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Abstract

Little is known about the evolution and biosynthetic function of DNA precursor and

the folate metabolism in the Asgard group of archaea. As Asgard occupy a key
position in the archaeal and eukaryotic phylogenetic trees, we have exploit ed very
recently emerged genome and metagenome sequence information to investigate
these central metabolic pathways . Our genome-wide analyses revealed that the
recently cultured Asgard archaeon Candidatus Prometheoarchaeum syntrophicum
strain MK -D1 (Psyn) contains a complete folate -dependent network for the
biosynthesis of DNA/RNA precursors, amino acids and syntrophic amino acid
utilization. Altogether our experimental and computational data suggest that
phylogenetic incongruences of functional folate -dependent enzymes from Asgard
archaea reflect their persistent horizontal transmission from various bacterial
groups, which has rewired the key metabolic reactions in an important and recently
identified archaeal phylogenetic group. We also experimentally validate d the
functionality of the lateral gene transfer of  Psynthymidylate synthase ThyX . This
enzyme uses bacterial -like folates efficiently and is inhibited by mycobacterial
ThyX inhibitors. Our data raise the possibility that the thymidylate metabolis m,
required for de novo DNA synthesis, originated in bacteria and has been
independently transferred to a rchaea and eukaryotes. In conclusion, our study has
revealed that recent prevalent lateral gene transfer has markedly shaped the

evolution of Asgard archaea by allowing them to adapt to specific ecological niches.
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Introduction

The canonical thymidylate synthase ThyA (EC 2.1.1.45) was once considered the
only enzyme capable of catalyzing the de nowtethylation of the essential DNA precursor
dTMP (deoxythymidine 5:monophosphate or thymidylate) fromdUMP (deoxyuridine 5*
monophosphate). However, combined in silicand experimental approaches led to the
discovery of a new metabolic pathway that operates in theethylation of DNA precursois

in numerous microbial species!: 2. 3 relying on a novel thymidylate synthase, ThyX (EC

tdsdsdsvz & ‘ ef“—tfe. .t VN e —  ——"fZ S'e'Z7Z %> FEco—e ™M1}

e <fZ %ote'ete fet S> ~ZyfW ¥ 'Differently from the homodimeric
ThyA proteins, the active site of ThyX flavoenzymes , which accommodates dUMP, NADPH
and the carbon donor methylene tetrahydrofolate (CHHafolate, a vitamin B9 derivative),
is located at the interface of three subunits of thénomotetrameric protein complex.

Consequently, formation of the ThyX tetramer is necessary for catalytic activity.

In the unique reductive methylation reaction catalyzed by homodimeric ThyA,
CHHyafolate functions both as a source of carbon (Garrier) and reducing equivalents,
thus leading to the formation of dihydrofolate (Hfolate) as the oxidation product of
tetrahydrofolate (Hasfolate) (Figure 1a left panel). Hfolate is subsequently reduced to
tetrahydrofolate (Hasfolate) by dihydrofolate reductase (DHFR) FolA, as only reduced
folate derivatives are functional in intermediary metabolism. Consequently, ThyA and
FolA form a functionally coupled adaptive unit embedded within thebacterial folate
metabolism network?. CHHasfolate is then reformed in a reversible reaction by serine

hydroxymethyltransferase (SHMT) GlyA using Holate and serine as substrates.

ThyX also uses CHHsfolate as aCi carrier, but acquires the reducing hydride from

NADPH and not from Hfolate. ThyXcatalyzes dTMP formation using flavimnediated
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hydride transfer from pyridine nucleotides, which is required for reduction of the
methylene group, thus directly resulting in the formation of Hfolate (Fig. 13 right panel).
The ThyX reaction mechanism appears less catalyticalgfficient than that used by ThyA
enzyme$, but maintains the folate in its reduced form (as kfolate) at the end of the
catalytic cycle. Consequently, thyXontaining organisms do not have an absolute
requirement for FolA in their thymidylate metabolism (Fig. 19, explaining why thefolA
geneis frequently absent from thyXcontaining organisms. It remains unclear how two
independent solutions for the synthesis of the central building block of DNA evolvebh
addition, thymidylate synthase homologs are known to participate in biosynthesis of
nucleoside antibiotics and modified nucleotides in bacteriophagé@s Phylogenetic
analyses have revealed the existence of frequent and multiple lateral gene transfers
during the evolution of ThyA and ThyX, sometimes associated with nomomologous
replacement. 10, ThyXappears overrepresented in genomeeduced and/or slow-growing
prokaryotes 8 11 and changes in ThyX function of human microbiota associate with

obesity-associated deficits in inhibitory control towards responses to stimuli (e.g. foodj.

Despite the essential role ofthymidylate synthase for DNA synthesis, data and
details on the experimental characterization of archaeal thymidylate synthases remain
scare. Consequently, the functionality of the archaeal thymidylate synthases has only
been sporadically followed up to dateWhile the halophilic archaeonHaloferax volcanii
contains the gene for canonical thymidylate synthase ThyA, in the closely related
halophilic archaeon Halobacterium salinarumgenetic evidence was provided for the
presence of functional thyX Biochemically dTMP biosynthesis has been demonstrated in
cell-free extracts of two different archaeakpecies3. 14 Methanosarcina thermophilaand
Sulfolobus solfataricugnow referred to as Saccharolobus solfataricyis Although the

corresponding enzymes were not purified or identified in this study, dTMP formation was
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89 detected from dUMP using externally added isotop&beled formaldehyde and either
90 chemically modified folates present in the cell extract (tetrahydrosarcinapterin, M.
91 thermophila) or added synthetic fragmentsof sulfopterin (S. solfataricus Indeed,
92 biochemical studies have indicated the presence of at least six distinct chemically
93 modified, but thermodynamically similar, G carriers that function in archaeal central
94  biosynthetic networks and/or energy-yielding reactions!>. These chemical modifications
95 differ among various archaeal speciesand likely replace chemically distinct
96 tetrahydrofolate derivatives in many archaea. Recent phylogenetic studies have
97 suggested an archaeal origin for the energgroducing Wood-Ljungdahl pathway that is
98 dependent on tetrahydromethanopterin (HsMPT), frequently found in methanogenic
99 archaedb. This archaeal pathway may have contributed to the early origin of
100 methanogenesis and theemergence of the use of e.geduced onecarbon compounds as

101 carbon source(methylotrophy) in bacteria.

102 An archaeal superphylum called Asgardvas recently discovered that includeghe
103 closest known archaeal relatives of eukaryote¥’- 18. 19 This striking discovery has
104  solidified the two-domains tree of life hypothesis in which Eukaryotes have emerged from
105 within the archaeal tree. Even if the true identity of the archaeal ancestors of Eukaryotes
106 s still being debated Asgardarchaeaoccupy a pivotal position in the arclaeal/eukaryotic
107 phylogenetic trees’. 19 Thus, studying the thymidylate and folate metabolism in the
108 Asgardgroup is of particular interest to better understand the origins and the evolution
109 of these essential pathways participatingn DNA, RNAand protein synthesis as well as
110 in catabolic reactions.This is also underlined by the fact that pioneering genomic studies
111 on Lokiarchaeota suggested the absence of biosynthetic capacity for
112 tetrahydromethanopterin and tetrahydrofolate cofactors, but the presence of some

113 folate-dependent enzymes implicated in amino acid utilizatio#.
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In this study, we have exploited the recentincrease in Asgardmetagenomeand
genomesequence information to investigate thymidylate synthases and folatdependent
metabolic networks in more than 140 complete or nearly complete Asgargenomes. Our
sequence similarity searches revealed &igh level of similarity between the protein
sequenes of bacterial and Asgardolate-dependent enzymes, including thymidylate
synthases.Our genomic and phylogenetic analyses indicated that Asgaaichaea have
‘hijacked’ at several independent occasions bacterial folatdependent enzymes and
pathways to sypport their central metabolism. Betailed experimental analyses revealed
that the protein encoded bythyXfrom the recently cultured AsgardarchaeonCandidatus
Prometheoarchaeum syntrophicumstrain MK-D128 (further referred to as Psyiis fully
functional as thymidylate synthase in bacterialcells and efficiently interacts with
bacterial folates. In conclusion, our combined experimental and computational data
suggest that thepatchy phylogenetic distribution and phylogenetic incongruences of
functional folate-dependent enzymes from Asgard archaea reflect their independent
horizontal transmission from various bacterial groups These lateral (horizontal) gene
transfer (LGT) events hae potentially rewired the key metabolic reactions in an

important archaeal phylogenetic group.

Results

Identification of a ThyX orthologue in Candidatus Prometheoarchaeum

syntrophicum strain MK -D1 (Psyn)

As an initial approach to investigate the Asgard archeal thymidylate and @
metabolism, we searched for thy>and thyAhomologs in sequence databases for archaeal
genomes or metagenomeassembled genomes (MAGs). These studies led to the

identification of both thyX and thyA sequences in the genomes of thenderstudied and
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138 diverse group of archaea. Interestingly, our similarity searches identified a ThyX
139 orthologue in Psyn which <+ —’ —* wsavv"™ «tte—c...fZ —* ,f..atlthefZ
140 protein sequence level(e.g.Zixibacteria, e ~ f Z — 1 -8 os Calditrichaeotabacterium, e-
141 "~ f Z—1-78).Fhe observed evalues are very low and are adjusted to the largeequence
142 database size. Therefore, the quality of the observed hits is very higks Psynis the only
143  known example of Asgardarchaea that can be cultivated and its genome, lacking thyi&

144  completely sequenced, we concentrated our efforts on this archaeal ThyX.

145 Transcriptome analyses of RNA extracted from enriched cultures of Psywlicated
146 that thyX from this strain is expressed Reads Per Kilobase of transcript, per Million
147 mapped reads(RPKM) value of 225.37 using the data set from the sequence read archive
148 (SRA DRR199588]. This gene encodesmotein with a predicted molecular massof 35,
149 294 Da. lts genomic environment (Fig. 1b and Supplementary Figure ) comprises an
150 upstream gene coding for a Nifdike protein with a length of 259 residues (29026 Da)
151 and a downstream gene encoding a domain of unknown function DUF2095. Physical
152  association of PsymhyX with the Nif3 family encodinggene is of interest, as this family of
153 proteins may correspond to GTP cyclohydrolase 1 type, 2vhich converts GTP to
154  dihydroneopterin triphosphate and may function in folic acid synthesis. The structure
155 based sequence alignment of PsyirhyX with Thermotoga maritimaThyX (PDB structure
156 5CHB predicts the conservation of functionally important residues involved in folate-
157 nucleotide- and flavin-binding (Fig. 1b. The marked degree of sequence similarity
158 allowed the construction of a highquality structural model for PsynThyX indicating its
159 functional significance as thymidylate synthase and nucleotide and folate binding protein.
160 More specifically, weconstructed a model of the ThyX homotetramer based upon PDB
161  structures 1026, 3NOB and 6J61 as temgdkes andusing the protein structure modeling

162 program Modeller?! (Fig. 1c, left panel). Structural superposition of the model with PDB
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163  structure 3GT9 using the Chimera softwar& allowed the addition of FAD, dUMRand
164 folate molecules into the active site of the model (Fig. lmiddle panel).Importantly, the
165 model suggests the highly plausible transfer of 1C units via the N5 atom of the FAD

166 cofactor to the accepting carbon olUMP(Fig. 1¢ right panel).

167 thyX and thyA are present in Asgard archaea

168 As our sequence similarity searches suggested @ose link between Psyrand
169 Dbacterial ThyX sequenceswe obtained more detailed insight into the thymidylate
170 synthase gene distribution and phylogeny in Asgard archaea. In particular, in addition to
171 the completegenome of cultivated Psynwe analyzednore than 140 MAGs of uncultivated
172  Asgard archaea (Fig. 2 Our analyses revealed that thyks present in only a small subset
173 of lineages with a patchy gene distribution. We found thyenes to be present in 33 out
174  of a total of 141 Asgard (meta)genomes: 6/52 in the Loki lineage, 6/16 in Heimdall, 0/5
175 in Hel, 1/1 in Odin, 6/38 in Thor, 1/1 in Wukong, 1/2 in Borr, 1/12 in Hod, 3/3 in Gerd,
176 7/10 in Hermod, 0/1 in Kari and 2/2 in Baldr. In contrast, thyA genes are widely
177  distributed among Asgard archaea: 93 out of a total of 141 (36/52 for Loki, 13/16 for
178 Heimdall, 5/5 for Hel, 1/1 for Odin, 31/38 for Thor, 0/1 for Kari, 1/2 for Wukong, 1/2 for
179 Borr, 3/12 for Hod, 0/3 for Gerd, 1/10 for Hermod, 1/2 for Baldr). Approximatelytwenty
180 Asgard MAGs encode for both thyXnd thyA genes, although thyXgenes appear often
181 partial or fragmented in this latter case. In dew cases, botlthyX and thyA appear to be
182 absent likely reflecting the fact that some of the analyse®MAGs correspnd to partially

183 assembled genomes.

184  Automated prediction of gene transfers between Psyn and bacteria

185 Considering the high level of sequence similarity of PsymhyX and bacterial

186 orthologs, weestimated the possible extent of gene transfer between bacteria and Psyn
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using HGTector This automated method is well suited fodiscovering potential recent
gene transferg3 by analyzing the hit distribution patterns from the similarity searches.
The method performs asystematic analysis to detect genes that do not appear to have a
typical vertical history of the analysedorganisms but instead hae a putative horizontal
origin. This approach efficiently detects atypical genes that are highly likely to be
horizontal gene transfers HGT). As this method uses all sequence data available in the

GenBank, it allovs exhaustive detection of potentiarecent gene transfers.

Using HGTector we predicted 149 HGT events[supplementary table 1

(sheet “potential gene transfers)], including PsynthyX, ™ Ste fZZ7Z —SiPsynvrrr

predicted protein-coding genes were analyzedFig. 3). In this plot, each dot represents
one geneand likely horizontally transferred genes are indicated in yellow. As depicted in
Fig. 3, many Psynfolate-dependent genes (purple legends in Fig. 3more detailed figure

with annotations is available assupplementary Fig. 3)were also likely transferred from

bacteria. The BlastKOALA annotatic¥ of the potentially transferred genes indicates their
functional distribution in amino acid, nucleotide,and carbohydrate metabolism (Fig. 3b
and supplementary table ). This is of interest considering syntrophic amino acid

utilization of Psyris.

thyX was transferred from bacteria to diverse Asgard archaea

To better understand the origin and evolution of the thymidylate synthase genes
in Asgard archaea, we have reconstructed their phylogenies. Note thggard sequences
are indicated in red, other archaea in blue, bacteria ibhlack and Eukarya in greenThe
ThyX phylogeny (Fig.4 and supplementary Fig4 for a detailed version of the tree with
the taxon name$ shows that Asgard sequences are deeply polyphyletic; they are

scattered into severalmonophyletic groups. Four of them are related to different bacterial


https://doi.org/10.1101/2021.12.15.472764
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.15.472764; this version posted December 15, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

211 groups and appear distantly related to other archaeal sequences. TRsynThyX clusters
212 along with some, but not all, Loki and Heimdall sequences, together with bacteria
213 Dbelonging to the Deinococcud$hermus group, as well as with several alpha-
214  proteobacteria. Additional Heimdalland Borrarchaeota sequences appear scattered in
215 this tree with varying affinities for diverse bacterial lineages. The three remaining Asgard
216 groups, including all of the thorarchaeal sequences are related to other achaeal
217 sequences but do not form a monophyletic cluster, indicating possible lateral gene
218 transfers among archaeal species. The only eukaryotic ThyX sequence from Dictyostelium
219 branches with alphaproteobacteria, suggesting a transfer from bacteria to eukaryotes.
220 This phylogenetic analysis supports the existence of multiple and independent lateral
221 (horizontal) gene transfers of the thyXgenes from highly diverse bacterianto Asgard

222 genomes

223  ThyA corresponds to the ancestral thymidylate synthase in Asgard archaea

224 In contrast to ThyX, the ThyAphylogeny (Fig.4 and supplementary Fig.5 for a
225 detailed version of the tree with the taxon names) indicatethat Asgardsequences form
226  a monophyletic group within various archaea. Th@hyA sequences of thésgardarchaea
227 are distributed into four clusters that appear related to diverse methanogenic archaea.
228 This pattern is incompatible with the occurrence of multiple, recentand independent
229 lateral gene transfers from bacteria as observed above witlihyX (Fig. 4). Finally, the
230 Asgard ThyA sequences appear distant from bacterial and eukaryotic sequences,
231 suggesting that the ancestors of the Asgard archaea contain€dyA. However, this tree
232  topology is also compatible with the more complex scenargof i) the Asgard ancestor

233 inheriting its thyA gene from a bacterium followed by subsequent gene transfers to

10
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234 diverse methanogens or ii) initial thyA transfers to methanogenic archaea and

235 subsequent ones to the Asgard ancestor.
236  Psyn thyXis functional in Escherichia coli

237 Next, we investigated whether Psyn thyinctionally complements growth defects
238 of an E. colstrain specifically impaired in thymidylate synthase activity.Towardsthis goal
239 we designed and constructed a synthetic plasmjdpTwist-PsynThyX, where the
240 transcription of Psyn thyXs under control of asynthetic T5 promoter, carrying the lac
241  operator (lacO) sequences. The plasmid also contains an ampicillin resistance marker and
242  a pl5A replication origin, as well as a0 terminator, located after the Psyn thyXene
243  (Fig.5a). As the T5 promoter is recognized by native E. c®INA polymerase, this plasmid

244  expresses an Nerminal His-tagged PsyThyX protein in any E. coli strain.

245 The ability of PsynthyX to permit thymidine-independent growth of the E. coli
246  thymidine-auxotroph strain FEO13 ( thyA::aphA3 derived from wild type MG1655)was
247  scored after three days at room temperature or 37°C in the presence of 1mM IPTG using
248  either minimal M9 or thymidine-deprived rich medium L* (see the methods section). Fig.
249  5b shows the formation of individual colonies of PsynthyXFEOQO13 in the absence of
250 thymidine in the presence of IPT@nd appropriate antibiotics (plate on left, streaks 1 and
251  2). Under these thymidine limiting conditions, the strain carrying the control plasmid
252 lacking the insert did not form individual colonies (streak 3, Fig. 5h Altogether the
253 results of this inter-kingdom complementation experiment indicate that this archaeal
254  ThyX protein is fully functional in a bacterial strain and must use E. cdblate derivatives

255  for de novo thymidylate synthesis.
256

257

11
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258 Enzymatic activity of Psyn ThyX

259 The recombinant histidine-tagged PsynThyX was produced in soluble formand
260 efficiently purified by one-step affinity chromatography (Figure 6a). Western blot
261 analysisusing an antiHistidine-Tag monoclonal antibodyidentified that revealeda single
262 band with an apparent molecular mass of 37 kDa (Figure 6b). Thymidylate synthases
263 ThyXare dUMPédependent NADPH oxidases 26, differently from thymidylate synthase
264  ThyA. The formation of dTMP catalyzed by ThyX enzymesinvolves two half-reactions,
265 oxidation and transfer of the methylene group fromCHHasFolate to dUMPto form the
266 final product dTMP. Usinga spectrophotometric biochemical assayywe found that Psyn
267 ThyX catalyzes the NADPH oxidation to NABDBnly in the presence of dUMRFigure 6c¢).
268 The oxidation of NADPH was assayed with OB PsymhyX using saturating amounts of
269 FAD cofactor (50 M) and the substrates dUMP (20 R1) and NADPH (750 R®1). The
270 specific activity of PsymhyX (0.030 Ul.mgl) is somewhat lower than that of
271  Mycobacterium tuberculosighyX (0.044 Ul.mgl) or Paramecium bursaria chlorella virus
272 1 (PBCWV1) ThyX (0.043 Ul.mg-1). However, this level of activity is sufficient for genetic
273 complementation (Fig. 50). Under these experimental conditions, the hyperbolic
274  saturation curves show a nanomolar affinity of the nucleotide substratéor the enzyme

275  [Km,dump= 235 +35 nM (Figure 64d)].
276 Inhibition of PsynThyX by folate analogs

277 Our genetic complementation tests indicate that PsymhyX must use bacterial
278 folates for thymidylate synthesis. To provide additional support for this notion, we further
279 characterized the PsymhyX enzymatic activity by performing kinetics measurements in
280 the presence of molecules that bind to the folate binding pocket of bacterial ThyX proteins.

281 These inhibitory studies of PsymhyX were performed using Hfolate (reaction product),
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CHHyafolate (substrate), and the tight-binding Mycobacterium tuberculosi3hyX inhibitor

271627. 28 which allinhibit the NADPH oxidase activity of bacterialhyX. This analysis

revealed that the three bacterial folate analogs tested substantially inhibit PsybfhyX

activity compared to anassay without the addition of anymolecule (Fig. 6¢. Note that the

molecule 2716 a potent inhibitor of Mycobacterium tuberculosi$hyX,was solubilized in

fet "te—Z—e ottt —* | fefUEtT - =St L te—"Z teti—cte <o

The three folateanalogs presented a percentage of inhibition ofdgn S> *~” wr™ ™¢-S
high reproducibility (Figure 6f). Altogether our genetic (Fig. ) and biochemical (Fig. %

data indicate that bacterial folatelike molecules are efficiently utilized byarchaealPsyn

ThyX for de novo synthesis.

Distribution of the folate -mediated one -carbon metabolism enzymes in Asgard

archaea

As THF derivatives are important biological cofactors that play a wide role in the
biosynthesis of DNA, RNA, and proteins, our observations obtained using PsynThyX
prompted us to investigate inmore detail Psynfolate-dependent biosyntheticnetworks

in genomes and metagenomes of Asgard archaea.

Our analyses indicated the sporadic presence of many @enerating/transferring
and folateinterconverting enzymes in Asgard archaedFig. 2). In addtion to thyX and
thyA genes,we have analyzed the distribution of folA 5formyltetrahydrofolate cyclo-
ligase (MTHFS), folD methylenetetrahydrofolate reductase (MTHFR), metH, formate-
tetrahydrofolate ligase (FTHFS), and purlgenes in the Psymenome and ther Asgard
metagenomic assemblies Kig. 2 and supplementary table 1). Many of these were
predicted as likely transfer events by theHGTector (Fig. 3and supplementary Fig. 3.

ThyA appears the most universal folatelependentAsgardenzyme,whereas the majority
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306 of the other folaterelated genes have a very sporadic distribution. Nevertheless, the folD
307 and purH genes are frequently found in Asgardirchaeaexcept for the Heimdalland

308 Odinarchaeota where they are absent or partially deleted.

309 The phylogenies of FTHF&nd PurH show that a substantial fraction of the Asgard
310 sequences are grouped with other ArchaeaF{g. 7 and supplementary Fig 6-11 for a
311 detailed version of the trees with the taxon nameés However, several Asgargequences
312 are only distantly related to other archaeal sequences and located close to bacterial ones.
313 The Asgard FolA, MTHFS, MTHFR, antfletH sequencesappear all related to bacterial
314 sequencesindicating additional multiple and independent events of lateral interkingdom
315 acquisition. By contrast, the FolBequencegsupplementary figure 11), which are widely
316 distributed in Asgard genomes, form a monophyletic group with few bacterial sequences.
317 This supports the idea thatFolD may be the only ancestrafolate-dependent enzyme in
318 Asgardarchaea,without obvious evidence of LGT. Therefore, with the possible exception
319 of FolD, the phylogenetic trees of the folaterelated enzymes analyzed above strongly
320 support multiple LGT events from Bacteria Fig. 7), as Asgard sequences appear as
321 polyphyletic groups that are scattered into the bacterial subtrees in most of the obtained

322 phylogenies.

323 Reconstruction of the complete folate -mediated one- carbon metabolism network

324 in Psyn

325 Psynis uniqgue amongAsgardarchaea, as this cultivated species containbased
326 upon the MAGsanalyzed a remarkable number of predictedolate-dependent enzymes
327 (Fig.2andsupplementary table 1). This prompted us to perform a detailed reconstruction
328 of enzymatic reactions participating in an interdependent reaction network required for

329 chemically activating and transferring oneearbon (Ci) units in Psyn Our automated
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330 genomewide analyses, togetherwith highly sensitive manual similarity searches,
331 revealed a high metabolic potential of Psyto use folate derivates for denovosynthesis of
332 not only thymidylate but also of inosine-5'-monophosphate (IMP), and remethylation of
333  homocysteine to methionine (Fig. 8p Moreover, wedetermined that both carbon diaxide
334 (at the level of 16formyl THF) and serine (at the level of ChHH4 THF) could provide a
335 feasible source for onecarbon units entering the folatemediated metabolic network in
336 this species. The complete glycine cleavage systamd its folate-binding component GevT
337 also provide an alternative source of CHHsfolate from glycine. According to our metabolic
338 reconstruction studies, the folate network moreoverparticipates in histidine catabolism
339 by converting histidine to glutamate and 5formyl THF.Many of these predictions are well
340 supported by the strong association of genes encodinfplate-dependent enzymes with
341 thephysically and functionally linked genes of, among otherglycine cleavage or histidine

342 catabolism (Fig. 81).

343 Discussion

344 We initiated this study to obtain experimental and evolutionary information on
345 thymidylate synthases in Asgard archaea. Thided to the first experimental
346 characterization of the archaealflavin-dependentthymidylate synthase ThyXx2 from Psyn
347 Our genetic and biochemical experiments reveal that this enzyme functions as a robust
348 thymidylate synthase in bacterialcells (Fig. 5. Our biochemical resultsfurther indicate
349 that PsynThyX catalyzes dUMP dependent NADPH oxidatiomhich is significantly
350 inhibited by bacterial folate analogueqFig.6), as has been previously shown for bacterial
351 or viral ThyX proteins (for a recent review, se®. Considering that archaea are widely
352 thought to use G carriers chemically distinct from their bacterial counterparts, our

353  biochemical observations are unexpected.
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354 QOur phylogenetic studies indicated for the first time thatAsgard archaealPsyn
355 ThyX originated in Bacteria (Fig. 4). An alternative explanation could be thepossible
356 contamination of thePsyngenome assembly with foreign DNA. To exclude this possibility,
357 we analysedthe genomic environment of the PsynhyXgene (Fig. 1 and supplementary
358 Figure 1). Genes surrounding PsyrthyX are unambiguously of archaeal origin, as almost
359 all of the 18 genes upstream or downstream have their first BLAST hit matchingth an
360 archaeon. Moreover, 14 of these genes Sf~F «*”t —Sfe yw" ‘"~ BIASThits-‘"srr
361 belongng to archaea. This analysis indicates that the PsyhyXgeneis inserted into an
362 archaeallike genomic context and is not the result of contamination or an assembly
363 artifact. Thus, this gene represents d&ona fide thymidylate synthase gene acquired
364 laterally from bacteria. Taken together, ourphyletic and phylogenetic analysesof
365 thymidylate synthase genes in Asgard archaea reveal a complex evolutionary history
366 involving many lateral gene transfers from bacteria and subsequent homologoasd non-
367 homologous replacements. The lamgdistribution of thyA in Asgard metagenomes and the
368 phylogenetic clustering of thymidylate synthase genes (Figsahd5) along with the other
369 archaeal sequences suggest that thyid the ancestral thymidylate syntlase,likely in
370 Asgard and possibly in other archaea. This indicates that iRPsynthe thyX gene likely
371 replaced the ancestral AsgardthyA; a process known as “normromologous
372 displacement?®. The nonhomologous displacement of the thyAene by thyXhas already
373 been suggested for diverse bacteriahnd archaeal species 10 but genetic (Fig. » and
374  biochemical (Fig. 6) validation of the functionality of the acquired gene via an

375 interkingdom LGT has been lacking.

376 The phylogeny of PsymhyX, together with its biochemical properties, prompted
377 us to investigate more globally thedistribution and phylogeny of folate-dependent

378 enzymes in Asgardarchaea. We first observed that Psycarries many folatedependent
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enzymes which raisedthe possibility that a complex interdependentreaction network
operates in this species to chemically activate and transfer orearbon units. The detailed
reconstruction of the Psyrone-carbon metabolism (Fig. § is fully consistent with the
reported lifestyle of this species in anaerobic marine methane seep sediments. In
particular, a syntrophic amino acid utilization of Psyrusing serine,glycine and histidine

is highly feasible, as these amino acids can readily provide one carbon units for the folate
metabolism at different oxidation levels. Psynikely uses folate derivativesfor the
synthesis of thymidylate, puring and methionine. In many cases, strong association of
the genes for the folatedependent enzymes with additional functionally linked genegor
instance, glycine cleavage or histidine catabolisgwas also observed (Fig. 8o We also
noticed that, in agreement with aprevious study8, biosynthetic pathways for folic acid
and tetrahydromethanopterin appear incomplete in PsynHowever, the growth medium

of Psynis supplemented with folic acidcontaining vitamin supplementl8, and many
bacteria are known to transport folateso 31. 32 These observations raisethe possibility

of Psyncross-feeding with the folates produced by its symbiotic partners, as has been

previously observed for bacterial communities?. 33,

Strikingly, most, if not all, folatedependent Psyn enzymes appear to have a
bacterial origin (Figs.4 and 7). The transfer of genes from Bcteria to Achaea is well
documented4. However, our study has revealed a remarkable multigene transfer that
globally influences the centralmetabolism of this enigmatic species. Our phylogenetic
analyses did not suggest a welllefined single donor for these transferred genes that are
scattered around the Psyrgenome. Therefore, these transfers likely have occurreon
multiple and sequential occasions. Our observations agree well with the previous
suggestion that LGT of bacterial metabolic networks may provide aadaptive benefit to

Psynin response to changing enviroments3s. Our observations are of general interest as
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404 our HGTector analysis (Fig. Bindicated that at least v© ‘"Psyngenes correspond to
405 transfer events including many genes implicated e.gin amino acid and nucleotide
406 metabolism. Our analyses may underestimate the true extent of LGT for this species, as
407 the initial discovery of the first Asgard genome-a lokiarchaeal species reported a
408 e—,e—foe—<fZ "Vf..—<'e 7 %ofete ™S f. .. —1"SpANIfIESpread <t t{"
409 interdomain LGTs have also been proposed in uncultured planktonic thaumarchaeota and
410 euryarchaeot&’. Association ofPsynwith co-cultured bacteria might have favoured the
411 gene exchanges, possibly influencing microbial population structure under natural
412  conditions38. Several different archaeal molecular mechanisms facilitating DNA transfer
413 have beendescribed®, providing plausible means for LGT between Bacteriand Asgard
414  archaea. Finally, frequentLGTs between Psyn and different bacterial species might
415 partially explain the apparent chimeric profiles of Asgard genomé% which seemingly
416 result from the frequent mixing of ancestral archaeal genes with laterally inherited

417  bacterial ones.

418 Regarding the eukaryogenesis process, the possible contribution of Asgard to the
419 eukaryotic folate metabolism remains elusive. Indeed, our resultsupport the existence
420 of multiple and independent lateral gene transfers from diverse bacteria to Asgard,
421 blurring an exact scenario. Nevertheless, the Thyfamily of thymidylate synthases
422  appears ancestral in Asgardconsidering the phylogenetic positioning of the Asgard
423 sequences deeply nested in the bacterial phylogenetiee. Our analyses also indicate that
424  eukaryotic ThyA doesnot derive from Asgardarchaeabut also hasa bacterial origin. Bth
425 scenarios suggest that the presentlay thymidylate metabolism in Eukarya and Asgard
426 archaea originated in bacteria. It was recentlproposedthat the contribution of Asgard
427  to the present eukaryotic gene repertoire is very limited!. However, widespread recent

428 LGTsevents from bacteria to Asgard displacing the original archaeal genes would
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429 underestimate the contribution of the current day Asgard to the eukaryotic gene
430 repertoire. In turn, our study on the thymidylatemetabolism might represent only the tip

431 of an iceberg of functionalbacterial genes in Asgard genomes.

432 Taken together, our data support the idea that Asgard archaea harbor highly
433 mosaic genomes that have received many bacterial genes, even for central metabolic
434  processes such as the folate metabolism. We haalso experimentally demonstrated that
435 some of the transferred Psymenes, likePsynthyX are fully functional in vivoand in vitro.
436  More general studies on Asgard gene evolution are now needed to better appreciate the
437 pervasiveness of interdomain LGTas well as the origin of the eukaryotic gene repertoire

438 in this fascinating group of prokaryotes.
439 Materials and Methods

440 Bioinformatics methods and genome-wide analyses. The complete genome sequence
441  available for the CandidatusPrometheoarchaeum syntrophicumstrain MK-D1 (Psyr)

442  chromosome (NZ_CP042905.1) was used fdpioinformatics analyses. This genome is
443  4,tyz , ™Mc-S f .. 'e—1 RPKM vadues fé@r gene expression were determined
444  using the Geneious Prime® 2021.1.1Ruild 2021-03-12). Metabolic reconstructions were

445 performed using the RAST server and KEGG databases. These analyses were

446  complemented with highly sensitive manual similarity searches using HHpreé.

447  Structural alignments and structure modelling. PRGJile Multiple Alignment with
448  predicted Local Sructures and 3D constraints (PROMALS3Pwas used to align the Psyn
449 ThyX sequence with the Thermotoga (T.) maritimalhyX structure (PDB 5CHP).
450 PROMALS3D(http://prodata.swmed.edu/promals3d/promals3d.php ) aligns multiple

451  protein sequences and/or structures, with enhanced information from database searches,
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452  secondary structure prediction,and 3D structures. Input sequences and structures used

453 FASTA and PDB formats, respectivelyed: alpha-helix, blue: betastrand).

454 A model of the PsynThyX homotetramer was constructed with the protein
455  structure modeling program Modeller using PDB structures 1026, 3NQBnd 6J61 as
456 templates?l. Ten initial models were constructed and the best one was chosen using
457  molpdf and DOPE score, and by evaluating the stereochemical quality with PROCHECK. A
458  structural superposition of the model with PDB structure 3GT9 using the Chimera
459  software?? allowed the addition of FAD, dUMP and folate molecules.oTimprove the

460 structural model obtained, molecular dynamics simulations were performed with

461 CHARMMS3 and Namd4 molecular mechanics softwares.

462 Automated prediction of LGT. Automated analyses ofpotential LGT eventswere
463 performed using a HGTecto#s. This method first performs Diamond altagainstall
464  similarity searchesof each proteincoding sequence of PsyrThe NCBI genome database
465 was downloaded and compiled ¢n August 2021)on a local machine. The output of the
466  similarity searcheswas passed tdhe analysis program HGTector where the taxonomy of
467 the self-group was defined as Candidatu®rometheoarchaeum gntrophicum (NCBI
468 TaxID: 2594042). The closggroup was automatically inferred by HGTector as the
469  “superkingdom Archaea” (TaxID: 2157) that contains 1062 taxa in the refence database.
470 From the statistical distribution of close and distal hits, HGTector predicted a list of
471 potentially transferred genes. The output of the program is a scatter plotyhere the
472  horizontal axis represents the close score, the vertical axis represents the distal score, and
473 potential LGT genes are colored in yellow. We slightly modified the source code which

474  was made publicly available at: https://github.com/cgneo/neoHGT.
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475 Phylogenetic analyses. For phylogenetic analyseswe constructed a database with a
476 backbone of 183 thyXsequences that cover all the major bacterial and archaeal phyla
477  derived from a previous study®. These were submitted to BLASTP, with anwalue cut

478  off of 1e-05, against thePsyngenome, as well aagainst the 140 metagenomic bins larger
479 than 2Mb assigned to Asgard archaea publicly available in the Genbank database. We used
480 similar approaches with the other folate enzymes with 355 ThyA, 53 FTHFS, 40 Me&8

481 PurH, 70 FolA 85 FolQ 33 MTHFR and 49 MTHFS segunces to find homologous
482  sequences in Asgard genomes. Homologs found in Asgard genomes were then used as
483  seeds for reciprocal BLAST searches against@R database (15/01/2021 version) to find

484  the best homolog outside Asgards. ldentical sequences (samdentifying code *” srr”

485 sequence similarity) were finally removed to generate the final dataset.

486 For analysis of the genomic environment of the PsyhyXgene we collected all the
487 genes located 15 kb downstream and 15 kb upstream of the PdiayXgenes and searched
488 for homologs with BLASTP against an NR database (15/01/2021 version). The first
489 BLASTP hit was retrieved, as well as the percentages of the archasaduences in the

490 taxonomy profile of the first top 100 hits.

491 Phylogenetic analysesvere performed usingthe obtained protein sequence data
492 sets(see above)that were aligned using MAFFT v7.388 with default settings. Identical
493 sequences belonging to the same phylum or genwugere removed to retain a single
494  representative sequence. Ambiguously aligned sites were removed using trimAl
495  v1.4.rev15% with the “-automatedl” and “phylip“ options. The phylogenetic position of
496 the Asgard sequences was then inferred with PhyML v. 1.87Lsing the best substitution
497 models as determined by Smart Model Selectié$ and 1000 bootstrapped data sets were

498 used to estimate the statistical confidences of the nodeBrees were then visualized using
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499 the FigTree software fttps://github.com/rambaut/figtree/releases ). Raw data including

500 BLAST outputs, table with the accession numbers of each Asgard sequences, alignment
501 files, alignments used for the phylogenies, Newick tree files and additional information

502 can be downloaded anttp://gofile.me/2ppPR/HvmT893hn .

503 Design and synthesis of Psyn ThyX expression plasmid. pTwist -PsynThyX plasmid
504 (3370bp), carrying the synthetic PsynthyX gene of 897bp was synthesizedy Twist

505 Biosciences fttps://www.twistbioscience.com ) and confirmed by sequencing. In the

506 final design, the target genePsyn thyX was placed under the contrd of a strong
507 bacteriophage T5 promotor carrying lacGites.This constructalso carried an appropriate
508 ribosome binding site, alambda tO transcriptional terminator, and the Am@® gene. The
509 pTwist-PsynThyX plasmid uses a p15A origin of replication and contains the codon-

510 optimized synthetic gene of PsyThyX with an Nterminal 6xHis sequence.

511 Genetic complementation tests . The ability of Psyn thyXto permit thymidine-
512 independent growth of the E. coli thymidineauxotroph FEO13strain ( thyA::aphA3lacl,
513 derived from wild type MG1655 strain1® was scored after three days at room
514 temperature or at 37°C in the presence of 1ImM IPTG using either minimal Nghown in
515 Figure 5) or thymidine-deprived enriched medium L. Eight individual colonies all

516 demonstrating similar phenotypes in the absence of thymidine were tested.

517 Protein purification. E. coliFE013 cells carrying pTwistPsynThyX were grown at 37°C
518 and shaken at 150rpm in liquid Luria Bertani medium supplemented with ampicillin (final
519 100 Ry/mL) until an absorbance of 600 nm around 0.7 was reached. Expression of
520 recombinant PsynThyX was induced by theaddition of 0.5 mM IPTG (isopropyb-D-
521 thiogalactopyranoside) during 3 hours at 37°C. Cells were harvested by centrifugation at

522 6000 x g at 4°C for 30min before storage aR0°C. The PsyimhyX recombinant protein
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was purified on Protino Ni-TED column (MachereyNagel) as previously describetp.
Stepwise potein elution was performed with imidazole at 50mM, 100mM, 150mM and
250mM in a phosphate buffer (50mM Nz2HPOQ-NaHPOy, pH8, 300mM NacCl). The 100mM
imidazole fractions containing thePsynThyX enzyme were pooled, buffer exchanged on
EconoPac PDB10 Columns (BieRad Laboratories, Hercules, CA) with phosphate buffer
(50mM NaHPQO-NaHPQi, pH8, 300mM NacCl), concentrated to a final concentration of
4 M and stored at 20°C in the same phosphate buffer complemented with glycerob(r -

VIv).

~

Laboratories, Hercules, CA) followed by Coomassie Brillant Blue staining. For

immunoblotting detection, after protein transfer, the nitrocellulose membranes (Bie

ft ™t"f —"ff-%1t ™M«-S tr" ,Zor.Bioséenges, Lidcbin, WS)fowed by
incubation with anti-His-tag mouse primary antibody (dilution1/5000, Bio-Rad) and
revelation with a IRDye 800CW Goat antinouse IgG secondary antibody (dilution

1/10000, Li-Cor Biosciences) using a ChemiD8¢ Touch Imaging System (BidRad).

Enzymatic activity tests. The NADPH oxidase assay consists measuringthe conversion
of NADPH to NADPvia thedecrease in absorbance at 340 nm. During the test, in 9¢ell|
plates, one hundred microlitres of thestandard reaction mixture (50mM Buffer NaHP Q-
NaHPQpH 8, NaCl 300 mM, Mg&2 mM, FAD 50M, Emercaptoethanol 1.43 mM, dUMP
20 M, NADPH 750P & %0 Z>...1”*Z Rd"d puéfied PsyrThyX) were incubated ina
Chameleon Il microplate reader (Hidex) at 25°CMeasurementstook place over 15
minutes and were done in triplicates The enzymefree reaction was used as a negative

control.
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Tests of ThyX inhibition were performedby incubation of molecules at 100 or
200 M with PsynThyX enzyme (0.4 BM) in the standard reaction mixture, without
NADPH, for 10 mm at 25°C before starting measurements by automatically injecting
NADPH.The molecules 2716” and C8C1lwere solubilized in dimethylsulfoxide (DMSO)
fet —eft f— s "cefZ .te. fe—"f—ctet" tT—"<e% —St —te—4a "
using the following equation: ((Vo-Vi)/V0)*100; Vo and Viare, respectively, the initial

rates of the reaction without or with addition of molecule to the assay.
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735  Figure legends:

736 Fig. 1aThyA- and Thyxdependent folate cycles. ThyA catalyzes the methylation of dUMP
737 to dTMP, leading to the formation of H2folate that is subsequently reduced by Fdll&ft
738 panel). The flavoenzyme ThyX uses methylene from eHifolate and acquires the
739 reducing hydride from NADPH. CEkHafolate functions only as a carbon source, resulting
740 in Hsfolate at the end of the catalytic cycle (right panel). Serine hydroxymethyltransferase
741  GlyA is universally present. bPsyn thyXs located between the nucleotides 765,745 and
742 764,847 on the genome of Psy(NZ_CP042905, 4 427 796 bp). The Psyn thg¥ne is
743  surrounded by the nif3 and DUF2095 genes. For details, see text. Structure-bdse
744  sequence alignment of PsyhhyX with Thermotoga maritimaThyX (corresponding to PDB
745  structure 5CHP) is also shown. Functionally important residues are indicated above the
746  alignment. Asterisks refer to folate binding, stars to nucleotidéinding and filled circles
747  to flavin binding residues. cStructural model for the PsymhyX homotetramer (left panel)
748  using PDB structures 1026, 3NOB and 6J61 as templates. Superposition of the model with
749 PDB structure 3GT9 allowed the addition of FAD (cyan), dUMP (yellow), and folate
750 (green) molecules (middle panel) to the structural model. The substrate and dactor

751  configuration is highlighted in the right panel.

752 Fig. 2. Heatmap for phyletic distribution of different folate-dependent enzymes in
753 different phyla of Asgardarchaea.The red color indicates the presence of the entire gene,
754 orange designates a partial copy. Psyis indicated with an asterisk and its gene
755  distribution is framed in black. The (meta)genomic assembly and gene names are in

756  supplementary table 1 (sheet “distribution of folate genes”).

757 Fig. 3. Automated prediction of gene transfers between Psymand bacteria. a Pot
758 indicating the distributions of “close” and “distal” scores revealed by similarity searches.
759  The scatter plot wascreated by the HGTector. Potentially transferred genes (n=149) are
760 indicated in yellow, whereas the other colouredlabels refer to Psynfolate-dependent
761 enzymes (for annotation, see supplementary F&gg 2 and 3). b Distribution of the
762  functional groups for potentially transferred Psyngenes obtained using the BlastKOALA

763 annotation?4.

764 Fig. 4 Unrooted Maximum likelihood phylogenetic tree of ThyX (198 sequences,
765 alignment of 157 amino acids with the LG+G+l phylogenetic model) and ThyA (390

766  sequences, alignment of 121 amino acids with the LG+G+I model) with a focus on Asgard
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767 proteins. The obtained ThyX tree indicates multiple lateral gene transfers from bacteria
768 to Psynand other Asgard genomes. By contrast, the ThyA tree refutes the occurrence of
769 recent and multiple lateral gene transfers from bacteria to Asgard genomes. Asgard
770 sequences are indicated in red, other archaea in blue, bacteria in blaekd eukarya in
771 green.The scale bar indicates the average number of substitutions per site. Bootstrap
772  values are proportional to the size of the circlesn the branches. . The complete trees are

773 available in the supplementary data.

774  Fig.5. aMap for the synthetic plasmid pTwist-PsynThyX Transcription of the PsyrnthyX
775 gene is under the control of a synthetic TS5 promoter carrying lacOAn ampicillin
776 resistance marker and a p15A replication origin arentegrated, as well as a lambda t0
777  terminator. b Interkingdom complementation assay using Psyn thyxhe ability of Psyn
778 thyXto permit thymidine-independent growth of E. colithymidine-auxotroph FE013
779 thyA, lacl) was scored after three days at 37°C in the presence of 1ImM IPTG using
780 minimal M9 medium. 1 and 2 correspond to two independentiones of Psyn thyl/RE013
781 whereas 3 and 4 are negative (no insert) and positiveQ, trachomaticshyX) controls,
782  respectively. The plate on the left contains IPTG, but no thymidine, whereas the plate on
783 the right contains thymidine, but no IPTG.

784  Fig. 6. Biochemical characterization and inhibition analyses of PsyhhyX. ast”™ TGX™
785 PAGE of PsymhyX purified by onestep affinity chromatography. 0.5, 1, and 2 micrograms
786  of purified protein were loaded from the left to the right. MW: molecular marker. b
787  Western immunoblot of IPTGinduced and noninduced whole cell lysates of E. cdiE013
788 using anti-Hismonoclonal antibodies. A single band with an apparent molecular mass of
789 ~37 kDa is revealed.T*: control lane (Pyrococcus abys$RNA ligase). qRepresentative
790 NADPH oxidation activity curves of PsyiThyX as measured following the absorption
791 change at 340 nm. The control without enzyme is also shown. Assay mixtures contained
792 0.4 Menzyme, 50 RI FAD, 20 R dUMP, and 750 RI NADPH. dxidation rate of NADPH
793 under saturating dUMP concentrations. The affinity of dUMP for PsyiihyX was
794  determined from the hyperbolic saturation curve. eEvaluation of inhibiting properties of
795  Hsfolate (200 AM), CHHafolate (200 RM), and the folate analog ‘2716’ (100RM) 23. 24,
796 ‘Zt..—Z% Ttysxi <s o' Z— «Zceit <o A ‘e—"'Zed ™(-S'—— o'Z% .,
797 DMSOf Percentage of inhibition calculated for the three folate derivatives or inhibitors.

798 Standard deviations §.D of three independent measurements aralso shown
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799  Fig. 7. Unrooted Maximum likelihood phylogenetic tree of the folateelated proteins :
800 FolA (83 sequences, alignment of 153 amino acids with the CpREV+G phylogenetic
801 model), FoID (130 sequences, alignmenbf 244 amino acids with the BLOSUMG62+G
802 model), MTHFS (56 sequences, alignment of 149 amino acids with the LG+G model),
803 FTHFS (79 sequences, alignment of 509 amino acids with the BLOSUM62+G modet)] P
804 (94 sequences, alignment of 437 amino acids with the BLOSUMG62+G model@ti(47
805 sequences, alignment of 131 amino acids with the BLOSUM62+G model) and MTHFR (53
806 sequences, alignment of 280 amino acids with the BLOSUM62+G model) with a focus on
807 Asgard proteins. The obtained trees indicate multiple lateral gene transfers from bacteria
808 to Psynand other Asgard genomes for most folate geneésgard BID sequences form a
809 monophyletic group with the other Archaeal sequences refuting gene transfer
810 occurrences. Asgard sequences are indicated in red and Psyith red arrows, other
811 archaea are in blue, bacteria in blagland Eukarya in greenThe scale bar indicates the
812 average number of substitutions per site. Bootstrap values are proportional to the size of

813 the circles on the branches. The complete trees are available in the supplementary data.

814  Fig. 8.a Automated and manual procedures were used for metabolic reconstruction of the
815 complete Psynfolate-dependent metabolism. Abbreviations not explained in the figure
816 are DHF, dihydrofolate; THF, tetrahydrofolate; IMP, inosine monophosphateFanctional
817 connections between the folate-dependent Psyn enzymes (indicated in yellow) as
818 suggested by the genomic context analyses. Purple and gray refer to genes functionally

819 linked with the folate-dependent enzymes. For additional discussion, see text.

820
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