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35 ABSTRACT

36  Product yields for biomanufacturing processes are often constrained by the tight coupling of
37  cellular energy generation and carbon metabolism in sugar-based fermentation systems. To
38  overcome this limitation, we engineered Escherichia coli to utilize hydrogen gas (H,) and formate
39 (HCOOQO") as alternative sources of energy and reducing equivalents, thereby decoupling energy
40 generation from carbon metabolism. This approach enabled precise suppression of
41  decarboxylative oxidation during acetate growth, with 86.6 + 1.6% of electrons from hydrogen gas
42  (via soluble hydrogenase from Cupriavidus necator H16) and 98.4 + 3.6% of electrons from
43  formate (via formate dehydrogenase from Pseudomonas sp. 101) offsetting acetate oxidation.
44  Hydrogen gas supplementation led to a titratable and stoichiometric reduction in CO, evolution in
45  acetate-fed cultures. Metabolomic analysis suggests that this metabolic decoupling redirects
46  carbon flux through the glyoxylate shunt, partially bypassing two decarboxylative steps in the TCA
47  cycle. We demonstrated the utility of this strategy by applying it to mevalonate biosynthesis, where
48 formate supplementation during glucose fermentation increased titers by 57.6% in our best-
49  performing strain. Flux balance analysis further estimated that 99.0 + 2.8% of electrons from
50 formate were used to enhance mevalonate production. These findings highlight a broadly
51 applicable strategy for enhancing biomanufacturing efficiency by leveraging external reducing
52  power to optimize feedstock and energy use.

53
54
55
56
57
58
59
60
o . . + Formate Dehydrogenase
ESChefIChIa CO/I or Soluble Hydrogenase
Organic Carbon\b C O i oo cerber CO,
~, N ‘\’
(Formate or H,)
Fuel Precursor ’ Fuel Precursor

61

62  [Graphical Abstract]

63  Created in BioRender. Panich, J. (2025)
64  https://BioRender.com/0tmtp94

65

66

67

68

69



https://doi.org/10.1101/2025.05.30.657096

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.30.657096; this version posted October 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

70

71 INTRODUCTION

72
73  Biomanufacturing—the microbial production of chemicals and materials—provides an alternative
74  to conventional chemical synthesis, which often depends on high temperatures, extreme
75  pressures, and toxic catalysts (Cowan et al., 2023; Zhang et al. 2017). Despite significant
76  advances, biomanufacturing has had difficulty competing with the petroleum-based chemical
77  industry due to higher production and feedstock costs (Keasling et al., 2021; Levi and Cullen,
78  2018). Bridging this economic gap necessitates novel strategies to optimize microbial energy and
79  carbon utilization. In heterotrophic systems, cellular energy is primarily obtained from the
80 oxidation and decarboxylation of carbon feedstocks (e.g., glucose). The feedstock, therefore,
81  serves a dual role as both a substrate for biosynthesis and a source of reducing power for energy
82 generation. These mutually exclusive roles present a seemingly intractable problem: every
83  molecule of feedstock oxidized to generate ATP and NAD(P)H cannot also be transformed into a
84  desired end product (Meadows et al., 2016; Ng et al., 2015; Tashiro et al., 2015). While numerous
85  metabolic engineering approaches have been explored to enhance conversion and reduce carbon
86 loss (Cui et al., 2016; Kang et al., 2016; Lin et al., 2018; Meadows et al., 2016; Ng et al., 2015;
87 Tashiro et al., 2015), a fundamental challenge remains: how can we meet cellular energy
88 demands without compromising product yield? Addressing this bottleneck is critical if industrial
89  microbiology is to become economically competitive.
90
91 The emergence of electrolysis technology and the growing availability of inexpensive electricity
92  allow for the exploration of biomanufacturing platforms that provide cells with external sources of
93  reducing power. Feeding chemical electron donors to microbial hosts is not a new idea. However,
94  the traditional approach involves identifying bioproducts with NAD(P)H-dependent biosynthetic
95 pathways and then increasing their yield by improving NAD(P)H availability, either by supplying
96 hosts with a sacrificial NAD(P)H donor or by rewiring host metabolism to reduce off-target
97  NAD(P)H consumption (Liu et al., 2018; Wang et al., 2017). Essentially, NAD(P)H is viewed as
98 limiting, and improved bioproduction is achieved through substrate-product kinetics or metabolic
99 flux optimization (e.g., Balzer et al., 2013; Shen et al., 2011). In contrast, we observe that when
100 energy is plentiful, cells downregulate feedstock oxidation via catabolic pathways (Lupacchini et
101  al.,, 2021; Cotton et al., 2020; Sauer et al., 1999). Therefore, we hypothesize that providing an
102  external source of reducing power can free feedstock from its traditional role as cellular fuel,
103  increasing the amount of carbon that is available as substrate for bioconversion. Whether others
104 see NAD(P)H as limiting, we invert this paradigm and instead view feedstock as limiting, then ask
105 how it can be rescued from oxidative catabolism. This alternative framework is already used in
106  microbiology to improve microbial growth efficiency (gcow/gsusstrate) (Babel, 2009). However,
107 demonstrations of the direct causal link between external reducing power and enhanced product
108  biosynthesis—by preventing feedstock oxidation—are lacking. Since all biological systems are
109 compelled to oxidize feedstock, a key implication is its broad applicability: Electron donors should
110  be able to enhance the production of any target molecule, and as will be shown, this even includes
111  NAD(P)H-independent pathways.
112
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113  Electron donation can be accomplished by equipping common industrial hosts with a mechanism
114  for indirect electron transfer through electron carriers such as formate (HCOOQO") or hydrogen gas
115  (H2) (Claassens et al., 2018; Partipilo et al., 2023). Formate is readily oxidized by NAD"- or
116  NADP*-specific formate dehydrogenase (FDH) to regenerate NADH or NADPH, and numerous
117  structurally distinct FDH homologs are available to meet various performance criteria (catalytic
118  efficiency, thermostability, proteolytic resistance, etc.). Formate is highly soluble, membrane-
119 permeable, and can be electrochemically produced from CO.. However, it is toxic at high
120  concentrations and requires pH buffering (Cotton et al., 2020; Yishai et al., 2016). NADH could
121  also be regenerated by oxidizing H via hydrogenases. The sole byproduct of this reaction is a
122 proton, which becomes covalently bound once NAD(P)H is re-oxidized (such as in respiration),
123 thereby providing total atom economy and pH neutrality. Furthermore, H is non-toxic and energy-
124  dense by unit mass. However, H is energy sparse by unit volume, poorly soluble in water, and
125  explosive when mixed with oxygen (between 5-85% H>).

126

127  To investigate the effects of adding external reducing equivalents on metabolism, we have
128 engineered E. coli to express the O.-tolerant soluble hydrogenase (HYD) from the
129  chemolithoautotrophic microorganism Cupriavidus necator H16. In parallel experiments, we also
130 used the FDH from Pseudomonas sp. 101. Both strains showed decreased feedstock
131 consumption and increased product titer (mevalonate), indicating a broad potential for
132  biomanufacturing.

133

134 MATERIALS AND METHODS

135

136  DNA Manipulations: Routine PCR was performed using Phusion Polymerase Hot Start |l
137  (ThermoFisher, Waltham, MA, USA) under the following conditions: 1 minute at 94°C; 25 cycles
138  of 10 seconds at 94°C, 15 seconds at T, - 4°C, and 20 seconds per kb at 72°C; followed by an
139  additional 20 seconds per kb at 72°C. Amplicons were resolved by agarose gel electrophoresis,
140  evaluated using gel imaging (Bio-Techne, Minneapolis, MN, USA), and purified with the QlAquick
141  gel extraction kit (Qiagen, Hilden, Germany). Plasmid construction was carried out either by
142  Gibson assembly with the NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs,
143  Ipswich, MA, USA) or through ligation using T4 DNA Ligase (ThermoFisher, Waltham, MA, USA).
144  Candidate constructs were cloned using chemically competent “Stellar” E. coli (Takaro Bio, San
145  Jose, CA, USA), and then authenticated either by nanopore sequencing (Plasmidsaurus, San
146  Francisco, CA, USA) or by Sanger sequencing (Azenta, Burlington, MA, USA). Verified plasmids
147  were subsequently transformed into DE3-competent BW25113 E. coli via electroporation.
148  Plasmids (Table S1), primers (Table S2), bacterial strains (Table S3), and the plasmid assembly
149  scheme (Figure S1) are available in the SI.

150

151  Growth Media and Conditions: Hydrogenase prototyping experiments were conducted using
152  Miller LB medium (Millipore, Burlington, MA, USA) and sterilized by autoclaving (hereafter “LB”).
153  Acetate consumption assays utilized a rich media solution of MOPS, amino acids, and nucleotides
154  (EZ Rich Defined Medium Kit: Teknova, Hollister, CA, USA), containing 55.5 mM sodium acetate,
155  and was sterilized by 0.2-um membrane filtration (hereafter “EZ Acetate”). Adding 5 g/L glucose
156  instead of acetate produces “EZ Glucose.” Mevalonate production assays were carried out using
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157 M9 minimal medium containing 5 g/L glucose, 0.12 g/L MgS0O., 0.011 g/L CaCl,, 65 pg/L NiCl,,
158 and a trace elements mixture containing (100x) 5 g/L EDTA, 0.83 g/L FeCls-6H20, 84 mg/L mM
159  ZnCly, 13 mg/L CuCl>-2H,0, 10 mg/L CoCl,-2H,0, 10 mg/L H3sBO3 and 1.6 mg/L MnCIl.BO3-4H,0.
160  This medium was sterilized by 0.2 um membrane filtration (hereafter “M9 Glucose”). A bacterial
161 washing step was performed using the same M9 minimal medium, but with glucose omitted
162  (hereafter “M9 Wash”).

163

164 Gas Cultivations: Glycerol stocks of BW25113 and CM15 E. coli were plated on LB agar with
165 the appropriate antibiotics (Teknova, Hollister, CA, USA). Colonies were seeded into 10 mL of
166  either LB, EZ Acetate, or M9 Glucose, and grown aerobically in culture tubes overnight at 37°C
167 and 200 RPM for <18 h. Experimental cultures were established by inoculating 200 uL of seed
168  cultures into 10 ml of the same medium (LB, EZ Acetate, or M9 Glucose) in glass serum bottles.
169  Cultures were grown mid-logarithmically by aerobic cultivation at 37°C and 150 RPM for 4 h. The
170  cultures were then transferred to a 30°C warm room. Hydrogenase expression was induced using
171  0.25 mM IPTG, whereas formate dehydrogenase expression was constitutively expressed.
172  Bottles were closed with butyl stoppers and crimped with aluminum to create an airtight seal.
173  From the approximately 112 mL headspace, 20 mL of atmospheric air was removed using a
174  syringe fitted with a one-way stop valve. The cultures expressing hydrogenase were then supplied
175  with either 20 mL of Hz gas (800 umol) or 20 mL of N2 gas. The H; addition step is accurate to
176 5 umol Hz (Table S4 in S/). The cultures expressing formate dehydrogenase were given either 40
177  mM sodium formate or a water blank and otherwise equivalently treated by withdrawing 20 mL of
178  air, followed by adding 20 mL of N2 gas. Cultures were grown for 18 h at 150 RPM and 30°C. To
179  enhance H, uptake during mevalonate assays when E. coli was cultivated in glucose minimal
180  medium, a variant procedure was performed as follows: Seed cultures were inoculated (200 pL)
181  into 10 mL of EZ Glucose in glass serum vials and grown aerobically at 37°C and 150 RPM for 4
182  h. Cultures were then transferred to a 30°C warm room, induced with 0.25 mM IPTG, and allowed
183  to grow aerobically for four more hours. Cells were centrifuged and resuspended in M9 Wash.
184  Cells were again centrifuged and then resuspended in M9 glucose (5 g/L) containing 0.25 mM
185 IPTG. Serum vials were stoppered and crimped, and 20 mL of air was replaced with 20 mL of H;
186  or N.. Cultures were incubated for 18 h at 150 RPM and 30°C. Culture density was evaluated
187  using optical density (ODeoo) and/or dry cell weight (g/L). The cellular dry weight (CDW) was
188  measured by concentrating an aliquot of bacterial suspension within pre-weighed microcentrifuge
189 tubes, followed by drying for 48 hours. The consensus OD600/CDW ratio was 3.07 £ 0.17, in
190 agreement with prior studies (Sauer et al. 1999). The CDW was measured in most experiments,
191 and actual CDW readings are shown in figures wherever possible. In cases where only ODggo
192 data were collected, these readings are converted into CDW using the consensus ratio, as
193 indicated in figure captions. Diagrams of key experimental schemes are provided (Figures S2 to
194  S4 in the S/). Statistical replicate cultures of BW-HYD grown in EZ-Acetate revealed statistical
195 variations of 1% to 4% with respect to ODsoo, cellular dry weight (CDW), CO- production, and
196  broth acetate concentration (Table S5 in SJ).

197

198 Gas Analysis: The GoDirect Gas Pressure Sensor (Vernier, Beaverton, OR, USA) was used to
199  monitor the internal gas pressure of serum bottles. Broth aliquots for downstream analyses (e.qg.,
200 HPLC) were collected either using a needle and syringe or by opening serum vials with needle-


https://doi.org/10.1101/2025.05.30.657096

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.30.657096; this version posted October 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

201 nose pliers and removing aliquots by pipetting. Gas analysis of dissolved CO, was enabled by
202  acidifying media aliquots with a few drops of concentrated HCI. Gas analysis was conducted using
203 a Shimadzu GC-2014 gas chromatograph, withdrawing gas aliquots from butyl-stoppered serum
204  vials with syringes fitted with one-way stop valves. Samples flowed isothermally through a 2 mm
205 x 8 m Shimadzu (Kyoto, Japan) column at 60°C using argon as the carrier gas. Hz, O2, and N2
206  were quantified after 8.5 minutes of flow time through a TCD module at 120°C, with CO- quantified
207  after an additional 4.0 minutes of flow time through the methanizer at 380°C and FID module at
208  200°C. The gas profile was quantified by interpolating peak integrations to standard plots, using
209 inert N2 as an internal standard. Gasses are quantifiable by GC with an error of + 0.21% (Table
210 S6in Sl).

211

212 In Vitro Hydrogenase Assays: Cells were inoculated from an overnight pre-culture in LB with
213  appropriate antibiotics and induced for hydrogenase expression at 30°C during the mid-log phase.
214  Cells were cultivated for 24 or 48 h, cold centrifuged, and lysed by sonication. Total protein content
215  was evaluated using the Bradford assay. Hydrogenase activity from lysates was assessed with
216 an NADH absorption assay at 340 nm, as previously described (Lupacchini et al., 2021). This
217  work was performed in an anaerobic growth chamber containing 4% H. and 10% CO., and assays
218  were analyzed using a 340PC SpectraMax spectrophotometer (Molecular Devices, San Jose,
219 CA, USA).

220

221  Extracellular Metabolite Quantification: The profiles of extracellular metabolites were
222  evaluated using HPLC. Samples were prepared by isolating the broth supernatant and adding
223 10% methanol to create an internal loading standard. The samples were filtered through 0.45-pym
224  modified nylon centrifugal filters (VWR, Radnor, PA, USA), and the filtrates were stored at -80°C
225  until needed. The samples were analyzed isothermally on an Aminex HPX-87H column (BioRad,
226 Hercules, CA, USA) set to 65°C, with a refractive index detector set to 50°C (Agilent), and the
227  sample loading tray maintained at 8°C (Agilent, Santa Clara, CA, USA). The mobile phase
228  consisted of 0.005 M H,SO. and flowed at a rate of 0.6 ml/min. Data acquisition and analysis
229  were performed using ChemStation software (Agilent, Santa Clara, CA, USA). The broth
230  concentrations of glucose, formate, ethanol, acetate, glycerol, lactate, succinate, and mevalonate
231 were quantified by interpolating peak integrations against authenticated standards (Sigma-
232 Aldrich, St. Louis, MO, USA). Acetate is quantifiable by HPLC with an error margin of £ 2.2 ymol
233  (Table S7in Si).

234

235  Additional Materials and Methods: Methods for LC-MS, protein identification and quantification,
236 HPLC-MS, computational flux balance analysis, and deductive metabolic estimations are found
237  inthe SI.

238

239 RESULTS

240

241  Prototyping the C. necator soluble hydrogenase (HYD) and Pseudomonas sp. 101 formate
242  dehydrogenase (FDH): NAD'-dependent hydrogenases reversibly reduce the nicotinamide
243  cofactor with electrons from H. (Lubitz et al., 2014). While most hydrogenases are sensitive to O-
244  and are inactivated upon contact with air (Lu and Koo, 2019), a key exception is the soluble and

6
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245  Og-tolerant hydrogenase from C. necator H16 (formerly Ralstonia eutropha H16) (Pandelia et al.,
246 2013), an organism that has drawn attention for its ability to use energy gained from H to
247  aerobically fix CO, and transform it into bioplastics and biofuels (Panich et al., 2021; 2024). The
248  soluble hydrogenase is a heterotetramer (HoxFUYH), and its heterometallic NiFe catalytic core
249  and iron-sulfur clusters require nine maturation proteins (HoxWI and HypABCDEFX) to assemble.
250

251  The expression of 13 soluble proteins in a heterologous host presents a considerable challenge.
252  However, it has already been functionally expressed in E. coli, providing a catalog of genetic
253  components (Ghosh et al., 2013; Lonsdale et al., 2015; Fan et al., 2022; Teramoto et al., 2022;
254  Lamont and Sargent, 2017; Schiffels et al., 2013). The existing plasmids and expression systems
255 were non-optimal due to missing genes, non-codon-optimized genes, and multiple plasmids.
256  Using the genetic components described in Lamont and Sargent (2017), and kindly donated by
257 them to us, we consolidated all 13 genes into a single plasmid containing the medium copy p15A
258  origin of replication and kanamycin resistance, organized into two operons (T5 and tatA
259  promoters) (Figure S1 in S/ for assembly scheme and Figure S5 in S/ for plasmid map).
260  Transforming this plasmid into E. coli BW25113 resulted in strain BW-HYD.

261

262  Cultivating BW-HYD with H, and air in sealed bottles demonstrated hydrogenase’s functional
263  activity, directly by gas chromatography (Figure 1A) and evidenced indirectly by pressure
264  monitoring (Figure 1B) in LB media. We complemented these experiments with metabolomics
265 analyses to investigate any effects that H, may have on BW-HYD metabolism. Cultures treated
266  with H. displayed increased cellular concentrations of reduced metabolites of the TCA cycle
267  (succinate, fumarate, malate) compared to No-treated controls (Figure S6). We hypothesize that
268  cells respond to H2 uptake by engaging the glyoxylate shunt, a carbon-conserving bypass of the
269  TCA cycle that reduces carbon loss as CO, by minimizing decarboxylative NADH generation
270  (Dolan and Welch, 2018). This hypothesis is supported by biosynthetic studies utilizing the
271  glyoxylate shunt to enhance the production of succinate, fumarate, malate, and other closely
272  related intermediates (Yang et al., 2022).

273

274  We then performed biochemical characterization experiments to compare the specific activity of
275  our constructin E. coli with lysates from autotrophically grown C. necator H16. Cells were cultured
276  for the designated times, lysed, and analyzed for NADH production in the presence of saturating
277  NAD" (Lupacchini et al., 2021). The hydrogenase activity observed from BW-HYD was similar to
278  the activity measured in C. necator (942 U/g CDW and 1310 U/g CDW, respectively), aligning
279  with previous reports of soluble hydrogenase activity in C. necator H16 (Schlesier and Friedrich,
280  1981) (Figure 1C). Compared to lysates collected 24h after inoculation, hydrogenase activity in
281 BW-HYD decreased after 48h of cultivation. We hypothesize that this decline is due to gradual
282  enzyme denaturation or instability.

283

284  In addition, we performed quantitative proteomics on the 13 heterologous proteins expressed in
285  E. coliand compared these results with those from autotrophically grown C. necator. We observed
286  that the expression of HoxY in E. coli is substantially lower than that of HoxFUH, indicating an
287  unbalanced expression of the heterotetramer (Figure 1D). Moreover, BW-HYD produced many
288  maturation proteins at higher levels than those in C. necator, suggesting that maturation proteins
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289  are expressed in excess. Cumulatively, these experiments demonstrate that a prototype plasmid
290 encoding the C. necator hydrogenase and its maturation machinery was successfully constructed
291 and functionally expressed in E. coli, but that expression stoichiometry should be considered
292  during future optimization efforts, as more cellular energy appears to be expended assembling
293  proteins than is minimally required.

294

295 To broaden the scope of this study, we employed a formate dehydrogenase (FDH) as an
296  alternative mechanism for assimilating external electrons. We selected the FDH
297  from Pseudomonas sp. 101, which has been extensively characterized in E. coli (Gleizer et al.,
298  2019; Tishkov et al., 1993; Wenk et al., 2020). Transforming a plasmid encoding this FDH into E.
299  coli BW25113 yielded strain BW-FDH. In cell lysates, this FDH exhibited over a fourfold increase
300 in specific activity for NADH formation compared to HYD (Figure 1C). The superior performance
301 of FDH could relate to its simpler expression and maturation requirements compared to
302 hydrogenases.

303
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305 Figure 1: Characterizing the heterologous soluble hydrogenase from C. necator H16 in E. coli. (A) H2 consumption (expressed
306 as ml Hz remaining in headspace) by E. coli BW25113 expressing C. necator hydrogenase (BW-HYD), when initially provided with 20
307 ml Hz2 mixed with air, compared to the same strain provided with 20 ml N2 mixed with air, and untransformed BW25113 fed with 20 ml
308 H2 mixed with air, after an overnight incubation in sealed serum bottles containing approximately 112 ml headspace. (B) Final internal
309 pressure of enclosed serum vials of these same cultures. (C) Specific in vitro activity measurements of C. necator hydrogenase within
310 crude lysates of BW-HYD after 24h or 48h of cultivation (n=3), compared to this same hydrogenase when expressed within the native
311 producer (C. necator H16) grown in 62% Hz2/ 10% CO2/ 10% Oz, balanced with N2 (n=1). The specific activity of the Pseudomonas
312 sp. FDH on formate was used as a reference control when grown for 24 h (n=3) (Gleizer et al., 2019). An enzymatic unit (U) is 1 uymol
313 substrate per minute. (D) Proteomics analysis to quantify the protein abundance of the 13 C. necator hydrogenase heterotetramer
314 and maturation proteins when expressed in E. coli, in comparison to their natural expression levels in C. necator (n=4). HypA is
315 denoted HypA(2) because HypA1 and HypA2 sequences are identical; ND = Not detected. HypA(2) was not detected in C. necator
316 samples, which may reflect very low abundance below detection limits or peptide misassignment during analysis. See Figure S5 in
317 the S/ for the plasmid map.
318

319 Electron donors prevent the decarboxylation of an organic feedstock. The oxidation of Hz
320 and HCOO' results in the regeneration of NADH. Either donor should satisfy cellular energy
321 requirements because NADH can drive oxidative phosphorylation or transfer its hydride
322  equivalent to regenerate NADPH through the native transhydrogenase PntAB. We tested both
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323  donors' ability to inhibit the oxidative decarboxylation of feedstock by cultivating BW-HYD on
324  acetate. Acetate was chosen because NADH production from this feedstock depends solely on
325 the TCA cycle, which simplifies experimental interpretation (Wenk et al., 2020).
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327
328 Figure 2: Titrating the metabolic effects of Hz> uptake on acetate consumption and CO2 production in BW-HYD. (A) Biomass
329 formation (dry cell weight) after an overnight incubation (n=3). Hydrogen gas uptake data are shown in Figure S7 in the SI. (B) Acetate

330 remaining in the culture media (umol) and carbon dioxide produced (umol) (n=3). Plots of H2 expended versus acetate retained, and
331 of CO: avoided versus acetate retained, are available in Figure S8 in the S/. (C) A time course experiment evaluating the effects of
332 H2 uptake on acetate retention and CO: production by BW-HYD, compared to the same strain subjected to an inert N2 treatment.
333 Either 20 ml of H2 (800 pmol) or 20 ml of N2 was added to the headspace of each culture at time = 4 hours. Biomass accumulation is
334 shown in black, measurements of Hz are shown in red, acetate measurements in solution are shown in blue, and CO2 measurements
335 are shown in purple. Circles represent cultures incubated in air and fed with Hz, while squares represent cultures incubated in air and
336 treated with an equivalent volume of inert N2. The culture optical density (ODesoo) was recorded and converted into CDW using the
337 consensus ratio (see Gas Cultivations). The experiment was performed in technical triplicate using a common seed culture inoculum
338 (n=3). Some error bars are occluded by symbols.

339

340
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341 BW-HYD was cultivated in EZ Rich (Takara) with 55.5 mM acetate in lieu of glucose (see
342  experimental scheme in Figure S2A of S/). This is a defined medium composed of amino acids,
343 nucleotides, and inorganic nutrients, of which acetate is the predominant carbon source at about
344  50% by mass. Mid-logarithmic phase cultures were provided with increasing amounts of Hz (0 to
345 800 pmol). After an overnight (16h) incubation in butyl-stoppered serum vials, the effects of Hz
346 uptake on biomass formation, acetate retention, and CO, production were evaluated. Results
347  show that all cultures consumed most (>80%) of the H, supplied (Figure S7 in S/) and that H>
348  consumption did not alter how much biomass formed, thereby normalizing this variable (Figure
349  2A). A linear molar relationship between H; uptake and acetate retention was observed (3.925 £
350 0.062; Figure S8B in S/), demonstrating that BW-HYD consumed less acetate to produce the
351 same amount of biomass. This improved efficiency coincided with a decrease in CO., indicating
352  that less feedstock was oxidized (Figure 2B). According to stoichiometry, in order to prevent the
353  formation of two moles of CO., it is necessary to also decrease the oxidation of one mole of
354  acetate. This stoichiometry was observed (2.035 + 0.036; Figure S8A in SI/), providing direct
355  evidence that the oxidation of hydrogen gas was replacing the oxidation of acetate as a means of
356  generating cellular energy.

357

358 Feedstock preservation was also shown through a time-course assay. Hz uptake, biomass
359 formation, and acetate consumption were measured over 30 hours, during which BW-HYD
360 cultures were grown in 55.5 mM acetate, supplied with either 20% H. in air or 20% N in air, and
361 harvested at specific times (see experimental scheme in Figure S3 in S/). Changes in H» uptake,
362 CO; production, and acetate consumption appeared four hours after IPTG induction, indicating
363  that E. coli took about four hours to translate and activate the hydrogenase (Figure 2C). The peak
364  H, consumption rate was 8.4 to 9.4 mmol H. / gcow/ h and was seen 8-12h post-inoculation.
365 Acetate concentration dropped at 8 h, coinciding with the start of H> uptake and differences in
366 CO; production, suggesting a causal link. No differences in lag phase length or relative growth
367 rates between H,- and No-treated cultures were observed, showing Hz enhances feedstock use
368 efficiency but does not change growth kinetics. Cellular replication rates can be roughly estimated
369 by comparing culture densities at different times. The average doubling time before acetate
370  consumption was 1.05h (up to 6h post-inoculation), the ten hours that followed presented with an
371  average doubling time of 5.75h (6h to 16h post-inoculation). This suggests biphasic growth typical
372 of diauxic growth. This explains why biomass increased without acetate consumption in the first
373 six hours, as cells likely consumed amino acids, nucleotides, and other components of the rich
374  media first, followed by acetate as a secondary substrate. Biphasic growth is also supported by
375 O data (Figure S9A in S/), as peak O, consumption was observed 6h post-inoculation at 12.9
376 mmol Oz / gcow / h, thereafter dropping at 10h by one-third to 8.8 mmol O, / gcow / h despite
377  continued cell growth, and fell to 3.3 mmol O2 / gcow / h once stationary phase has started (16h).
378

379  While Hz is appealing because of its low cost and energy density, formate is a non-explosive
380 energy carrier that can similarly power microbial metabolism and may have broader utility. To this
381 end, we performed an equivalent end-point titration using sodium formate (see experimental
382 scheme in Figure S2B in S/). Formate can be oxidized by FDH into NADH and CO- using the BW-
383  FDH strain, which was cultivated similarly to BW-HYD. In triplicate cultures, increasing amounts
384  of formate (0 to 400 pmol) were fed to BW-FDH during the mid-logarithmic phase. Cultivation in
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385  butyl-stoppered serum vials enabled CO, measurements. Following the experiment, formate was
386  undetectable, suggesting that 100% of the formate was consumed under all tested conditions
387  (Figure S10Ain S/). As observed with BW-HYD grown with Hz, biomass formation was unaffected
388 by formate addition, normalizing cellular energy requirements among triplicates (Figure 3A). A
389 titratable molar relationship (2.865 + 0.103; Figure S8D in S/) emerged between formate addition
390 and acetate retention. We distinguish between “biogenic CO;” arising from the TCA-mediated
391  oxidation of carbohydrate feedstocks such as acetate and “abiogenic CO” arising from the FDH-
392 mediated oxidation of formate. The oxidation of formate to regenerate NADH produces abiogenic
393  COg; as a byproduct, which complicates our assessment of the relationship between biogenic CO»
394  emissions and acetate oxidation (Figure S10B in S/). Therefore, to determine moles of biogenic
395 CO,, we subtracted moles of formate oxidized from the total amount of CO, observed in the
396  headspace (Figure 3B). This calculation is appropriate because E. coli BW25113 is incapable of
397  autotrophic growth on COz: If abiogenic CO; decreases due to fixation (e.g., by PEP carboxylase),
398 this must coincide with an equal rise in biogenic CO, production (or else biomass accumulation
399 on CO, becomes possible). A stoichiometric relationship (1.933 £ 0.110; Figure S8C in S/) was
400 revealed between biogenic CO, abatement and acetate preservation, demonstrating that this
401  alternative electron donor is also capable of suppressing the oxidation of a feedstock.

402  Tofurther assess the kinetics of formate utilization, we performed a time-course assay comparing
403  BW-FDH cultures supplemented with 400 umol formate or water blanks as a control (Figure 3C
404  and Figure S9B in S/). Formate-fed cultures rapidly and completely oxidized the added donor,
405  consistent with endpoint titration results (Figure S10A). Acetate consumption slowed immediately
406  after formate addition, while biomass accumulation remained unchanged, demonstrating that
407 electrons from formate effectively substituted for acetate oxidation in meeting cellular energy
408 demands. After correcting for abiogenic CO; derived from formate oxidation, we observed that
409  biogenic CO; production was consistently lower relative to controls. Notably, divergence between
410 treated and untreated cultures emerged within hours of supplementation, indicating a rapid
411  metabolic shift upon the availability of exogenous reducing power. Compared to hydrogen-fed
412 BW-HYD (Figure 2C), where uptake was delayed by the time required for enzyme maturation,
413  FDH-enabled formate oxidation occurred immediately, underscoring the advantage of formate as
414  a soluble, membrane-permeable donor that can be assimilated without delay.
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416 Figure 3: Titrating the metabolic effects of formate uptake on acetate retention and CO: production in BW-FDH. (A) Biomass
417 formation at the end of an overnight incubation (dry cell weight) (n=3). These data show that formate uptake did not influence the
418 amount of biomass formed, thereby normalizing biomass as a variable when examining the effects of formate uptake on acetate
419 consumption and CO:2 production. Formate uptake data are presented in Figure S10 in the SI. (B) Acetate remaining in the culture
420 media and biogenic CO2 produced (n=3). Biogenic CO: is calculated by subtracting the moles of formate oxidized from total CO-
421 (umol). Total CO2 production can be found in Figure S10B in the S/. (C) A time course experiment evaluating the effects of formate
422 uptake on acetate retention and CO2 production by BW-FDH (F), compared to the same strain subjected to an inert water treatment
423 (H20). Either 400 umol or an equivalent volume of ddH2O was added to each culture at time = 4 hours. Biomass accumulation is
424 shown in black, measurements of formate are shown in red, acetate measurements in solution are shown in blue, and biogenic CO2
425 measurements are shown in purple (CO2 from formate oxidation was subtracted from measured values of COz2). Circles represent
426 cultures incubated in air and fed with formate (F), while squares represent cultures incubated in air and treated with an equivalent
427 volume of water (H20). The culture optical density (ODeoo) was recorded and converted into CDW using the consensus ratio (see Gas
428 Cultivations). The experiment was performed in technical quadruplicates using a common seed culture inoculum (n=4). Some error
429 bars are occluded by symbols.
430
431

432  Electron donors increase mevalonate yield with tunable efficiency: Our results so far show
433  that electron donors can replace an organic feedstock as the source of cellular energy needed to
434  produce biomass. We then explored whether providing H, and HCOO™ to E. coli could enhance
435  the production of a specific bioproduct. Feedstock is typically a limiting factor for heterotrophic
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436  biomanufacturing because all biological systems must oxidize carbon to generate cellular energy.
437  Therefore, augmenting NADH accumulation should improve bioproduction.

438 We investigated this possibility using mevalonate (MEV), the key metabolic intermediate in
439  isoprenoid biosynthesis and a precursor in the production of high-value commodity chemicals. It
440 was chosen because its biochemical pathway is well-understood and it can be easily measured
441  with HPLC using commercially verified standards. While most MEV pathways are NADPH-
442  specific, we instead utilized the NADH-specific HMG-CoA reductase from Delftia acidovorans
443  (Kang et al., 2019). When paired with NADH-specific HYD and NADH-specific FDH, this enzyme
444  allows direct coupling of chemical electron donors to MEV production.

445  To investigate, we inserted plasmids encoding hydrogenase or formate dehydrogenase, along
446  with genes for NADH-specific mevalonate biosynthesis (Table S1 in S/), resulting in strains BW-
447  HYD-MEV and BW-FDH-MEV (Table S3 in S/). We faced two procedural challenges. First, initial
448  experiments using the same acetate-based rich medium as in the previous section showed a
449  baseline mevalonate titer of only 30 mg/L (Figure S12 in S/), a low value that hampers our ability
450 to clearly distinguish differences in titer between treatments and controls. The low mevalonate
451  titer was likely due to acetyl-CoA being necessary for MEV biosynthesis, and it is well-known that
452  acetyl-CoA is limited in cells grown on acetate because of competing demands from central
453  carbon metabolism and enzymatic bottlenecks such as acetyl-CoA carboxylase (Jeung et al.,
454  2023). In contrast, glucose is widely used in industry to produce commodity chemicals because
455  its metabolism generates excess acetyl-CoA and NADH. To overcome this obstacle, we used
456  glucose as the feedstock, observing that growing BW-HYD-MEV and BW-FDH-MEYV in glucose
457 (5 g/L) M9 minimal media consistently produced baseline MEV titers between approximately 0.5
458 and 1.0 g/L (Figure 4). The second challenge was that H, consumption by BW-HYD was negligible
459  when applying the same cultivation protocol from the previous section, which involved inducing
460 hydrogenase and introducing Hz at 4h post-inoculation (Figure S2A in S/). We anticipated that the
461  protocol would need adjustment because H, uptake by exogenous hydrogenases varies due to
462  genetic background and cultivation conditions (Teramoto et al., 2022; Maeda et al., 2007). The
463  results in Figure 2C offered two clues for protocol development: (1) hydrogenases require 4 hours
464  to mature after IPTG induction, and (2) strong hydrogenase expression occurs in rich media. To
465 address this, we tested a modified protocol where BW-HYD was first inoculated into rich medium
466  and grown for 4 hours to mid-log phase. Hydrogenase expression was induced with IPTG, and
467  cells were grown for another 4 hours. The cells were then washed, transferred to glucose minimal
468  medium, and cultivated overnight in defined headspaces of 20% H-in air or 20% N2 in air (control
469  condition) (Figure S4B in S/). This approach proved successful, as BW-HYD was now consuming
470  approximately 15 of the 20 mL of H, provided—a promising result for future application on BW-
471  HYD-MEV (Figure S13 in S/). Unlike hydrogenase, no uptake issues were observed for formate
472  when growing E. coli in glucose minimal medium, so a simpler 4h post-inoculation protocol was
473  used for BW-FDH-MEV (Figure S4B in SI).

474  The results of these parallel experiments are shown in Figure 4. BW-HYD-MEYV utilized 181 umol
475  of the 800 umol H;in headspace (Figure 4A). Despite this limited uptake, there was a modest
476  increase in MEV titer from 18.0 £ 0.5 to 20.2 + 0.8 pymol (0.266 to 0.299 g/L) (Figure 4B). These
477  data suggest that 82.3 moles of H, were oxidized for each mole of surplus MEV produced.
478  Although minimal differences in biomass formation were noted (Figure 4C), H, prompted the
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479  production of C4 (formate) and C; (ethanol and acetate) mixed acid products (Figure 4D; Table
480 S8 in S/). Compared to BW-HYD-MEV, all 400 umol of formate supplied to BW-FDH-MEV were
481  fully consumed, as shown by the absence of detectable formate in the culture supernatant after
482  overnight cultivation (Figure 4F). Formate oxidation elevated mevalonate production from a
483  baseline titer of 49.1 £ 2.1 t0 59.3 £ 1.2 ymol (0.73 to 0.88 g/L) (Figure 4G), providing a ratio of
484  39.2 moles of formate oxidized per mole of surplus MEV generated. Sample readings revealed
485  that the addition of formate also enhanced the production of biomass (Figure 4H) and overflow
486  metabolites (Figure 4l). These experiments demonstrate that both electron donors can boost the
487  production of a commodity chemical, but much of the extra reducing power was redirected to
488  generate surplus biomass and overflow metabolites.

489  We hypothesized that blocking pathways responsible for mixed acid production would redirect
490 carbon flux toward mevalonate synthesis, thereby increasing its production. We tested this
491  hypothesis using E. coli CM15 (MG1655 AaraBAD AfadRE AldhA AackApta AadhE ApoxB
492  AfrdABCD) (Mehrer et al., 2018), creating equivalent strains CM-HYD-MEV and CM-FDH-MEV
493 by introducing the appropriate plasmids (Table S3 in S/). Hydrogen gas uptake by CM-HYD-MEV
494  was modest at only 70 umol Hz (Figure 4A). We suspect that this lower H, uptake results from the
495  strain lacking fermentative pathways that would typically serve as redox sinks. Despite this, the
496  baseline MEV titer increased from 20.0 £ 0.5 t0 21.7 £ 0.5 pymol (0.296 to 0.322 g/L) (Figure 4B).
497  This results an H./MEV molar ratio of 41.2, a twofold improvement compared to the ratio of 82.3
498  observed with BW-HYD-MEV. The consumption of 400 ymol of formate by CM-FDH-MEYV (Figure
499  4F) significantly raised the baseline titer from 52.9 + 0.1 to 83.3 £ 0.8 ymol (0.78 to 1.23 g/L)
500 (Figure 4G). This represents a threefold increase in the formate/mevalonate molar ratio, from 39.2
501 (BW-FDH-MEV) to only 13.2. Notably, using CM15 minimized differences in biomass and mixed
502 acid formation between treatment and control conditions (Figures 4C, 4D, 4H, 4l), indicating that
503 a larger share of electrons from formate and H, was directed toward mevalonate biosynthesis.
504  This rerouting aligns with a host unable to dispose of excess reducing power through standard
505 fermentation. Interestingly, excess biomass accumulation was also limited in CM15-based
506  strains. We hypothesize that the absence of flexible redox balancing pathways prevents these
507  strains from using surplus electrons for growth, despite increased energy availability, although the
508 exact mechanism remains unclear. These findings demonstrate that electron donors can promote
509 the production of a commodity chemical and that donor utilization efficiency can be improved
510 through host strain engineering.

511
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512

513 Figure 4: Effects of hydrogen gas (A-E) and formate (F-J) on the biochemical profiles of BW-HYD-MEV (blue bars), CM-HYD-
514 MEV (purple bars), BW-FDH-MEV (green bars), and CM-FDH-MEV (cyan bars) in glucose M9 minimal media. (A, F) Amounts
515 of formate and hydrogen gas consumed (umol). (B, G) Mevalonate produced (umol). (C, H) Dry cell weight (g/L). (D, 1) Profile of mixed

516 acid production (umol), summed by the moles of carbon atoms contained within formate, ethanol, acetate, glycerol, lactate, and
517 succinate; micromoles of each mixed acid are detailed in Table S8 in SI. (E, J) Estimates from computational flux balance analysis
518 (FBA) of the hydrogen gas or formate required to produce each biochemical difference observed between electron-treated and blank-
519 treated cultures, where negative values indicate the amount of hydrogen gas or formate that must be theoretically oxidized to produce
520 that change, and positive values suggest either the donation of electrons or its equivalence in surplus cellular energy. Only acetate,
521 ethanol, and formate (in hydrogenase-laden cultures) were analyzed for fermentation impact because these three molecules comprise
522 >95% of the mixed acid profile. The sum of positive and negative contributors is expected to fall within the margin of zero micromoles,
523 as discussed in the flux balance analysis to evaluate the efficiency of hydrogen gas and formate usage. Abbreviations: Mev =
524 Mevalonate; Bio = Biomass; OMs = Overflow Metabolites.

525

526  To support the generalizability of increasing bioproduction yields using chemical electron donors,
527 we also tested flaviolin, an NAD(P)H-independent polyketide produced by RppA (Yang et al.,
528 2018; Incha et al., 2020). Supplying H> to BW-HYD when expressing RppA increased flaviolin
529  production by about 30% compared to N»-treated controls (Figure S11), indicating that electron
530 donors can also enhance bioproducts that do not directly consume NADH. Owing to technical
531 limitations, including the lack of a commercially available standard, we discontinued flaviolin
532  studies in favor of the quantitative mevalonate system. This preliminary experiment nonetheless
533  suggests that chemical electron donors may have broad applicability.
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534  We have observed that cultures treated with Hz respond by increasing the production of succinate,
535 fumarate, and malate (Figure S6 in S/). The rise in these three metabolites suggests activation of
536  glyoxylate shunt metabolism (Dolan and Welch, 2018; Yang et al., 2022). We hypothesize that
537 engagement of the non-oxidative, carbon-retaining glyoxylate shunt pathway could explain how
538 feedstock retention, CO; avoidance, and bioproduct formation are possible (Figures 2, 3, 4). The
539  glyoxylate shunt might explain how a microbial host can increase feedstock usage efficiency while
540 maintaining redox balance (Figure 5). This hypothesis is supported by observations that shunt
541  activation increases acetate accumulation and reduces CO- production (Waegeman et al., 2011;
542 Noronha et al., 2000).

Typical Decoupled electron and
heterotroph carbon metabolism
NADH
FDH or SH
Acetyl COoA —» —> Mevalonate Acetyl COoA —» — Mevalonate
. .
o () () o () (o)
\~— CO,
\‘ NADH
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2 FADH,
FADH; ! \ !
Carbon released as CO, to Increased carbon efficiency
maintain energy homeostasis and excess of NADH for
biomanufacturing
543
544 Figure 5. The proposed mechanism for carbon conservation in cells engineered with FDH or HYD is to increase carbon flux

545 through the glyoxylate shunt.
546 Created in BioRender. Panich, J. (2025): https:/BioRender.com/I26rpn5

547

548  Flux balance analysis to evaluate the efficiency of hydrogen gas and formate usage: We
549  used flux balance analysis (FBA) to evaluate the efficiency of hydrogenase and FDH in producing
550 reducing equivalents that would otherwise be derived from oxidizing acetate. FBA is a systems
551  biology technique that utilizes stoichiometric relationships within metabolic networks to compute
552  feasible flux distributions under various constraints without the need for kinetic data. We used
553  FBAto predict the marginal yield envelope of E. coli, defined as the range of potential changes in
554  product yield in response to alterations in a specific substrate when supplemented with either
555  hydrogen gas or formate. Typically, FBA operates on an optimization principle, such as
556  maximizing the molar yield of a product in response to a specific substrate and is based on the
557 assumption that evolution has optimized metabolism to achieve optimal yields. This assumption
558 s valid in model organisms like E. coli when cultivated on acetate and glucose, as the observed
559  fluxes and growth rates align with FBA predictions (Varma and Palsson, 1994). However, this
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560 premise may not hold when using synthetic metabolic pathways, as these pathways are not
561 subject to evolutionary optimization pressures. A limitation of FBA is its presumption that
562  organisms always strive for maximal yield, whereas experiments with S. cerevisiae and C. necator
563 indicate that organisms may also prioritize pathways that sacrifice yield for faster growth rates or
564  metabolic flexibility (Schuster et al., 2008; Jahn et al., 2021). To validate the computational FBA
565 findings, and as described in the S/, we also utilized a heuristic and deductive reasoning approach
566  to estimate molar ratios, where the key step involves equating all energy carriers (ATP, NAD(P)H,
567 FADH;) to proton motive force. As shown in Table 1, the computational FBA and deductive
568 estimates closely align.

569 Table 1: Compared to untreated E. coli, how many moles of hydrogen gas or formate need
570 to be oxidized to...

571

Metabolic effect* Hydrogen gas Formic acid

FBA Estimate FBA Estimate

...prevent the complete oxidation of one mole of 3.40 3.25 2.82 2.89
acetate?

...enable the formation of one additional gramof  0.157 0.123 0.131 0.109
dry biomass from glucose?

...enable the production of one additional mole  15.60 14.75 13.00 13.11
of mevalonate from glucose via the mevalonate
pathway?

...enable the fermentation of one additional 3.60 3.75 3.00 3.33
mole of acetate from glucose?

...enable the fermentation of one additional 6.20 6.25 517 5.56
mole of ethanol from glucose?

...enable the fermentation of one additional 2.00 1.125 N/A? 1.00
mole of formic acid from glucose?

572 @ Modeling the effects of formic acid addition upon formic acid fermentation resulted in a negative value.
573 **FBA” is computational flux balance analysis, as described in the main text. “Estimate” uses deductive reasoning to
574 estimate bioenergy requirements based on well-established biochemical facts, as described in Sl.

575

576

577  The efficiency of H, or formate in preventing the consumption of acetate (Figures 2 and 3), and
578  of enhancing mevalonate production (Figure 4), can be determined by the following equation:

(Asurplus X Rtheoretical)

579 Efficiency (%) = x 100

(Hoxidized)

580 Where:
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581 Asurpius = Moles of surplus acetate (Fig. 2B, 3B) or surplus mevalonate (Fig. 4B, 4G)
582 Rineoretical = Theoretical moles of H, or formate required per mole of surplus A (Table 1)
583 Hoxigizes = Moles of H» (Fig. S7, 4A) or formate (Fig. S10, 4F) oxidized in culture

584 We have demonstrated a titratable and stoichiometric relationship between Hz consumption,
585  acetate retention, and CO- avoidance (Figure 2; Figure S8 in S/). The number of moles of H; that
586 are experimentally required to avoid the oxidation of one mole of acetate can be determined by
587  plotting moles of H, consumed against moles of acetate retained. The resultant molar ratio is
588  3.925 (+ 0.062) (Figure S8B). In contrast, FBA indicates that only 3.40 moles of H, are needed
589 (Table 1), suggesting that 86.6% (+ 1.8) of the electrons supplied by H> were used to replace
590 acetate oxidation as a source of cellular energy. We speculate that the remaining 13.4% of the
591 reducing power was used in off-target reactions not captured by the analysis. Compared to Hy,
592  fewer moles of formate (2.82) are theoretically required to achieve this effect because formate
593  crosses the cell membrane as formic acid, with its proton contributing to the electrochemical
594  potential (Table 1). Similar to H,, we also performed a formate titration by incrementally increasing
595  formate concentrations and quantifying acetate and CO- responses (Figure 3; Figure S8 in S/).
596  Plotting the formate consumption and acetate retention data revealed that 2.865 (+ 0.102) moles
597 of formate are required to prevent the oxidative decarboxylation of one mole of acetate (Figure
598  S8D), suggesting that 98.4% (x 3.6) of the electrons supplied by formate successfully replaced
599  acetate for cellular energy generation.

600 The efficiency of Hz or formate in enhancing the formation of mevalonate can be determined in
601 four steps: (1) assess the moles of Hz or formate oxidized within cultures (Figures 4A, 4F); (2)
602 measure the moles of surplus mevalonate formed within H- or formate- treated cultures (Figures
603 4B, 4G); (3) multiply the surplus moles of mevalonate by the number of moles of H, or formate
604 that FBA determines is theoretically required to produce this surplus (Table 1); and (4) divide this
605 amount by the total moles of H, or formate oxidized within cultures and express the result as a
606  percentage (maximum of 100%). Both H> and HCOO" increased mevalonate biosynthesis
607  (Figures 4B and 4G). Mevalonate is produced by condensing three moles of acetyl-CoA, followed
608 by NADH-dependent reduction. To boost mevalonate formation, electron donors must
609  correspondingly prevent the decarboxylation of three moles of acetyl-CoA and meet this NADH
610  requirement. Analysis of BW-HYD-MEV revealed that of the 181 (x 28) ymol H; oxidized by this
611  strain (Figure 4A), only 19.1% (£ 8.1) was utilized to enhance mevalonate titer (Figure 4E).
612  Interestingly, H>-fed cells had a slightly lower biomass quantity than control cells (Figure 4C):
613 Compared to control cells, the energy not used for this missing biomass is equated to the
614  consumption of an additional 58.2 (x 97.7) pmol H2 by Ho-fed cells (Figure 4E). This shiftin cellular
615 energy usage explains how the surplus of overflow metabolites in H.-fed cells can require an
616  energy input equivalent to 146.8% (£ 26.9) of all H2 oxidized. The total amount of H, theoretically
617  required to facilitate these biochemical changes is thus 120 (x 113) pymol Hz, which is within the
618  error range of the 181 umol H, experimentally observed as used (See “SUM” in Figure 4E). As
619 compared to Hy, the FBA findings of BW-FDH-MEV were statistically robust: Of the 400 ymol
620 formate oxidized, 33.2% (£ 7.7) was employed to enhance mevalonate production, 46.9% (+ 19.8)
621  was utilized to increase biomass formation, and 8.8% (x 7.4%) was used to boost the production
622  of mixed acid products (Figure 4J). Total biochemical changes relative to water-blanked cultures
623  required the theoretical oxidation of 355 ymol (x 90 ymol) of formate, which aligns with the error
624  of the 400 pmol of formate consumed (See “SUM” in Figure 4J).
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625 Changing the base strain from BW25113 to CM15 resulted in improved mevalonate production
626  efficiency in both CM-HYD-MEV and CM-FDH-MEV. In CM-HYD-MEV, H»-fed cells now devoted
627  37.8% (£ 16.2) of the energy supplied by 70 ymol of oxidized H> toward mevalonate formation.
628 However, after considering biomass and mixed acid changes, we were unable to balance total
629  energy requirements between treatment and control conditions (see “SUM” in Figure 4E), a result
630 likely arising from low statistical resolution caused by low H, uptake. In contrast to Ho,
631 performance in CM-FDH-MEV was exceptional: virtually all energy provided to CM-FDH-MEV
632  through the oxidation of formate was utilized to enhance mevalonate titer (99.0 + 2.8%) (see
633  “SUM” in Figure 4J). In conclusion, these data demonstrate that all (within error) of the energy
634  supplied to an industrial host by formate can be harnessed to boost the production of a commodity
635 chemical. However, additional strain engineering will be necessary to improve both the
636  consumption of H, and the efficiency of this supplemental energy use.

637 DISCUSSION

638 This study demonstrates a promising strategy to overcome a fundamental limitation in
639  biomanufacturing by decoupling cellular energy generation from carbon metabolism through the
640  use of external electron donors. We successfully engineered E. coli strains capable of utilizing
641  hydrogen gas and formate as alternative energy sources, achieving remarkable efficiencies: 86.6
642 + 1.8% of electrons from H, and 98.4 + 3.6% of electrons from formate were effectively used to
643  replace acetate oxidation for cellular energy needs. Most notably, we demonstrated that up to
644  99.0 + 2.8% of formate-derived energy can be redirected toward enhanced bioproduct formation
645  when coupled with appropriate metabolic engineering strategies. Our proposed mechanism of
646  upregulated flux through the glyoxylate shunt provides a mechanistic framework for
647  understanding how external reducing power enables simultaneous CO, reduction and enhanced
648  substrate utilization. These findings collectively support the feasibility of "feedstock-efficient
649  bioconversion," where organic substrates serve exclusively as building blocks rather than dual-
650  purpose energy sources and raw materials.

651 Engineering Hydrogenase Expression and Activity

652  While our system achieved functional hydrogenase activity, several optimization opportunities
653  emerged from detailed characterization. Why did cell lysates of BW-HYD present with comparable
654  hydrogenase activity to C. necator lysates despite imbalanced heterotetramer expression (Figure
655 1C)? Comparative proteomics revealed that HoxY in BW-HYD was produced at about 1/10 the
656 rate as HoxFUH, meaning that most of the HoxFUH produced was likely inert. We observe that
657  many maturation proteins in E. coli were also produced in excess (~10x) to native expression
658 levels in C. necator (Figure 1C). It's possible that maturase overexpression may have
659 compensated for HoxY underexpression. This hypothesis is informed by recent efforts to clone
660 the C. necator hydrogenase into the cyanobacterium Synechocystis sp.. Whereas low activity
661 was observed and efforts to raise this activity by increasing heterotetramer expression were
662  ineffective, activity rose sharply when maturases were robustly expressed (Lupacchini et al.,
663  2025). Recently, Siebert and coworkers (2025) reported efforts to optimize C.
664  necator hydrogenase activity in E. coli, of which their work relied upon the same set of genetic
665 components that we used to build the single plasmid hydrogenase cassette (see Lamont and
666  Sargent, 2017). Similar to us, they also observed low HoxY production, which they hypothesized
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667  was caused by low levels of maturase HoxW. They observed that increasing HoxW expression
668 increased NAD" reduction activity by 40% and improved subunit stoichiometry. These studies
669  exemplify the importance of maturase engineering upon hydrogenase activity and provide a
670  validated troubleshooting guide for heterotetramer balancing.

671  Notably, it is not necessarily true that all nine C. necator maturases must be expressed in E. coli:
672 A hydrogenase cassette encoding only five maturation proteins was nonetheless functional in E.
673  coli, presumably because endogenous maturases were able to functionalize the C.
674  necator hydrogenase (Ghosh et al., 2013). This suggests the possibility of creating a minimal
675  cassette encoding only those maturases that are strictly necessary for functional expression,
676  which could be designed through a knockout trial and error process. Finally, whereas our plasmid
677 used a medium copy origin of replication (P15A), nothing precludes designing low copy vectors
678  or even single copy chromosomally integrated strains.

679  From a biomanufacturing perspective, plasmid replication, gene transcription, and translation of
680  exogenous proteins all impose fitness costs. The application of relative proteomics empowered
681  us with biologically actionable insights related to heterotetramer balancing. Nonetheless, future
682  application of absolute quantification proteomics would reveal greater information, such as an
683  estimation of the fraction of the total proteome allocated to hydrogenase machinery. However
684 inefficient hydrogenase expression is at present, we may nonetheless deduce that the energy
685 gained by H, must exceed the metabolic burden imposed by this enzymatic engine, or else
686  acetate retention given identical biomass (Figure 2) and surplus mevalonate biosynthesis given
687  identical feedstock (Figure 4) would not be possible.

688  We have estimated by flux balance analysis that 86.6 + 1.8% of H, that was consumed by BW-
689 HYD was used to prevent the oxidation of acetate (Figure 2). This suggests that at least some
690 portion of the remaining 13.4% was expended to maintain the 13-member hydrogenase
691  machinery, though the exact amount of H, remains unclear. In contrast, equivalent experiments
692  applying formate upon BW-FDH revealed that 98.4 + 3.6% was used to offset acetate oxidation.
693  This difference in efficiency could be reasonable if we consider that formate dehydrogenase is a
694  single protein compared to the complex 13-protein hydrogenase system. FDH appears to be more
695  promising than hydrogenase in this activity in our experiments. While FDH is theoretically
696  reversible, it is thermodynamically favored to operate in the formate-oxidizing direction as the AE®’
697  of the reaction is roughly +110 mV (compared to Ho/H*>NAD*/NADH AE® = +94 mV). This
698  exogonic property may play an outsized role in throughput, as we must consider that H2, mass
699 transfer would limit the hydrogenase enzyme in the forward direction whereas CO, mass transfer
700 would instead limit FDH in the reverse reaction.

701  Metabolic Regulation and Growth Dynamics

702  We quantified the proportion of total cellular energy demand that is satisfied by the consumption
703  of H,. Data from Figure 2C revealed that peak hydrogen gas draw rate occurred at the 8-10h
704  assay interval (9.4 mmol H, / g CDW / h) followed by the 10-12h assay interval (8.4 mmol H, / g
705  CDW / h). If we approximate the dry mass of an E. coli bacterium to 200 femtograms (Loferer-
706  KrolRbacher et al.,, 1998; Heldal et al., 1985), assume an e”/H* yield ratio of 4 (Sharma et al.,
707  2012; Borisov et al., 2011), and an H*/ATP expenditure ratio of 4 (Steigmiller et al., 2008), then
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708  peak energy input is around 600,000 ATP / cell / second. In contrast, ATP reporter experiments
709  have demonstrated that exponentially growing E. coli require 6,400,000 ATP / cell / second (Deng
710 et al., 2021), implying that the hydrogenase is only supplying about 10% of all energy needed
711 by E. coli. However, that study was conducted aerobically using glucose-rich and minimal media,
712 whereas the E. coli of Figure 2C were instead grown on acetate in stoppered serum vials with
713  diminishing oxygen partial pressure. Although doubling times of 20 to 30 minutes typify glucose-
714  rich media (Lin & Jacobs-Wagner, 2022), we observed a doubling time of about 5h when peak Hz
715  consumption occurred (8 to 12h post-inoculation). Therefore, the true ATP requirement is likely
716  to be substantially lower than what is required during glucose cultivation.

717  The 16h to 30h interval of Figure 2C is informative because no further accumulation of biomass
718 is observed (onset of stationary phase), but consumption of H> and acetate persisted (ongoing
719  cellular maintenance costs), thereby providing a steady-state condition. In this latter 14h
720  stationary period, about 206 umol of H, were consumed, as was 43 pmol of acetate. The oxidation
721  of one mole of acetate is equivalent in cellular energy to the oxidation of 3.4 moles of H, (Table
722 1). We can therefore estimate that oxidizing 43 umol of acetate provided a total volume of energy
723  equal to 292 umol of ATP over 14h. Similarly, the expected energy yield of oxidizing 206 umol of
724  H, is 412 uymol of ATP. The combined ATP contribution is 704 uymol, and when averaged over
725 14h, equals 177,000 ATP / cell / s. This addition is consistent with the known 200,000 ATP / cell
726 | s consumption rate of stationary phase E. coli (Deng et al., 2021), and suggests that H; is
727  satisfying 58% of cellular energy demand, and acetate oxidation the remaining 42%. Alternatively,
728  we may evaluate the ratio of acetate consumption in Hz-fed cells (43 umol) to the control cultures
729 (76 ymol). From this ratio, we may estimate that H, satisfies 43% of total demand. It would be
730 reasonable to conclude that the true answer is somewhere around half, and we caution that this
731  is merely an estimation.

732 Cultivation of BW-HYD in rich defined acetate media resulted in onset of stationary phase at
733 around 16h (Figure 2C and SXA in S/). This occurred despite the availability of O,, Hz, and
734  acetate, ruling out anaerobic metabolism and organic feedstock exhaustion as plausible
735  explanations. Growth arrest in the presence of carbon sources is nonetheless possible when non-
736  carbon metabolites such as nitrogen, phosphate, sulfur, and magnesium are limiting (Chubukov
737 & Sauer, 2014). Under such conditions, catabolic programs persist and cells continue to
738 regenerate NAD(P)H by oxidizing carbon to CO; (Ruhl et al. 2012). This hypothesis would be
739  consistent with our observations of ongoing acetate and H, oxidation as well as continued CO»
740 generation during the stationary phase (Figure 2C). Importantly, both chemical electron donors
741  allowed E. colito produce an identical amount of biomass while consuming less feedstock
742  (Figures 2 and 3), demonstrating that electron donors decouple energy generation from feedstock
743  oxidation and can increase biomass production efficiency without increasing biomass production
744  volume.

745  Carbon Source-Dependent Hydrogen Uptake and Mechanistic Insights

746  We reported difficulty achieving high H, consumption in BW-HYD (Figure S13) and BW-HYD-
747  MEV (Figure 4) when grown in glucose-minimal media. In contrast, H, uptake by BW-HYD was
748  robust in acetate-rich media (Figure 2; Figure S7). In addition, no obstacles were reported when
749  others have used this same enzyme in E. coli to ferment H; using glucose as an electron source
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750 (Ghosh et al., 2013; Schiffels et al., 2013; Lamont & Sargent, 2017). We provide two possible
751  explanations.

752  First, at pH 7.0, the thermodynamic potential of the 2H*/H, couple (-410 mV) and the NAD*/NADH
753  couple (-320 mV) of the C. necator hydrogenase are closely aligned (Lauterbach et al. 2011a;
754  2011b). The directionality of H» formation or dissociation can therefore be influenced through
755  small perturbations in pH. Feeding sugars to E. coli results in the production of mixed acids that
756  acidify the media (Sanchez-Clemente et al., 2018). Unlike sugars, oxidized substrates such as
757  acetate do not produce organic acids and may instead alkalize the media by fixing protons during
758  oxidative phosphorylation (Sanchez-Clemente et al., 2020). Increasing [H*] would favor Hz
759  formation through substrate-product kinetics, which may explain why H> consumption is difficult
760  (this study) but Hz production is not (Lamont & Sargent, 2017; Ghosh et al., 2013; Schiffels et al.,
761  2013).

762  Second, sugars such as glucose provide an abundant source of NAD(P)H through their
763  metabolism via glycolysis and pentose phosphate pathways. Cellular NADH concentration is
764  allosterically regulated through inhibition of TCA cycle enzymes and by transcriptional regulators
765  (MacLean et al., 2023; Brown et al., 2022). Glucose cultivation would be expected to elevate
766  NADH levels, which may decrease demand for exogenous reducing power provided by reversible
767  hydrogenases.

768  In support of both hypotheses (they are not mutually exclusive), we reveal an early experiment
769  demonstrating that H, uptake by BW-HYD is low when cultivated on three fermentable substrates
770  (glucose, xylose, and gluconate) and high when cultivated on four oxidized substrates (pyruvate,
771  acetate, succinate, and malate; Figure S14 in SI).

772  Economic Viability and Industrial Implementation

773  Using exogenous electron donors could improve the economics of biomanufacturing for
774  commodity chemicals. While a thorough technoeconomic analysis (TEA) is needed, our data
775  provide a basis for exploring its potential. We observed that up to 37.8% of the energy provided
776  to E. coli through the oxidation of H, can be used to enhance mevalonate formation (Table 1,
777  Figure 4), thereby establishing an experimentally validated benchmark for efficiency. Glucose, the
778  most widely used biomanufacturing feedstock, has a wholesale price of approximately $0.70 per
779 kg in the US (March 2024: IMARC Group). To compensate for the oxidation of $1.00 worth of
780  glucose would require the expenditure of 283 moles of H,. Excluding other technoeconomic
781  considerations, if the price of hydrogen gas is $1.77 per kg or lower, the energy yield comparisons
782  described in this study would suggest that a net reduction in operating expenses becomes
783  feasible. If, through future metabolic engineering efforts, the percentage of oxidized H; used to
784  enhance bioproduction approaches 100% (similar to the 99.0 + 2.8% efficiency of formate; Table
785 1, Figure 4), then only 107 moles of Hz, would be required, raising H: price parity to $4.67 per kg.

786 It is noteworthy that the price of non-renewable H; is around $1.00 per kg (April, 2024: Business
787  AnalytlQ), suggesting that price parity has already been achieved. Although non-renewable H>
788  will not provide systemic CO. abatement throughout the production chain, it would allow
789  industrialists to immediately develop Hz-supported biomanufacturing until such time (or if) the cost
790 of renewable H; achieves price parity. The cost of electrolytic Hz is primarily determined by
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791  electricity prices (De Luna et al., 2019; Janssen et al., 2022), and as global energy capacity
792  expands, the levelized cost of electricity from alternative sources is projected to decline by 50%
793 by mid-century (Jayadev et al., 2020; Sens et al., 2022).

794  We demonstrated using formate-fed cells that chemical electron donors can be highly effective at
795  conserving substrate (98.4 + 3.6% for acetate; Table 1, Figure 3) and boosting product yield (99.0
796 t+ 2.8% for mevalonate; Table 1, Figure 4), setting an optimistic benchmark for future
797  biomanufacturing research. The immediate metabolic response seen in formate-fed cultures
798  (Figure 3C) highlights a practical advantage of formate over hydrogen. While hydrogen uptake
799 required a maturation period for enzyme activation, formate was rapidly absorbed, immediately
800 replacing acetate oxidation and decreasing CO evolution. Although wholesale formic acid is
801  similarly priced to Ho, its low reductive capacity per unit mass (~21.7 NADH/kg formate vs. ~429
802 NADH/kg H.) makes cost parity with conventional feedstocks unlikely in the near term.
803  Nonetheless, if cost parity can be achieved, formate holds great promise as an industrially
804  appealing electron donor: It is soluble, easily crosses membranes, and directly supports NADH
805 regeneration without enzymatic activation delays.

806  Economic trends suggest that H2 could serve as a viable alternative energy source, reducing
807 reliance on feedstock-derived energy while enhancing bioprocess efficiency. From a process
808 design perspective, the amount of money spent on feedstock just to produce the requisite
809 biomass enabling commodity chemical production can be considerable, especially if batch
810 schemes are used (Keasling et al. 2021). Moreover, whereas biomanufacturing ideally occurs
811 within a steady state condition wherein carbon substrates are fed to microbial hosts and are
812  completely converted into value-added chemicals, at least some portion of this feedstock is used
813  for additional biomass accumulation. Our results show that both electron donors can support
814  cellular energy needs (Figures 2 and 3) and enhance mevalonate biosynthesis (Figure 4) without
815  spurring surplus cell growth. Conceptually, external reducing power could replace the reducing
816 power ordinarily provided through the oxidation of feedstock, enabling greater bioreactor
817  productivity per unit cost of raw materials. While we demonstrated this principle using mevalonate
818  biosynthesis, the approach could be theoretically applicable to most bioproducts, as exemplified
819 by our preliminary work on the NADH-independent flaviolin pathway (Figure S11 in SI).

820 Broader Implications and Future Directions

821  The development of new technologies in transportation and manufacturing is crucial for American
822  energy dominance and economic growth. Enhancing the efficiency of biomanufacturing through
823  cost-effective chemical electron donors could play a key role in expanding global
824  biomanufacturing capacity. Such a strategy could complement existing approaches, including the
825 use of lignocellulosic biomass, gaseous waste streams, and cell-free biomanufacturing. The
826  engineered strains described herein not only enable feedstock-efficient bioproduction but also
827  contribute to a broader framework for the maturing biomanufacturing industry.

828  Future work should focus on optimizing hydrogenase expression stoichiometry, developing
829  minimal maturase cassettes, and exploring the potential for creating NADH-intensive biosynthetic
830 pathways that could improve H, uptake on sugar substrates. Additionally, "*C-metabolic flux
831 analysis would provide definitive validation of the glyoxylate shunt hypothesis and elucidate the
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832  precise metabolic rewiring that enables carbon conservation. These investigations will be
833  essential for translating this proof-of-concept work into industrially viable bioprocesses that can
834 compete economically with traditional petrochemical production. This technology should be
835 translatable for most systems that require additional NADH, and may be exceptionally well-suited
836  for cell-free biomanufacturing. We believe that this approach will be generally applicable to other
837 industrially relevant organisms, and a similar approach has already been shown in Pseudomonas
838 putida (Lonsdale et al., 2015). While the technology is promising, there are some practical
839 limitations to deploying our technologies. Possible steps to derisking this technology include
840  designing bioreactors that increase gas mass transfer rates while maintaining safe operation,
841 formate-feeding schemes that minimize formate toxicity, and further organism engineering to
842  maintain pathway redox balance without perturbing cellular fitness.
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