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S| Materials and Methods

Multireactant, Multiproduct Enzymatic Reactions. The net flux through a single, reversible, enzymatically catalyzed step in a metabolic
pathway can be expressed as (1)

e N I ([r] /Kng)” AG,/
J=Jt—J _[E]xkcalx(1+Hj([rj}/;<m)"j+H,~(U7i]/KMi)”"’) x (1_6 G RT>’ [S1]

where J is the net flux, and J* and J~ are the forward and reverse fluxes, respectively. [E] is enzyme concentration, &k, is the forward

catalytic rate constant, [r;] is the concentration of reactant j, Kjy; is the half-saturation constant of reactant j for the enzyme, and #; is
the stoichiometry of the reactant in the reaction. Likewise, [p;] is the concentration of product i, Kjy; is the half-saturation constant of
product i for the enzyme, and m; is the stoichiometry of the product in the reaction. AG, is the Gibbs free energy of the reaction, R is
the gas constant, and 7 is the temperature.

In what follows, we replace the term [E] x kY, with a maximal metabolic rate capacity, I’*. For brevity in derivation of the rate
equations for the specific reactions in the sulfate reduction pathway, we further omit the subscripts M from the half-saturation

constants and the subscript  from the Gibbs free energy of reaction:

L
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The first term on the right-hand side of Eq. S2 (“kinetic term”) relates the forward flux to the reverse flux through the dependence on
enzyme kinetics, whereas the second term (“thermodynamic term”) relates these fluxes through the thermodynamic driving force or
the departure from thermodynamic equilibrium. In its simplified form, Eq. S2 is exactly equivalent to Eq. 4 in the main text.

Isotopic Fractionation in Linear, Reversible Metabolic Reaction Networks. Starting with the final pool (p) in the general reaction network,

bis b b
[y —= D,
[ Prs pr

where , s, r, and p are metabolite pools, and Do for example, is the flux between pools r and p, we express the net flux of mass and
isotopes,

Dnet = ¢rp - ¢pr7 [S3]

¢netRp = d)ipRﬂJ - d)erpr s [S4]

where R,, R, and R, are the 8/%2S (or *3$/°?S) ratios of p and the fluxes ¢,, and &> Tespectively. Noting that the isotopic
fractionation factor between any two pools a and b is @, =R, /Rp, and substituting the expression for ¢, from Eq. S3 into Eq.
S4, we obtain

(¢rp - ¢pr)Rp = ¢rparp,rRr - ¢prapr,pRp . [S5]

Here ay,,, the isotopic fractionation between the flux ¢,, and the pool r, is by definition the kinetic fractionation associated with
transformation from pool r to pool p. Rearranging to solve for R, /R, yields

& _ ¢rp - ¢pr + ¢praprp

[S6]
RP ¢rparp,r
We express the equilibrium fractionation factor between pools r and p, a7}, by considering the isotopic mass balance at equilibrium,
¢b,pa,?,,Rr = GprrpRp (2), which yields R, /R, = a7 = &y / ap . Defining f, » = . /by, to be the ratio of the reverse to forward flux, we
obtain

L/

+ﬁ,,afg =0+ for (afg — a,_y,p). [S7]
Qpyr Oipy

R _
R,

This expression for the fractionation factor between pools r and p is a function of the equilibrium fractionation factor, the kinetic
fractionation associated with the reaction, and the ratio of the reverse to forward rate, f,,:

a,= (af; - a,,,,) X for+ O pp. [S8]
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This expression for the fractionation factor naturally yields the equilibrium fractionation factor when ¢,, = ¢, (i.e., whenf,, = 1) and the
kinetic fractionation factor when ¢,, > ¢,, (i.e., when f,, — 0). It is exactly equivalent to Eq. 1 in the main text.

Constructing a similar mass budget for the reaction between pools s and r under the assumption of a steady state (@p.;=
bup — bpr = ¢y — by,) and recalling that R, =, ,R,, we ultimately obtain a recursive expression for the fractionation between pools
s and p:

sy = (a§;! X0ty — a) X frs + s [S9]

That is, near equilibrium (¢, = ¢,, or f, s =1), the fractionation associated with the combination of the two reactions between s and r,
and between r and p, is the product of the equilibrium fractionation factor of the upstream step (a54) and the fractionation inherited
from the downstream step (a,,). Far from equilibrium (¢, > ¢, or f,;—0), memory of the fractionation inherited from the
downstream reaction is lost, and the fractionation factor is simply the kinetic fractionation factor associated with the reaction of pool
s to form pool r.

Expanding this treatment to include also the reaction between pools ¢ and s, we obtain a recursive expression for the fractionation
between the initial reactant (¢f) and the final product (p):

at’p = (af? X asp b am) ng)[ + QA ts- [SIO]

This can be expanded to treat any linear network consisting an arbitrary number of reversible reactions. It then remains to obtain expres-
sions for the ratios of the reverse to forward fluxes (which we hereafter generalize as f,,,). This is done by dividing both sides of Eq. S1 by
the forward flux, J*, and rearranging to get

for=e"0/RT, [S11]

Because AG=AG° +RT In(T];[p]™/ I [r;]"), the value of f,, is related to the energetics of the reaction at the standard state, the
temperature, and the metabolite concentrations:

_ILlpi | AGY/RT [S12]

VTR

Relating Sulfate Reduction Rate to Sulfur Isotope Fractionation. The reactions in the metabolic pathway for dissimilatory sulfate reduction
(Fig. 1 in main text) are shown in Table S1. Two assumptions are implicit in this list of reactions. First, free sulfur compounds of
intermediate oxidation state (e.g., thiosulfate, zero-valent sulfur) are assumed not to play a role in setting S-isotope fractionations.
The ability of the model to reproduce essentially all available experimental results lends confidence that this choice is not misguided.
Second, menaquinone is assumed to be the ultimate electron carrier used by sulfate reducers during respiration. This second choice
is justified by measurements of intracellular metabolite concentrations showing that menaquinone is by far the most abundant
electron carrier in sulfate reducers (3). We note that recent work, however, has discussed alternative conceptual hypotheses in
which both of these assumptions are released (4). The framework presented here could be used to quantitatively evaluate these
hypotheses.

Following conventional approaches to biochemical thermodynamics for reactions occurring at a constant, specific pH (5), we calculate
values of the transformed Gibbs free energy, AG®’, for reactions B-D at pH 7 and an ionic strength of 0.25, which are reasonable
cytoplasmic values. For this purpose we use an online tool for biochemical thermodynamic analysis (http://equilibrator.weizmann.ac.il)
(6). Reduced menaquinone and oxidized menaquinone were not included in this database. Therefore, we convert the AG®" of APS
reduction and sulfite reduction, using FAD/FADH, as the electron carriers, which is included in the database, into the AG®' of these
reactions with menaquinone as the electron carrier, using the redox potentials of FAD/FADH, and menaquinone(ox)/menaquinone
(red) reported in ref. 7.

We calculate the Gibbs free energy (untransformed), AG?, of reaction A (sulfate uptake), using the results of sulfate uptake ex-
periments in Desulfobulbus propionicus, which transport sulfate actively into the cell along with H" ions to maintain charge balance (8).
In these experiments, the dependence of intracellular sulfate concentrations ([SO37];,) and the number of protons transported to-
gether with sulfate (1) on extracellular sulfate concentrations ([SO37],,,) Was recorded. The proton-motive force (PMF) was also
recorded in the experiments and found to be approximately constant with a value of —132x 10~ V. Using the measured values, we
calculate the membrane potential (Ay in V) and AGY,

n x PMF [SOi 7).\ z
W= +log( el [S13]
2 [SO% ]Out
Gy = Ay =2)RT ;Z)RT7 [S14]

where z=2.3RT/F, R is the gas constant, T is the temperature, and F is Faraday’s constant. The value of z is ~59 mV at 25 °C. The
dependence of AGY on extracellular sulfate concentrations is shown in Fig. S1. In addition, using the membrane potential calculated
above, we calculate the ratio of internal to external [H*] indicated by the experimental results:
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We describe the rate of steps A-D in the sulfate reduction pathway with expressions in the form of Eq. S2:

[Soﬁz*_]out/l(:‘ls1 > X (1 _ [[Soi_]m [HJr]?n eAGf‘ /RT) , [Sl6]

Ja=Vi
A4 <1+ [S02]

out/Kast + [SOT7],, /Kpt SO7 ] gue H o
=5 <1 +[SO%] m[A[ngi_(ﬁfzg)/ﬁﬁﬁpﬂ/ (KBlesz)> * (1 _memg/m> ’ 5171
e (1 +[APSMK )/ (Kc[?zfcsi[)ﬁsgé/(ﬁiaf]Z[LMP]/ (KCPIKCPchp3)> x(1- [SOEAL[Q}A[;J?}M Ao /). s
e (1 +[507] [MK[S}O/J!MI;]) iﬁsﬁmzu (KD,,lKgﬂ)) " (1 - SO i /> .

The subscripts 4, B, C, and D denote the reactions in Table S1. The subscripts s1 and s2 denote the first and second substrates in the
reaction, whereas p1-p3 denote the products. Note that the second parentheses in the right-hand sides of Eqs. S16-S19 are simply
(1—f,,) for the reactions. We assume that the experimental determinations of enzyme activities were conducted at pH values similar
to those of the cell interior and do not require modification to account for pH differences. Additionally, [H"] does not appear in the
thermodynamic term of reaction D because we use the transformed Gibbs free energy, following common biochemical thermody-
namics approaches (5). This approach also requires that all calculations are performed in units of mols L™ (5).

Measurements of enzyme activity of crude cell extracts of pure cultures provide a basis for estimating 1’*. To account for differences
between these in vivo enzyme activities and those measured in vitro in the crude extract experiments (V! ;. ; Table S2), we scaled the
in vitro activity measurements of the various reaction steps. This scaling factor uyiyo—vitro 15 defined as

X k: t,in vivo
at,in vive ) S20
xk* [520]

in vitro cat,in vitro

LI
VIVO—Vitro [ E}

in vivo

Although specific activity may be affected by enzyme isolation and purification (9), we used experimental data from crude cell extracts
to minimize this effect. As a result, we assume that enzyme structure remains constant in the in vivo and in vitro experiments and
Y invivo KL invitro- This means that the “vivo-vitro” scaling factor reduces to a measure of the relative concentration of active
enzymes in whole cells vs. crude extracts,

[E]in vivo ) [SZI]

Uyivo—vitro =
[E ] in vitro

Given the regulation of respiratory gene transcription by the same regulon in many sulfate reducers (10), we scaled all values of Vi ..
(Table S2) by the same uyiyo—vitro, resulting in in vivo 1+ values for each step in the sulfate reduction pathway. The procedure we used
to calibrate uyiyo—vitro i €xplained below.

By definition, at a steady state, J4 =Jp =Jc =Jp =], the overall rate of sulfate reduction. Under this constraint, we rearrange Egs.

S16-S19 to solve for the intracellular concentrations of SO%‘, APS, PPi, and SO%‘:

0] < L180 Jow/Kn = (1Y) (14 S0 /K] .
I VK + ([ T/ H o) (€25 K]

[(1/VE)KenKenx (1+ [SOF] MK JIAMP]/ (KapKcpaKeps)) + [SO3] IMKoy] [AMPle / ]

[APS] ) [[MKred] (1 - J/Vg)} ’ [S23]

[PPI] — HSOE_} in [ATP} (1 - "H/Vg) B (J/VE)KleKBsﬂ [824]
[APS} [(J/VE) (KBSIKBsz/ (KBlesz)) + eAGZ"/RT]

[sO37] = [(J/VE)KD“KL}) 2% (1 + [H2S][MKo]*/ (KDP1K5p2)> + [H,S] [MKox]3eAGZ/RT] [S25]

MKl (1-1/V5)]
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Net sulfate reduction implies J > 0, whereas the requirement for nonnegative intracellular metabolite concentrations places an upper
limit on J (a requirement that the numerators and denominators of Eqs. S22-S25 have the same sign). Once the equations are solved
for the intracellular metabolite concentrations, we calculate the free energy for each of the reactions in the network:

2— +
AG4=AG% +RTIn M [S26]
(SO ]y H Towt )
o [APS][PPi]
AG=AG% +RTIn| ———1- 1 2
Gp=AG'Y +RTIn ([Soﬁm [ATP]), [S27]
AGe=AG% +RTIn [SO3] AMPIIMK. [S28]
¢ ¢ [APS|[MK ] ’
10’ [HZS] [MKOX]3
AGp=AG"% + RT In| ——=21-——=04 S29
D 7+ n ( [SO%‘} MKl [S29]

We then use these values of the free energy to calculate the ratio of reverse to forward reaction rates (f,,), as in Eq. S12, and from these
the fractionation between the initial substrate sulfate and ultimate product sulfide, using recursive expressions in the form of Eq. S10.

Model Calibration. The model parameters, required for solving Eqs. S22-S25, are listed in Tables S1-S4 along with constralnts on their
values, where such constraints exist. Six parameters, to which the model results are sensitive, remain truly variable ([SO37],,» [H2S];,)s
poorly constrained (**akin, 3#2Kn), or both ((MKyea]/[MKox], #yivo-vitro)- T calibrate the model we use a combination of constraints on
physiologically p0551ble 1ntracellular metabolite concentrations and experimental [SO; ], ~csSRR-*s-31 data.

Metabolomic compilations suggest that the majority of metabolite concentrations are less than 10 mM (11). Accordingly, we assume
that the concentrations of all metabolites except sulfate are less than 10 mM. In addition, cell volume places a hard lower limit on
metabolite concentrations from the requirement that at least one molecule of free metabolite exists in the cell. For a cell volume of
~1 pL, typical of sulfate reducers, this hard lower limit on metabolite concentrations is ~1 nM. The [MK.q]/[MKo] values that yield
concentrations within these limits for all four metabolites and over relatively wide ranges of [SO3~] out and [H:SJi, depend on the kinetic
parameters of the enzymes involved in the metabolic pathway. For D. vulgaris enzyme kinetics (Table S2) the range is between ~60 and
140 and we pick a default value of 100 for [MK,.q]/[MK] for fitting the D. vulgarzs data and for the model sulfate reducer. The
intracellular metabolite concentrations using this value and over a range of [SO4 lout and [H,S]in are shown in Fig. 2 in the main text.
For A. fulgidus enzyme kinetics, which are ~3-10 times slower than those of D. vulgaris (Table S2), the default value of [MK,cq]/[MKy]
yielding metabolite concentrations within the physiological constraints is 40.

We note that the different redox potentials of other electron carrier pairs [e.g., reduced and oxidized cytochromecs (12)] would
require a different ratio of reduced to oxidized electron carrier concentrations to satisfy the constraints on intracellular metabolite
concentrations. Different electron carrier redox ratios and different reaction stoichiometry would also be required if electron bi-
furcation supports sulfate reduction [e.g., through reduced and oxidized DsrC (13)]. With the ratio of reduced to oxidized electron
carrier concentrations as a free parameter, we are essentially quantifying the thermodynamic consequences of electron transfer for
successful sulfate reduction. Our approach can be adapted to the exact identity of the electron carrier pair, as long as the physiological
constraints on intracellular metabolite concentrations are met.

The value of the sulfate uptake kinetic fractionation factor (**aXi") is poorly constrained and strongly controls the 3331 relationship
of the full metabolic network (Fig. 5 in main text). We use experimentally observed 3*e—331 relationships to constrain the value of
34akin which we allow to be strain specific. For recently published datasets (14-18), the best-fit values of 3*aXi" are 0.997 and 0.993,
respectively. These values are consistent with early experiments, which assign a value of —3% to the fractionation associated with
sulfate uptake (19). For lack of experimental constraints, we use a value of 0.5146 for 334, calculated using the Swain—-Schaad formalism
(20). In calculations other than strain-specific fits to experimental data (model sulfate reducer and sensitivity analyses), we use default
values of 0.993 and 0.5146 for **ak™ and 331, respectively.

With [MKieq]/[MKoy], 3ok, and 334 constrained, and with [SO37],,, and [H2S];, as free model parameters (to be specified for
individual experimental or environmental conditions), we use the last remaining tunable parameter, Uyivo—vitro tO fit experimental
[SO27],—cSSRR-*¢ data (14-17, 21, 22). The extracellular sulfate and sulfide concentrations are reported for these experiments and
the latter must be related to the model parameter [H,S];,. Where extracellular concentrations of sulfide are not reported (e.g.,
N,-sparged experiments), we prescribe [H,S]i, to be 0.1 MM. As suggested by sulfide accumulation experiments (23), membrane
resistance to H,S, although very low, may be enough to enable the buildup of intracellular H,S even when environmental sulfide levels
are small. Where csSRR values were not reported for some of the data in a set of experiments (21, 22), we assigned to those data the
harmonic mean of the csSRRs that were reported from that dataset.

We found that the value of uyiyovitro Tequired to fit the data of all three experimental studies depends linearly on the csSRR in the
specific experiment (Fig. S2). This can be understood as the up-regulation of enzyme levels to achieve a given increase in csSRR. We
used the coefficients of a least-squares linear fit to the uyivo—viro—CSSRR data (Fig. S2 and Table S4) to calculate csSRR-dependent
Uyivo—vitro Values for the model fits to the experimental data (black curves in Fig. 3 A, E, and H in main text).

Model Sensitivity Analysis. We tested the sensitivity of the model to the values of tunable parameters. The **&—-csSRR and & — [SOF 7],

relationships are modestly sensitive to intracellular H,S concentrations and extremely sensitive to the ratio of oxidized to reduced
electron carriers (Fig. 4 in main text). The 331-3*¢ relationship is also sensitive to these intracellular concentrations (Fig. 5 in main
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text). Additionally, this relationship is sensitive to the value chosen for the kinetic fractionation associated with sulfate uptake into the
cell (**aXi"; Fig. 5 in main text) and with reduction of APS (**ef"; Fig. S3). The latter of these fractionation factors is experimentally
constrained (24) and the sensitivity displayed is important for understanding limitations on sulfate reduction rate, but not for the
explanation of actual isotopic variability. These sensitivities are discussed fully in the main text. In addition to these, the results are
insensitive to modestly sensitive to a number of other parameter values (Fig. S3), but not in a way that qualitatively changes the results
of the model or its ability to explain experimental [SO3™],,—csSSRR-**¢-31 data.
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Fig. S1. Gibbs free energy of reaction at standard state for sulfate uptake as a function of extracellular sulfate concentration calculated using Egs. $13-S15.
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Fig. S2. The vivo-vitro scaling factor (uUyiyo_virro) required to fit 3*s—csSRR data as a function of csSRR (markers) and linear fits (lines) to the data (R?=0.97, 0.52,
and 0.82 for Left, Center, and Right plots, respectively).
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Sensitivity of model results to parameter values. The main plots show the 34e-csSRR relationships and Insets show the 33)-34¢ relationships. Black

curves are for default parameter values (Tables S2-54). Blue and orange curves are for half and twice the default values, respectively, except for the sensitivity

Table S1. Metabolic reactions for dissimilatory sulfate reduction
Step Reaction

A SO4 out +anut ‘_504 in +nH?|—1

B SO% 5, +ATP = APS + PPi

¢ APS + MKeq = SO§7 + MKox + AMP
b SOZ™ +3MKyeq + 2Hi, = HyS + 3MKoy +3H20

AMP, adenosine monophosphate; ATP, adenosine triphosphate; MKy,
menaquinone, oxidized; MK,.q, menaquinone, reduced; PPi, pyrophos-

phate; AGY, see Fig. S1; AGZ=55.9 kJ-mol™

31.2 kJ-mol™".

Wing and Halevy www.pnas.org/cgi/content/short/1407502111

; AG2=5.4 kJ-mol™; AGY =

analyses to the kinetic fractionation factors associated with each of the metabolic reactions (Bottom row), where the values of the fractionation factors are
shown in Insets.
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Table S2. In vitro enzyme kinetic parameters used in the model

L T

Step vt Km Notes Source or ref.
A: SO, +nHE, =503, +nHE,
Archaeoglobus fulgidus 1.68 x 1072° Harmonic mean of all data i
Desulfovibrio vulgaris 3.98 x 107%° Harmonic mean of D. vulgaris data *
SO;~ 0.01 Approximate harmonic mean of D. vulgaris data i
B: SOZ7, + ATP = APS + PP
A. fulgidus 1.71 x 107"° Internally consistent* harmonic mean of A. fulgidus data *
" D. vulgaris 3.24 x 107"° Internally consistent* harmonic mean of D. vulgaris data *
SO;~ 10.00 Estimate based on range of reported values and [SO;7] 1)
ATP 0.10 Estimate based on range of reported values 1)
APS 0.17 Estimate based on A. fulgidus 1)
PPi 0.13 Estimate based on A. fulgidus 1)
C: APS + MK eq = SO~ + MKoy + AMP
A. fulgidus 9.38 x 107%° Internally consistent* A. fulgidus data i
D. vulgaris 3.49 x 107"° Internally consistent* D. vulgaris data i
APS 0.02 Estimate based on D. vulgaris, A. fulgidus 1)
MK eq 0.10 Estimate based on Desulfobulbus propionicus, 1)
Desulfovibrio gigas
MKox 0.10 Estimate based on D. propionicus, D. gigas (1)
SO%’ 0.40 Estimate based on D. vulgaris, Desulfovibrio salexigens, 1)
D. gigas, Desulfovibrio desulfuricans
AMP 0.30 Estimate based on D. vulgaris, D. salexigens, 1)

D. desulfuricans
D: SO%™ 4 3MKeg + 2H5, = HaS + 3MKox + 3H,0

A. fulgidus 238 x 107%° Internally consistent* A. fulgidus data *
D. vulgaris 4.28 x 107" Internally consistent* D. vulgaris data *
SO%‘ 0.05 Estimate based on reported values for D. vulgaris (1)
MK eq 0.02 Estimate based on range of reported values (1
MKox 0.02 Estimate based on range of reported values 1)

H,S 0.01 Estimate

The values for D. vulgaris were also used for the model sulfate reducer and as default values in the sensitivity analyses. The units of V* are mol-cell="-s7".
The units of K., are mM for presentation purposes. The actual calculations require units of M.
*All values were taken from publications by the same research group to ensure similarity of methods (See Dataset S1).
N
Dataset S1.

1. Schomburg |, et al. (2013) BRENDA in 2013: Integrated reactions, kinetic data, enzyme function data, improved disease classification: New options and contents in BRENDA. Nucleic
Acids Res 41(Database issue):D764-D772.

BN AS  DNAS P

Wing and Halevy www.pnas.org/cgi/content/short/1407502111 8of9


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1407502111/-/DCSupplemental/pnas.1407502111.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1407502111/-/DCSupplemental/pnas.1407502111.sd01.xlsx
www.pnas.org/cgi/content/short/1407502111

L T

/

1\

BN AS  PNAS D)

s WwN =

nhwWN =

N o

Sw©®

~o

Table S3. Equilibrium and kinetic fractionation factors and mass-dependent exponents used in
the model
Step 34aeq 33/1eq Ref. 34akin 33/lkin* Ref.
T=25 °C, for D. vulgaris experiments
A 1.000 0.5150 (1) 0.993-0.997" 0.5146 2)
B 1.000 0.5150 (1) 1.000 0.5146 NA
C 1.006 0.5167 (1) 1.022 0.5146 (3)
D 1.065 0.5147 (1) 1.025 0.5146 4)
T=80 °C, for A. fulgidus experiments
A 1.000 0.5150 (1) 0.993-0.997" 0.5146 (2)
B 1.000 0.5150 (1) 1.000 0.5146 NA
C 1.004 0.5165 (1) 1.022 0.5146 3)
D 1.050 0.5149 (1) 1.025 0.5146 4)

*The fractionation exponent was calculated with the Swain-Schaad formalism (5), where 33gkin = (34gkin)"#"

"The upper end of this range (0.997) was suggested by Harrison and Thode (2) and required to adequately fit the
33)-34¢ datasets of Sim et al. (6-8). The lower end (0.993) was required to adequately fit the 33)-34¢ datasets of
Habicht et al. (9, 10) and Leavitt et al. (11).
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Table S4. Parameter values used in the model

Parameter Value Source or ref. Notes
[ATP] 2.6 mM (1, 2) For D. vulgaris
[AMP] 0.3 mM (1) For D. vulgaris
[MK] 0.6 mM 3) For D. vulgaris Marburg
[MKeq]/[MKox] 100 or 40* This study See Model Calibration
Uyivo-vitro

Model sulfate reducer 2.0 x csSRR + 70.0" This study

Habicht et al. (4, 5) 33.7 x ¢sSRR + 70.1 This study See Fig. S2

Sim et al. (6-8) 0.9 x csSRR + 13.9 This study See Fig. S2

Leavitt et al. (9) 2.1 x ¢sSRR + 70.0 This study See Fig. S2

*[MKieq]/[MKox] of 100 was used for the model sulfate reducer, for the fits to the D. vulgaris data (6-9), and for
the sensitivity analyses. [MKeq]/[MKox] of 40 was used for the fit to the A. fulgidus data (4, 5).

™The linear relationship between csSRR and Uyjo_vitro in the model sulfate reducer was based on the fit to the
data of Leavitt et al. (9).
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