH3-S-CoM &= n- CHg + m - CO3, (B.9)

where n and m are stoichiometric coefficients. This is a simplified view of the pathway, yet it
includes the pathway’s three main branches. We define R, ), = n : m, the ratio of the reduced and
oxidized branches. If all methanol molecules are converted to either CO, or CHy, R/, is expected
to be 3:1, as the source of the 2 electrons for CH3-SCoM reduction to CHy4 is from the full oxidation
of CH3-SCoM to CO;,, which yields 6 electrons. However, if some of the CH3-SCoM is instead
converted to biomass, R, , may vary. For brevity, we denote the metabolites here as A (CH30H), B
(CH3-SCoM), C (CHy) and D (CO3). The change in the isotopic composition of B (Rg) with time
is:
d 3 1

di " [B] [(nJrM) -9aB 0" 5 PRa+n- gep a5 PRe +m- ¢pp' oy 5 Rp —

PRy <(n +m) - Ppa o™ A +n- gt +m- ¢BD130€1§3>D> -

Rg ((n+m) (9an — 9a) + 1 (9cn — 9nc) +m (9pp — 0sp) ) | (B.10)
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We write similar time derivatives for C and D:

d 1 . .

EBRC " [¢BC130511§11C13RB — dcs P a5 PRe — PR (gpc — ‘PCB)} , (B.11)
d 1 - ,
EBRD _ ﬁ m [¢BD130€11§15>D13RB _ ¢DB130511()1£>B13RD _BpR, (98D — %B)] ‘ (B.12)

The metabolic network of the methyltrophic pathway as presnted in Eq. B.9 is non-linear. Thus,
the isotope fractionations between A, C and D are not independent of each other, and an analytical
solution is nontrivial and provides little intuition. Instead, a numerical solution to this system is
possible, by forward integration of Eqs. B.10-B.12 until the steady-state solution is obtained. To
solve this systen, we used the odel5s solver in MATLAB®. We assigned the reversibility of the
reactions (f), the net rate (@per), 3R A, and the forward KFFs 3aXi", We calculated the backward
KFFs by the relation O&{B = agl N O‘IX:B- We assumed that the reaction from CH3-SCoM to
CO;, is partially reversible, i.e., 9pp/¢dp = 0.75, to obtain the ideal fit to the observed ranges of
methanol-CHy and methanol-CO, carbon isotope fractionations. The forward and reverse fluxes

are related to the net rate and the fs:

(Pnet

— B.1
PAB = fon’ (B.13)
q)net X fB A
===~ o0 B.14
dBA [~ fon (B.14)
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