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Abstract

Prenylated quinones are membrane-associated metabolites that serve as vital electron carriers for respiration and photosynthesis.
The UbiE (EC 2.1.1.201)/MenG (EC 2.1.1.163) C-methyltransferases catalyze pivotal ring methylations in the biosynthetic pathways
of many of these quinones. In a puzzling evolutionary pattern, prokaryotic and eukaryotic UbiE/MenG homologs segregate into 2
clades. Clade 1 members occur universally in prokaryotes and eukaryotes, excluding cyanobacteria, and include mitochondrial
COQS5 enzymes required for ubiquinone biosynthesis; Clade 2 members are specific to cyanobacteria and plastids. Functional com-
plementation of an Escherichia coli ubiE/menG mutant indicated that Clade 1 members display activity with both demethylbenzo-
quinols and demethylnaphthoquinols, independently of the quinone profile of their original taxa, while Clade 2 members have
evolved strict substrate specificity for demethylnaphthoquinols. Expression of the gene-encoding bifunctional Arabidopsis
(Arabidopsis thaliana) COQ5 in the cyanobacterium Synechocystis or its retargeting to Arabidopsis plastids resulted in synthesis
of a methylated variant of plastoquinone-9 that does not occur in nature. Accumulation of methylplastoquinone-9 was acutely
cytotoxic, leading to the emergence of suppressor mutations in Synechocystis and seedling lethality in Arabidopsis. These data dem-
onstrate that in cyanobacteria and plastids, co-occurrence of phylloquinone and plastoquinone-9 has driven the evolution of mono-
functional demethylnaphthoquinol methyltransferases and explains why plants cannot capture the intrinsic bifunctionality of UbiE/
MenG to simultaneously synthesize their respiratory and photosynthetic quinones.

promiscuity to create metabolic switches, allowing cells to quick-
ly respond to environmental changes (Jeffery 2004). A typical ex-
ample of such a pivotal enzyme is the bifunctional UbiE (EC
2.1.1.201)/MenG (EC 2.1.1.163) C-methyltransferase that cata-
lyzes ring methylations in the biosynthetic pathways of the elec-
tron carriers ubiquinone (coenzyme Q, a benzoquinone) and
menaquinone (vitamin K2, a naphthoquinone) in some prokar-
yotes (Lee et al. 1997; Fig. 1). This enzyme operates at a critical

Introduction

Catalytic promiscuity, together with gene duplications and mu-
tations, is thought to be one of the key molecular mechanisms
that underlies the emergence of novel metabolic capabilities
(Jensen 1976; Carbonell et al. 2011). In this model,
substrate-ambiguous enzymes generate an array of products,
some of which confer a selective advantage; gene duplication

and divergence then contribute to fixing the increase in fitness
and to driving metabolic specialization (Jensen 1976; Carbonell
et al. 2011). Moreover, evolution can capture catalytic

metabolic node, because bacteria must coordinate the respective
proportions of ubiquinone, menaquinone, and its unmethylated
precursor, demethylmenaquinone, depending on oxygen
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Background: Prenylated quinones are membrane-associated metabolites that carry electrons in respiration and
photosynthesis. Some of them double as antioxidants and vitamins. Most quinones fall within 2 chemical families:
the benzoquinones (e.g. ubiquinone and plastoquinone-9) and the naphthoquinones (e.g. phylloquinone and mena-
quinone). Furthermore, some prenylated quinones (such as ubiquinone and phylloquinone) carry a methyl group on
their quinone ring at the position adjacent to the prenyl side chain, while others (such as plastoquinone-9 and de-
methylmenaquinone) lack this substitution. The presence or absence of this methyl group is functionally critical
and is determined by the activity of an enzyme called quinone C-methyltransferase. Some prokaryotes use the
same quinone C-methyltransferase to synthesize benzoquinones and naphthoquinones.

Question: Do plants, like certain bacteria, exploit the catalytic promiscuity of quinone C-methyltransferases to syn-
thesize both ubiquinone and phylloquinone?

Findings: Phylogenetic reconstructions showed that quinone C-methyltransferases segregate into 2 clades. Clade 1
members are distributed throughout eukaryotic and prokaryotic lineages, excluding cyanobacteria, and include mito-
chondrial C-methyltransferases required for ubiquinone biosynthesis. Clade 2 members, in contrast, are specific to
cyanobacteria and plastids, where they are required for the biosynthesis of phylloquinone. Functional complementa-
tion assays in Escherichia coli indicated that Clade 1 enzymes can methylate both benzoquinones and naphthoqui-
nones, but Clade 2 members only methylate naphthoquinones. Expressing a bifunctional Clade 1 enzyme in the
cyanobacterium Synechocystis or in Arabidopsis (Arabidopsis thaliana) plastids produced a new-to-nature methylated
variant of plastoquinone-9. Methylplastoquinone-9 behaved as an antimetabolite of plastoquinone-9 and inhibited
photosynthesis. These data demonstrate that in cyanobacteria and plastids, the presence of plastoquinone-9 acts
as a selective force for the emergence of strictly monofunctional demethylnaphthoquinol methyltransferases.

Next steps: The discovery that methylplastoquinone-9 is a potent antimetabolite of plastoquinone-9 offers prospects

for discovering novel herbicides and algicides.

availability and carbon source (Unden 1988; Segballe and Poole
1999; Bekker et al. 2007).

Yeast and animals possess a homolog of prokaryotic UbiE/
MenG called COQS5 (Barkovich et al. 1997; Nguyen et al.
2014). The enzyme is targeted to mitochondria, where it con-
tributes exclusively to the biosynthesis of ubiquinone (Fig. 1).
In contrast, the genome of Arabidopsis (Arabidopsis thaliana)
encodes 2 homologs of UbiE/MenG. The first one is a COQ)
ortholog (At5g57300), and complementation assays have
shown that expression of this gene restored ubiquinone bio-
synthesis in a yeast cog5 knockout (Hayashi et al. 2014).
High-throughput proteomic studies have also consistently
identified Arabidopsis COQS5 in highly purified mitochondria
preparations (Heazlewood et al. 2004; Senkler et al. 2017,
Niehaus et al. 2020). The second homologous gene
(At1g23360) encodes an enzyme that is targeted to plastids,
where it catalyzes the methylation of demethylphylloquinol
into phylloquinol (vitamin K1; Fig. 1), a structural analog of
menaquinone that serves as the A; electron acceptor of
Photosystem [ (Brettel et al. 1986; Lohmann et al. 2006;
Fatihi et al. 2015). This enzyme, demethylphylloquinol methyl-
transferase (DPhQ-MT), is frequently referred to in the litera-
ture and in genomic databases as “MenG” by reference to the
authentic Escherichia coli UbiE/MenG enzyme, although sensu
stricto plants do not synthesize menaquinone (Lohmann et al.
2006; Fatihi et al. 2015). Furthermore, in some plants, specific-
ally nonphotosynthetic parasitic species, DPhQ-MT orthologs

lack a chloroplast transit peptide and are targeted instead to
the plasma membrane (Gu et al. 2021).

We initiated this study to explore whether plants,
like bacteria, exploit the catalytic versatility of quinone
C-methyltransferases to coordinate the operation of their
electron transfer chains. For instance, since protein dual tar-
geting to mitochondria and plastids is frequent in angios-
perms, including for phylloquinone biosynthesis (Eugeni
Piller et al. 2011; Xu et al. 2013), some taxa could have
evolved a single bifunctional COQS5/DPhQ-MT that partici-
pates in both ubiquinone and phylloquinone biosynthesis.
Alternatively, quinone C-methyltransferase orthologs might
be targeted to mitochondria in some taxa and to plastids
in others. Plant COQ5 or DPhQ-MT could also have evolved
from different bacterial progenitors, via independent events
of horizontal gene transfer, depending on the plant lineages.
There are precedents for this scenario in the assembly and
prenylation of the naphthoquinone moiety of phylloquinone
in photosynthetic eukaryotes (Gross et al. 2008; Widhalm
et al. 2012).

Here, we present phylogenetic and biochemical evidence
indicating that the evolutionary history of plant quinone
C-methyltransferases strictly corresponds to their respective
target organelles and function. We then combine reverse
genetics and synthetic biology approaches in cyanobacteria
and Arabidopsis to demonstrate that oxygenic photosyn-
thetic organisms have evolved monofunctional DPhQ-MT
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Figure 1. Benzoquinone and naphthoquinone ring methylations in the
biosynthetic pathways of ubiquinone, menaquinone, and phylloquin-
one. A) Prokaryotic UbiE/MenG and mitochondrial COQ5 catalyze
the C-methylation of the intermediate 2-methoxy-6-all-trans-
polyprenyl-1,4-benzoquinol (1) into 6-methoxy-3-methyl-2-all-trans-
polyprenyl-1,4-benzoquinol (2) in the biosynthetic pathway of
ubiquinone. B) Prokaryotic UbiE/MenG and DPhQ-MT catalyze the
last step in the biosynthetic pathways of menaquinone and phylloquin-
one, respectively. R”, all trans-prenyl moieties of variable length (e.g.

R’ = octaprenyl in E. coli; R" = solanesyl in Arabidopsis). R”, prenyl moi-
ety of variable length and unsaturation (e.g. R’ = octaprenyl in E. coli;

R” =phytyl in plants). AdoMet, S-adenosyl-L-methionine; AdoHcy,

S-adenosyl-L-homocysteine.

and explain the molecular basis of the selective force that
drives this strict substrate specificity.

Results

Quinone C-methyltransferases of plastids and
mitochondria display strict phylogenetic segregation
A survey of fully sequenced genomes sampled throughout an-
giosperms, lycophytes, bryophytes, and chlorophytes showed
that the corresponding taxa all harbored at least 2 close homo-
logs of prokaryotic UbiE/MenG and that these proteins clus-
tered in 2 phylogenetic clades (Fig. 2; Supplemental
Table S1). The first clade includes orthologs of Arabidopsis, hu-
man, and yeast (Saccharomyces cerevisiae) COQ5 proteins and
some UbiE/MenG proteins from eubacteria, excluding cyano-
bacteria (Fig. 2). The second clade exclusively comprises plant
and cyanobacterial proteins and includes experimentally con-
firmed DPhQ-MT from Arabidopsis and Synechocystis sp. PCC
6803 (Fig.2). Emergence ofparalogs is frequent in both clades
(Fig. 2).

Overlaying known and predicted subcellular localizations
onto this phylogenetic reconstruction indicated that all the
eukaryotic members from the first clade are targeted exclu-
sively to the mitochondrion (Fig. 2; Supplemental Table S1).
In contrast, the majority of plant proteins from the second
clade are either known (4rabidopsis) or predicted to be tar-
geted to plastids (Fig. 2; Supplemental Table S1). The few ex-
ceptions are 3 proteins from green algae (Bathycoccus
prasinos, Micromonas commoda, and Ostreococcus tauri) and
4 paralogs in angiosperms (1 each in tobacco [Nicotiana taba-
cum] and soybean [Glycine max] and 2 in wheat [Triticum
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Figure 2. Maximum-likelihood reconstruction of the phylogenetic re-
lationships of quinone C-methyltransferases mined from prokaryotic
and eukaryotic genomes using E. coli UbiE/MenG as a query. The tri-
angle marks the position of the outgroup. Colored dots indicate value
ranges from an approximate likelihood-ratio test for branch support.
Asterisks indicate that subcellular localization to the target organelle
has been experimentally verified. Accession numbers and individual re-
sults from subcellular prediction algorithms are given in Supplemental
Table S1.
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aestivum]), for which no consensus subcellular targeting was
found (Fig. 2; Supplemental Table S1). For all angiosperms,

at least 1 paralog is predicted to be targeted to plastids
(Fig. 2; Supplemental Table S1). In the case of the 3 algal pro-
teins, failure to robustly infer subcellular localization is likely
attributable to algorithm bias: there is indeed evidence that

sequence-based prediction tools, which have been predomin-

antly trained with land plant proteins, fail to detect many plas-
tid targeted proteins in chlorophytes (Tardif et al. 2012).

It therefore appears that, unlike bacteria, plants have evolved
separate C-methyltransferases to synthesize their benzoquinones
and naphthoquinones. Not only is the evolutionary scenario of a
single quinone C-methyltransferase that is dual targeted to mito-
chondria and plastids never observed, but also no clade 1 en-
zyme appears to be targeted to plastids and conversely no
Clade 2 enzyme appears to be targeted to mitochondria.

Clade 2 C-methyltransferases have evolved strict
substrate specificity for prenylated naphthoquinols
Having shown that a hidden selection pressure operated
throughout plant lineages to keep quinone C-methyltransferases
of plastids evolutionarily and spatially separate from those of
mitochondria, we screened a sample of Clade 1 and Clade 2 en-
zymes via functional complementation of an E. coli AubiE/menG
knockout strain. This E. coli mutant is unable to catalyze the
methylation of the biosynthetic intermediates of prenylated
naphthoquinones and prenylated benzoquinones (Fig. 1) and
therefore is devoid of menaquinone-8 and ubiquinone-8
(Table 1). Complementation with Clade 1 enzymes from prokar-
yotes and truncated eukaryotic orthologs—i.e. without mito-
chondrial presequence—resulted in the production of
menaquinone-8 and ubiquinone-8, while complementation
with Clade 2 enzymes from cyanobacteria and truncated plant
orthologs—i.e. without plastid transit peptide—produced
menaquinone-8 only (Table 1). No quinone formation was
detected with the Clade 1 orthologs of Physcomitrium patens
and M. commoda or with the Clade 2 orthologs of P. patens,
O. tauri, and M. commoda indicating that these enzymes were
not functional in E. coli (Table 1). These results demonstrate
that cyanobacterial quinone C-methyltransferases and their
plastid-targeted orthologs act on prenylated naphthoquinols,
but not on prenylated benzoquinols.

Also remarkable is the observation that the bifunctionality
of Clade 1 enzymes is independent of the type of prenylated
quinones produced by the organism of origin. For instance,
Bacillus fragilis and Deinococcus radiodurans are exclusive
menaquinone producers, while Acetobacter aceti produces
exclusively ubiquinone (Collins and Jones 1981). Similarly,
yeast and humans synthesize ubiquinone, but not menaquin-
one or phylloquinone.

COQS5 expression in cyanobacteria and COQS5
retargeting to plastids results in acute cytotoxicity
To further investigate why Clade 2 C-methyltransferases
evolved strict substrate preferences, we examined the effect

Stutts et al.

Table 1. Complementation of E. coli AubiE

pmoles/unit ODgy,

Menaquinone-8 Ubiquinone-8

E. coli K12 11.74£2.2 2342 4209

E. coli AubiE/MenG n.d. n.d.

Clade 1

S. cerevisiae (E44 — M44) 963 £2.5 574 +£2.8

H. sapiens (E46 — M46) 320.8 £29.9 99.1+£8

A. thaliana (S23 - M23) 1024 £ 4.7 61.7+£9.6

Solanum lycopersicum (525 — M25) 101.1 £5.2 39.1+ 1.6

Spinacia oleracea (R23 - M23) 150.1+5 46.8 £ 1.9

Oryza sativa (F29 — M29) 130.7 £ 5.7 972 +4.7

Amborella trichopoda (F23 - M23) 1476 £54 91246

Selaginella moellendorffii (S24 — 1229+ 1.6 T4+1.2
M24)

P. patens (S36 — M36) n.d. n.d.

0. tauri (S66 - M66) 1281 £4.5 672+0.8

M. commoda (A33 - M33) n.d. n.d.

E. coli 915+£3.2 195.6 + 9.7

B. fragilis 1578 £17.4 559+5.1

A. aceti 262 +9.2 48.7+£3.2

D. radiodurans 142 + 10.5 535+49

C. Obscuribacteriales 108.3 + 6.6 162+ 0.4

Clade 2

A. thaliana (V28 — M28) 252+ 1.9 n.d.

S. Iycopersicum (L23 — M23) 299+1.2 n.d.

S. oleracea (129 — M29) 444+04 n.d.

0. sativa (A29 — M29) 3.5+0.8 n.d.

A. trichopoda (525 — M25) 214+ 4 n.d.

S. moellendorffii (A33 — M33) 523+64 n.d.

P. patens (G75 - M75) n.d. n.d.

0. tauri (S60 — M60) n.d. n.d.

M. commoda (S98 — M98) n.d. n.d.

§. sp. PCC6803 125+ 2.1 n.d.

Synechococcus elongatus 314+ 09 n.d.

The positions of truncations of mitochondrial presequences and plastid transit pep-
tides are indicated in parentheses. Accession numbers are provided in Supplemental
Table S1. Data are means of 3 biological replicates + st. n.d., not detected.

of replacing cognate cyanobacterial and plastid-targeted
DPhQ-MT with a bifunctional COQ5 counterpart. To do
that, an N-terminally truncated version of Arabidopsis COQ5
(tAtCOQ5) was first subcloned into cyanobacterial expression
vector pSynExp-2 under the control of constitutive promoter
psbA2. Native Synechocystis DPhQ-MT (SI/1653) and its
N-terminally truncated Arabidopsis ortholog (tAtDPhQ-MT)
served as positive controls and empty pSynExp-2 as the nega-
tive control. These constructs were then introduced into a
Synechocystis DPhQ-MT knockout strain, and the growth of in-
dividual clones was scored via serial dilution assays (Fig. 3, A and
B). In photoautotrophic conditions, barely any growth was ob-
served for the COQJS-harboring cells even after 3 wk of incuba-
tion (Fig. 3A). After 8 to 10 wk of incubation, fast-growing
colonies appeared in the corresponding inocula; sequencing
of the COQ5 insert in 3 of these colonies revealed the presence
of either deletions in a COQS5/UbIiE signature domain
(IPRO23576) or of a single base insertion resulting in an early
stop codon (Supplemental Fig. S1). When cells were cultured
photomixotrophically, growth of the COQS5 transformant was
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Quinone biosynthesis in phototrophs
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Figure 3. Expression of Arabidopsis COQ5 in Synechocystis and
Arabidopsis DPhQ-MT knockout mutants. A), B) Growth of
Synechocystis DPhQ-MT knockout cells (As/l1653) on BG-11 medium.
EV, empty vector; tAtDPhQ-MT and tAtCOQS5, N-terminally truncated
versions of  Arabidopsis DPhQ-MT (At1g23360) and COQ5
(At5g57300), respectively. C) to F) Ten-day-old Arabidopsis
AtDPhQ-MT knockout plants grown on MS medium with or without

1% (w/v) sucrose and with or without 10um dexamethasone.
pCOQS5-21 and pCOQS-24 correspond to independent transgenic lines
harboring plastid-targeted Arabidopsis COQS under the control of a
dexamethasone-inducible promoter. EV, empty vector; Col-0, wild type.

readily observed but still displayed major delay as compared to
that of control strains (Fig. 3B).

In parallel, an Arabidopsis COQS5 cDNA, the mitochondrial
presequence of which had been swapped for a plastid transit
peptide (pCOQS), was placed under the control of a
dexamethasone-inducible promoter, and this construct was
introduced into an Arabidopsis DPhQ-MT T-DNA knockout.
When sowed on control plates, T3 seeds homozygous for the
COQ5 transgene (lines pCOQS-21 and pCOQS-24) germinated
and developed similarly to the empty vector and
wild-type control seedlings (Fig. 3, C and E). In contrast, on
dexamethasone-containing plates without sucrose, COQJ
transgenics were fully chlorotic and stopped growing imme-
diately after emergence of the cotyledons (Fig. 3D). These de-
velopmental defects were attenuated when sucrose was
added to the culture medium (Fig. 3F). No difference in
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Figure 4. Analyses of prenylated naphthoquinones in Synechocystis and
Arabidopsis demethylphylloguinol methytransferase knockout mutants.
A) Demethylphylloquinone (dPhQ) and phylloquinone (PhQ) content
in Synechocystis cells grown photomixotrophically. EV, empty vector;
SI1653, native Synechocystis DPhQ-MT; tAtDPhQ-MT and tAtCOQS,
N-terminally truncated versions of Arabidopsis DPhQ-MT (At1g23360)
and COQS5 (At5g57300), respectively. B) Demethylphylloquinone
(dPhQ) and phylloquinone (PhQ) content in Arabidopsis rosette leaves.
EV, empty vector; pCOQS5-21 and pCOQS5-24, plastid-targeted Arabidopsis
COQS5 (dexamethasone-inducible). Data are means of 3 to 5 biological
replicates + st. n.d., not detected. Different letters indicate statistically
significant differences as calculated by Tukey’s test (P < 0.05). Prime an-
notations refer to phylloquinone. Statistics calculations are provided in
Supplemental Table S2.

phenotype and growth was observed between control and
dexamethasone-containing plates for the empty vector and
wild-type controls (Fig. 3, C and D to F). These data demon-
strate that replacing monofunctional DPhQ-MT with bifunc-
tional COQS5 in cyanobacteria and plastids markedly impairs
cell growth and viability. Furthermore, that the exogenous
supply of carbohydrates mitigates such developmental de-
fects suggests that COQJ expression is linked to impaired
photosynthesis.

COQS5-harboring Synechocystis and Arabidopsis
transgenics accumulate a methylated form of
plastoquinone that does not exist in nature
Metabolite profiling targeted to vital photosynthetic qui-
nones readily detected phylloquinone in the Synechocystis
and soil-grown Arabidopsis DPhQ-MT knockouts that ex-
pressed COQJ, verifying that truncated COQS5 and plastid-
targeted COQS versions were indeed catalytically active
(Fig. 4, A and B). Conversion of demethylphylloquinone
into phylloquinone represented ~70% of the total naphtho-
quinone pool in Synechocystis COQS5 transformants and
~37% (line COQ5-21) to ~88% (line COQS5-24) in their
Arabidopsis counterparts (Fig. 4, A and B). As expected, phyl-
loquinone was not detected in either of the vector alone con-
trols or in the plants treated with the control spray (Fig. 4, A
and B).
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Figure 5. Analyses of plastoquinones in Synechocystis and Arabidopsis
DPhQ-MT knockout mutants. A) HPLC chromatograms with diode ar-
ray (DAD 255 nm) and fluorimetric detections (FLD 290/330 nm) cor-
responding to extracts of Synechocystis DPhQ-MT knockout mutant
strain (As/[1653) harboring either EV (dashed trace) or Arabidopsis
tCOQ5 expression construct (solid trace). C1, Compound 1; C2,
Compound 2; plastoquinol-9 (PQ-9H,); plastoquinone-9 (PQ-9). B)
HPLC chromatograms with diode array and fluorimetric detections
corresponding to extracts of Arabidopsis DPhQ-MT T-DNA knockout
harboring either EV (dashed trace) or plastid-targeted Arabidopsis
COQS5 expression construct (pCOQJI-24, solid trace). C) Structures of
plastoquinone-9 and methylplastoquinone-9 (Compound 1) and their
reduced versions, plastoquinol-9 and methylplastoquinol-9 (C2).
R = solanesyl. D), E) Quantification of plastoquinone-9 (PQ-9),
plastoquinol-9 (PQ-9H,), methylplastoquinone-9 (Me-PQ-9), and
methylplastoquinol-9 (Me-PQ-9H,) in Synechocystis cells and
Arabidopsis rosette leaves. Data are means of 3 to 5 biological repli-
cates + . n.d., not detected. Different letters indicate statistically sig-
nificant differences as calculated by Tukey’s test (P < 0.05). Prime
annotations refer to PQ-9H,. Statistics calculations are provided in
Supplemental Table S3. EV, empty vector.
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HPLC separation combined with diode array and
fluorescence spectrophotometry detected 2 unknown com-
pounds, absent from either of the vector alone controls, in
the extracts of COQJ5-expressing Synechocystis cells and
Arabidopsis leaves (dexamethasone-treated line COQ5-24)
(Fig. 5, A and B). The first compound (44.3 min) was detected
adjacent to plastoquinone-9 (37 min), while the second com-
pound (14.6 min) was detected adjacent to plastoquinol-9
(13.1 min), the reduced form of plastoquinone-9 (Fig. 4, A
and B). When HPLC-purified Compound 1 was treated
with sodium borohydride and then rechromatographed, its
retention time was shifted to that of Compound 2 and dis-
played the same fluorescent characteristics, demonstrating
that Compounds 1 and 2 obeyed the same redox chemistry
as plastoquinone-9 and plastoquinol-9 (Supplemental Fig.
S2). Given the catalytic promiscuity of COQ5 and the struc-
tural similarity between plastoquinone-9 (Fig. 5C) and
COQ5’s native benzoquinone substrate (Fig. 1A), we inferred
that Compounds 1 and 2 likely corresponded to the methy-
lated variants of plastoquinone-9 and plastoquinol-9
(Fig. 5C). High-resolution liquid chromatography (LC)-MS
and targeted LC-MS/MS analyses confirmed that the masses
of the parent and ring-containing product ions correspond-
ing to Compound 1 extracted from Synechocystis and
Arabidopsis were indeed identical to those predicted for
methylplastoquinone-9 (Supplemental Figs. S3 to S5).
Methylplastoquinone-9 and methylplastoquinol-9 were de-
tected exclusively in the Synechocystis COQ5 transformants
and dexamethasone-treated Arabidopsis COQJ5 transgenics
(Fig. 5, D and E). The accumulation of these methylated var-
iants paralleled that of phylloquinone (Fig. 4, A and B) and
was inversely correlated with the levels of plastoquinone-9
and plastoquinol-9 representing ~54% of the total benzo-
quinone pool in Synechocystis and ~25% (line COQ5-21) to
~80% (line COQ5-24) in Arabidopsis (Fig. 5,D and E).

In contrast to plastoquinone-9, the oxidation level of
which never exceeded ~60% in Arabidopsis leaves,
methylplastoquinone-9 occurred predominantly in its oxi-
dized form (83% and 92% oxidation in lines COQ5-2] and
COQ5-24, respectively) suggesting that the contribution of
this methyl variant to the reactions of oxidoreduction in
vivo is marginal (Fig. 5, D and E).

Five days after dexamethasone induction, transgenics from
line COQ5-24, which displayed the largest conversion of
plastoquinone-9 into methylplastoquinone-9, developed a
bleaching phenotype (Supplemental Fig. S6). Imaging of
chlorophyll ¢ fluorescence and calculation of associated
photosynthetic parameters indicated a collapse of maximum
quantum efficiency of Photosystem Il in dexamethasone-
treated COQ5-24 plants resulting in 10% photoinhibition
(Table 2). Net CO, assimilation, which correlates with vari-
able fluorescence decrease ratio (Lichtenthaler and Miehé
1997), and the ability to mitigate excess excitation energy
via nonphotochemical quenching (Miiller et al. 2001) were
also significantly decreased in the induced COQ5-24 trans-
genics as compared to the noninduced control plants
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Table 2. Fluorescence parameters of Arabidopsis transgenics

Empty vector pCOQS5-24

110 yE m™2 s~!

—DEX

Fv/Fm 0.83+0 0.83+0

Rgy 1.12 £ 0.04 1.13 4+ 0.03

NPQ 0.46 £+ 0.02 0.46 + 0.02

+DEX

Fv/Fm 083+0 0.75 + 0.01*

Rgy 1.11 £ 0.03 0.39 + 0.04*

NPQ 0.46 + 0.01 0.1 £0.01*

Photoinhibition (%) 0 10 £ 1#*

800 uE m~%s™' (72 h)

—DEX

Fv/Fm 0.82+0 0.82+0

Rgy 0.27 £ 0.02 0.28 + 0.01

NPQ 0.21+0.01 0.23 4+ 0.01

+DEX

Fv/Fm 0.82+0 0.26 + 0.04*

Rgy 0.26 £ 0.02 0.14 + 0.02*

NPQ 0.20 + 0.01 0.15 % 0.02*

Photoinhibition (%) 0 68 &+ 5**

800 yE m~* s~ (120 h)

—DEX

Fv/Fm 0.83+0 0.83+0

Rgy 0.38 £ 0.02 0.38 + 0.02

NPQ 0.23 +0.01 0.23 4+ 0.01

+DEX

Fv/Fm 0.83+0 -

Rgy 0.35+0.02 -

NPQ 0.24 + 0.01 -
CPhotoinhibition (%) 0 -

Maximum quantum efficiencies (Fv/Fm), variable fluorescence decrease ratios (Ry),
nonphotochemical quenching (NPQ) values, and percentages of photoinhibition in
dexamethasone-induced (+DEX) plants versus noninduced controls (~DEX) were cal-
culated from 20 measurements from 4 biological replicates = st. Single asterisks indi-
cate significant differences from the corresponding noninduced plants as determined
by Fisher’s test (P < 0.05) from an analysis of variance (Supplemental Table S4). For
photoinhibition, double asterisks indicate significant differences from the corre-
sponding empty vector control as determined by Fisher’s test (P < 0.05) from an ana-
lysis of variance.

(Table 2). High-light treatment, which triggers a boost in the
production of photoprotective plastoquinol-9 (Szymanska
and Kruk 2010), exacerbated the bleaching phenotype and
photosynthetic defects in the induced COQ5-24 transgenics
(Table 2; Supplemental Fig. S6). Photoinhibition reached
68% after 72 h of high-light treatment, and 48 h later, the en-
tire leaf rosette had fully senesced (Table 2; Supplemental
Fig. S6).

Discussion

Monofunctional demethylnaphthoquinol
C-methyltransferases appear to be unique to oxygenic
photosynthetic organisms

Here, we uncover the existence of a selection pressure that
drives the evolution of quinol C-methyltransferases with
strict specificity for demethylnaphthoquinol substrates in
cyanobacteria and plastids. In contrast, UbiE/COQ5 homo-
logs, whose taxonomic distribution is near universal, are

THE PLANT CELL2023: Pagelofl11 | 7

active with both demethylnaphthoquinol and benzoquinol
substrates, irrespective of the quinone profile of their host or-
ganisms. From an evolutionary perspective, these findings are
congruent with the observation that promiscuous enzymes
tend to be uniformly distributed throughout the Tree of
Life, while highly specific enzymes usually cluster in discrete
lineages (Carbonell et al. 2011). In terms of catalytic
mechanism, plant and cyanobacterial naphthoquinol
methyltransferases have no wobble for substrate preference
and thus represent evolutionary termini in the quinone
C-methyltransferase family. Phylogenetic reconstructions
and functional complementation assays indicate that mono-
functional naphthoquinol methyltransferases most likely
emerged in cyanobacteria, and that plastid-targeted ortho-
logs are without exception of cyanobacterial descent
(Fig. 2; Table 1). The finding that C. Obscuribacteriales bac-
terium, a member of the phylum of nonphotosynthetic bac-
teria (Melainabacteria) most closely related to cyanobacteria
(Di Rienzi et al. 2013), harbors a bifunctional Clade 1 quinone
C-methyltransferase, and no monofunctional Clade 2 ortho-
log validates this scenario (Fig. 2; Table 1).

The co-occurrence of phylloquinone and
plastoquinone-9 in cyanobacteria and plastids drove
the emergence of monofunctional naphthoquinol
methyltransferases

Our results also demonstrate that, in cyanobacteria and plas-
tids, the evolution and retention of monofunctional de-
methylnaphthoquinol methyltransferases are driven by the
spatial co-occurrence of 2 vital redox cofactors. The first
one is a prenylated naphthoquinone (phylloquinone or
menaquinone depending on the organism) that functions
as the electron acceptor A of Photosystem . The presence
of a methyl group on carbon 2 of the naphthalene ring—
ie. ortho of the prenyl chain (Fig. 1)—has been shown to
be required for optimal photosynthetic activity (Lohmann
et al. 2006; Fatihi et al. 2015). The second redox cofactor,
plastoquinone-9, is a prenylated benzoquinone that serves
multiple roles associated with photosynthesis, including elec-
tron transfer between Photosystem Il and cytochrome 56/f,
proton translocation through thylakoidal membranes, chlor-
orespiration, cyclic electron flow, phytoene desaturation, re-
dox sensing and signaling, and scavenging of reactive oxygen
species (Havaux 2020). Importantly, unlike phylloquinone,
menaquinone, or ubiquinone, plastoquinone-9 lacks a me-
thyl group on the carbon ortho of the prenyl chain
(Fig. 5C). The presence of bifunctional COQS5 in cyanobacteria
or its retargeting to plastids results in the methylation of
plastoquinone-9 at this ring position. Accumulation of
methylplastoquinone-9 is acutely toxic, especially when trans-
formants are cultured photoautrophically: Synechocystis
clones eventually evolve suppressor mutations in the COQS
gene, and dexamethasone-induced Arabidopsis transgenics
are seedling lethal. These findings explain why in eukaryotes,
the phylogenetic signals of quinone C-methyltransferases
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rigidly track the target organelles of these enzymes and why
plants in particular cannot capture the intrinsic bifunctionality
of UbiE/COQ5 to synthesize simultaneously naphthoquinones
and benzoquinones, as some prokaryotes do.

Methylplastoquinone-9 is a potent antimetabolite of
plastoquinone-9

In Arabidopsis leaf tissues, methylplastoquinone-9 occurs

almost exclusively in its oxidized form, in sharp contrast
with the high quinol/quinone ratio that typifies the pool of
photoactive plastoquinone-9 (Szymanska and Kruk 2010;
Block et al. 2013). This result strongly suggests that
methylplastoquinone-9 is not functional as an electron carrier
for photosynthesis, and measurements of chlorophyll @ fluores-
cence emission show indeed that the presence of plastid-
targeted COQ5 triggers a pronounced drop of the maximum
quantum efficiency of Photosystem Il. There are indications,
however, that the phenotypic defects associated with the accu-
mulation of methylplastoquinone-9 go beyond the mere deple-
tion of the photoactive pool of plastoquinone-9. Indeed,
Arabidopsis solanesyl-diphosphate synthase mutants, for which
loss of plastoquinone-9 is similar to that measured in the COQ)
transgenics, do not display any growth defects or impaired
photosynthetic activity, at least when grown in a standard
light regime (Block et al. 2013). It is therefore highly probable
that, similar to the mode of action of an antimetabolite,
methylplastoquinone-9 is itself cytotoxic, for instance by acting
as a competitive inhibitor of plastoquinone-9 (e.g. Q4 binding
site of Photosystem II, NADPH dehydrogenase complex, and
plastid terminal oxidase). The situation is likely compounded
in cyanobacteria, where plastoquinone-9 doubles as an electron
carrier of the respiratory chain (Cooley and Vermaas 2001).
From a biotechnology perspective, the discovery that
methylplastoquinone-9 acts as a potent inhibitor of photosyn-
thesis opens a new avenue for the development of novel herbi-
cides and algicides.

Materials and methods

Bioinformatics

Prokaryotic and eukaryotic homologs of E. coli UbiE/MenG

were mined from fully sequenced genomes using BLASTp
searches. Phylogenetic reconstructions were performed using
the following tool suite from NGPhylogeny.fr (Lemoine et al.

2019): MUSCLE (multiple alignment), Gblocks (removal of mis-
aligned and divergent sequence regions), PhyML (tree inference
via the maximum-likelihood method), and Newick Display
(tree rendering). Sterol methyltransferases from S. cerevisiae
(NP_013706.1) and Arabidopsis (A. thaliana, NP_0010785

79.1) served as an outgroup. Branch support was assessed via
approximate likelihood-ratio test (Anisimova and Gascuel
2006). Subcellular localizations were predicted using

TARGETP-2.0 (Almagro Armenteros et al. 2019), PREDOTAR
(Small et al. 2004), WoLFPSORT (Horton et al. 2007), iPSORT
(Bannai et al. 2002), and PredSL (Petsalaki et al. 2000).

Stutts et al.

Chemical and reagents

Standards of menaquinone-8, demethylmenaquinone-8, and

ubiquinone-8 were prepared from E. coli K-12 extracts and
HPLC purified (Kim et al. 2008; Latimer et al. 2021).
Plastoquinone-9 and plastochromanol-8 were HPLC purified

from Arabidopsis leaf extracts (Block et al. 2013).

Demethylphylloquinone was extracted from the leaves of
Arabidopsis DPhQ-MT knockout plants (GABI 565F06;
Lohmann et al. 2006) and HPLC purified using the same
method than that described for phylloquinone analysis in
Widhalm et al. (2012). Ubiquinone-9 and ubiquinone-10
were from Sigma-Aldrich. Phylloquinone was from MP
Biomedicals. Quinol standards were prepared by reduction
of their corresponding quinone forms with 20 mm NaBH,.
Unless mentioned otherwise, other reagents were from
Fisher Scientific.

Functional complementation of E. coli

The list of primers used for complementation of E. coli is pro-

vided as part of Supplemental Table S5. N-terminally trun-
cated versions of cDNAs corresponding to Arabidopsis
gene COQS5 (At5g57300) and DPhQ-MT (At1g23360) were
prepared from Arabidopsis Col-0 total leaf RNA using reverse
transcription PCR (RT-PCR). N-terminally truncated S. cerevi-
siage COQ5 (E44 — M44; YML110C) was PCR amplified from

the genomic DNA of strain BY4741. E. coli gene ubiE/menG

and Synechocystis DPhQ-MT (sll1653) were PCR amplified
from the genomic DNA of E. coli K12 and Synechocystis sp.
PCC 6803, respectively. All other DNAs were synthesized
with codon optimization (Genescript, USA). Accession num-
bers of corresponding proteins and truncation positions are
provided in Supplemental Table S1 and Table 1, respectively.
DNAs were cloned into EcoRl/Xbal-digested pBAD24
(Guzman et al. 1995) using In-Fusion HD technology
(Takara Bio) and introduced in E. coli AubiE778::kan (Keio
strain JW5581-1; Baba et al. 2006). Keio strain JW5581-1
was obtained from CGSC (https:/cgsc.biology.yale.edu).
Empty pBAD24 was used as a negative control.
Transformed cells were selected on LB plates containing
ampicillin (100 xg/mL) and kanamycin (50 xg/mL).

Synechocystis transformation and Arabidopsis
transgenics

The list of primers used for the construction of Synechocystis
transformants and Arabidopsis transgenics is provided as
part of Supplemental Table S5. For expression in
Synechocystis, gene sll1653 and N-terminally truncated ver-
sions of At5g57300 (S23 — M23) and Atlg23360 (V28 —
M28) cDNAs were PCR amplified using primers that con-
tained the Ndel (5") and Bglll (3') restriction sites. PCR frag-
ments were cloned into Ndel/Bglll-digested pSynExp-2
expression vector (Sattler et al. 2003), and the resulting con-
structs were introduced into Synechocystis Asll653::aadA
knockout cells (Lohmann et al. 2006). Transformed cells
were selected on BG-11 plates containing chloramphenicol
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(5 ug/mL) and spectinomycin (15 ug/mL) at 22 °C in 12-h
days (70 .E m™? s™"). For growth assays, 3-wk-old colonies
were individually resuspended in 100 uL of BG11 medium,

and serial dilutions were plated on BG-11 plates with or with-

out 5 mm glucose. Plates were incubated in 12-h days (70 uE

m~2 s7") at 22°C for 14 d (photomixotrophic conditions) or

21 d (photoautotrophic conditions). For targeting of
Arabidopsis COQS5 into plastids, a ¢cDNA sequence corre-
sponding to At5g57300, the predicted mitochondrial prese-

quence (residues 1 to 23) of which had been replaced by

the transit peptide (79 amino acids) of a small subunit
of Arabidopsis Rubisco (Atlg67090; RBCS1A) was synthe-
sized and codon optimized by GenScript, USA. This synthetic
cDNA was subcloned wusing Gateway Technology
(Invitrogen) into binary expression vector pOpOn (Peer
et al. 2009). This construct and empty pOpOn control
were transferred to Agrobacterium tumefaciens and then in-
troduced into the DPhQ-MT knockout line via the floral dip
method. Transformants were selected on MS solid medium
containing kanamycin (50 ug/mL) and 1% (w/v) sucrose.
For induction of expression, dexamethasone was solubilized
in DMSO and was used at the concentration of 10 um for ex-
periments conducted on plates or at 20 um, together with
Silwet L-77 adjuvant (0.02% v/v), for spray treatments on soil-
grown plants. Dexamethasone was omitted for the control

treatments. Culture conditions were 12-h days (110 xE m~’

s_l) at 22 °C for plants grown on plates and 12-h days

(110 4E m™ s™") or continuous high light (800 zE m™>
s™!) at 22 °C for plants grown on soil. Induction and analyses
of chlorophyll fluorescence were performed on 1-mo-old,
dark-adapted plants using a FluorCam 800 MF imaging sys-

tem (Photon Systems Instruments).

Metabolite analyses

For quinone analyses in E. coli, cells (20-mL cultures) were
grown at 37 °C in LB medium containing 0.2% (w/v) arabinose
as an inducer. Cells were harvested when cultures reached
ODgypy ~1 and washed once with sterile water at 4 °C.
Resuspended cell pellets (1 mL) were quantified by absorb-
ance at 600 nm. Cell disruption and analysis of corresponding
extracts via reverse-phase HPLC coupled to diode array detec-
tion were performed as described in (Latimer et al. 2021).
Ubiquinone-8 (9.5 min) was monitored at 275 nm.
Demethylmenaquinone-8 (12.4 min) and menaquinone-8
(14 min) were monitored at 248 nm. Quinols were fully con-
verted into their quinone forms during extraction and were
therefore not detected. For the analyses of prenylated qui-
nones in Synechocystis, cells were scooped from plates, quan-
tified and disrupted as described in Fatihi et al. (2015).
Ethanol extracts of Arabidopsis leaf tissues (30 to 80 mg)
were prepared as described in Block et al. (2013).
Benzoquinones were analyzed by reverse-phase HPLC as de-
scribed in Block et al. (2013). Plastoquinol-9 (13.1 min) and
methylplastoquinol-9 (14.6 min) were monitored fluorimetri-
cally (290-nm excitation/330 emission). Plastoquinone-9
(37 min) was monitored by absorbance at 255 nm.
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Methylplastoquinone-9 (44.3 min) was initially monitored by
absorbance at 255 nm and then quantified at 266 nm.
Reverse-phase HPLC separation coupled to fluorimetric detec-
tion (238-nm excitation/426-nm emission) after in-line reduc-
tion of demethylphylloquinone (14.5 min) and phylloquinone
(17.3 min) was performed as described in Widhalm et al.
(2009). A Thermo TSQ Quantis mass spectrometer
(Thermo Scientific) was utilized for initial tandem MS analyses,
using electro spray, in positive ion mode, purged with nitrogen
gas at 300 °C, capillary voltage 0f4,000 V, and collision energy
of 20 V. Two microliters of HPLC-purified quinone fractions
were rechromatographed on a Zorbax Eclipse Plus C18 col-
umn (2.1 mm X 50 mm 1.8 micron; Agilent Technologies)
held at 40 °C and developed isocratically with methanol
containing 5SmM ammonium formate at a flow rate
of 0.4 mL/min. Compounds of interest were monitored using
single reaction monitoring of the [M+NH4]" ions;
plastoquinone-9 (m/z 766.6/diagnostic MS2 ion m/z151)
and methylplastoquinone-9 (m/z780.6/diagnostic MS2 m/
z165) eluted at 15.5 and 19.4 min, respectively. Parent and
daughter ions of plastoquinone-9 and methylplastoquinone-9
were further analyzed on a Thermo Q Exactive mass spectrom-
eter (Thermo Scientific) using the same chromatographic and
ion source settings. Ammonium, sodium, and potassium ad-
ducts of the intact compounds were identified using full
scan at m/z 730 to 800 for plastoquinone and m/z 750 to
850 for methylplastoquinone-9 combined with total ion
MS2 fragment scan at 13.87 and 17.71 min respectively to es-
tablish the mass for characteristic daughter ions. The exact
mass for the ammonium adducts ([M +NH4]") and MS2
daughter ions were established using single ion monitoring
(SIM) coupled with data-driven MS2 scans and a collision en-
ergy of 35eV for plastoquinone-9 (m/z 766.654) and
methylplastoquinone-9 (m/z 780.667).

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under the following accession
numbers: Arabidopsis COQS5 (NP_200540.1), DPhQ-MT
(NP _173750.3), and Synechocystis sp. PCC6903 DPhQ-MT
(BAA16833.1).
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The following materials are available in the online version of
this article.

Supplemental Figure S1. Sequence comparison of
Arabidopsis COQS5 (At5g57300) cDNAs recovered from
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10-wk-old Synechocystis colonies grown in photoautotrophic
conditions (Mutants 1, 2, and 3) with that of the original
wild-type cDNA.

Supplemental Figure S2. Redox conversions of
Compound 1 into Compound 2 and of plastoquinone-9
into plastoquinol-9.

Supplemental Figure S3. LC-MS analyses of the ions of
plastoquinone-9 and methylplastoquinone-9.

Supplemental Figure S4. Chromatograms of the parent
and daughter  ions of  plastoquinone-9  and
methylplastoquinone-9.

Supplemental Figure S5. Tandem MS analysis of
plastoquinone-9 and methylplastoquinone-9.

Supplemental Figure S6. Phenotype of Arabidopsis
transgenics.

Supplemental Table S1. Accession numbers and pre-
dicted subcellular localizations of plant proteins used for
phylogenetic reconstructions.

Supplemental Table S2. Statistics for Fig. 4.

Supplemental Table S3. Statistics for Fig. 5.

Supplemental Table S4. Statistics for Table 2.

Supplemental Table S5.PCR primers.

Supplemental File S1. Alignment file for Fig. 2.

Supplemental File S2. Tree file for Fig. 2.
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