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Other supporting materials for this manuscript include the following:
Data S1-S4 (separate files)

Data S1. “Data_S1_all_data.xIs” Strain EXF-4126 glycerol and glucose chemostat datasets: tabs
include growth_rates: chemostat growth rates [growth_rate.1_d (growth rate in d™")],

lipids_all: lipid abundances and hydrogen isotope fractionations [ab.ug_mg (relative abundance fatty
acid in biomass pg fatty acids mg dried biomass™); recovery (% recovery), eps_fa_water.permil
(average fatty acid ?H-fractionations in %o); eps_fa water_sd.permil (SD average fatty acid ?H-
fractionations in %o)],

enzymes_all: Enzyme NADPH production rates for NADP*-reducing enzymes [enzymes include g6p
(Glucose-6-Phosphate Dehydrogenase), 6pg (6-Phosphogluconate Dehydrogenase), ALDH
(Aldehyde Dehydrogenase), IDH (lsocitrate Dehydrogenase); rate (enzyme activity in mol NADPH mg
total protein™' min™],

bulk_all: biomass elemental and isotopic composition [CN (biomass C/N ratios); d15N (biomass N
stable isotopic composition 8'°N %o); substrate_d15N (substrate N stable isotopic composition 3'°N
%o); SD_substrate_d15N (SD substrate N stable isotopic composition 3'5N %o); d73C (biomass C
stable isotopic composition 8'3C %o); substrate_d13C (substrate C stable isotopic composition 3'3C
%o); SD_substrate_d13C (SD substrate C stable isotopic composition 3'3C %e)].

Data S2. “Data_S2_data_summary.xls” Average and standard deviations of enzyme NADPH
production rates (g6p, 6pg, ALDH, IDH as total IDH and cytosolic IDH in mol NADPH mg total
protein™' min~"), proportional contributions of enzymes to NAPDH production (%), relative abundance
lipids in biomass (ug fatty acids mg dried biomass™), fatty acid H-fractionations (%o), biomass
composition [CN, biomass C/N ratios, d75N, biomass N stable isotopic composition (8'°N %), d73C,
biomass C stable isotopic composition (3'3C %)].

Data S3. “Data_S3_stats.xls” Pearson r and pva, York linear regression (york pval) for all glycerol
and glucose chemostat data, glycerol only, and glucose only data sets.

Notation:

all_eps.permil (fatty acid average ?H-fractionations 2€attyacidiwater in %o),

growth_rate.1_d (growth rate in d™"),

% cyto IDH (% cytosolic IDH to NAPDH),

% total IDH (% mitochondrial + cytosolic IDH to NAPDH),

CN (biomass C/N ratios),

% unsat (% fatty acids of total fatty acids recovered),

all_ab.ug_mg (fatty acid relative abundance in biomass, microgram fatty acids mg dry biomass™),
1/all_ab.ug_mg (mg dry biomass microgram fatty acids™),

C16:1/C16:0_eps.permil (average ?H-fractionation between palmitoleic and palmitic fatty acids,
2€16:1/16:0 IN %o0)

Data S4. “Data_S4_rawdata.xls” Chemostat raw data feeding into Data S1: tabs include growth
rates, lipid isotopes (d2H_water and d2H_fatty acids), lipid abundances (EXF-4126 only), enzyme
raw data (rates Vm, total protein BCA concentrations, EXF-4126 only), bulk compositions (biomass
C/N ratios, d15N, d13C), NAD(P)(H) (EXF-4126 only), supernatant ethanol, supernatant ammonia.
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Fig. S1. Detailed accounting of NADPH-related hydrogen flows in yeast Saccharomyces cerevisiae for
glycerol respiration and aerobic fermentation of sugars. Not shown: In ethanol-producing yeast, NADPH
hydrogen can come indirectly from NADH when ethanol is reassimilated (1). Sugar rearrangements (C3-C6)
are fast, reversible, and thus express equilibrium isotope effects (see Sl Discussion 1), isotope effects for

other reactions are expected to be kinetic.
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Fig. S2. S. cerevisiae 5°H values for lipid, water, and substrate, and lipid/water and lipid/substrate ?H -
fractionations across substrates and dilution rates. A, D, G): 8°H values of palmitic, palmitoleic, and oleic
fatty acids (shaded boxes with black circles sized relative to the dilution rate; three samples per rate); 5*H
values of growth water (thin black dotted horizontal bars); 8°H values of substrates glycerol (—45 + 5%o),
glucose (8 £ 10%0), and galactose (40 + 20%o) as thick dotted horizontal bars. The shift in growth water (and
therefore lipid) 8°H values is due to location: §*H water in Boulder CO (~ —120%o) and Princeton NJ (~ —35%q).
B, E, H): the hydrogen isotope lipid-water fractionation between palmitic, palmitoleic, and oleic fatty acids and
growth water for each substrate and growth rate. C, F, I): the hydrogen isotope lipid-substrate fractionation
between palmitic, palmitoleic, and oleic fatty acids and carbon substrate for each substrate and growth rate;
error bars are propagated errors of 8?Huwater OF 8*Hsubstrate @nalytical uncertainty and standard deviation of three
IRMS injections, the difference of two injections, or the mean error of this sample set (6%o) if only one injection;
dilution rates are indicated outside each set of three bars. Strain FY4 grown with 0.75% glucose (orange),
0.75% galactose (gold); strain EXF-4126 grown with 2% glycerol (blue), 2% glucose (brown) (Data S1, S4).
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Fig. S3. Fatty acid, growth water, and substrate 5°H values. A) Sample &°H values in steady state
chemostat conditions under controlled growth rates; filled symbols for fatty acids. B) Pre steady state samples
(uncontrolled growth rate), unfilled symbols for fatty acids. C) Pre-pump samples in late exponential/early
stationary taken from the bioreactor just prior to turning on pumps and initiating chemostats (uncontrolled
growth rate), unfilled symbols for fatty acids. D) Carbon substrate 8*H values. Strain EXF-4126 grown with 2%
glycerol (blue), 2% glucose (brown); strain FY4 grown with 0.75% glucose (gold), 0.75% galactose (orange)
(Data S4).
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Fig. S4. Cellular redox status. A) anabolic redox cofactor poise NADP*/NADPH and B) catabolic redox
cofactor poise NAD*/NADH versus growth rate in chemostats of strain EXF-4126 (Data S4). Large blue circles
(glycerol-respiration) and brown squares (glucose-fermentation) represent the mean of 4 to 6 sample time
points at each growth rate (small dots).
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Fig. S5. Extracellular ethanol levels (left panel) and ammonium levels in growth medium (right panel).
LEFT: Higher levels of fermentation overflow product ethanol confirm much higher fermentation in glucose and
galactose cultures compared to glycerol cultures. Error bars are SD of triplicate sampling timepoints. Ethanol in
fresh media was below the 0.1 mg L™" detection limit. RIGHT: Ammonium levels in chemostat media during
stable growth on sugars and glycerol were barely detectable (< ~0.1 mg L™"; detection limit = 0.017 mg L™")
and much lower than in washout conditions when pump rate was faster than the fastest growth rate (~0.35 mg
L™", only sampled for the 0.75% glucose condition) and far lower than fresh media (black horizontal line, 2.65
mg L™"). This indicates N-limitation in chemostats yielded steady state N limited growth at relevant growth
rates. Error bars are the difference between two measurements (fresh media) or 5% of absolute value (culture
supernatant, not visible on most data points); note break in y-axis. Strain EXF-4126 (2% glucose (brown
squares) and glycerol (blue circles)), strain FY4 (0.75% galactose (gold squares) and glucose (orange
squares)) (Data S4).



1.0
A. G6PDH B. 6PGDH 15| strain EXF-4126
O Respiration

O—a [0 Fermentation
L
=
- —
Q2 -
= - . O
< > o0+ e 9
OIS | I - I I I
&5
> 40
N & "V |C.ALDH D. IDH
cQo RO= _0 47 Ro—
L
0.5
O
O O
e Rl | B .
| ,7@ B ——tmitochondrial IDH only
0.0 | I I - I | I
0 1 .2 30 1 2 3
d d

Growth Rate (d7)

Fig. S6. Relative contributions of NADP*-reducing enzymes to total NADPH production activity based
on measured enzyme activities. Glycerol-respiring (blue circles) and glucose-fermenting (brown squares)
chemostats of strain EXF-4126. Measured IDH activity for glucose-grown cells is assumed to represent
mitochondrial IDH as the cytosolic form is glucose repressed (Fig. 3, Data S1, S2, S4).
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Fig. S7. Relative activities of different NADP*-reducing enzymes in glycerol-respiration vs glucose-
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here to show relative enzyme activities, strain EXF-4126 only. Error bars indicate standard deviation of 4 to 11
separate time points taken during each growth rate (Fig 3, Data S1, S2, S4).
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Fig. S8. Biomass composition of S. cerevisiae EXF-4126 across growth rates and substrates. Relative
abundances of major fatty acids in biomass in A) glycerol-fed fermenting and B) glucose-fed respiring
chemostats; error bars are SD of 3 steady state replicate timepoints. C) Percent unsaturation of fatty acids. D)
Biomass C/N ratios, 3 to 6 sample replicates. Solid lines indicate linear regressions (p < 0.001) (Data S1-S4).
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Fig. S9. Statistical analyses of relationships between EXF-4126 fatty acid H-fractionations and various
physiological parameters. A) Pearson correlations (r) and p-values. B) 95% confidence intervals for York
linear regressions. Yellow highlight for significant correlations with Pearson correlation (corr) < 0.1, York linear
correlation (York) pval < 0.2. Note, calculations of relative contributions to NADPH based on protein activity
data assume 1) similar protein extraction efficiencies and for cytosolic IDH 2) only mitochondrial IDH is active
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correcting for the estimated mitochondrial component. See Data S1-S4 for details.
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Fig. S11. Statistical analyses of relationships between EXF-4126 ?H-fractionations between palmitoleic
(16:1) and palmitic (16:0) fatty acids and various physiological parameters. 95% confidence intervals for
York linear regressions. Yellow highlight for significant correlations with Pearson correlation (corr) < 0.1, York
linear correlation (York) pval < 0.2 (2). See Data S1-S3 for details.

100 Strain EXF-4126
2% Glycerol
02% Glucose
50 Strain FY4

0.75% Glucose
0.75% Galactose

0O0ther organisms

€16:1/16:0 (%0)
<

_50_
(aV}
1007 o %Cien/%Cieo=0.5
Q %C1e1 / %Crap = 4
—-150+ R2= 1 R2= 0.97

| | | | | L |
5-400 -200 0

| |
0 1 2 3 4 200 400

. 2

Fig. S12. Palmitic (n-C16.0) and palmitoleic (n-C1e.1) acid *H-fractionation values (*€16:1/16:0) Of yeast and
other cultured organisms. A) abundance ratio (% palmitoleic acid / % palmitic acid) and B) weighted
averages (w.a.) of palmitoleic and palmitic acids “€fatyaciawater. Chemostats of strain EXF-4126 fed glycerol
(blue) or glucose (brown); strain FY4 fed glucose (orange) or galactose (yellow); and other cultured autotrophs
(3-8) and heterotrophs (5, 6, 9-13) (black). In panel B only, circle size represents relative abundance of 16
chain fatty acids. For yeast data all data points are shown but linear regressions use means of three timepoints
at each growth rate; adjusted R? shown.
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fractionation ®epiomassisubstrate; B) biomass/ammonium "N isotope fractionation; C) C/N ratios. Strain EXF-4126
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bioreactor pre-pump batch conditions, or post-pump non steady state conditions (Data S4).
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Fig. S14. Compound/water ?H-fractionation versus growth rate for yeast and other organisms. A)
Lipid/water 2H-fractionation vs growth rate for S. cerevisiae fatty acids from cells grown on glycerol (blue),
glucose (brown and orange), or galactose (gold) (p < 0.01, n=9). B) Lipid/water *H-fractionation vs growth rate
for lipids from photoautotrophs Thalassiosira pseudonana and Emiliania huxleyi where individual alkenones
and fatty acids are represented as the weighted average (w.a.) (4) with archaea lipids from (14) (note different
horizontal scale). C) Amino acid/water H-fractionation vs growth rate for individual amino acids from
chemostat-grown bacteria Escherichia coli on glucose (15), proline and valine are highlighted in color to
indicate they had a statistically significant relationship to growth rate. D) A summary of slopes and mean
fractionation factors from A-C.
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Table S1. Deuterium kinetic isotope effects (dKIEs) of NAPDH-producing enzymes. Experimental
observations of the dKIE for NADP* reducing enzymes glucose 6-phosphate dehydrogenase (G6PDH), 6-
phosphogluconate dehydrogenase (6PGDH), isocitrate dehydrogenase (IDH), and aldehyde dehydrogenase
(ALDH). All experiments were performed at 25 °C, saturating NADP”, and substrate concentrations were

varied unless noted otherwise.

Enzyme | Organism Substrates Co-factor, Metal pH KIE? 2gb Reference
ion (%0)
G6PDH | Leuconostoc glucose 6-phosphate & [1- NADP*, Mg 8 2.97 -663 Hermes et al., 1982 (16)
mesenteroides (Sigma) 2H]glucose 6-phosphate
6PGDH | Yeast (Sigma) 6-phosphogluconate & [3- NADP*, Mg?* 5.05 | 2.54+ -606 Rendina et al., 1984 (17)
2H]6-phosphogluconate 0.06
6PGDH | Yeast (Sigma) 6-phosphogluconate & [3- NADP*, Mg?* 594 | 211+ -526 Rendina et al., 1984 (17)
2H]6-phosphogluconate 0.07
6PGDH | Yeast (Sigma) 6-phosphogluconate & [3- NADP*, Mg?* 7.34 | 193+ -482 Rendina et al., 1984 (17)
2H]6-phosphogluconate 0.05
6PGDH | Yeast (Sigma) 6-phosphogluconate & [3- NADP*, Mg?* 8.0 1.54 + -351 Rendina et al., 1984 (17)
2H]6-phosphogluconate 0.02
6PGDH | Yeast (Boehringer- 6-phosphogluconate & [3- NADP*, Mg?* 8.0 161+ -379 Rendina et al., 1984 (17)
Mannheim) 2H]6-phosphogluconate 0.04
6PGDH | Yeast (Sigma) (saturating) NADP*(variable), 8.0 1.77 = -435 Rendina et al., 1984 (17)
6-phosphogluconate & [3- Mg?* 0.04
2H]6-phosphogluconate
6PGDH | Yeast (Sigma) 6-phosphogluconate & [3- NADP*, Mg?* 9.10 | 1.37 ¢ -270 Rendina et al., 1984 (17)
2H]6-phosphogluconate 0.02
IDH Pig heart (Sigma) isocitrate & [2-2H]isocitrate NADP*, Mg?* 498 | 1.06 + -57 Grissom and Cleland, 1988
0.03 (18)
IDH Pig heart (Sigma) isocitrate & [2-2H]isocitrate NADP*, Mg?* 7 1 0 Grissom and Cleland, 1988
(18)
IDH Not reported isocitrate & [2-2H]isocitrate NADP*, Mg?* 4.5 1.08 + -74 Cook and Cleland, 1981
0.02 (19)
IDH Not reported isocitrate & [2-2H]isocitrate NADP*, Mg?* 7.5 1.07 = -65 Cook and Cleland, 1981;
0.16 +10 O’Leary, 1989 (19, 20)
0.99 +
0.09
IDH Not reported isocitrate & [2-2H]isocitrate NADP*, Mg?* 9.5 1.063 -59 Cook and Cleland, 1981
0.008 (19)
IDH Pig heart (Boehringer) isocitrate & [2-2H]isocitrate NADP*, Mg?* 7.04 | 0.76 +316 Ramachandran et al., 1974
(21)
IDH Pig heart (Sigma) isocitrate & [2-2H]isocitrate NADP*, Mg?* 5.5 0.95 ¢ +53 O’Leary and Limburg, 1977
0.3 (22)
IDH Pig heart (Sigma) isocitrate & [2-2H]isocitrate NADP*, Mg?* 7.5 0.76 £ +316 O’Leary and Limburg, 1977
0.12 (22)
IDH Pig heart (Sigma) isocitrate & [2-2H]isocitrate NADP*, Mg?* 8.5 1.07 = -65 O’Leary and Limburg, 1977
0.17 (22)
IDH Pig heart (Sigma) isocitrate & [2-2H]isocitrate NADP*, Ni#* 7.5 111+ -99 O’Leary and Limburg, 1977
0.14 (22)
ALDH Vibrio harveyi (expressed | acetaldehyde & [1- NADP*, K* 8 3.19 -687 | Vedadi and Meighen, 1997
in Escherichia coli) ?H]acetaldehyde (23)
ALDH Vibrio harveyi (expressed | (saturating) acetaldehyde & NADP*(variable), 8 1.227 -185 | Vedadi and Meighen, 1997
in Escherichia coli) [1-H]acetaldehyde K* (23)

2 The primary deuterium isotope effect on enzyme rate constants (KIE) is H(VIK) = (Vinax/Km) H/(Vimax/Km) H, Uniity indicates no
fractionation and values >1 indicate the reaction is faster with 'H.
b 2H-enrichment factor calculated as (1/KIE — 1) x 1000.
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Table S2. Statistical analyses of relationships between fatty acid/water ?H-fractionations for glycerol and

glucose fed strain EXF-4126 in chemostats with physiological and isotopic parameters. See Fig. S9, Data S3

for details.
York
Ordinate Abscissa Pearson Pearson  York Intercept Slope York
r Pval (0') (0’) Pval
glycerol & glucose 2. (o B -921 -8
2Efattyacid/water (%0) Er6:160 ( /00) 0.88 0.02 (50) (0) 1.00
B ~ -9 11
growth rate (d") 0.09 0.87 17 22) 1.00
% cytosolic IDH to NADPH 1.00 0.00 ~2 20 0.03
(0) 2)
% total IDH to NADPH 0.98 0.00 8 30 0.08
) (5)
14 -1
C/N -0.59 0.22 1.00
(3) (0)
. -4 4
% unsaturated fatty acids -0.26 0.62 0.99
° Y (6) (7)
relative abundance lipid B 1433 -24
(ug fatty acid mg biomass™) 077 0.07 (434) ) 0.91
relative abundance lipid™' -14 887
(mg biomass g fatty acid™") 0.85 0.03 (4) (299) 0.99
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S| Methods
(1) Yeast chemostats

Nitrogen sources for culture media were ammonium sulfate (A-4418 lot 100K5442, Sigma-Aldrich,
St Louis, MO, USA) and amino acids (R459932 lot 165196, Remel Inc., San Diego, CA, USA). Media
was prepared in 5 or 10 L batches, MilliQ water was autoclaved and media components added
through a 0.2 ym Rapid-Flow bottle top filter (#595-4520, Nalgene, Thermo Fisher Scientific,
Waltham, MA, USA). The media was unbuffered (starting pH = 4, steady state pH ranged from 2.96 to
3.34).

For each chemostat, prior to turning on the pumps to initiate steady-state conditions, 1-3 samples
were taken that represent late exponential/early stationary batch conditions in the bioreactors; pumps
were turned on in early stationary phase. Once in steady state the 2% glucose and 2% glycerol
(strain EXF-4126) chemostats were sampled multiple times at three growth rates ranging from 0.55 to
2.69 d™" and the 0.75% glucose or galactose (strain FY4) were sampled at three growth rates ranging
from 1.18 to 6.51 d~'. To sample bioreactors for biomass and OD a syringe was used to clear and
flush sample port dead space; a maximum of 50 ml was only taken ~every other day to avoid altering
culture volume and growth conditions; samples for enzyme, protein concentration, and NADPH
assays were either collected by syringe and immediately put on ice or passively collected from
chemostat overflow into a sterile tube on ice and immediately processed or frozen (-80 °C, less than
1 week). To obtain sufficient biomass for lipid isotope analysis, 0.5 to 1 L samples were collected by
allowing the chemostat overflow to fill pre-combusted bottles sitting on ice. Samples were either
filtered (47 mm pre-combusted Whatman GF/C), folded, and wrapped in pre-combusted foil (strain
FY4), or spun down and transferred to pre-combusted glass vials (strain EXF-4126), samples for lipid
isotope analysis were stored at —20 °C until analysis.

Concentrations of bioavailable nitrogen in supernatant were determined at the Moss Landing
Marine Labs Anlytical Nutrient Lab via a Lachat Quickchem 8000 Flow Injection Analyzer.
Concentrations of ethanol in supernatant were determined using an ethanol assay kit (product code
K-ETOH, Megazyme, Brey, Ireland). Ethanol in carbohydrate-fed cultures was two to three times
greater than glycerol-fed cultures demonstrating fermentative activity in carbohydrate-fed cultures
(Fig. S5). Dissolved oxygen levels (measured in the 2% glucose or 2% glycerol (strain EXF-4126)
cultures only) were monitored to ensure oxygen was not limiting and remained high and constant
throughout the chemostat. For strain EXF-4126 we noticed oxidative reductive potential (ORP) levels
fluctuating greatly with ambient light levels. Therefore, we only considered chemostats to be in steady
state after modifying ambient lab light levels to remain low and constant, allowing ORP to stay
constant at each growth rate. Given the long length of time required for achieving steady-state
conditions at the slowest growth rates used for strain EXF-4126 (and solving the light issue) we
verified there were no mutations that could impact growth rate by plating cells from each vessel at the
end of the chemostats and a fresh inoculate from EXF-4126 freezer stock, and growing these three
“sub strains” side by side; we found no growth rate differences between the three samples.
Periodically during chemostats, culture purity was confirmed by plating ~0.25 ml of culture onto agar
with rich media and 2% glucose which remained clear of non-yeast colonies.

(2) Fatty acid hydrogen isotopic analyses

Fatty acid identification and quantification were achieved using a Trace 1310 gas chromatograph
oven equipped with a flame ionization detector (FID) and an ISQ QD mass spectrometer (MS)
(Thermo Fisher Scientific, Waltham, MA, USA) and two 30 m, 0.25 mm diameter, 0.25 pm thick DB-5
columns (Agilent Tech., Santa Clara, CA, USA) fitted to the back inlet and the FID and the front inlet
to the MS; 5a-cholestane added to 5% aliquots was used as a quantification standard. Instrument
settings included 320 °C split/splitless inlets operated in splitless mode with a constant flow of He
carrier gas at 1.1 ml min™'; oven temperature started at 90 °C for 1 min; ramped to 120 °C at 20 °C
min~'; ramped to 320 °C at 5 °C min~', ending with a 13 min hold.
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Fatty acid hydrogen isotope ratios were measured by gas chromatography-pyrolysis-isotope ratio
mass spectrometry using a Trace 1310 gas chromatograph-GC Isolink Il coupled to a 253 Plus
isotope ratio mass spectrometer via a ConFlo IV (Thermo Fisher Scientific, Waltham, MA, USA) in the
Dept of Geological Sciences, University of Colorado, Boulder.

A 60 m by 0.25 mm and 0.25 um film thickness DB-1 GC column was used for yeast samples
(Agilent Tech., Santa Clara, CA, USA); a ZB-5HT 30 m by 0.25 mm and 0.25 pm film thickness GC
column was used for mammal cell samples (Phenomenex Zebron, Torrance, CA, USA). A
programmable temperature inlet in splittless mode had a starting temperature of 250 °C with a 0.1 min
injection phase, ramped to 300 °C at 5 °C min~" for a 0.1 min evaporation phase, ramped to 400 at 8
°C min~" for 1 min transfer phase followed by a 10 min cleaning phase at 350 °C, all with a constant
helium carrier flow of 1.2 ml min~'. The oven temperature started at 80 °C with a 2 min hold, ramped
to 130 °C at 20 °C min~"!, ramped to 320 °C at 5 °C min~" with a final 12 min hold. H3+ factors were
monitored daily and ranged from 8.28 to 7.29 during the 1.5 year timespan that hydrogen isotope
measurements for this study took place. The 2H/'H values, reported in 8°H notation in permil (%),
were evaluated to hydrogen reference gas pulses at the beginning and end of each run, then
externally corrected to A7 and F8 isotope standard mixes (Dr. Arndt Schimmelmann, Indiana
University, available at: https://hcnisotopes.earth.indiana.edu/reference-materials/index.html). Due to
the higher 3%H values in the glycerol grown samples, the glycerol-fed cultures used the following
additional standards to bracket the analytical range of the samples: C16E (+275.6 %o), C16P (+449.3
%0), C20P (+191.9%0), C20B (+1.5%0) (Dr. Arndt Schimmelmann, Indiana University). These were
injected throughout the sequence in separate injections from the A7 and F8 mixes to avoid memory
effects that occur when a light analyte follows an enriched analyte in the same injection. In addition to
samples, a phthalic acid isotope standard (-95.5 + 2.2%o, Dr. Arndt Schimmelmann, Indiana
University) was methylated with the same batch of MeOH used for samples to obtain the isotope
composition of the derivatizing H. A mass balance calculation corrected all measured FAMES for the
added methyl group H and errors on reported values were calculated by propagating errors from
analytical uncertainty of samples (standard deviations if 3 injections, differences if 2 injections) and
phthalic acid isotope standard.

(3) Substrate isotopic analyses

Substrate hydrogen isotope composition was determined by two methods: substrate
acetylation and equilibration (24). In method 1, we prepared acetylated derivatives of substrates
(glucose, galactose, glycerol) using acetic anhydride of known isotopic composition (-133.2 £ 2.1%.,
Arndt Schimmelmann, Indiana University) and pyridine in vials capped under a stream of N2 gas and
heating to 50 °C for 1 hr. The derivatization created glucose-acetate, galactose-acetate, and glycerol-
acetate which were analyzed via GC-P-IRMS. The preparation and measurement of sugar- and sugar
alcohol-acetate substrates was performed at both University of Colorado, Boulder and University of
Basel using subsamples from identical substrate jars including glycerol (Thermo Scientific Arco part
number 410980100, lot AO388846), glucose (Sigma part number G8270 lot SLBV7620), and
galactose (Sigma part number G0625 lot SLBT4248). The second method used an equilibration
experiment following previously reported procedures (24), performed at Northwestern University. The
average of 3 to 4 &°H values of substrate H using the two methods measured by three institutions are
reported and errors are represented by the standard deviations between those values: 8Hgiycerol =
_4515(%0, 62Hg|ucose= 8+10 %o, and 62Hgalactose = 40+20%o.

(4) Biomass elemental analyses

Samples for elemental analysis of strain FY4 were collected at similar time points as samples
for lipid isotope analysis onto pre-combusted 25 mm GF/D (nominal pore size 1.2 um, Whatman),
folded in half (loaded side in), and stored in combusted aluminum foil at —20 °C until analysis.
Samples from strain EXF-4126 were pellets collected during steady state in addition to sub-aliquots
from the identical freeze-dried biomass fraction also used for lipid isotope analysis. Frozen/wet
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samples of biomass and substrate carbon were oven dried overnight (60 °C) and either packed
(filters) or weighed (dried biomass, substrate) into tin capsules (9x10 mm, Elemental Microanalysis
and Costech) prior to elemental analyses of total C and N and their isotopes.

(5) Enzyme assays

Cell pellets for enzyme assays were disrupted with a pipette by adding 1 ml cold extraction
buffer then transferred to cold pre-combusted 2 ml flat-bottomed glass vials with ~0.3 ml of disruption
beads (pre-combusted and rinsed 3 times with extraction buffer solution; extraction buffer identical to
wash buffer but without protease inhibitor tabs). To break cells, samples were vortexed for 30 s
followed by freezing in ice bath for 30 s, repeated three times. Material was transferred to a low-
binding mini centrifuge tube on ice and spun down (2 °C, 3 min, max rpm); the top debris-free layer
was transferred to a new mini centrifuge tube on ice and diluted 1:1 with cold extraction buffer, this
was spun down again just prior to loading wells using the topmost layer. NADPH production by
G6PDH+6PGDH (25), 6PGDH, IDH, and ALDH was simultaneously measured in a Costar 96 flat
bottom plate plus lid by aliquoting 45 ul sample extracts into triplicate wells for each target enzyme
with 45 pl freshly prepared 2.22 mM NADP*, after 30 s of orbital shaking (frequency 282 cpm (3 mm)
before and after a 10 min delay at 30 °C, 10 pl of substrate was added to sample wells (at final
concentrations 10 mM for isocitrate, 5 mM for acetaldehyde, and 3.3 mM for 6-phosphogluconate and
glucose 6-phosphate) followed by a programmed kinetic procedure of 30 s orbital shaking plus a 340
nM reading every 42 s for 40 min. Wavelength reads were blank corrected (using the average of 3 to
6 nearby wells containing 45 ul buffer instead of sample) and all wells were pathlength corrected. In
addition to samples, sample-free control wells were monitored for each substrate type and control
well Vmax (maximum slope of the curve) values were subtracted from sample well Vmax values for a
control-corrected sample Vmax value. To obtain Vmax values for GGPDH, the Vmax results from
control-corrected 6PGDH wells were subtracted from control-corrected G6PDH+6PGDH wells.
Triplicate 25 pl aliquots of extract from the same samples were used to determine protein
concentrations using a BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). All
reagents were 0.2 ym filter sterilized. All assays were performed on a BioTek Synergy HTX multi-
mode plate reader (BioTek, Winooski, Vermont, USA). Sample control-corrected Vmax slopes were
normalized to BCA protein concentrations, pathlength (these averaged ~0.25 cm per well depth), and
the extraction coefficient of NADPH at 340 nm of 6.22 liter NADPH mmol~" cm™ (26, 27).

Calculations of relative contributions to NADPH based on protein activity data assume 1)
similar protein extraction efficiencies and for cytosolic IDH 2) only mitochondrial IDH is active for
glucose metabolism such that the cytosolic contribution (% cyto IDH) in glycerol metabolism is
estimated by correcting for the estimated mitochondrial component.

Sl Discussion
(1) Possible 2H-enrichment of substrates supplying NADPH enzymes in glycerol grown cells

It is possible that the substrates feeding all four enzymes are likely heavier in ?H in the glycerol
respiring cells than sugar fermenting cells because: 1) the reactions in the TCA cycle fractionate
hydrogen, producing ?H-enriched isocitrate (see discussion in (6)); 2) acetaldehyde-H originates from
cell water which can become isotopically distinct from the growth medium (28, 29), and in natural
abundance waters can be heavier than medium (30); and 3) hexose precursors for oxPPP enzymes
(G6PDH and 6PGDH) supplied by gluconeogenesis can pick up hydrogen from water (via
triosephosphate isomerase mediated interconversion of dihydroxyacetone phosphate (DHAP) and
glyceraldehyde-3-phosphate (GAP)) and have the potential to be additionally ?H-enriched if
gluconeogenesis enzymes in yeast have inverse deuterium isotope effects (Fig. 1 and Fig. $1).
Hayes (31) notes that the exchange of carbon-bound H on carbohydrate with water has an inverse
isotope effect (2ccarbohydrateiwater > 1; 2Ecarbohydrateiater > 0) favoring 2H-enrichment in carbohydrate. Thus,
NADPH from gluconeogenesis may also be ?H-enriched due to the inheritance of isotopic signals
from ?H-enriched hexoses that result from isomerize-catalyzed equilibration reactions with water
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which have an inverse isotope effect. Such exchanges have been associated with a ~ 100%o 2H-
enrichment of plant cellulose (31, 32). Equilibrium isotope effects cannot be the primary driver of the
much larger (~ 500%o) 2H-enrichment observed in glycerol grown cell lipids. This is consistent with the
IDH activity as the primary control on lipid 2H-enrichment under this condition.

(2) Variable ?H-fractionation between unsaturated and saturated fatty acids

We observed variable ?H-depletions in the ?H-fractionation between palmitoleic acid (one
unsaturation) and fully saturated palmitic acid (*€16:1/16:0 between ~ =50%o and —150%o, Fig. S11 and
Fig. S12), especially in glycerol-fed EXF-2146 (Fig. 2A, Fig. S11 and Fig. S12). Desaturase
enzymes with normal dKIE produce unsaturated fatty acids from their saturated counterparts (33).
Chikaraishi et al. (34) proposed that the size of unsaturated lipid flux from the saturated pool could
explain the large 2H-depletions measured in the most abundant fatty acids of macroalgae (33).
Regressions of 2g16.1/16:0 against the relative abundance of unsaturated fatty acids in 16 carbon fatty
acids (% unsaturation, Fig. S11) for glucose grown cells support this interpretation (Pearson pva =
0.059, York pval = 0.13, Fig. S11), but 2e16:1/16:0 values for other conditions (e.g., EXF-2146 on
glycerol, FY4 on glucose, galactose, Fig. S11 and Fig. S12A) and other organisms do not show
consistent trends with fatty acid relative abundance. Only chemostats of strain EXF-4126 grown on
2% substrates had a linear relationship between 2¢16:1/16:0 and eiipigwater (Fig. S12B). The controls on
fractionation between fatty acid pools merit additional research.

(3) Biomass "*C enrichments in glycerol-respiring cultures: Possible autophagy

The results showing higher biosynthetic costs (Fig. 3, Fig. S4 and Fig. S6) and
biomass/substrate 3C isotope fractionations (Fig. 2A and Fig. $13) for glycerol respiration compared
to carbohydrate fermentation suggest that glycerol-fed cells could recycle biomass via general
autophagy, B-oxidation in the peroxisome, or p-lipophagy, which occur under acute glucose starvation
(35). In yeast, autophagy is a normal housekeeping process that occurs at basal levels, increases
with nutrient and carbon limitation (36, 37), and is required for mitochondrial function on non-
fermentable substrates like glycerol (38). The observed increased activity of aldehyde dehydrogenase
in the glycerol-fed chemostat with growth rate (Fig. 3C) may signal export of fatty acids from cells or
their consumption for energy thus requiring additional acetate to supply acetyl-CoA for de novo lipid
synthesis. Such a process could help explain why lipid unsaturation and concentration does not vary
with growth rate in glycerol-respiring cells like they do in glucose-fermenting cells (Fig. S8A-C) and
why lipid concentrations are lower for glycerol respiration compared to glucose fermentation (Fig.
S8A and B). Notably, '3C-enrichments of glycerol culture biomass were only observed once N-limited
steady state conditions had established in chemostats (Fig. $13), suggesting a relationship between
nitrogen availability, "*Cpiomass, and inferred autophagy.

(4) Miscellaneous impacts on lipid/water ?H-fractionation

In addition to NADP* reducing enzyme activity, NADPH 2H in fast growing glycerol cultures
may be sensitive to NADPH consumption/supply. Variations in NADPH demand have been inferred
for antioxidant defense between respiring and fermenting yeast (40—42). The higher reductant costs
of glycerol growth (Fig. 3E and Fig. S4A) could thus reflect increased oxidative stress (43—-45) and/or
enhanced lipid recycling for aerobic respiration relative to aerobic fermentation (see SI Discussion
3). These demands may have been satisfied by supplementing relatively ?H-depleted NAPDH from
oxPPP pathways to the NAPDH pool, helping explain strong lipid 2H decreases with growth rate in
glycerol but not glucose fed cells.

Our experiments revealed a high sensitivity of yeast 2€satyacidmwater to NADPH production by IDH
(~30 + 5%o per 1 p.p. NAPDH from IDH, Sl Table 2). Although shifts in biomass composition observed
in glucose cultures did not significantly affect IDH control of %€atyacidwater (Fig. 4A), much larger
changes in cellular composition (Fig. 4B) could alter quantitative relationships between IDH and
2gtattyacidwater. IN other words, NADPH sinks could alter the sensitivity of 2€atyaciaiwater to NAPDH source
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(slope of 2€sattyaciamater line vs IDH contributed NADPH) if they were sufficiently large. In general, the
sensitivity of gfattyaciaiwater to NAPDH source could be affected by enzyme-mediated hydrogen atom
exchange between NAPDH and water (46, 47) and NADH (12), mechanisms also discussed in ref (1).
These can have extremely large kinetic isotope effects (12, 48) and their influence should be
modulated by enzyme levels and metabolite turnover rates. Cellular compartmentalization that
decouples lipid biosynthesis from IDH activity in another cellular location may also shift 2€jipigwater -
NAPDH source relationships in different eukaryotes. Finally, changes in lipid biosynthetic patterns
and poorly known biosynthetic pathways for NADPH and lipids should also be considered.

(5) Growth rate impacts on lipid/water ?H-fractionation in other microorganisms

Yeast data inform the mechanisms of growth rate dependency for ?H-fractionations measured
in marine phytoplankton lipids (4, 39), archaeal lipids (14), and bacterial amino acids (15) (Fig. S14).
Fatty acid/water 2H-fractionation from the haptophyte Emiliania huxleyi responds strongly to growth
rate as in glycerol-grown yeast. Brassicasterol and alkenones from E. huxleyi and sterols and fatty
acids from Thalassiosira pseudonana are less sensitive to growth rate, as in glucose-grown yeast,
while archaeal GDGTs and most amino acids from Escherichia coli show little to no response to
growth rate. The larger variations in 2€jpigiwater With growth rate likely originate from NADPH source
shifts, while smaller variations may indicate NADPH demand changes related to cellular composition.
Alternatively, they could reflect very small source shifts (or muting of source signals via the
mechanisms described above), or some combination of these.

(6) Interpretation of murine lipid/water ?H-fractionation

NADPH fluxes for de novo lipid synthesis were determined by MFA in the same healthy murine
hepatocytes used in this study and in the HepG2 human hepatocarcinoma-lineage under the
conditions employed here (49). Notably, HepG2 cells relied heavily on oxPPP (>80% cytosolic
NADPH) for de novo lipid biosynthesis, while healthy murine hepatocytes instead obtained NAPDH
from cytosolic IDH and malic enzyme flux in the TCA cycle (~40%), cytosolic serine catabolism
(>50%), and one-carbon metabolism (~5%) (49). These results point to IDH activity as the source of
the observed lipid 2H-enrichment in respiring murine hepatocytes, as we found for yeast. Compared
to yeast results, the lower sensitivity of hepatocyte lipid ?H-fractionation to differences in IDH-derived
NAPDH likely reflect several unconstrained parameters. These include (i) the fraction of measured
lipids derived from de novo lipid biosynthesis during the 24 hr plate culture experiment vs. carried
over from living mice (healthy hepatocytes, in which ~50-90% lipids derive directly from diet (49) or
the maintenance medium; (ii) differences in NADPH cycling between human hepatocarcinoma (49)
and its murine counterpart (50, 51) used here; (iii) flavin enzyme-mediated exchange of NADPH-
hydrogen with water active in the cells along with H exchange between NADH and NADPH by
transhydrogenase in mammalian cells (46) but not yeast (52); (iv) the direct influence of substrate 2H-
isotopic composition on lipids (e.g., Xs, the fraction of lipid H that is substrate H (6)); as well as (v) the
dKIE of NADPH produced by serine catabolism (53).
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