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ABSTRACT Methanotrophic bacteria are a group of prokaryotes capable of using
methane as their sole carbon and energy source. Although efforts have been made
to simulate and elucidate their metabolism via computational approaches or '3C
tracer analysis, major gaps still exist in our understanding of methanotrophic metab-
olism at the systems level. Particularly, direct measurements of system-wide fluxes
are required to understand metabolic network function. Here, we quantified the cen-
tral metabolic fluxes of a type | methanotroph, “Methylotuvimicrobium buryatense”
5GB1C, formerly Methylomicrobium buryatense 5GB1C, via '3C isotopically nonstation-
ary metabolic flux analysis (INST-MFA). We performed labeling experiments on che-
mostat cultures by switching substrates from 2C to '3C input. Following the switch,
we measured dynamic changes of labeling patterns and intracellular pool sizes of
several intermediates, which were later used for data fitting and flux calculations.
Through computational optimizations, we quantified methane and methanol metab-
olism at two growth rates (0.1 h~" and 0.05h~"). The resulting flux maps reveal a
core consensus central metabolic flux phenotype across different growth conditions:
a strong ribulose monophosphate cycle, a preference for the Embden-Meyerhof-
Parnas pathway as the primary glycolytic pathway, and a tricarboxylic acid cycle
showing small yet significant fluxes. This central metabolic consistency is further
supported by a good linear correlation between fluxes at the two growth rates. Spe-
cific differences between methane and methanol growth observed previously are
maintained under substrate limitation, albeit with smaller changes. The substrate ox-
idation and glycolysis pathways together contribute over 80% of total energy pro-
duction, while other pathways play less important roles.

IMPORTANCE Methanotrophic metabolism has been under investigation for de-
cades using biochemical and genetic approaches. Recently, a further step has been
taken toward understanding methanotrophic metabolism in a quantitative manner
by means of flux balance analysis (FBA), a mathematical approach that predicts
fluxes constrained by mass balance and a few experimental measurements. How-
ever, no study has previously been undertaken to experimentally quantitate the
complete methanotrophic central metabolism. The significance of this study is to fill
such a gap by performing '3C INST-MFA on a fast-growing methanotroph. Our
quantitative insights into the methanotrophic carbon and energy metabolism will
pave the way for future FBA studies and set the stage for rational design of metha-
notrophic strains for industrial applications. Further, the experimental strategies can
be applied to other methane or methanol utilizers, and the results will offer a
unique and quantitative perspective of diverse methylotrophic metabolism.

KEYWORDS '3C metabolic flux analysis, bioreactor, chemostat, isotopically
nonstationary, type | methanotroph
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He et al.

“Methylotuvimicrobium buryatense” 5GB1C, formerly Methylomicrobium buryatense
5GB1C (1), is a type | methanotroph employing the ribulose monophosphate (RuMP)
cycle for carbon assimilation and growing only on one-carbon substrates (2). It has
emerged as a promising candidate for industrial applications due to its fast growth,
tolerance to high salinity and pH, and robust genetic tools (3, 4). Considerable funda-
mental and applied research has been carried out on this bacterium (5-11). An
important question is how metabolic fluxes in central metabolism are organized when
M. buryatense 5GB1C is grown on methane or methanol. Answering this question will
help define central metabolic features in type | methanotrophs and their metabolic
adaptations to environments supplied with different carbon sources. It may also allow
us to identify pathways holding potential for industrial bioengineering.

Two main approaches have been used to assess the metabolic flux map in metha-
notrophs, flux balance analysis (FBA) and '3C metabolic flux analysis (MFA). FBA
involves a genome-scale reconstruction model, which is subject to experimental con-
straints and mass balance based on reaction stoichiometry, and this approach has been
applied to M. buryatense 5GB1C (12, 13). The model has predicted growth rates and
yields in reasonable agreement with experimental measurements. Similar genome
reconstruction models have been applied for other methanotrophs or methanol uti-
lizers (14-16). However, such models do not directly measure fluxes, and even those
constrained by experimental results contain significant uncertainties.

In order to directly measure fluxes, MFA is required. MFA employs '3C tracers to
measure in vivo enzymatic reaction rates during isotopic and metabolic steady states
(17-19). To this end, we have previously utilized metabolomics analysis and '3C labeling
experiments under isotopic and metabolic steady states (13, 20), from which some key
differences between methane and methanol metabolism were identified. For example,
2-keto-3-deoxy-6-phosphogluconate (KDPG), an intermediate in the Entner-Doudoroff
(ED) pathway, exhibits a much higher pool size under growth on methanol than growth
on methane, suggesting a possibly enhanced carbon flow through the ED pathway. In
addition, the tricarboxylic acid (TCA) cycle operates oxidatively during growth on
methane but likely branched during growth on methanol. However, it can be argued
that the relative elevation of a metabolite pool does not always guarantee an increase
in the carbon flow to its synthesis (21), providing uncertainty. Another limitation for
labeling studies with one-carbon compounds is the complete labeling of most inter-
mediates using steady-state methods. Only those intermediates downstream of car-
boxylation reactions can be assessed with steady-state analysis. In the case of M.
buryatense 5GB1C, this limits information to the TCA cycle and related reactions. It also
does not allow assessment of the operation of the methane or methanol oxidation
pathway, the RuMP cycle, or the glycolysis pathway. Other techniques are required to
examine the overall metabolism of M. buryatense 5GB1C quantitatively.

The alternative technique for measuring fluxes throughout central metabolism of M.
buryatense 5GB1C is '3C isotopically nonstationary metabolic flux analysis (INST-MFA).
During '3C INST-MFA, the carbon source is switched from a '2C substrate to its
corresponding '3C isotopologue without perturbing the bacterial metabolism, and
then the dynamic changes in labeling patterns of intracellular metabolites are mea-
sured. Since those changes are flux dependent, carbon fluxes can be calculated based
on experimental measurements. '3C INST-MFA has been applied to cyanobacteria and
plants feeding on CO, as the sole carbon source (22-25), and it successfully captured
their metabolic flux phenotypes in response to different growth conditions or genetic
manipulations. However, it has not yet been used for any methanotroph growing on
reduced one-carbon substrates. Because of many distinct physiological features be-
tween photoautotrophs and methanotrophs, the '3C labeling experiment for M. bury-
atense 5GB1C requires a redesign compared to these photoautotroph studies. Further-
more, as methane and methanol are a gas and a liquid, respectively, separate
approaches have to be employed to deliver them into bacterial cultures and subse-
quently switch unlabeled carbons to labeled ones. In addition, methane is relatively
insoluble in water, and addition of '3C-labeled methane into the headspace of tubes or
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vials may not generate an immediate usage by M. buryatense 5GB1C or a homogeneous
distribution of the substrate in the culture. As a result, the metabolic steady-state
assumption is unlikely to hold true.

In this work, we used "3C INST-MFA for analyzing both methane and methanol
metabolism of M. buryatense 5GB1C. To address the above technical challenges and
ensure an immediate switch to labeled substrates, we cultivated a continuous M.
buryatense 5GB1C culture under substrate-limiting conditions. After determining flux
distributions, we compared the features of methane and methanol metabolism of M.
buryatense 5GB1C and then quantified the energy production and expenditure
throughout the central metabolism. The metabolic flux phenotypes presented here will
improve our understanding of methanotrophic metabolism and adaptation to various
growth conditions. This information can also provide a knowledge basis for future
metabolic engineering or multilevel omics studies.

RESULTS

13C labeling experiment and physiological properties of M. buryatense 5GB1C.
M. buryatense 5GB1C cultures were grown under chemostat conditions in a bioreactor
(see Fig. S1 in the supplemental material) (5, 6), and labeling experiments were
performed under methane- and methanol-limiting conditions. We used 2.5% (vol/vol)
CH, gas balanced with air or 1 g/liter methanol as the feedstock. Two dilution rates,
0.1h~" and 0.05h~" (corresponding to doubling times of 6.9 h and 13.9 h, respec-
tively), were tested to investigate whether metabolic fluxes at different growth rates
would be correlated with each other. Under substrate-limiting conditions, methanol or
methane concentration was low in the chemostat cultures, resulting in rapid '2C
substrate deprivation in the medium after we switched to '3C substrate input. This
ensures that the labeling pattern of the substrate does not vary temporally throughout
the labeling experiment, making it possible to obtain a good fit to experimental data
and a reliable flux calculation. As mentioned above, each substrate required a different
strategy for switching substrates (Fig. 1). '3C-labeled methanol medium was delivered
via a syringe pump. '3CH, gas and air, with their flow rates controlled by separate mass
flow controllers, were mixed within the gas delivery tubes before being supplied to M.
buryatense 5GB1C cultures. Meanwhile, the bacterial culture was agitated vigorously at
1,000 rpm to ensure both an efficient gas-liquid transfer and a homogeneous culture.

A set of physiological parameters (Table 1) was measured and used later to constrain
our model. To maintain the same growth rate, M. buryatense 5GB1C consumes 30% to
40% more methane than methanol on a molar basis, partly because methane requires
energy input to be oxidized to methanol. In addition, the formate production rate is
over 7 times higher during growth on methanol than on methane. This trend is
consistent with our previous reports for growth under substrate excess (5, 13). During
growth on methane, ODgq, is almost two times higher at the growth rate of 0.05h~’
(4.6) than that at 0.1 h—' (2.4), as expected for a gaseous substrate when the gas flow
rate is kept constant. For the same amount of methane provided per unit time
(100 cm3/min), the biomass dilution is half, so the steady-state ODg,, should double.
During growth on methanol, the ODg, (2.5) is independent of dilution rate, again as
expected. In this case, the substrate is in the medium, such that increased dilution rate
also increases the substrate input rate, and so the steady-state ODg,, stays the same.
For growth on both methane and methanol, the yield is similar at the two growth rates
but different when comparing growth on methane to that on methanol. The O,/
substrate ratio is an important parameter, as an indicator of the extent of oxidative
phosphorylation. For growth on methane, one O, is required for every methane utilized
as part of the methane monooxygenase reaction, while any O, utilized above that is
used for oxidative phosphorylation. For growth on methanol, all of the O, consumed
is used for oxidative phosphorylation. The O,/methane ratio was about 1.1, while the
O,/methanol ratio was about 0.6. The carbon conversion efficiency, which represents
the percentage of carbons from the substrate that is converted to biomass, is higher for
growth on methanol. These values suggest more CO, production from methane
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FIG 1 A schematic diagram of bioreactor setups for '3C labeling experiments. M. buryatense 5GB1C was grown on either 2.5% (vol/vol) CH,
balanced with air or 1 g/liter CH;OH in NMS2 medium. '2C substrates were later replaced by corresponding '3C substrates via different strategies.
During growth on methanol, fresh '2CH,OH medium was delivered through a peristaltic pump from a medium carboy to the bioreactor. '*CH,0H
medium was kept in a 60-ml syringe on a syringe pump. Upon the substrate switch, the peristaltic pump was stopped and the syringe pump was
turned on immediately. For methane growth, 2.5% (vol/vol) CH, was delivered to the bacterial cultures at 100 cm3/min. During the labeling
experiment, this gas line was switched and connected to a gas mixture of '3CH, and air. Their flow rates were 2.5 and 97 cm3/min, respectively,
which were controlled by separate mass flow controllers. After the substrate switch, cell samples were collected at consecutive time points from
0 to 40 min, and labeling patterns of intracellular metabolites were then determined by LC-MS/MS.

metabolism. Finally, we show that both methane and methanol residues were ex-
tremely low (Table 1), which confirms substrate limitation for M. buryatense 5GB1C
cultures.

13C enrichments and pool sizes of central metabolites. '3C INST-MFA was carried
out by adding '3C-labeled substrates to steady-state substrate-limited cultures in the
bioreactor. After the substrate switch, a time-series of culture samples were taken from
0 to 40 min. Figure 2 displays dynamic changes of '3C enrichments of selected
intermediates. The labeling patterns of those intermediates are shown in Fig. S2, and all
the mass isotopomer distribution (MID) data are detailed in Table S1. Overall, interme-
diates in the RuMP cycle and the Embden-Meyerhof-Parnas (EMP) pathway exhibit
faster '3C incorporation than those in the TCA cycle and free amino acids, likely in part
because the former pathways are proximal to the substrate oxidation pathway. One

TABLE 1 Physiological properties of M. buryatense 5GB1C

Substrate Formate 0O,/CH, or

Specific uptake production 0,/CH;0H Substrate

growth rate rate Biomass consumption residuec
Substrate rate? (h—7) (mmol/g/h) (mmol/g/h) ODgo yield (g/9) CCE? (%) ratio (g/liter)
Methane 0.109 = 0.003 9.02 £0.14 0.036 * 0.002 242 + 0.06 0.75 £ 0.01 48 =1 1.11 £ 0.00 ~1.2X 104
Methane 0.054 =+ 0.002 5.18 = 0.10 0.005 = 0.001 4,55+ 0.19 0.65 * 0.01 42 +1 1.14 = 0.00 ~1.2X 1074
Methanol 0.098 = 0.003 6.65 £0.16 0.28 £ 0.05 242 +0.18 0.42 = 0.06 54+8 0.60 = 0.01 (8.7+8.8) X 1074
Methanol 0.053 =+ 0.002 3.64 £0.13 0.19 = 0.07 237 £0.23 0.43 = 0.05 55+7 0.56 = 0.01 (5.8+0.7) X 104

aSpecific growth rates (or dilution rates) under chemostat conditions were determined as i = amount of M. buryatense 5GB1C culture pumped out of the bioreactor
per hour/total amount of bacterial culture in the bioreactor.

bCarbon conversion efficiency (CCE) is the percentage of carbon atoms from the substrate used for biomass synthesis.

<The methane residue in M. buryatense 5GB1C cultures was estimated as followed: methane residue = the volume fraction of methane in the gas phase (~0.6% [vol/
vol], measured by the GC) X total gas pressure (~10° Pa) X total mass of 1 liter M. buryatense 5GB1C culture (~1kg) X Henry’s law constant of methane

(0.0012 mol/kg/10> Pa) (42). The standard deviations are based on at least two biological replicates.
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FIG 2 Dynamic changes of '3C enrichments of selected intermediates. '3C enrichments represent the percentage of '3C atoms in metabolites. Error bars are
standard deviations from at least two biological replicates. Abbreviations: F6P, fructose 6-phosphate; GLU, glutamate; MAL, malate; PEP, phosphoenolpyruvate;
R5P, ribose 5-phosphate.

interesting observation is that the '3C fraction of ribose 5-phosphate (R5P) seems to
stabilize between 10% and 20% after a 10-minute exposure to '3C substrates across all
the growth conditions (Fig. 2). However, in cultures grown on '3CH, for over five
generations (approximately 15 h), R5P was fully labeled (20). One possible explanation
for this phenomenon is that the R5P pool may be more heterogeneously distributed
than other central metabolites, and thus, it takes a longer time for the labeled R5P in
the RuMP cycle to be equilibrated with the R5P pool outside that pathway.

Metabolic pool sizes can affect '3C enrichment rates on short time scales. To obtain
more precise flux calculations, we experimentally quantified the pool sizes of central
metabolites by combining nonlabeled M. buryatense 5GB1C cultures with '3C-labeled
Escherichia coli cultures. Intermediate pool sizes in E. coli were calibrated indepen-
dently. We then estimated metabolite pool sizes of M. buryatense 5GB1C based on
13C/12C ratios of combined E. coli and M. buryatense 5GB1C samples (see Materials and
Methods). The results show that pool sizes of intracellular metabolites in these
substrate-limited cultures span from 107> to 10~2mmol/g dry weight (gDW) (Fig. 3a
and b and Table S2). Glutamate shows the highest pool size, which also has one of the
lowest '3C enrichment rates (Fig. 2). R5P and 6-phosphogluconate (6PG) are of much
lower abundance than the rest of the metabolites. In general, metabolite pools at the
two growth rates are similar. For the two different substrates, fructose 6-phosphate
(F6P) and fructose 1,6-bisphosphate (FBP) show higher pool sizes during growth on
methanol, while 3-phosphoglycerate (3PG) and phosphoenolpyruvate (PEP) have
higher pool sizes during growth on methane (Fig. 3c). These results are in accordance
with our previous findings (13), which indicate that some metabolic differences exist
between methane and methanol metabolism. These differences can be observed as the
log, fold changes (Fig. 3c) of metabolite pools between methane and methanol
growth.

Flux distributions of M. buryatense 5GB1C during growth on methane or
methanol. To quantify the central metabolic fluxes of M. buryatense 5GB1C, MID data,
pool sizes of central metabolites, and measured fluxes (i.e.,, substrate uptake rate,
formate production rate, and specific growth rate) were fitted through computational
optimizations. The resulting flux maps of M. buryatense 5GB1C are illustrated in Fig. 4a
and b, where arrow thickness qualitatively represents flux strengths and numbers in
brackets represent 95% confidence intervals. Central metabolic reactions are listed in
Table S3, and detailed flux distribution results are shown in Table S4. MID data fitting
results are presented in Fig. S3. Values for the sum of squared residuals (SSR) across all
the growth conditions are all statistically accepted (Table S5).

Overall, the patterns of methane and methanol metabolism are similar. The meth-
ane/methanol oxidation pathway and the RuMP cycle show the highest fluxes, consis-
tent with higher metabolite '3C enrichment rates in those pathways. M. buryatense
5GB1C has two possible glycolytic pathways: the EMP pathway and the ED pathway.
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Based on our results, the EMP pathway is always the predominant glycolytic pathway
under these growth conditions, while the ED pathway has a minimal flux. This result is
also qualitatively supported by the observation that 3PG, an intermediate in the lower
EMP pathway, has a much larger pool size (Fig. 3a and b) yet a higher '3C enrichment
rate than 6PG (Fig. S4), which is the sole precursor to KDPG in the ED pathway. Further,
when the phosphofructokinase reaction in the EMP pathway was set to zero flux in
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(f) Correlation of metabolic fluxes between the growth rates of 0.1 h=" and 0.05 h—" during growth on methanol. In panels c to f, each open marker represents
fluxes of a central metabolic reaction. Dashed lines are linear regression of x axis data against y axis data. Error bars represent standard deviations (SD)
determined by the following equation: SD = (UB — LB)/3.92 (22), where UB and LB are 95% upper and lower bounds of confidence intervals, respectively.
Abbreviations: 3PG, 3-phosphoglycerate; 6PG, 6-phosphogluconate; AcCoA, acetyl-CoA; AKG, alpha-ketoglutarate; CIT, citrate; E4P, erythrose 4-phosphate; F6P,
fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; FUM, fumarate; G6P, glucose 6-phosphate; GAP, glyceraldehyde 3-phosphate; MAL, malate; OAA,
oxaloacetate; PEP, phosphoenolpyruvate; PYR, pyruvate; R5P, ribose 5-phosphate; Ru5P, ribulose 5-phopshate; S7P, sedoheptulose 7-phosphate; SUC, succinate;

X5P, xylulose 5-phosphate.

silico, the resulting SSR values were all increased by over three times (Table S5) and
were no longer statistically acceptable. Collectively, these results suggest the EMP
pathway is the principal glycolytic pathway in M. buryatense 5GB1C under substrate
limitation.

These results also suggest that fluxes through the TCA cycle are low, accounting for
only 3 to 8% of substrate uptake rates. The best fits indicate that the TCA cycle is
branched at the malate dehydrogenase reaction, and the remaining part operates in
the oxidative direction. A large fraction of oxaloacetate (OAA) is replenished through
the pyruvate carboxylase (PC) reaction. During growth on methanol, OAA seems to be
exclusively produced from the PC reaction. Compared to the TCA cycle, a much lower
carbon flux can be found in the serine cycle for both growth substrates (methanol,
0.1 = 0.0 mmol/g/h; methane, 0.0 = 0.0 mmol/g/h). The serine cycle serves as the major
carbon assimilation pathway in type Il methanotrophs. In contrast, in M. buryatense
5GB1C, a type | methanotroph, this cycle is incomplete, lacking reactions converting
acetyl coenzyme A (CoA) to glyoxylate. It functions to convert two one-carbon units to
acetyl-CoA, and it can also function as an alternate metabolic route for glycine and
serine synthesis.

Major differences between methane and methanol metabolism can be found in the
methane/methanol oxidation pathways. Table 1 shows that more methane is con-
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FIG 5 Energy metabolism analysis of M. buryatense 5GB1C. Total equivalent ATP production represents all the ATP
produced from the central metabolism after each NAD(P)H is converted to 3 ATP. The stacked columns show relative
energy contribution or consumption from major central metabolic pathways. Positive values represent energy production,

and negative values represent energy consumption.

sumed than methanol at the same growth rate, while formate production is more active
for growth on methanol. Further, the flux maps reveal that the carbon flow from
methane or methanol bifurcates into the tetrahydromethanopterin (H,MPT) pathway
(converting formaldehyde to formate) and the RuMP cycle in different proportions,
suggesting a flexible metabolic branch point at the formaldehyde node. About 30% of
the methane-derived formaldehyde is directly oxidized to CO, via the H,MPT pathway
and formate dehydrogenase (FDH) reaction, with the rest entering the RuMP cycle,
while less than 8% methanol is directly converted to CO, by this route during growth
on methanol. Accordingly, even though the methanol uptake rate is lower than the
methane uptake rate at the same growth rate (Table 1), a larger fraction of methanol
enters the RuMP cycle. Inevitably, CO, loss is more significant during growth on
methane, which can be qualitatively validated by our gas chromatography (GC) mea-
surements (Fig. S1). Specifically, the flux calculations show that about 50% methane
and 20% methanol are eventually lost as CO,. However, we do not have any direct
experimental measurement to constrain the overall CO, production, and thus the FDH
and the malic enzyme (ME) pathways sometimes show broader confidence intervals
than other reactions.

Under these substrate-limited conditions, the majority of fluxes for methane and
methanol metabolism show good linear correlations (P value < 0.01, Fig. 4c and d) at
the two growth rates. The major outliers are the FDH and the H,MPT fluxes, as
mentioned above. Moreover, for a single substrate, we observed nearly perfect linear
correlations of flux distributions between the two dilution rates (P value < 0.01, Fig. 4e
and f). These linear correlations indicate that for each substrate the relative flux
distribution is relatively invariant and independent of the growth rate.

Energy metabolism analysis of M. buryatense 5GB1C. Based on the metabolic
flux calculations, we examined the predicted energy production and expenditure in M.
buryatense 5GB1C. This exercise assumed a direct coupling mode for the methane
oxidation reaction, as suggested by a recent FBA study (12), and thus, we assumed that
the electrons for methane oxidation directly come from the methanol dehydrogenase
reaction. Under this scenario, the first two steps in the methane oxidation pathway
generate no energy molecules (Table S3).

A detailed description of production and consumption of each energy molecule is
given in Table S6. To obtain an estimation of relative energy contribution and con-
sumption, we calculated the equivalent ATP contribution or consumption from differ-
ent central metabolic pathways on the premise that one NAD(P)H equals 3 ATP, and
then we normalized those values by the total equivalent ATP production from the
central metabolism (Fig. 5). The results show that, compared to methanol growth
conditions, more energy is produced from methane under substrate limitation. The
substrate oxidation and the EMP pathways are two major energy suppliers, accounting
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for over 80% of the total energy production. The TCA cycle, on the other hand, plays
a less important role, contributing less than 20% of the total energy production.

Notably, we found that the energy produced from the substrate oxidation pathway
alone is enough for supporting biomass synthesis (Fig. 5), which consumes 20 to 40%
of the total energy produced from central metabolism. Synthesis of amino acids also
expends 10 to 20% energy. The above two activities together consume 30 to 60% of the
total energy produced in M. buryatense 5GB1C. Compared to methane growth condi-
tions, a greater fraction of energy is devoted to reproduction during growth on
methanol; however, the absolute energy requirements are very similar for the two
substrates at the same growth rate. Unlike a genome-scale reconstruction, our network
includes reactions mostly in central metabolism, and thus, we cannot distinguish where
M. buryatense 5GB1C uses the rest of the energy. For brevity, we combined all the
energy surplus into the “other activities” category (Fig. 5), which includes energy
expenditure for non-growth-associated ATP maintenance, active transport of nutrients
from the environment, mobility, and other energy costs.

DISCUSSION

In recent years, many efforts have been made to elucidate and quantitate the
metabolism of methanotrophs that can use methane or methanol as the carbon and
energy source. Most studies have relied on genome-scale reconstruction models, which
have been successfully established as a common and convenient method for analyzing,
simulating, and predicting cell metabolism across broad phylogenetic categories (26).
However, even experimentally constrained FBA models have limitations and uncertain-
ties. Moreover, for growth on methane or methanol, traditional '3C MFA under isotopic
steady state offers limited insights into the core metabolism, since most metabolites are
fully labeled with 3C atoms. To experimentally quantify metabolism of one-carbon
substrates in RUMP cycle methanotrophs, '3C INST-MFA is currently the only viable
approach. Here, we have employed '3C INST-MFA to quantitatively analyze methane
and methanol metabolism of M. buryatense 5GB1C, an obligate type | methanotroph,
growing under substrate-limiting conditions.

The resulting information is in agreement with '3C tracer labeling experiment results
and FBA simulations in many aspects. First, the methane/methanol oxidation pathway
exhibits the strongest fluxes, as predicted from FBA models (12, 13). Second, the EMP
pathway proves to be the primary glycolytic pathway, while the ED pathway serves a
supplementary role during growth on both methane and methanol. The same domi-
nance of the EMP pathway has also been predicted in other type | methanotrophs, such
as “Methylotuvimicrobium alcaliphilum” 20Z (27, 28) and Methylomonas sp. strain DH-1
(29). Moreover, this '3C INST-MFA study agrees with FBA studies (12) in showing that
glycolytic flux accounts for only ~20% (ranging from 17% to 27%) of the methane or
methanol uptake rate. In comparison, a much larger flux is maintained in the RuMP
cycle, primarily for driving carbon assimilation. Third, the TCA cycle flux is small but
significant. Importantly, in spite of a weak flux, the TCA cycle is essential for M.
buryatense 5GB1C metabolism, since interruption of the TCA cycle causes a severe
growth defect (20). In comparison, the serine cycle is also weak, but it is not essential
for M. buryatense 5GB1C, as interruption of the serine cycle via mutation does not
inhibit growth (20). Finally, analysis of energy metabolism shows that the combination
of the primary substrate oxidation pathways and the EMP pathway generates 80% of
the energy and reducing power for cellular growth and metabolism.

Previous studies have been carried out with substrate sufficiency, while the work
described here was carried out with substrate limitation, and we were able to identify
a set of differences between these growth conditions. For example, with sufficient
methanol, formate production accounts for about 10% of the total methanol consump-
tion (5, 13), while this number drops to less than 5% under methanol-limiting condi-
tions (Table 1). The same trend can be found in the serine cycle, which exhibits higher
fluxes with excess methanol (13) than with limited methanol (Fig. 4b). Also, in the
presence of sufficient carbon sources, we have observed more dramatic changes of
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metabolic pool sizes between methane and methanol metabolism (13). Finally, the
increased flux through the ED pathway observed during growth at methanol sufficiency
disappears during methanol-limited growth. All of the above comparisons suggest that
substrate limitation, especially during growth on methanol, appears to diminish the
scale of substrate-specific metabolic responses.

The relative constancy of metabolite pool sizes and flux distributions between
methane and methanol metabolism under substrate limitations (Fig. 3 and 4) suggests
that, despite varied substrates and growth rates, a “built-in” central metabolism is
sustained in M. buryatense 5GB1C under substrate-limiting growth conditions. This
feature suggests that the central metabolic fluxes of M. buryatense 5GB1C can be
fine-tuned by manipulating its dilution rates, which could be a useful attribute for
industrial application of this bacterium.

Another feature uncovered in this study is the flexibility of two nodes, formaldehyde
and malate. Formaldehyde is partitioned between oxidation to formate and assimila-
tion into the RuMP cycle. Our results show that depending on the substrate, this
partitioning can change by over 3-fold, suggesting a flexible positioning of this branch
point. Malate is involved in four reactions in M. buryatense 5GB1C, i.e., fumarase, malate
dehydrogenase (MDH), malic enzyme (ME), and malate thiokinase (MTK) reactions. As
shown in Fig. 4a and b, the fumarase reaction contributes to net malate synthesis under
the growth conditions tested. Its deletion (specifically FumA) also results in a severe
growth defect (20), suggesting its essentiality for M. buryatense 5GB1C metabolism. To
maintain mass balance, malate produced from the fumarase reaction must be con-
sumed via the other three pathways. As noted above, fluxes through the partial serine
cycle are always low, and hence, the MTK reaction is low. The ME and MDH reactions
are more flexible. The MDH reaction can operate in either direction according to the
95% confidence intervals. Furthermore, it has been confirmed that single knockout
mutants of either MDH, ME, or serine glyoxylate aminotransferase (which is involved in
the serine cycle) do not show any growth defect (6, 20). These results suggest that M.
buryatense 5GB1C can spontaneously rewire carbon flows at the malate node without
compromising biomass synthesis. Because of this flexibility, a futile cycle is possible:
OAA