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Abstract

Methanogenic archaea belonging to the Order Methanosarcinales conserve energy using
an electron transport chain (ETC). In the genetically tractable strain Methanosarcina
acetivorans, ferredoxin donates electrons to the ETC via the Rnf (Rhodobacter nitrogen fixation)
complex. The Rnf complex in M. acetivorans, unlike its counterpart in Bacteria, contains a
multiheme c-type cytochrome (MHC) subunit called MmcA. Early studies hypothesized MmcA
is a critical component of Rnf, however recent work posits that the primary role of MmcA is
facilitating extracellular electron transport. To explore the physiological role of MmcA, we
characterized M. acetivorans mutants lacking either the entire Rnf complex (Arnf) or just the
MmcA subunit (AmmcA). Our data show that MmcA is essential for growth during acetoclastic
methanogenesis but neither Rnf nor MmcA are required for methanogenic growth on methylated
compounds. On methylated compounds, the absence of MmcA alone leads to a more severe
growth defect compared to a Rnf deletion likely due to different strategies for ferredoxin
regeneration that arise in each strain. Transcriptomic data suggest that the AmmcA mutant might
regenerate ferredoxin by upregulating the cytosolic Wood-Ljundahl pathway for acetyl-CoA
synthesis, whereas the Arnf mutant may repurpose the Fiyy dehydrogenase complex (Fpo) to
regenerate ferredoxin coupled to proton translocation. Beyond energy conservation, the deletion
of Rnf or MmcA leads to some shared and some unique transcriptional changes in
methyltransferase genes and regulatory proteins. Overall, our study provides systems-level
insights into the non-overlapping roles of the Rnf bioenergetic complex and the associated MHC,

MmcA.
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Importance

Methane is a greenhouse gas that is ten times more potent than carbon dioxide and efforts
to curb emissions are crucial to meet climate goals. Methane emissions primarily stem from the
metabolic activity of microorganisms called methanogenic archaea (methanogens). The electron
transport chain (ETC) in methanogens that belong to the Order Methanosarcinales has been the
focus of many in vitro studies to date, but the endogenous functions of the bioenergetic
complexes that comprise the ETC have rarely been investigated. In this study, we use genetic
techniques to functionally characterize the Rnf bioenergetic complex and the associated multi-
heme c-type cytochrome MmcA in the model methanogen, Methanosarcina acetivorans. Our
results show that MmcA and Rnf have shared and unique roles in the cell, and that, contrary to
current knowledge, M. acetivorans has the capacity to induce at least two alternative pathways

for ferredoxin regeneration in the absence of a functional Rnf complex.
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Introduction

The vast majority of methane released to the atmosphere is generated by a group of
microorganisms called methanogens (1). Methanogens belong to the Domain Archaea and
produce methane as a by-product of energy conservation (2). Methanogens are polyphyletic, and
the most widely distributed mode of methanogenic growth uses molecular hydrogen to reduce
carbon dioxide to methane (2, 3). Growth on hydrogen and carbon dioxide (termed
hydrogenotrophic methanogenesis) is a highly conserved and well-characterized seven-step
pathway (Supplementary Figure 1a) (3). A few methanogens, notably members of the Order
Methanosarcinales, have an expanded metabolic repertoire that includes growth on small organic
acids like acetate (via acetoclastic methanogenesis) or on methylated compounds like methanol
or methylamines (via methylotrophic methanogenesis) (Supplementary Figure 1b-1e) (2, 4). The
metabolic versatility of the Methanosarcinales is linked to the presence of a membrane-bound
electron transport chain (ETC) for energy conservation, which is absent in many other
methanogen lineages (2, 4).

In the Methanosarcinales, the ETC can be broken down into one or more input modules,
a membrane-bound electron carrier called methanophenazine (MP), and a single output module
(4, 5). The input module(s) serve as an entry point for electrons from a variety of electron donors
and cofactors into the ETC whereas the output module transfers electrons to the terminal electron
acceptor (4). Depending on the strain and the growth substrate, the input module(s) can vary
substantially but the output module remains constant because the terminal electron acceptor is
always a heterodisulfide (CoM-S-S-CoB) of two cofactors, coenzyme M (CoM) and coenzyme B
(CoB) (Figure 1) (3, 4, 6). The CoM-S-S-CoB is generated by the enzyme methyl coenzyme M

reductase (MCR) in the last step of methanogenesis (Supplementary Figure 1) (3, 6).
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80  Accordingly, all members of the Methanosarcinales encode a membrane-associated
81  heterodisulfide reductase complex (HdrDE) that serves as the output module of the ETC (4, 7, 8).
82  HdrDE transfers electrons from reduced MP to CoM-S-S-CoB, regenerating coenzyme M (CoM-
83  SH) and coenzyme B (CoB-SH) (Figure 1) (7, 9). Concomitantly, oxidation of MP by HdrDE
84  releases two protons to the pseudoperiplasmic space via a redox loop mechanism (9). In contrast
85  to the omnipresent HArDE, the input module(s) of the ETC are diverse and, while resembling
86  many of their bacterial counterparts, these bioenergetic complexes have many unique features
87  whose functional ramifications remain poorly characterized.
88 Within the Genus Methanosarcina, strains derived from freshwater environments like M.
89  barkeri Fusaro rely on hydrogenases for energy conservation via a process termed “hydrogen
90 cycling” (4, 10-12). However, the marine methanogen Methanosarcina acetivorans does not
91 produce any active hydrogenases, and therefore does not rely on hydrogen cycling for the
92  generation of an ion motive force (11, 13). Instead, M. acetivorans transfers electrons from
93  reduced cofactors directly to MP via two dedicated bioenergetic complexes: the Fayo
94  dehydrogenase complex (Fpo) and the Rhodobacter nitrogen fixation complex (Rnf) (Figure 1a)
95 (4, 14, 15). The Fpo complex couples the transfer of electrons between the cytosolic F4y0 pool
96  and the membrane-bound MP pool to the translocation of protons across the membrane (Figure
97 la) (4, 16). The Fpo complex is related to Respiratory Complex I (RCI) in the mitochondria of
98  eukaryotes and the NADH:ubiquionine oxidoreductase (Nuo) from bacteria, except the NADH
99  interacting module NuoEFG is replaced by the non-orthologous module FpoF (16, 17). In
100  comparison, the Rnf complex couples the transfer of electrons between ferredoxin and MP to the

101  translocation of sodium ions across the membrane (Figure 1a) (15, 18, 19). The genetic
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102 organization and cellular function of the Rnf complex in methanogens differs substantially from
103 its bacterial counterparts.

104 In Bacteria, the Rnf complex is composed of six subunits: RnfABCDEG, and preliminary
105  evidence indicates that electrons flow from reduced Fd to the iron-sulfur clusters of RnfB, then
106  to the covalently bound flavin mononucleotide (FMN) cofactors of RnfG and RnfD, and finally
107 to NAD" in the cytosol via the iron-sulfur clusters of RnfC (Figure 1c) (20). However, no
108  structure has been solved for the complex, so additional cofactors involved in electron flow may
109  be present (20, 21). In addition to the core subunits described above, the rnf operon of
110  methanogens also contains an additional gene that encodes a multi-heme c-type cytochrome
111 (MHC), mmcA (Figure 1d) (18, 22). While the known redox cofactor binding sites of RnfB,
112 RnfD, RnfG and RnfC are conserved in M. acetivorans, whether the flow of electrons from Fd
113 from MP follows the same pathway hypothesized in bacterial systems, and how MmcA is
114  involved in this process remains unclear (18, 19). Recent evidence indicates that MmcA in M.
115  acetivorans might instead act as a conduit for extracellular electron transfer (EET) to external
116  electron acceptors like anthraquinone-2,6-disulfonate (AQDS), which would substantially
117  broaden the metabolic repertoire of M. acetivorans beyond methanogenic growth (22). While it
118 is abundantly clear that MmcA plays an important role in the energy metabolism of M.
119  acetivorans and other members of the Methanosarcinales, the underlying mechanism(s) remains
120 poorly characterized.

121 In this study, we use a genetic approach to elucidate the in vivo function of MmcA in the
122 model methanogen M. acetivorans by comparing the growth and transcriptional responses of
123 mutant strains lacking the MmcA subunit or the entire Rnf complex. Our results show that

124 MmcA might have a cellular function beyond facilitating electron flow through the Rnf complex.
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125  Our transcriptomic data also shed light on the coupling between substrate-specific
126  methyltransferases and energy conservation pathways in M. acetivorans and bring to light
127  alternate routes for the regeneration of reduced ferredoxin in the absence of Rnf. Overall, our
128  work underscores the importance of MmcA in the methanogen Rnf complex and elucidates a
129  broader role for this multiheme cytochrome during methanogenesis.

130  Results and Discussion

131  Validation of mutant strains lacking mmcA or rnf in Methanosarcina acetivorans

132 The rnf locus in M. acetivorans consists of eight ORFs (MA0658 to MA0665) that
133 encode MmcA and RnfCDGEABX respectively (Figure 2a). The first seven genes have
134 overlapping coding regions and previous studies have also shown that all eight genes are
135  transcribed in a single operon (Figure 2a) (18). To characterize the in vivo function of the Rnf
136  complex, we obtained a mutant that has a markerless in-frame deletion in the M. acetivorans
137  chromosome spanning mmcA through rnfX as described in (23) (Figure 2b). To understand the
138  function of the MmcA gene in the Rnf complex, we generated a markerless in-frame deletion in
139  the mmcA gene as described previously using Cas9-mediated genome editing (24, 25) (Figure
140  2c). We sequenced the genome of the AmmcA mutant and, relative to the parent strain
141  (WWMG60), did not detect mutations elsewhere on the chromosome (Supplementary Table 1).
142  Based on this evidence, we can conclude that our MmcA deletion strain does not have any off-
143 target mutations as a result of Cas9 editing or any suppressor mutations to compensate for the
144 loss of mmcA.

145 Since mmcA is the first gene in the rnf operon, it is likely that deletion of mmcA could
146  alter the expression of the other rnf genes. To test for polar effects, we measured the expression

147  of rnfCDGEABX in the AmmcA mutant and WWM60 using whole-genome RNA sequencing
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148  during growth on trimethylamine (TMA) and did not detect significant change in transcript
149  levels of any of these genes in the absence of mmcA (p-value >0.05; Welch’s t-test) (Figure 1d).
150  Thus, knocking out the mmcA gene does not alter the transcription of rnfCDGEABX. In addition,
151  we observed that expression of mmcA in trans functionally complements the chromosomal
152 deletion of mmcA and restores wildtype growth on TMA (Figure 2e). These growth data indicate
153  that the RnfCDGEABX proteins are produced in the AmmcA mutant and that expression of
154  mmcA in trans can reconstitute a functional Rnf complex.

155  Growth characteristics of rnf and mMmcA mutants during methanogenesis on different
156  substrates

157 In vitro analyses of the Rnf complex from M. acetivorans suggest that MmcA plays an
158  important role in mediating electron flow between ferredoxin and MP, but the importance of
159 MmcA for Rnf activity in vivo, outside of extracellular electron transfer, has not been well
160  characterized (22). To address this gap in knowledge, we measured the growth phenotype of
161  WWMG60, Arnf, and AmmcA on a wide range of substrates that represent the metabolic breath of
162 M. acetivorans.

163 The Rnf complex as well as MmcA are essential for growth on acetate via acetoclastic
164  methanogenesis (18, 23, 24). We observed no growth of the Arnf or AmmcA mutants on acetate,
165 while WWM60 with a fully functional Rnf complex was viable (Figure 3a, Table 1). We
166  attempted to isolate suppressor mutants in the Arnf or AmmcA backgrounds that restore growth
167  on acetate by incubating each strain in growth medium containing acetate as the sole source of
168  carbon and energy. We did not detect any observable growth (measured as a change in optical
169  density) for all three replicates of either strain after an incubation period of one year. Together,

170  these results indicate that the Rnf complex is essential during methanogenesis from acetate for
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171  regenerating reduced ferredoxin generated by the carbon monoxide dehydrogenase/acetyl CoA
172 synthase (CODH/ACS) complex (18, 26, 27). In addition, the MHC subunit MmcA is vital for
173 the functionality of the Rnf complex. Our growth data for the AmmcA mutant on acetate agree
174  with previous work from our group, but are in contrast a previous study where a mmcA deletion
175  mutant of M. acetivorans had no growth defect on acetate compared to the corresponding parent
176  strain (22, 24). We suspect that the difference in phenotype observed may pertain to differences
177  in the genetic techniques used for generating deletion mutants, or the presence of a suppressor
178  mutation in the mmcA deletion strain generated in the previous work (22).

179 Next, we tested the role of Rnf and MmcA during methylotrophic methanogenesis by
180  measuring the growth phenotype of the mutants and the parent strain on three different
181  methylated compounds: trimethylamine (TMA), methanol (MeOH), and dimethylsulfide (DMS)
182 (14, 28-30). The Arnf mutant and the AmmcA mutant were viable on all three methylated
183  compounds, but we noted a significant defect in the growth rate of both mutants relative to
184  WWMG60 (Figure 3b, Table 1). Additionally, the AmmcA mutant had a significantly higher
185  growth defect compared to the Arnf mutant on all methylated compounds (Figure 3; Table 1).
186  Based on these data, we can conclude that tMmcA and other components of the Rnf complex are
187  not essential for methylotrophic methanogenesis in M. acetivorans but are important for optimal
188  growth under these conditions.

189 The phenotypes of the Arnf and AmmcA strains also differed when switching between
190  methylotrophic substrates. We observed that the Arnf mutant had a significantly shorter lag time
191  switching from medium containing TMA to medium with DMS relative to both WWM60 and
192 the AmmcA mutant (Figure 4a; Table 2). The lag time of the AmmcA mutant is not significantly

193  different from the WT strain (Figure 4a; Table 2), further supporting the hypothesis that Rnf
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194  proteins are expressed in the absence of MmcA during methylotrophic growth. Based on these
195 data, we hypothesize that loss of the Rnf complex, but not MmcA alone, might result in a
196 transcriptional response tuning the expression of methyltransferases (such as mitsD, mtsF, and
197  mtsH) that are required for growth on methylated sulfur compounds like DMS (30). However,
198  the sensory and regulatory pathway(s) by which this transcriptional response is carried out
199  cannot be inferred from these data.

200 As the growth defect for the AmmcA mutant on methylated compounds was significantly
201  exacerbated compared to the Arnf mutant (Figure 3), it is likely that, in addition to being an
202  important part of the Rnf complex in methanogens, MmcA may have other physiological roles
203  too. To test for a Rnf-independent function of MmcA during methylotrophic methanogenesis, we
204  generated a strain encoding the mmcA gene on a plasmid in the Arnf background (Figure 4b) and
205  measured the growth of this mutant on TMA relative to a control strain carrying an empty vector.
206  Indeed, expression of mmcA in the Arnf background enhanced growth rate compared to the
207  control strain by 22% [p-value = 0.0023; Welch’s t-test] (Figure 4b and Supplementary Table 2).
208  Growth yield of the Arnf strain expressing mmcA was not significantly different than the control
209  strain (Supplementary Table 2). These phenotypic data provide clear evidence that the
210  physiological role of MmcA during methanogenesis from methylated compounds extends
211  beyond its capacity to relaying electrons through the Rnf complex.

212 Differential expression of Fpo and methylamine methyltransferases lead to differential
213 growth of the Arnf and AmMMCA mutants

214 Based on our growth data, it is clear that the cellular function of the Rnf complex does
215  not completely overlap with the MHC subunit, MmcA, during methylotrophic growth. To

216  understand the genetic basis for this phenotypic distinction, we performed whole genome RNA

10
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217  sequencing of the Arnf mutant, the AmmcA mutant and WWM60 at mid-exponential growth on
218  TMA. To identify genes that are “differentially expressed”, we used the following the criteria: a
219  logy-fold change in transcript abundance >2 (4-fold) with a g-value (corrected p-value) <0.01
220  (see Materials and Methods). The Arnf mutant had significantly higher expression of genes
221  involved in two distinct aspects of methanogenic metabolism relative to the AmmcA mutant
222 (Figure 5a). First, we observed significantly higher transcripts for several genes encoding the
223 Fay methanophenazine oxidoreductase (Fpo) bioenergetic complex. The membrane bound Fpo
224 complex is comprised of thirteen subunits and, during methylotrophic growth, catalyzes the
225  transfer of electrons from reduced F40 to MP coupled to the translocation of two protons across
226  the membrane (Figure 1) (16). Most of the genes comprising the Fpo complex are encoded in the
227  fpoABCDHIJIJ2KLMNO operon (Figure 5b) (16, 31). The F4y input module fpoF is found
228  elsewhere on the chromosome in putative operon with the F4y0-dependent N(5),N(10) -methylene
229  tetrahydromethanopterin reductase (mer), and a second copy of fpoO2 is encoded close to the
230  fpoA-O operon, although neither paralog has a known function (Figure 5b) (31). Five genes in
231  the fpo operon (fpoJ2, fpoL, fpoM, fpoN, and fpoO) as well as fpoO2 had >4-fold (or 2 log,-fold)
232 higher expression in the Arnf background compared to the AmmcA mutant (Figure S5b;
233 Supplementary Table 3). No significant change in expression was observed for fpoF
234 (Supplementary Table 3). Thus, we hypothesize that a “headless” or modified form of Fpo that
235  lacks the Fy4y¢ interacting module FpoF is more abundant in the Arnf mutant. The “headless” Fpo
236  complex has been hypothesized to function as a ferredoxin: MP oxidoreductase in other
237  methanogens, like members of the Genus Methanothrix (previously known as Genus
238  Methanosaeta) that lack both the Ech hydrogenase as well as the Rnf complex (32). While

239  previous studies have suggested that FpoO plays a role in transferring electrons from the Fpo

11
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240  complex to the MP pool via a [2Fe-2S] cluster, we hypothesize that the FpoO subunit might
241  instead interact with the FpoF subunit and/or with ferredoxin directly (31). It is possible that the
242 two copies of FpoO encoded in the M. acetivorans genome differ in their affinity for FpoF
243 versus ferredoxin, which might further modulate the specificity of the Fpo complex for different
244  electron carriers. Altogether, we postulate that higher expression of other subunits of the Fpo
245  complex relative to FpoF and tuning the amount of FpoO2 relative to FpoO1 increases the
246  proportion of the “headless” Fpo complex in the Arnf mutant (Supplementary Figure 2). The
247  “headless” Fpo complex might provide an alternate route for ferredoxin regeneration in the Arnf
248  mutant that ultimately leads to faster growth under methylotrophic conditions compared to the
249  AmmcA mutant. The RNA sequencing data do not allow us to discriminate whether the Fpo
250  genes are upregulated in the Arnf mutant or downregulated in the AmmcA mutant. To distinguish
251  between these two modes of regulation, we compared the expression of the Fpo locus in each
252  mutant relative to WWM60. The Fpo genes were more highly expressed in the Arnf mutant, but
253  not in the AmmcA mutant, compared to WWM60, however the change in expression for both
254  mutants did not meet our >2 log,-fold threshold value. Thus, our data suggest the loss of Rnf
255  might result in upregulation of Fpo (Supplementary Table 3), but we cannot confidently identify
256  a mode of regulation that causes a differential expression of the Fpo genes in the Arnf strain
257  relative to the AmmcA strain at present.

258 In addition to the Fpo genes, we also observed significantly higher expression of multiple
259  genetic loci that encode TMA, DMA (dimethylamine), and MMA (monomethylamine)
260  methylamine methyltransferases as well as permeases putatively involved in the transport of
261  these methylated amines in the Arnf mutant relative to the AmmcA mutant (Figure 5a, Sc;

262  Supplementary Table 4) (33, 34). Differential expression of these genes could lead to a

12
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263  commensurate change in the rate of transport and conversion of methylated amines to methyl-
264  coenzyme M, an intermediate that feeds into the core methanogenic pathway, which ultimately
265  would affect cell growth as observed in Figure 3. To determine if transcription of these loci was
266  induced in the Arnf mutant or restricted in the AmmcA mutant, we compared the expression of
267  these genes in each mutant relative to WWM60 independently. While we did not detect any
268  significant change in transcript levels of any of these genes in the Arnf mutant relative to
269  WWM60, whereas most of these genes had 4 to 5-fold higher expression in WWMG60 relative to
270  the AmmcA mutant (Supplementary Table 4). These data strongly suggest that the
271  methyltransferase loci are downregulated only when the mmcA locus is deleted but not when the
272 entire the entire rnf locus is deleted. While the mechanistic details of this regulatory process are
273  beyond the scope of this work, these data bring to light previously unknown global mechanisms
274  in methanogens that coordinate the expression of genes involved in energy conservation (such as
275  mmcA and rnf) with genes involved in carbon metabolism (such as the m#CB, mtbCB, mtmCB
276  methyltransferases involved in growth on TMA, DMA, and MMA, respectively) (33, 34).

277

278 Nearly forty genes had significantly higher expression in the AmmcA mutant relative to
279  the Arnf mutant and these could be divided into three categories: a) genes that were globally
280  upregulated in the AmmcA mutant, i.e. these genes were also expressed to a higher level in the
281  AmmcA mutant relative to WWMO60, b) genes that were globally downregulated in the Arnf
282  mutant i.e. genes that also had a lower expression in the Arnf mutant compared to WWM60, and
283  c¢) genes that were only expressed to a higher degree in the AmmcA mutant relative to the Arnf
284 mutant, i.e. genes that were not differentially expressed when comparing either mutant to

285 WWMG60 (Supplementary Table 5). Of the six genes in the first category, four lacked any

13
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286  recognizable motifs or domains and the other two encode proteins involved in the biosynthesis of
287  asparagine (asnB) and post-translational modification of proteins (O-linked N-acetylglucosamine
288  transferase) (Supplementary Table 5) (35, 36). At present, a connection between MmcA and
289  these proteins remains elusive.

290 About twenty genes were consistently downregulated in the Arnf mutant and this list
291  includes rnfCDGEABX (which validates our methods for identifying changes in transcription),
292  biosynthetic genes, and several genes likely involved in transcriptional regulation
293 (Supplementary Table 5). Downregulated biosynthetic genes included thiC (MA4010), a UbiA
294  prenyltransferase domain containing protein, which catalyzes the synthesis of lipophilic
295  compounds that serve as electron carriers in the ETC (37, 38). We hypothesize ubid is involved
296  in the biosynthesis of MP and, in the absence of Rnf, transcription is reduced to modulate levels
297  of MP in the membrane. This hypothesis agrees with a previous study where ubi4 and other
298  predicted ubiquinone/menaquinone biosynthetic genes were proposed to be involved in MP
299  synthesis and more highly expressed in M. barkeri during direct interspecies electron transfer
300 (DIET) to facilitate extracellular electron transport through the membrane (38). Other
301  downregulated biosynthetic genes included a putative operon with an acyl carrier protein and a
302  long chain fatty acyl CoA ligase (MA1027-MA1029). We also observed downregulation of
303  several regulatory genes included an ArsR family transcriptional regulator (MA0504), a response
304  regulator (MA4671), as well as a protein with a DNA-binding helix-turn-helix motif (MA4484)
305  (Supplementary Table 5). The targets of the various regulatory proteins are unknown but might
306  be one of biosynthetic genes mentioned above or the DMS specific methyltransferases, based on

307  the shortened lag time observed in Figure 3d.

14
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308 Finally, a set of thirteen genes had higher expression only in the AmmcA mutant relative
309 to the Arnf strain but were not differentially expressed in comparison to WWM60
310  (Supplementary Table 5). This list includes signaling proteins like a sensory transduction
311  histidine kinase (MA2256), regulatory genes such as nikR, a nickel-responsive transcriptional
312 regulator that controls the expression of nickel-containing enzymes, and cofactor biosynthetic
313 genes like nadE, which encodes NAD synthetase that catalyzes the last step in NAD biosynthesis
314 (39, 40). It is tempting to speculate that the signaling proteins or the regulators identified above
315  are linked to the downregulation of the methylamine specific methyltransferases in the AmmcA
316  strain (Figure 5c; Supplementary Table 4), however detailed mechanistic analyses would be
317  needed to bolster this observation in future work.

318 Overall, our RNA-sequencing analyses provided clear insights into the genetic basis of
319  the phenotypic distinctions between the AmmcA strain and the Arnf strain observed in Figure 3.
320  Downregulation of substrate specific methyltransferases and lower levels of the “headless” Fpo
321  complex, which can potentially regenerate reduced ferredoxin, leads to a more severe growth
322 defect for the AmmcA mutant relative to the Arnf mutant on methylated substrates.

323 Novel routes for generating a Na’ ion gradient and regenerating ferredoxin enable
324  methylotrophic growth in the absence of a functional Rnf complex

325 To understand how the Arnf and AmmcA mutants sustain growth on methylated
326  compounds and the physiological basis for the fitness defect they incur (Figure 3), we compared
327  the transcriptomic profile of each mutant in mid-exponential phase on TMA to that of WWM60
328  under the same growth conditions (Figure 6a and Figure 6b). Genes were classified as being

329  “differentially expressed” if they met the same criteria listed above. The expression level of
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330  genes in WWMO60 was considered to be the baseline, so genes with significantly higher or lower
331 transcript levels in the mutants were considered to be upregulated or downregulated respectively.
332 Only thirteen genes were upregulated and twenty-four genes were downregulated in both
333 mutants compared to WWM60 (Supplementary Table 6). The upregulated genes belonged to
334  three distinct gene clusters (Figure 6a and Figure 6b). First, with the exception of pszS, all other
335 genes of the high-affinity phosphate (Pi) transport system (pstSCAB-phoU) and alkaline
336  phosphatase (phoA) were upregulated between 4.0 to 12-fold in the mutants (Supplementary
337  Table 6) (41). Previous studies with M. mazei have shown that cells experiencing Pi starvation
338  upregulate pstSCAB-phoU as well as phoA (41). Here, we anticipate that these mutants have
339  upregulated the phosphate transport and hydrolysis genes to meet an increased cellular demand
340  for Pi despite slower growth. We suspect that the excess Pi might be needed for ATP synthesis or
341  biosynthesis of methanogenic cofactors, such as tetrahydrosarcinopterin (H4SPT) and coenzyme
342 B. The M. acetivorans genome also encodes a low-affinity Pi transport system (MA2934-
343  MAZ2935) that was not differentially expressed in these strains (Supplementary Table 7) (42).
344  Next, several genes in the operon encoding the F;Fo ATP synthase were upregulated by 4.0 to
345 8.0-fold in both mutants (Figure 6c; Supplementary Table 6). M. acetivorans encodes two
346  different ATP synthases: an archaeal AjAp ATP synthase (MA4152-MA4160), which can
347  translocate H' ions and Na' ions concomitantly, that is essential for growth (43), as well as a
348  bacterial FiFo ATP synthase (MA2433-MA2441) that is dispensable during methylotrophic
349  methanogenesis and is hypothesized to only translocate Na" ions (44). During methylotrophic
350  growth, the Rnf complex generates a Na' gradient that is used for: a) ATP synthesis by the
351  promiscuous AjAp ATP synthase and b) the endergonic transfer of the methyl group from

352 methyl-CoM to H4SPT catalyzed by N’-methyl-H;SPT (CH3-H4SPT): Coenzyme M (CoM
y y y y
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353  methyltransferase (Mtr) (Supplemental Figure 1) (3, 43). In the absence of a functional Rnf
354  complex, we hypothesize that the AjAo ATP synthase relies solely on the proton gradient
355  generated by Fpo and HdrDE for ATP synthesis and the F;Fo ATP synthase is upregulated to
356  generate a Na' gradient via ATP hydrolysis, which can then be used for the endergonic reaction
357  catalyzed by Mtr. Our hypothesis is further corroborated by the observation that the upregulated
358  genes in the FiFo ATP synthase locus are either involved in the assembly of the membrane-
359  embedded Fp domain (atpl; MA2439) or encode the ‘a’ subunit (atpB; MA2437) and the ‘c’ ring
360  (atpE; MA2436) of the Fo complex that bind and translocate Na" ions (44, 45). In a previous
361  study, a multi-subunit Na'/H" antiporter (encoded by the Mrp locus) was shown to play an
362  important role in coupling growth and methanogenesis by generating an optimal Na'/H" gradient
363  for efficient ATP synthesis on acetate (46). We did not observe a significant change in the
364  expression of the Mrp locus in either mutant (Supplementary Table 7). Thus, the putative role of
365 the FoF, synthase in generating a Na' gradient in the Arnf and the AmmcA mutants is non-
366  overlapping with the cellular function of Mrp and other Na'/H™ antiporters, and potentially
367 highlights different strategies for balancing ion gradients depending on the methanogenic
368  substrate. Finally, the mtpCAP locus was upregulated by 8 to 11-fold in the Arnf mutant and by
369 16 to 22-fold in the AmmcA mutant (Supplementary Table 6). Recent studies have shown that the
370  mtpCAP locus is involved in the transport and catabolism of the methylated sulfur compound
371  methylmercaptopropionate (MMPA) in M. acetivorans (47), however no MMPA was present in
372 our growth media. At present, neither the cause for upregulation of the mpCAP
373  methyltransferase system nor its effect on the physiology of the mutants is clear. However, this
374  observation demonstrates the intricate coupling between methyltransferase regulation and energy

375  conservation in methanogens. Genes that are downregulated in the two mutants have core
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376  housekeeping functions and we anticipate that the differential expression of these loci is a
377  consequence of slower growth in the mutants (Supplementary Table 6).

378 Next, we analyzed the subset of genes that were differentially expressed in only one of
379  the two mutants. In the Arnf mutant, three genes were upregulated and ten genes were
380  downregulated in comparison to WWM60 (Supplementary Table 8). Oddly, the hypF gene
381 involved in the maturation of hydrogenases (48) was upregulated 6.5-fold, even though M.
382  acetivorans lacks any detectable hydrogenase activity during methylotrophic growth conditions
383 (13). In addition, the kefC locus encoding a putative glutathione regulated K™ efflux system was
384  also upregulated 4-fold in the Arnf mutant. KefC has been shown to transport Li” and Na" ions
385 (49), therefore we hypothesize that this locus might also aid in establishing a Na" ion gradient in
386  the absence of Rnf. Apart from some genes encoding the pseudo periplasmic substrate binding
387  protein of various ABC transporters, the majority of genes uniquely downregulated in the Arnf
388  mutant compared to WWM60 did not have a recognizable functional motif (Supplementary
389  Table 8).

390 In contrast to the Arnf mutant, a substantially larger number of genes are uniquely
391  induced or suppressed in the AmmcA mutant (Supplementary Table 9). Among the genes that are
392  upregulated, a few loci are particularly notable. First, genes encoding the carbon monoxide
393  dehydrogenase/acetyl CoA synthase (CODH/ACS) enzyme are upregulated by 4.0 to 7.0-fold.
394 M. acetivorans contains two isoforms of CODH/ACS that are encoded by the cdhl and cdh2
395  operons (Figure 6d) (50). Our initial analysis indicated that five subunits of cdhl (cdhAl, cdhB1,
396  cdhCl, cooCl, and cdhD1I) and three subunits of cdh2 (cdhC2, cooC2, cdhD?2) are upregulated in
397  the AmmcA mutant. Upon closer inspection, we noticed that the two cdhA and cdhB homologs

398 are relatively divergent at the sequence level (~80% amino acid identity) whereas the cdhC,
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399  cooC, cdhD homologs share >97% amino acid identity (14). Thus, the upregulation of the latter
400  set in cdh2 could be an artefact of the RNA-sequencing analysis pipeline, similar to previous
401  reports of transcript cross-reactivity between cdh operons in M. mazei (51). Regardless, both
402  isoforms are known to be functionally redundant and can catalyze the catabolism of acetate
403  during acetoclastic methanogenesis or anabolic acetyl-CoA synthesis by the Wood-Ljundahl
404  (WL) pathway during methylotrophic growth (50). Since carbon fixation by the WL pathway
405  requires reduced ferredoxin, increased expression of CODH/ACS could serve as an alternate
406  route for regenerating reduced ferredoxin in the absence of a functional Rnf complex in the
407  AmmcA mutant. A 4.0-fold increase in expression of the regulatory protein encoded by the mre4
408 locus in the AmmcA mutant is likely linked to the upregulation of cdhl. MreA is a global
409  regulator of methanogenic pathways in M. acetivorans and has been shown to activate genes
410 important for acetoclastic methanogenesis (such as cdhl) and to repress transcription of genes
411  that play a crucial role in methylotrophic methanogenesis (including the methylamine-specific
412  methyltransferases and the fpo locus) (Figure 5b and Figure 5¢) (52). In a previous study, the
413 ack/pta locus encoding acetate kinase and phosphate acetyltransferase were downregulated in a
414  AmreA strain, however we did not observe any significant change in the expression of these loci
415  in the AmmcA mutant (Supplementary Table 7) (52). Thus, it is likely that other regulators in
416  addition to MreA are also involved in the upregulation of genes required for the catabolism of
417  acetate. We also observed a 5.6-fold increase in expression of a gene encoding a bile acid: Na"
418  symporter family protein (MA2632) in the AmmcA mutant, which may be linked to the
419  maintenance of the Na™ ion gradient across the membrane. Among the genes that were
420  significantly downregulated in the AmmcA mutant, two loci are of particular interest. First, the

421  pylBCD locus involved the biosynthesis of the 22" amino acid, pyrrolysine (Pyl), is
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422  downregulated by 4.0 to 4.6-fold (53). Whether the py/ genes are a part of the same regulon as
423  the concomitantly downregulated methylamine methyltransferases (Figure 5c) or if the
424  expression of the pyl genes is controlled by the amount of the methylamine methyltransferases
425  remains unclear. Next, two genes (cfbA and cfbE) involved in the biosynthesis of Factor 430
426  (F430), a Ni-containing cofactor associated with MCR, were downregulated significantly (54, 55).
427  Downregulation of F43p production might free up more Ni for increased production of the Ni-
428  containing CODH/ACS enzyme in AmmcA mutant.

429  Conclusions

430 The acquisition of an ETC likely spurred rampant ecological diversification in members
431  of the Order Methanosarcinales. For several decades, the bioenergetic complexes that comprise
432  the ETC in these archaea were studied in isolation using in vitro techniques. While these studies
433 have provided substantial insights into the biochemical mechanisms that facilitate electron
434 transfer reactions, an in vivo perspective on the ETC and its interplay with metabolism has been
435  lacking. In this study, we performed comprehensive genetic, phenotypic, and transcriptomic
436  analyses of M. acetivorans mutants that either lack the entire Rnf bioenergetic complex or a just
437  a single subunit encoding an MHC called MmcA. Our growth analyses are congruent with a
438  previous study, which also demonstrated that Rnf complex is essential for growth on acetate but
439  not on methylated compounds (15). Our transcriptomic analyses provide evidence of potential
440  alternative mechanisms for ferredoxin regeneration in each mutant (Figure 5b and Figure 6b). In
441  the Arnf mutant, a “headless” Fpo complex might serve as a new entry point for electrons from
442  ferredoxin (Figure 5b; Supplementary Figure 2) in the ETC (32), whereas acetyl CoA synthesis
443  mediated by CODH/ACS could possibly regenerate the reduced ferredoxin pool the AmmcA

444  mutant (Figure 6b) (26). The “headless” Fpo backup strategy is coupled to proton translocation
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445  and would theoretically conserve more energy for the Arnf mutant compared to the CODH/ACS
446  strategy in the AmmcA mutant. Accordingly, the Arnf mutant has faster growth rate than then
447  AmmcA mutants on methylated compounds (Figure 3). We anticipate that the potential
448  alternative strategies for ferredoxin regeneration stem from distinct regulatory responses by the
449  cell to the loss of either MmcA or the entire Rnf complex. Our transcriptomic data corroborates
450  this hypothesis, in which we saw upregulation of the global methanogenesis protein MreA in the
451  AmmcA mutant but not the Arnf mutant (Figure 6; Supplementary Table 9). Higher expression of
452  MreA would lower the expression of fpo locus in the AmmcA mutant during methylotrophic
453  methanogenesis (52). Similarly, induction of MreA during acetoclastic growth might also
454  explain the lethal phenotype for both mutants (52). These data showcase the sheer diversity of
455  energy conservation strategies present in M. acetivorans, and likely other members of the
456  Methanosarcinales, which enable these organisms to thrive in a wide array of ecological niches.

457 Additionally, based on our phenotypic (Figure 3 and Figure 4) and transcriptomic
458 analyses (Figures 5 and Figure 6), we observe that the impact of deleting the Rnf complex or
459  MmcA extends far beyond energy conservation in the cell. Genes involved in Na" ion transport,
460 amino acid biosynthetic pathways, substrate specific methyltransferases for methylotrophic
461  methanogenesis, transcriptional regulators, and many other loci were differentially expressed in
462  one or both mutants (Figure 5 and Figure 6). These dramatic transcriptional changes underscore
463 a complex and intricate regulatory network that connects carbon transformation by
464  methyltransferases and energy conservation during methanogenic growth. Further analyses of
465  regulatory genes identified in this work and similar studies with other components of the ETC
466  will ultimately provide systems-level insights into methanogenesis in Methanosarcina

467  acetivorans, and will deepen our understanding of these ecologically-relevant microbes.
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468  Materials and Methods

469  Media and culture conditions. All Methanosarcina strains were grown at 37°C without shaking
470  in bicarbonate-buffered high-salt (HS) liquid medium containing either 50 mM trimethylamine
471  hydrochloride (TMA), 125 mM methanol, 40 mM sodium acetate, or 20 mM dimethylsulfide
472  (DMS) as a growth substrate (56). TMA, methanol, and acetate were added prior to autoclaving
473  whereas DMS was added after autoclaving from a 200 mM stock solution prepared in HS
474  medium with no other carbon sources. For mutant generation, the growth medium contained 50
475 mM TMA as the growth substrate and agar solidified HS + TMA media was obtained by adding
476  1.5% w/v agar (Sigma-Aldrich, St. Louis, MO, USA). To select for transformants, puromycin
477  (Pur) (RPI, Mount Prospect, IL, USA) was added to HS + TMA agar medium before
478  solidification to a final concentration of 2 ug/mL from a 1000X sterile, anaerobic stock solution
479  with N, gas in the headspace at 55-69 kPa. HS + TMA + Pur agar plates were incubated at 37°C
480  in an intra-chamber anaerobic incubator with N,/CO»/H,S (79.9%/20%/0.1%) in the headspace,
481  as described previously (57). All Escherichia coli strains were grown in Lysogeny broth (LB) at
482  37°C in a shaking incubator (Thermo Fisher Scientific, Waltham, MA, USA) at 250 rpm. To
483  select for the desired plasmids, antibiotics were added to cultures to final concentrations of 25
484  ng/mL for kanamycin, and/or 10 pg/mL for chloramphenicol as listed in Supplementary Table
485  10. For plasmid extraction, thamnose was added to a final concentration of 10 mM to E. coli
486  cultures prior to incubation to increase the plasmid copy number of pDN201- and pJK029A-
487  derived plasmids.

488  Construction of Methanosarcina acetivorans mutants. Liposome-mediated transformation of
489 M. acetivorans was performed as previously described (58). Briefly, 20 mL of late-exponential

490  phase (~0.8 ODgg) cultures growing on HS + TMA were harvested by centrifugation, the
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491  supernatant was decanted, and the cell pellet was resuspended in 1 mL of anaerobic bicarbonate-
492  buffered, isotonic sucrose (pH = 7.4) containing 100 uM cysteine. Next, 25 uL. of N-[1-(2,3-
493  Dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP) (Roche Diagnostics
494  Deutschland GmbH, Mannheim, Germany) and 2 ug of plasmid DNA were incubated for 30
495 mins in 75 uL of buffered, isotonic sucrose to allow for DNA uptake into liposomes. After
496  incubation, the DOTAP + DNA mixture was added in full to the cell suspensions. Suspensions of
497  cells + DOTAP + DNA were incubated for 4 hours at room temperature in an anaerobic chamber
498  with CO,/Hy/N, (10/5/85) in the headspace before inoculation into 10 mL of HS + TMA.
499  Outgrowths of transformed cells were incubated at 37°C for 12-16 hours before plating on agar-
500  solidified HS + Pur + TMA using a sterile spreader (56). Plasmids used for mutant generation are
501  described in Supplementary Table 10. Mutant colonies were genotyped using primers detailed in
502  Supplementary Table 11, and a full list of strains used in this study is provided in Supplementary
503  Table 12.

504 Growth Assays for Methanosarcina acetivorans mutants. For growth analysis, 11 mL cultures
505  were grown at 37°C without shaking (HeraTherm™General Protocol Microbiological Incubator,
506  Thermo Fisher Scientific, Waltham, MA, USA) in Balch tubes with N,/CO, (80/20) at 55-69 kPa
507 in the headspace. Growth of three independent biological replicates was measured by
508  determining the optical density of cultures at 600nm (ODggo) using a UV-Vis Spectrophotometer
509  (Gensys 50, Thermo Fisher Scientific, Waltham, MA, USA). A Balch tube containing 10 mL of
510  HS medium with the appropriate growth substrate was used as a ‘blank’ for optical density
511 measurements. For growth on TMA or methanol, cells were acclimated to the growth substrate
512 for a minimum of four generations prior to quantitative growth measurements. Growth

513  measurements on acetate and DMS were performed with cells previously grown on TMA.
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514  Approximately 1 mL of late exponential phase culture was harvested and served as the inoculum
515 into 10 mL of fresh medium for growth analyses. Growth data were loglO-transformed and
516  plotted versus time. A linear regression was fitted to the data to include at least 5 data points on
517  the growth curve for a regression coefficient (R?) > 0.97. Growth rate (gr) was calculated as the
518 slope of the linear fit multiplied by 2.303, and the doubling time was calculated as Ty =
519  0.6932/gr. Lag time was calculated by subtracting the Y-intercept value from the loglO0-
520  transformed initial ODg reading and dividing by the slope of the linear fit. For maximum ODgg
521  measurements, approximately 1 mL of early stationary phase culture was harvested and diluted
522 into 10 mL of fresh HS medium containing the same substrate used for growth. An ODggo
523  measurement of the diluted culture was then multiplied by 11 to approximate the maximum
524  ODggo value. Growth curve plots, determination of doubling time, lag time, and statistical
525 analyses were obtained using Microsoft Excel Version 16.55. Plots of ODgg versus time were
526  generated using GraphPad/Prism 9.3.1.

527  DNA extraction and sequencing. Cells from a 10 ml culture of DDN009 (AmmcA) incubated in
528 in HS + TMA at 37 °C were harvested at late-exponential phase (ODgoo ~0.8) for genomic DNA
529  extraction using the Qiagen blood and tissue kit (Qiagen, Hilden, Germany). The concentration
530  of genomic DNA was measured using a Nanodrop One Microvolume UV-Vis Spectrophotmeter
531  (Thermo Scientific, Waltham, MA, USA). Genomic DNA was shipped to the Microbial Genome
532 Sequencing Center, Pittsburgh, PA, USA, where sequencing libraries preparation and sequencing
533  was performed. Sequencing reads were aligned to the Methanosarcina acetivorans C2A genome
534  and mutations were identified using Breseq version 0.35.5. Illumina sequencing reads for
535 DDNO09 have been deposited to the Sequencing Reads Archive (SRA) and the BioProject

536  accession number will be made available upon publication.
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537  RNA extraction and sequencing. WWMG60 (parent), WWM1015 (Arnf) and DDNO009 (AmmcA)
538  pre-acclimated on TMA were inoculated in quadruplicate from late exponential phase cultures
539  (ODggo ~0.8) into 10mL of fresh HS + TMA in Balch tubes with N,/CO, (80/20) at 55-69 kPa in
540  the headspace and grown at 37°C without shaking (Isotemp™ Microbiological Incubator,
541  Thermo Fisher Scientific, Waltham, MA, USA). One Balch tube was used to monitor growth as
542 a proxy for the other replicates by measuring the ODgy routinely using a UV-Vis
543  Spectrophotometer (Gensys 50, Thermo Fisher Scientific, Waltham, MA, USA). Once the
544  measured ODggo reached approximately 2 maximum value (0.750-0.850), RNA was harvested
545  from the remaining three culture tubes. For RNA extraction, 1 mL of culture was added to 1 mL
546  of Trizol pre-warmed to 37°C (Life Technologies, Carlsbad, CA, USA) and incubated at room
547  temperature for 5 minutes. Next, 2 mL of 100% ethanol was added to each sample and RNA
548  extraction was performed using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany)
549  according to the manufacturer’s instructions. The concentration and quality of RNA samples was
550  determined using a Nanodrop One/One® UV Spectrophotometer (Thermo Fisher Scientific,
551  Waltham, MA, USA) before storage at -80°C. Samples were submitted to the Microbial Genome
552 Sequencing Center (Pittsburg, PA) for DNase treatment, rRNA depletion, library preparation,
553 and Illumina paired-end sequencing. On average 98% of reads were mapped to the M.
554  acetivorans C2A genome. Raw transcript reads were deposited to the Sequence Read Archive
555  (SRA) and the BioProject accession number will be made available upon publication.

556  RNAseq analysis. Reads in FASTQ format were uploaded to KBase in a new ‘Narrative’: a
557  Jupyter-based user interface in which the raw reads are processed using ‘apps’ and the
558  output/result of each app is recorded and accessible for download (59). Raw transcript reads

559  were grouped by strain in a ‘SampleSet’ using the app ‘Create RNA-seq SampleSet’. Next, the
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560  SampleSet was selected as input for read alignment using the HISAT2 (v.2.1.0) app with the
561  Methanosarcina acetivorans C2A genome serving as the reference for mapping. Aligned reads
562  were assembled using the Cufflinks (v2.2.1) app with the M. acetivorans C2A genome input as
563  the reference. The output of Cufflinks was exported an Expression Set and individual expression
564  matrices for each strain and associated replicates. The expression values for each gene were
565  reported as loga(FPKM) (fragments per kilobase per million mapped reads). Finally, differential
566  expression matrices for each pairwise combination of strains were generated by uploading the
567  loga(FPKM) Expression Set to the DESeq2 (v1.20.0) app. Changes in transcript abundance were
568  considered significant between strains if a >+2 log,-fold (g-values < 0.05) change was seen.
569  Differential expression of genes was visualized in volcano plots constructed using a Python
570  script and a table with the locus tag, log,-fold change in expression, g-value, and assigned color
571  for each gene. Before plotting, select genes were highlighted in colors other than gray by manual
572  curation of the table in Microsoft Excel (version 16.62), and genes with a g-value of zero were
573  assigned a value of 1E-300. Volcano plots show log,-fold change on the x-axis and log;o(g-
574  value) on the y-axis for each gene.
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594  Figure Legends

595  Figure 1. a) Schematic of the electron transport chain in Methanosarcina acetivorans depicting
596  energy conservation facilitated by two respiratory complexes: 1) the Fiy dehydrogenase
597  complex in (Fpo) in blue and the Rhodobacter nitrogen fixation complex (Rnf) in red along with
598 the terminal electron accepting complex HdrDE in green. b) Model of the six-subunit Rnf
599  complex from the bacterium, Acetobacterium woodii, which serves as a reversible Na'-pumping
600  Ferredoxin (Fd):NAD" oxidoreductase (20). Note: the Rnf complex found in members of the
601  Methanosarcinales couples the transfer of electrons between the cytosolic Fd pool and the
602  membrane-bound MP pool to sodium translocation. The exact pathway of electron flow from Fd
603  to MP is unknown. Additionally, in the Methanosarcinales, Rnf contains eight subunits instead
604  of six, one of which is a multiheme c-type cytochrome, MmcA.

605

606  Figure 2. a) Chromosomal organization of the eight-gene rnf operon in M. acetivorans,
607  reflecting the genotype of the parent strain (WWMO60) used in this study. Locus tags are provided
608  under each gene. b) Chromosomal organization the rnf locus in the Arnf mutant showing a clean
609  deletion of the operon. A 30 basepair (bp) region of the 5° end of mmcA and a 30 bp region of at
610 the 3’ end of rnfX are maintained on the chromosome to preclude interference with up- and
611  down-stream regulatory elements outside of the operon. ¢) Chromosomal organization of the rnf
612  locus in the AmmcA mutant. Here, 30 bp regions at the 5* and 3’ ends of mmcA are maintained to
613  prevent frameshift disruption of downstream rnf genes. d) Expression values for the rnf genes in
614  the parent and AmmcA strains. Expression is measured in log,(FPKM) [fragments per kilobase of
615  transcript per million mapped reads] for each gene. In the AmmcA strain, only mmcA expression

616 is abolished [p-value = 3.5E-9; Welch’s t-test] indicating the deletion does not adversely impact
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617  on the expression of other genes in the operon. Significance (p-values < 0.05) for log,(FPKM)
618  wvalues of individual genes between strains is indicated with an asterisk or “ns” for non-
619  significant change. e) Growth curve of the parent strain carrying an empty vector control (light
620  gray circles), the AmmcA mutant carrying an empty vector control (dark gray diamonds), and the
621  AmmcA mutant carrying a plasmid expressing mmcA (pink inverted triangles) in HS medium
622  containing 50 mM TMA as the sole carbon and energy source. The empty vector contains the [3-
623  glucuronidase gene, uidA, under the control of a tetracycline inducible PmcrB (tetO4) promoter
624  described previously in (60). The complementation vector contains mmcA under the control of a
625 tetracycline inducible PmcrB (tetO4) promoter described previously in (24). Three replicate
626  tubes of each strain were used for growth assays and tetracycline was added to a final
627  concentration of 100 ug/mL in the growth medium.

628

629  Figure 3. Growth curves of the parent strain (WWMG60) (blue circles), Arnf (green diamonds),
630  and AmmcA (orange inverted triangles) mutants on a) 40 mM acetate, b) 50 mM trimethylamine
631 (TMA), ¢) 125 mM MeOH, and d) 20 mM dimethylsulfide (DMS) as the sole carbon and energy
632  source. Three replicate tubes of each strain were used for growth assays.

633

634  Figure 4. a) Growth curve of the parent strain (WWMG60) (blue circles), Arnf (green diamonds),
635 and AmmcA (orange inverted triangles) mutants in HS medium containing 20 mM
636  dimethylsulfide (DMS) as the sole carbon and energy source after transfer from HS medium with
637 50 mM trimethylamine (TMA) as the sole carbon and energy source. b) A schematic depicting
638  the genotype of a strain generated to assay the role of mmcA in the absence of the rest of the rnf

639  genes. On the chromosome, the entire rnf locus has been deleted. The strain carries an
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640  autonomously replicating plasmid encoding mmcA with a tandem-affinity-purification (TAP) tag
641  at the C-terminus under the control of a PmcrB promoter described previously in (60). ¢) Growth
642  curve of the Arnf strain carrying an empty vector control (dark gray circles) or a plasmid
643  expressing mmcA (light blue diamonds) in HS medium containing 50 mM TMA as the sole
644  carbon and energy source. The empty vector contains the B-glucuronidase gene, uidA4, under the
645  control of a PmcrB promoter described previously in (60). Three replicate tubes of each strain
646  were used for growth assays.

647

648  Figure 5. a) Volcano plot showing the differential expression of genes between the AmmcA and
649  Arnf mutants. Genes with higher expression in the AmmcA mutant have a positive log,-fold
650  change value, while genes with higher expression in the Arnf mutant have a negative log,-fold
651  change value. Dashed lines on the plot delineate the cutoff for ‘significant’ log,-fold change in
652  transcript abundance in either mutant. In the Arnf mutant, two sets of genes are significantly
653  more highly expressed: six subunits of the Fpo complex (shaded in blue), and multiple
654  methylamine methyltransferases and permeases (shaded in green). Genes in orange have higher
655  transcript levels in the AmmcA mutant relative to both the Arnf mutant and the parent strain
656  (WWMG60), genes in gold have significantly lower transcript levels in the Arnf mutant relative to
657  both the AmmcA mutant and WWMG60, whereas genes in red are uniquely upregulated in the
658  AmmcA mutant compared to the Arnf mutant. The seven remaining genes of the Rnf complex in
659  the AmmcA mutant are shaded in maroon. b) Chromosomal organization of the thirteen-gene fpo
660  operon in M. acetivorans, and the additional fpoO2 and fpoF genes. Double vertical lines
661 indicate genes are located more than 3 kbp away in the genome. The log,-fold change in

662  transcript abundance for each gene in the Fpo complex for all pairwise comparisons between the
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663  AmmcA mutant, the Arnf mutant, and WWMG60 are shown in the bar graph. The dashed line on
664  the plot delineates the cutoff for ‘significant’ log,-fold change in transcript abundance. In the bar
665  graph: light blue bars represent the expression in the AmmcA mutant compared to the Arnf
666  mutant, with higher expression in the AmmcA mutant denoted by a positive log,-fold change.
667  Medium blue bars represent the expression in the Arnf mutant compared to the parent strain, with
668  higher expression in the Arnf mutant denoted by a positive logs-fold change. Dark blue bars
669  represent the expression in the AmmcA mutant compared to the parent strain, with higher
670  expression in the AmmcA strain denoted by a positive logy-fold change. ¢) Chromosomal
671  organization of four different methylamine methyltransferase loci. The log,-fold change in
672  transcript abundance for each gene at the various loci for all pairwise comparisons between the
673  AmmcA mutant, the Arnf mutant, and WWM60 are shown in the bar graphs. The dashed lines on
674  the plots delineate the cutoff for ‘significant’ log,-fold change in transcript abundance. In both
675  bar graphs: light green bars represent the expression in the AmmcA mutant compared to the Arnf
676  mutant, with higher expression in the AmmcA mutant denoted by a positive log,-fold change.
677  Medium green bars represent the expression in the Arnf mutant compared to the parent strain,
678  with higher expression in the Arnf mutant denoted by a positive log,-fold change. Dark green
679  bars represent the expression in the AmmcA mutant compared to the parent strain, with higher
680  expression in the AmmcA strain denoted by a positive log,-fold change.

681

682  Figure 6. a) Volcano plot showing the differential expression of genes between the Arnf and the
683  parent strain (WWMG60). Genes with higher expression in the Arnf mutant have a positive log,-
684  fold change value, while genes with higher expression in the parent have a negative log,-fold

685  change value. Dashed lines on the plot delineate the cutoff for ‘significant’ log,-fold change in
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686  transcript abundance in either strain. Genes in light purple are significantly differentially
687  expressed in both the Arnf and AmmcA mutant relative to the WWM60. Genes in dark magenta
688  have significant differential expression only in the Arnf mutant relative to WWMG60. b) Volcano
689  plot

690 showing the differential expression of genes between the AmmcA and the parent strain
691 (WWMG60). Genes with higher expression in the AmmcA mutant have a positive log,-fold change
692  value, while genes with higher expression in the parent have a negative log,-fold change value.
693  Dashed lines on the plot delineate the cutoff for ‘significant’ log,-fold change in transcript
694  abundance in either strain. Genes in light purple are significantly differentially expressed in both
695  the Arnf and AmmcA mutant relative to the parent strain. Genes in dark purple have significant
696  differential expression only in the AmmcA mutant relative to the parent. ¢) Schematic of the Na'-
697  translocating F1IFO ATP synthase in M. acetivorans. ATP hydrolysis results in the translocation
698  of three sodium ions across the cell membrane to maintain the sodium gradient in the absence of
699 a fully functional Rnf complex (44). Subunits with significant fold change are shaded in orange.
700  The log,-fold change in transcript abundance for every gene in the FIFO ATP synthase between
701  the Arnf mutant (black bars) and the AmmcA mutant (gray bars) compared to WWM60 are
702  shown in the bar graph. The dashed line on the plot delineates the cutoff for a ‘significant’ log,-
703  fold change in transcript abundance. d) Chromosomal organization of the cdhl operon in M.
704 acetivorans. The log,-fold change in transcript abundance for each gene in the cdhl operon
705  between the Arnf mutant (black bars) and the AmmcA mutant (gray bars) compared to WWM60
706  are shown in the bar graph. The dashed line on the plot delineates the cutoff for a ‘significant’
707  logy-fold change in transcript abundance.

708
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Figure 1. a) Schematic of the electron transport chain in Methanosarcina acetivorans depicting energy
conservation facilitated by two respiratory complexes: 1) the F,,, dehydrogenase complex in (Fpo) in blue and
the Rhodobacter nitrogen fixation complex (Rnf) in red along with the terminal electron accepting complex
HdrDE in green. b) Model of the six-subunit Rnf complex from the bacterium, Acetobacterium woodii, which
serves as a reversible Na+-pumping Ferredoxin (Fd):NAD+ oxidoreductase (20). Note: the Rnf complex found
in members of the Methanosarcinales couples the transfer of electrons between the cytosolic Fd pool and the
membrane-bound MP pool to sodium translocation. The exact pathway of electron flow from Fd to MP is
unknown. Additionally, in the Methanosarcinales, Rnf contains eight subunits instead of six, one of which is

a multiheme c-type cytochrome, MmcA.
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Figure 2. a) Chromosomal organization of the eight-gene rnf operon in M. acetivorans, reflecting the genotype of the parent strain (WWMG60) used in
this study. Locus tags are provided under each gene. b) Chromosomal organization the mflocus in the Arnf mutant showing a clean deletion of the
operon. A 30 basepair (bp) region of the 5 end of mmcA and a 30 bp region of at the 3’ end of rnfX are maintained on the chromosome to preclude
interference with up- and down-stream regulatory elements outside of the operon. ¢) Chromosomal organization of the rnflocus in the in the AmmcA
mutant. Here, 30 bp regions at the 5’ and 3’ ends of mmcA are maintained to prevent frameshift disruption of downstream rnf genes. d) Expression
values for the mf genes in the parent and AmmcaA strains. Expression is measured in log (FPKM) [fragments per kilobase of transcript per million
mapped reads] for each gene. In the AmmcA strain, only mmcA expression is abolished [p-value = 3.5E-9; Welch’s t-test] indicating the deletion does
not adversely impact on the expression of other genes in the operon. Significance (p-values < 0.09) for log,(FPKM) values of individual genes between
strains is indicated with an asterisk or “ns” for non-significant change. e) Growth curve of the parent strain carrying an empty vector control (light gray
circles), the AmmcA mutant carrying an empty vector control (dark gray diamonds), and the AmmcA mutant carrying a plasmid expressing mmcA (pink
inverted triangles) in HS medium containing 50 mM TMA as the sole carbon and energy source. The empty vector contains the B-glucoronidase gene,
uidA, under the control of a tetracycline inducible PmcrB (tetO4) promoter described previously in (60). The complementation vector contains mmcA
under the control of a tetracycline indicuble PmcrB (tetO4) promoter described previously in (24). Three replicate tubes of each strain were used for
growth assays and tetracycline was added to a final concentration of 100 ug/mL in the growth medium.
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dimethylsulfide (DMS) as the sole carbon and energy source. Three replicate tubes
of each strain were used for growth assays.
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Figure 4. a) Growth curve of the parent strain (WWMG60) (blue circles), Arnf (green diamonds), and AmmcA (orange inverted triangles) mutants in HS medium containing
20 mM DMS as the sole carbon and energy source after transfer from HS medium with 50 mM TMA as the sole carbon and energy source. b) A schematic depicting the
genotype of a strain generated to assay the role of mmcA in the absence of the rest of the mf genes. On the chromosome, the entire mflocus has been deleted. The strain
carries an autonomously replicating plasmid encoding mmcA with a tandem-affinity-purification (TAP) tag at the C-terminus under the control of a PmcrB promoter
described previously in (60). ¢) Growth curve of the Arnf strain carrying an empty vector control (dark gray circles) or a plasmid expressing mmcA (light blue diamonds)

in HS medium containing 50 mM TMA as the sole carbon and energy source. The empty vector contains the B-glucoronidase gene, uidA, under the control of a PmcrB
promoter described previously in (60). Three replicate tubes of each strain were used for growth assays.
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Figure 5. a) Volcano plot showing the differential expression of genes between the AmmcA and Arnf mutants. Genes
with higher expression in the AmmcA mutant have a positive log,-fold change value, while genes with higher
expression in the Arnf mutant have a negative log -fold change value. Dashed lines on the plot delineate the cutoff for
‘significant’ log,-fold change in transcript abundance in either mutant. In the Arnf mutant, two sets of genes are
significantly more highly expressed: six subunits of the Fpo complex (shaded in blue), and multiple methylamine
methyltransferases and permeases (shaded in green). Genes in orange have higher transcript levels in the AmmcA
mutant relative to both the Arnf mutant and the parent strain (WWMG60), genes in gold have significantly lower
transcript levels in the Arnf mutant relative to both the AmmcA mutant and WWMG60, whereas genes in red are uniquely
upregulated in the AmmcA mutant compared to the Armf mutant. The seven remaining genes of the Rnf complex in the
AmmcA mutant are shaded in maroon. b) Chromosomal organization of the thirteen-gene fpo operon in M. acetivorans,
and the additional fpoO2 and fpoF genes. Double vertical lines indicate genes are located more than 3 kbp away in the
genome. The log,-fold change in transcript abundance for each gene in the Fpo complex for all pairwise comparisons
between the AmmcA mutant, the Amf mutant, and WWM60 are shown in the bar graph. The dashed line on the plot
delineates the cutoff for ‘significant’ log,-fold change in transcript abundance. In the bar graph: light blue bars represent
the expression in the AmmcA mutant compared to the Arnf mutant, with higher expression in the AmmcA mutant
denoted by a positive log,-fold change. Medium blue bars represent the expression in the Arnf mutant compared to the
parent strain, with higher expression in the Arnf mutant denoted by a positive log,-fold change. Dark blue bars
represent the expression in the AmmcA mutant compared to the parent strain, with higher expression in the AmmcA
strain denoted by a positive log,-fold change. ¢) Chromosomal organization of four different methylamine
methyltransferase loci. The log_-fold change in transcript abundance for each gene at the various loci for all pairwise
comparisons between the AmmcA mutant, the Arnf mutant, and WWM60 are shown in the bar graphs. The dashed
lines on the plots delineate the cutoff for ‘significant’ log,-fold change in transcript abundance. In both bar graphs: light
green bars represent the expression in the AmmcA mutant compared to the Arnf mutant, with higher expression in the
AmmcA mutant denoted by a positive log,-fold change. Medium green bars represent the expression in the Arnf mutant
compared to the parent strain, with higher expression in the Amf mutant denoted by a positive log,-fold change. Dark
green bars represent the expression in the AmmcA mutant compared to the parent strain, with higher expression in the
AmmcA strain denoted by a positive log-fold change.
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Figure 6. a) Volcano plot showing the differential expression of genes between the Arnf and the parent strain
(WWMB60). Genes with higher expression in the Amf mutant have a positive log,-fold change value, while genes
with higher expression in the parent have a negative log,-fold change value. Dashed lines on the plot delineate
the cutoff for ‘significant’ log -fold change in transcript abundance in either strain. Genes in light purple are
significantly differentially expressed in both the Arnf and AmmcA mutant relative to the WWMG0. Genes in dark
magenta have significant differential expression only in the Arnf mutant relative to WWMG0. b) Volcano plot
showing the differential expression of genes between the AmmcA and the parent strain (WWMG0). Genes with
higher expression in the AmmcA mutant have a positive log,-fold change value, while genes with higher
expression in the parent have a negative log,-fold change value. Dashed lines on the plot delineate the cutoff
for ‘significant’ log,-fold change in transcript abundance in either strain. Genes in light purple are significantly
differentially expressed in both the Arnf and AmmcA mutant relative to the parent strain. Genes in dark purple
have significant differential expression only in the AmmcA mutant relative to the parent. ¢) Schematic of the
Na*-translocating F1FO ATP synthase in M. acetivorans. ATP hydrolysis results in the translocation of three
sodium ions across the cell membrane to maintain the sodium gradient in the absence of a fully functional

Rnf complex (44). Subunits with significant fold change are shaded in orange. The log.-fold change in transcript
abundance for every gene in the F1F0 ATP synthase between the Arnf mutant (black bars) and the AmmcA
mutant (gray bars) compared to WWMG60 are shown in the bar graph. The dashed line on the plot delineates
the cutoff for a ‘significant’ log -fold change in transcript abundance. d) Chromosomal organization of the

cdh1 operon in M. acetivorans. The log,-fold change in transcript abundance for each gene in the cdh? operon
between the Amf mutant (black bars) and the AmmcA mutant (gray bars) compared to WWMG60 are shown in
the bar graph. The dashed line on the plot delineates the cutoff for a “significant’ log.-fold change in transcript
abundance.


https://doi.org/10.1101/2022.07.20.500911

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.20.500911; this version posted July 21, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table 1: Growth data for WWM60, WWM1015 (Arnf) and DDN009 (AmmcA) on a range of different
methanogenic substrates

M. acetivorans Doubling time Max.OD,, p-value for WT vs | p-value for WT vs p-value for Arnf vs
strains (Td) (hrs) (ODM) Arnf mutant AmmcA mutant AmmCcA mutant
(Td/OD") (Td/op™ (Td/op™
50 mM Trimethylamine (TMA) as a growth substrate
WWM60 (WT) 14.94 +0.61 1.698 0.043/0.035 0.001/0.355 0.009/0.063
Arnf 16.72 £ 0.86 1.485 - - -
AmmcA 20.07 £ 0.40 1.632 - - -
125 mM Methanol (MeOH) as a growth substrate
WWMG60 (WT) 10.33 +£0.23 1.899 8.7616E-06/0.001 | 9.0135E-06/0.002 0.001/0.783
Arnf 18.58 £0.11 1.558 - - -
AmmcA 25.09 £0.36 1.569 - - -

40 mM Acetate as a growth substrate
WWM60 (WT) 79.48 +£5.73 - - - R

Arnf No growth - - - R
AmmcA No growth - - - -
20 mM Dimethyl sulfide (DMS) as a growth substrate
WWM60 (WT) 26.48£0.13 - 0.023 0.016 0.057
Arnf 48.54 £5.90 - - - -
AmmcA 67.14 £ 8.90 - - - -

All data represent the mean + standard deviation of at least 3 biological replicates

p-values were determined using a two-sided t-test assuming unequal variances
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Table 2: Growth data for WWM60, WWM1015 (Arnf) and DDN009 (AmmcA) on dimethylsulfide

(DMS)
. Doubling . p-value for WT vs | p-value for WT vs | p-value for Arnf
M. iif:i\rlgrans time (Td) La(%lrtll)ne Arnf mutant AmmcA mutant | vs AMMCA mutant
(hrs) (lag time) (lag time) (lag time)
Growth data for cells transferred from TMA to DMS
WWM6O 36.37+4.52 | 640.60 +51.61 0.004 0.367 0.009
WD
Arnf 53.16+1.92 | 163.42+ 1391 - - -
AmmcA 58.68 £5.91 | 590.22 + 68.66 - - -

All data represent the mean + standard deviation of at least 3 biological replicates
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