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A wide range of bacteria possess virulence factors such as
aminoacyl-tRNA transferases (ATTs) that are capable of
rerouting aminoacyl-transfer RNAs away from protein syn-
thesis to conjugate amino acids onto glycerolipids. We recently
showed that, although these pathways were thought to be
restricted to bacteria, higher fungi also possess ergosteryl-3f-
O-L-aspartate synthases (ErdSs), which transfer the L-Asp
moiety of aspartyl-tRNA**" onto the 38-OH group of ergos-
terol (Erg), yielding ergosteryl-3B-O-L-aspartate (Erg-Asp).
Here, we report the discovery, in fungi, of a second type of
fungal sterol-specific ATTs, namely, ergosteryl-3f-O-glycine
(Erg-Gly) synthase (ErgS). ErgS consists of a freestanding
DUF2156 domain encoded by a gene distinct from and paral-
ogous to that of ErdS. We show that the enzyme only uses Gly-
tRNAY produced by an independent glycyl-tRNA synthetase
(GIyRS) to transfer glycine onto the 33-OH of Erg, producing
Erg-Gly. Phylogenomics analysis also show that the Erg-Gly
synthesis pathway exists only in Ascomycota, including spe-
cies of biotechnological interest, and more importantly, in
human pathogens, such as Aspergillus fumigatus. The discov-
ery of a second type of Erg-aa not only expands the repertoire
of this particular class of fungal lipids but suggests that Erg-aa
synthases might constitute a genuine subfamily of lipid-
modifying ATTs.

Brown and Goldstein stated in 1985 that cholesterol (Cho)
“is the most highly decorated small molecule in biology”
(https://www.nobelprize.org/prizes/medicine/1985/goldstein/
lecture/) (1). Although this statement was meant to describe
Cho biosynthesis (2), this can be extended to sterols modifi-
cations on the 3B-hydroxyl position, since 33-O-sulfated (3),
acetylated (4), glycosylated (5-7), and fatty acylated sterols (8)
have been detected in multiple eukaryotes. Ergosterol (Erg) is
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one of the most essential lipids found within fungal mem-
branes, whose function mirrors that of Cho in animals (9).
Recently, we discovered that numerous species within the
Dikarya subkingdom, ie., higher fungi, such as Aspergillus
fumigatus (Afm), Aspergillus oryzae (Aor), and Neurospora
crassa (Ncr), produce an aminoacylated sterol that has not
been detected in other eukaryotes: ergosteryl-3[3-O-L-aspartate
(Erg-Asp) (10). It corresponds to Erg onto which aspartic acid
(Asp) is esterified on the 3p-hydroxyl through its a-carboxyl
(10, 11). Other types of O-acylated sterols found in fungi, such
as ergosteryl-acetate (Erg-Ac) (4) or ergosteryl-fatty acids (Erg-
FA) (8), are synthesized by acyl-transferases that use acyl-
coenzyme A (CoA) as donors of activated acyls (12). Erg-Asp
is synthesized by an Erg-Asp synthase, which is a member of
the aminoacyl-tRNA transferases (ATTs) family of enzymes
(13, 14), that uses aspartyl-transfer RNAs (Asp-tRNA**P) as a
source of activated Asp.

Fungal Erg-Asp synthases (ErdS) (KEGG orthology:
K24278) are bifunctional. The N-terminal domain is an
aspartyl-tRNA synthetase (AspRS) paralog that, like a regular
AspRS (13, 14), uses Asp, ATP, and tRNA®P to produce Asp-
tRNA®P, The latter is channeled to the C-terminal ATT
domain, where Asp is transferred onto the 3p3-hydroxyl of Erg,
yielding Erg-Asp (10). This domain belongs to the DUF2156
family (or LPG_synthase, PF09924 in the Protein FAMily
database (15)), in which other types of ATT are classified (16).
For example, aminoacyl-glycerolipid synthases (aaGLSs, with
aa denoting the amino acid specificity) are bacterial enzymes
that esterify amino acids (aa) in a tRNA-dependent manner
onto glycerolipids (GLs) and yield aminoacylated glycerolipids
(aaGLs) (17, 18). We also demonstrated that an Erg-Asp hy-
drolase (ErdH, KEGG orthology: K24279) exists in numerous
fungi that removes the Asp moiety of Erg-Asp (10). In bacteria,
extracytoplasmic hydrolases of this type deacylate aaGLs and
have been shown to exist in gram-positive (19, 20) and gram-
negative (21, 22) bacteria.

To date, cellular functions of Erg-Asp in the physiology of
Dikarya remain unknown and this compound is the first and
single example of a 33-O-L-aminoacyl derivative of sterols (10).
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In contrast, bacterial aaGLSs carrying distinct substrate speci-
ficities produce a variety of aaGLSs (23, 24) using various GLs,
such as phosphatidylglycerol (PG), cardiolipin, diacylglycerol, as
well as various aa-tRNAs (17, 18). Several paralogs of aaPGSs
sometimes coexist in bacterial species (20), such as in Clos-
tridium perfringens, where a LysPGS and an AlaPGS produce
LysPG and AlaPG, respectively, whereas in Enterococcus spp.,
one single aaGLS of broad aa-tRNA specificity (23) synthesizes
Ala-, Lys- and ArgPG (24). Given this bacterial diversity, we
considered the possibility that Erg-Asp could be one instance of
a larger family of aminoacylated sterols in fungi.

Here we report the discovery in Ascomycota, one of the two
divisions of Dikarya, of a novel type of DUF2156 proteins.
They are all free-standing DUF2156 domains (fDUF2156)
phylogenetically related and paralogous to ErdS that, contrary
to the latter, are not fused to an aminoacyl-tRNA synthetase
(aaRS). Using Afm, Aor, and Yarrowia lipolytica (Yli) as
models, we demonstrate that fungal fDUF2156 proteins have
an enzymatic activity distinct from that of ErdS: they reroute
glycyl-tRNASY  (Gly-tRNASY) produced by a glycyl-tRNA
synthetase (GIyRS) and transfer Gly onto the 3p-hydroxyl of
Erg, yielding ergosteryl-33-O-glycine (Erg-Gly), another and
previously undetected type of sterol conjugate of the 3B-O-
aminoacyl-type. We therefore name those enzymes Erg-Gly
synthases (ErgS, Er: ergosterol, g: glycine, S: synthase). ErgSs
expand the repertoire of the newly discovered class of
ergosteryl-amino acid synthases. We conclude that ErgS and
ErdS represent two members of a new subfamily of AATs,
namely, tRNA-dependent ergosteryl-33-O-amino acid syn-
thases, or ErxS (x denoting one of the 20 canonical protein
amino acids).

Results
A second type of DUF2156 proteins in Ascomycota

After the discovery of ErdS in Dikarya (10), we noticed that
Afm and Aor possess an additional protein that presents

distant homology (~20% identity) to the ATT domain of ErdS
and that is recognized as a DUF2156 protein by the PFAM
search tool (15). Both proteins, encoded by the
AFUA_8g01260 and AO090011000521 genes in Afin and Aor,
respectively, are free-standing DUF2156 domains (fDUF2156,
from now on shortened fDUF), meaning that they are fused
neither to an aaRS domain nor to an N-terminal integral
membrane aaGLSs flippase domain, unlike fungal ErdS (10) or
bacterial MprFs (17), respectively (Fig. 1, A and B). Sequence
searches revealed that fDUF proteins were also present in
Beauveria bassiana (Bba, Sordariomycetes, gene: BBA_06338
in the ARSEF 2860 strain) and Y. lipolytica (Yli, Saccha-
romycetes, gene: YALIOE00330g). Sequence analyses and
structure predictions of Afim, Bba, and Yli fDUFs (Fig. S1)
show that, like for the ATT domain of ErdS (10) or bacterial
aaGLSs, these proteins are all likely constituted of two Gen5-
like N-acetyltransferase (GNAT) domains separated by a
positively charged  helix («'* helix), a fold characteristic of
ATTs of the DUF2156 family (17, 25, 26) (Figs. 1A and S1).
Depending on their host organism, fDUF proteins have N-
terminal extensions of varying sizes (Fig. 1B) that share neither
homology to known proteins nor obvious subcellular locali-
zation signals (PSORT II, https://psort.hgc.jp/form2.html). In
the case of Aor, however, the fDUF2156 protein seems much
shorter than its closest homologs in Afin or in Aspergillus
flavus (Afv), with which it shares close ancestry (27, 28). The
GNAT II domain appears dramatically truncated (Fig. S1), to
the point that most of the putative ATT active site would be
absent, suggesting that the enzyme would very likely be inac-
tive (Fig. 1B and see below).

Because fDUF proteins are not fused to an aaRS, and because
the substrate specificities of DUF2156 proteins cannot be pre-
dicted based on consensus sequences (17), in silico determina-
tion of the aa-tRNA or acceptor lipid substrates were impossible.
However, phylogenetic reconstructions (Fig. 1C) showed that
fungal ErdS and fDUF are related to the DUF2156 domains of
bacterial aaGLSs (MprFs). The latter are known to produce only
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Figure 1. In silico characterization of fungal fDUF2156 proteins. A, architecture of bacterial aaGLSs (MprFs), with the N-terminal aaGLs flippase
(14 transmembrane helices) and the DUF2156 domain. Fungal ErdS (AspRS-DUF2156) are represented as well as fungal fDUF2156 proteins. B, fDUF proteins
from Afm, Aor, Afv, Bba, and Yli. The two Gcn5-N-acetyltransferase (GNAT) domains separated by the a™ helix, which constitute the DUF2156 fold, are
detailed (domain coordinates indicated, length of proteins on the right). K (Lys) and R (Arg) residues are shown in red. C, maximum likelihood phylogenetic
reconstruction of bacterial (MprF) and fungal (ErdS, fDUF) DUF2156 domains. Three clades are visible that match bacterial MprF- (purple background), ErdS-
(vellow background), and fDUF2156- (blue background) specific groups. Positions of some proteins are indicated with the abbreviated name of the organism
in which they are found together with (D) the aminoacylated products that they synthesize (if known). Red asterisks indicate the proteins studied in this

work.
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aaGLs (Fig. 1D) (17, 20), whereas all ErdSs tested yield Erg-Asp
(10), making these lipid modifications clade specific. Of interest,
ErdS and fDUFs form two distinct and robust clades (Fig. 1C),
related to aaGLSs, suggesting that they might represent two
types of enzymes, possibly with different activities and/or spec-
ificities. ErdS and fDUFs coexist in Afim, Aor, Bba, and many
other Ascomycota (Fig. 1D and see below), which reinforces the
idea that they might have different and nonredundant activities
and/or specificities, like paralogous aaPGSs in bacteria (17, 18).
These evolutionary relationships of fDUFs with either ErdSs or
aaGLSs, as well as their structural features, supported the hy-
pothesis that they could modify lipids—glycerolipids or Erg—by
a tRNA-dependent mechanism similar to that of ErdS (10, 17).
We therefore inferred that f{DUFs might be able to bind an aa-
tRNA of unknown identity and produced by an unknown aaRS
to use it for the tRNA-dependent modification of an unknown
lipid.

Freestanding DUF2156 proteins modify lipids

In order to determine whether fDUF proteins are involved in
the tRNA-dependent aminoacylation of a lipid, we tried to
construct AfDUF mutants in Afi to be able to identify the lipid
species that would disappear in total lipids from deletion
strains, when analyzed by thin layer chromatography (TLC)
compared with the WT lipid content. Despite multiple attempts
in Afm using electroporation (10, 29) to introduce the deletion
cassette, we failed to isolate AfDUF mutants. However, our in
silico analyses show that the yeast Saccharomyces cerevisiae
(Sce) lacks not only ErdS (10) but also fDUF proteins (see
below). The use of Sce previously greatly facilitated the identi-
fication of Erg-Asp through heterologous expression of ErdS,
followed by TLC lipid profiling (10). We therefore applied the

Sce: S. cerevisiae ; Afin: A. fumigatus, Aor: A. oryzae; Bba:

A B Cc
Staining patterns (Vis) Staining patterns (UV)
,Y'%Q ,vf"Q B. bassiana; Yli: Y. lipolytica
QQ/ <<)s°o Q}"a QQ’ Q}%
=1 vs T
4;
:? Q
s &
N
g N7
& %cm %Qm

AR, 5 T 130:16:1
130:16: 1 30:16

130:50:8 )
vis. uv vIS.

S. cerevisiae strains heterologously expressing fDUF

same strategy to fDUF proteins from diverse representative
species within the fDUF clade (Afin, Aor, Bba, and Yli) (Fig. 1C).
Genes from Afim, Bba, and Yli presented no introns, so they
were PCR-amplified from genomic DNA and cloned into
expression vectors for Sce. In the case of Aor, the shortest form
described above (Fig. 1B and S1) was unexpected. Closer ex-
amination of sequences showed that this was an artifact likely
originating from misannotation of an intron (see Fig. S2 and
Supporting Methods for details). We amplified the longest form
that was used for heterologous expression in Sce.

We first extracted total lipids from WT and Afin fDUE-
expressing Sce strains (Sce+Afmm fDUF) and separated them
by TLC, using a solvent system that was appropriate to visu-
alize Erg-Asp (10), ie., CHCl3:CH30OH:H,O (130:50:8, v:v:v).
Comparison of lipid profiles from the two strains revealed that
a novel lipid termed lipid Y (LY) and absent from the WT
strain (Sce) was produced by the Sce+Afin fDUF strain
(Fig. 2A). LY displayed different migration properties than the
Erg-Asp produced by Afim ErdS (Sce+Afm ErdS), denoting that
the two enzymes have distinct enzymatic activities and syn-
thesize distinct products. LY migrated close to the solvent
front, indicating that it was more hydrophobic than Erg-Asp.
Like Erg-Asp, it stained with a distinctive brownish color
with a MnCl,/H,SO, solution (30), suggesting that it could
also be an Erg or sterol derivative (Fig. 24) (10). LY weakly but
positively stained with ninhydrin and was degraded under
alkaline conditions (Fig. S3), which supported the hypothesis
that it was likely an aminoacylated sterol in which the amino
acid and sterol are linked by an ester (alkaline-sensitive) bond,
like in Erg-Asp (10). In order to better visualize LY on TLC, we
used the CHCI3:CH30H:H,O (130:16:1, v:v:v) mobile phase
(Fig. 2B). Under these better resolving conditions, we

D
Yii Bba Aor Afm

7 @@

Control strains

130:16: 1 130:16:1
uv vis.

Figure 2. Ascomycetes possess an fDUF, whose heterologous expression in S. cerevisiae triggers production of a novel lipid. A, heterologous
expression of Afm ErdS (Sce+Afm ErdS) and fDUF in Sce (Sce+Afm fDUF). Total lipids were separated with the CHCl3:CH3OH:H,0 (130:50:8, v:v:v) solvent,
stained with MnCl,/H,SO, and visualized under white (vis.) light. Control lipid bands (upper panel) were used to illustrate the staining of sterols under visible
or UV light. Asterisks indicate Erg-Asp and LY bands. B, TLC analysis of total lipids extracted from a wt and Afm fDUF Sce-expressing strains with the
CHClI3:CH30H:H,0 (130:16:1, v:v:v) solvent. TLC was visualized under UV light. C, TLC analysis of total lipids extracted from Sce strains expressing the
indicated proteins: Sce+ Afm ErdS (Erg-Asp production), and Sce+ Afm-, or Bba-, or Yli-, or Aor fDUF (LY production). D, separation on HPTLC plates of total
lipids from the indicated fungal strains (illustrated in the upper panel) compared with control strains: Sce WT, Sce + Afm ErdS, and Sce + Afm fDUF; the
CHClI3:CH30H:H,0 ratios (v:v:v) are indicated. Erg, ergosterol; LY, lipid Y; PE, phosphatidylethanolamine.
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visualized that Afm, Aor, Bba, and Yli fDUF proteins led to the
production of the exact same LY when expressed in Sce, e.g.,
shared the same migration and staining properties (Fig. 2C).
Finally, we analyzed total lipid extracts from WT strains of
Afm, Aor, Bba, and Yli and confirmed in each case that a lipid
band with similar migration and staining properties as LY was
present (Fig. 2D), with the exception of Bba, which, under the
growth conditions used, produced only barely detectable levels
of LY. In conclusion, upon heterologous expression in Sce, all
tested fDUFs produce the same LY with identical migration
and staining properties. This identical LY is also naturally
present in Afim, Aor, Bba, and Yli, regardless of their positions
within the fDUF-specific clade (Fig. 1D).

, CHCI/CH;0H (v:v)
7211

fDUF2156 proteins produce an ergosteryl-33-O-amino acid
We next used total lipids from Y7 that naturally expresses
fDUF and produces the highest yields of LY (Figs. 1C and 2)
and purified LY using flash column chromatography (FC)
(Figs. 3A and S3) (10, 20). LC-MS" analyses of the resulting
fractions revealed the presence of protonated ions of dehy-
drated ergosterol ([Erg-H,O + H]", m/z = 379, see (10)), as
well as of a compound at an m/z of 907. MS" analysis of this
latter compound revealed a fragmented ergosterol ion at m/z =
379, suggesting that the parent ion (m/z = 907) maybe a
protonated dimeric ion of glycylated ergosterol ([2ErgGly+H]",
m/z = 907), which would imply that LY would be, like Erg-Asp,
an aminoacylated sterol, most likely an ergosteryl-3p-O-
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Figure 3. Purification and LC-MS" analysis of LY from Y. lipolytica and characterization of LY in A. oryzae. A, LY was purified from Yli total lipids by
flash chromatography on silica gel 60 column. The TLC shows fractions from the purification. Apolar lipids eluted with CHCl; and LY with CHCl3:CH30H (v:v)
solvents of increasing polarity. Y/i, total lipids; Ctrl, total lipids from the Sce+ Yli fDUF strain. Asterisks indicate LY. B, MS1 spectrum between 5.2 to 6.2 min,
(C) MS2 spectrum of ergosterol [Erg-H,O + HI* at m/z = 379, (D) MS2 spectrum of ergosteryl-3B-O-glycine (Erg-Gly) [Erg-Gly+H]" at m/z = 454, and (E) its MS3
spectrum at m/z = 379 (454—379). F, MS2 spectrum of the ion complex Erg-Gly [2Gly-Erg+H]* at m/z = 907, and (G) its MS3 spectrum at m/z = 379
(907—379). H, structure of the ions of ergosterol [Erg-H,O + H]", Erg-Gly [Erg-Gly+H]* and MS2 fragmentations. MS" data are shown for peaks annotated in
red. MS2 fragmentation of ergosterol is identical to that previously described (e.g., (10)). /, HPLC separation of total lipids extracted from wt Aor RIB40 that
naturally expresses both ErdS and ErgS. Eluted compounds were monitored at 282 nm and peaks of interest were submitted to an Accurate-Mass Q-TOF LC-
MS to confirm their identity. Synthetic Erg-Gly and Erg-Asp were used as a standard to identify, in total lipids, Erg-Gly and Erg-Asp.
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glycine (Erg-Gly), at least in Y/i (Fig. 3). To test this hypothesis,
we prepared (11) synthetic Erg-Gly (,,Erg-Gly) and analyzed
it by the same methods. i,,,Erg-Gly and an FC-purified fraction
both exhibited a peak at m/z = 907 and identical fragmented
ion products upon MS" analysis. Tuning the instrument to the
m/z peak at 907 using ,Erg-Gly allowed detection of the
monomeric protonated ion [ErgGly+H]" at m/z = 454 both in
the synthetic Erg-Gly preparation and in the FC-purified
sample (Figs. 3 and S4).

To test whether other fDUF protein candidates also syn-
thesize Erg-Gly, LC-MS" analyses were carried out on total
lipid extracts originating from the Sce+ Afin fDUF strain,
alongside the wt Sce strain (Figs. S3 and S4). Erg-Gly was
detected in the dimeric ion form ([2GlyErg+H]", m/z = 907) in
the lipids extracted from the Sce+ Afin fDUF strain but was
absent from wt lipids (Fig. S4). Similarly, HPLC separation of
total lipids from the Sce+ Aor fDUF strain showed that an
additional lipid identical to 4,,Erg-Gly, absent from a wt or an
empty plasmid-carrying strain, could be detected (Fig. S5).
Finally, we analyzed total lipids extracted from wt Aor RIB40
by HPLC. Comparison of profiles with standard profiles ob-
tained with the synthetic Erg-Gly and Erg-Asp that we pre-
pared (11) confirmed that Erg-Gly was present, together with
Erg-Asp (Fig. 3I), in agreement with the fact that this fungus
possesses a functional ErdS (10) and fDUF (Fig. 1 and see
below).

In conclusion, Erg-Gly could be formally detected not only
in Yli and Aor total lipids but also in total lipids extracted from
Sce strains heterologously expressing Afin and Aor fDUF,
demonstrating that the three enzymes (from Afm, Aor, and YIi)
produce the same aminoacylated sterol in situ (in Aor and YIi)
as well as when heterologously expressed (in Sce). Bba fDUF,

A Protein expressed in Sce: Afim ErgS
Afin — == e 62 kDa
D& g
& g8
@ B o 5
S 8 8 8
B
s 8 8
Fd S IS
e R < Erg-Gly
70 kD— [
— Y
55 KD— ! IB: Afm ErgS

70 kD— T8
~|I B — —-;:q-r = (LC
55 kD- [ 1 .

Q L)

Y o
| |
Afm ErgSa(f)  GRRILTONRQLLNPSK

Afin ErgS o(*/-) GEEILTONRQLLNPSK
Afm ErgS R328E GKRILTQNEQLLNPSK
Afim ErgS K335E GRRILTQNRQLLNPSE

although not characterized by MS, produces the same ami-
noacylated lipid, since its properties on TLC (Fig. 2, C and D)
are equivalent to those of Erg-Gly produced by Afim, Aor, and
Yli enzymes. Therefore, because fDUF is a homolog of ErdS
(Fig. 1), all these results advocate for the hypothesis that fDUF
proteins aminoacylate Erg using Gly-tRNA®Y as a Gly donor,
making them putative ergosteryl-3p-O-glycine synthases, or
ErgS (Er: ergosterol, g: glycine, S: synthase).

Mutations in the a™ helix suggest that Erg$ is aa-tRNA
dependent in vivo

Erg aspartylation by ErdS (10) and addition of Lys, Arg, or
Ala onto glycerolipids by aaGLSs (17) are all strictly aa-tRNA
dependent. This is also the case for other transferases that
modify other types of macromolecules (16, 31). In the case of
aaPGSs, the a* helix found between GNAT domains I (lipid
binding) and II (aa-tRNA binding) (Fig. 1) is crucial to the aa-
tRNA substrate utilization, likely because this positively
charged helix helps binding the tRNA acceptor arm through
charge interaction with the ribose-phosphate backbone of
tRNA (26). In the case of ErgS, utilization of Gly-tRNAGly was
expected (Fig. 3). In order to verify the tRNA dependency of
the reaction, we first used an in vivo approach and heterolo-
gously expressed in Sce either wt Afm ErgS or variants of the
enzyme mutated in the a™ helix (Fig. 1B) in order to deter-
mine whether mutations impaired Erg-Gly synthesis. K321,
R322, R328, and K336 were mutated into glutamate residues in
three different combinations (Fig. 4A), yielding helices with
negatively charged side chains that, according to the tRNA
binding hypothesis, should repel tRNA and decrease Erg-Gly
accumulation. Afim ErgSa‘’?, in which K321 and R322 were
mutated to E (R328 and K335 remained unchanged), ErgS

B Protein expressed in Sce: HA-tagged Y/i ErgS
Ylii O————D=amm»— 56kDa

‘4 Erg-Gly

< Erg-Gly

— o — |IB: anti-HA

|
GRTINRWNRNLQKEGV
GETINEWNENLQEEGV

Yli ErgS a(?)
Yli ErgS a()1
Yli ExgS a(-)2 GETINEWNRNLOREGV

Yli ErgS ()3 GRTINRWNENLQEEGV

Figure 4. Mutation of the a'*’ helix suggests that Erg-Gly synthesis is tRNA dependent in vivo. A, Afm ErgS and three mutants of the o helix
(described at the bottom) or (B) Yli HA-tagged ErgS and three mutants of the a™ helix (described at the bottom) were expressed in Sce. TLCs were developed
in the CHCI3:CH50H:H,0 (130:16:1, v:viv) solvent, stained with MnCl,/H,SO, and visualized under white (vis.) or UV light. Asterisks indicate the position of
Erg-Gly. Immunoblots were also performed on whole extracts to detect expression of Afm ErgS (and mutants) using anti-Afm ErgS antibodies, or anti-HA
antibodies to detect Y/i HA-ErgS (and mutants). LC, loading control (strain free).
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R328E, and ErgS K335E (in which only one residue at a time
was mutated) were used (Fig. 4A4). Results showed that, as
hypothesized, wt Afim ErgS produces Erg-Gly in Sce, whereas
all three mutants failed to synthesize detectable amounts of the
Erg-Gly. Anti-Afin ErgS antibodies were used to confirm that
the enzyme was expressed in all cases. Note that, when
expressed in Sce and analyzed by Western blot, bands of Afim
ErgS mutants, but not of the wt enzyme, appear as doublets,
which likely accounts for putative mobility changes due to the
mutations  introduced or possible  posttranslational
modifications.

As already observed, Erg-Gly levels were very low in the
Sce+Afm fDUF (ErgS) strain, when compared with those of the
Sce+Yli fDUF strain (Fig. 2C). We therefore generated Sce
strains expressing three Y/i fDUF variants mutated in the o*
helix (residues 216-231) (Fig. 4B).We named these mutants
Yli ErgS a©' when R217, R221, R224, and K228 were all
mutated to E; YZi ErgS a©* when R217 and R221 were mutated
to E; and YZi ErgS a?, when mutation of R224 and K228 to E
were present (Fig. 4B). Similar to Afim ErgS, all Yli ErgS mu-
tants were defective in Erg-Gly synthesis, which again sup-
ported the hypothesis that the o) helix is essential. Since our
anti-Afm ErgS antibodies did not cross-react with YIli ErgS
(Fig. S6), we expressed the wt and mutant Y/i enzymes as N-
terminally HA-tagged versions. In all cases, the enzymes were
expressed, but no Erg-Gly synthesis was detected for the HA-
tagged mutant versions, in contrast to the HA-tagged wt
enzyme. Taken together, and given the role attributed to the
o) helix (26), our results strongly support that Afin and Yli
ErgS are, as hypothesized, aa-tRNA dependent and, more
specifically, Gly-tRNASY dependent, a hypothesis that we
decided to analyze in more detail in vitro.

Erg-Gly synthesis strictly depends on Gly-tRNAs

Erg-Gly, like Erg-Asp, is a 33-O-ester of sterol and forma-
tion of ester bonds is nonspontaneous under physiological
conditions (32), implying that ErgS must use an activated form
of Gly. As for all similar ATTs (10, 31), it must be an aa-tRNA,
here Gly-tRNA®Y, Gly-tRNASY is produced by GlyRS, reason
for which we expressed and purified recombinant Y/i Hise-
GlyRS. GIyRS sequentially produces two forms of activated
Gly: glycyl-adenylate (Gly~AMP) and Gly-tRNASY itself
(Fig. 5A) that could be utilized by ErgS. In order to decipher
Erg glycylation by ErgS in vitro and to understand each step of
the reaction (Fig. 5A4), we expressed Afin and Yli ErgS in
Escherichia coli as maltose-binding protein (MBP) fusions to
improve solubility of the recombinant enzymes and purified
them by affinity chromatography. With those enzymes, we
performed a series of experiments in order to determine which
of the GlyRS products was used by ErgS.

In Figure 5A, we present the overall reactions catalyzed by
GIyRS and ErgS and, below, the different steps to which re-
actions can proceed under the various experimental conditions
that we tested to understand which substrates were required
for activity. In the presence of ['*C]Gly, ATP, and either total
tRNA or partially fractionated tRNA®Y, YIi Hiss-GIyRS syn-
thesized [**C]Gly-tRNASY (Fig. S7). [**C]Gly-tRNAY could

6 . Biol. Chem. (2022) 298(3) 101657

also be produced using GIyRS from wt Sce crude protein
extract (Fig. 5B, left panel). [**C]Gly-tRNAY plateau typically
reached ~60 pmol per reaction. Adding Y/i MBP-ErgS to a
mixture containing YI/i Hise-GIyRS, partially fractionated Sce
tRNASY, ATP, [14C]Gly, and Erg confirmed that a radiolabeled
band (Fig. 5B, right panel, lane 3) with migration properties
similar to our g,Erg-Gly (10, 11) (Fig. 5B, middle panel) was
observed, which we therefore attributed to Erg-['*C]Gly. In
parallel, we used purified Afim ErdS (10), in the presence of
[**C]Asp, pure Sce tRNA**P, ATP, and Erg and verified that it
produced Erg-["*C]Asp (Fig. 5B, right panel, lane 1), which had
very distinct migration properties as compared with Erg-['*C]
Gly under the same TLC conditions. None of the enzymes was
active when RNase A, which degrades tRNAs, was added. This
confirmed the tRNA dependency of the reaction. Since Erg-
Gly synthesis occurred in vitro, we further investigated ErgS
activity. For yet unknown reasons, purified recombinant Afin
MBP-ErgS was inactive in vitro, suggesting that it lost its ac-
tivity upon purification from E. coli or that the MBP tag hin-
dered activity (Fig. S7 and see below). Furthermore, Erg-Gly
accumulation in vivo in the Sce+Afin ErgS strain was also
much lower than in the Sce+Yli ErgS strain (Fig. 2C), which
prompted us to focus on recombinant Yli MBP-ErgS for
further in vitro investigations.

TLC analyses of reaction products under various conditions
(Fig. 5, A and C) revealed that, upon [14C]Gly—tRNA produc-
tion, addition of YIli MBP-ErgS enabled the synthesis of
Erg-["*C]Gly when either pure Erg or total lipids from Sce
(containing Erg) were used as acceptors (Fig. 5C, lanes 1 and
6). In contrast, the Y/i MBP-ErgSa™@' mutant (described in
Fig. 4B) was inactive (Fig. 5C, lane 2), thereby confirming the
essentiality of the a'*) helix for activity. As expected, in the
absence of ErgS (Fig. 5C, lane 3), total lipids, or Erg (Fig. 5C,
lane 4), no Erg-["*C]Gly could be detected, meaning that the
reaction depended on the presence of ErgS and on Erg, either
pure or in total lipids. As already described above, addition of
RNase A (Fig. 5C, lanes 5 and 7) resulted in the absence of Erg-
["*C]Gly production. In agreement, when YZi Hise-GlyRS was
present, but tRNA absent (Fig. 5C, lane 9), Yli MBP-ErgS could
not use glycyl-adenylate (Gly~AMP) produced under these
conditions by GIyRS to synthesize Erg-['*C]Gly. This
confirmed that ErgS uses only Gly-tRNA and not Gly~AMP as
a source of activated Gly. In the absence of GlyRS (Fig. 5C, lane
8), ErgS was, as expected, not able to synthesize Erg-['*C]Gly,
demonstrating that free and nonactivated Gly is not a substrate
of ErgS. Note that, sometimes, Erg-['*C]Gly or Erg-['*C]Asp
bands may appear as doublets, which denotes the fact that Erg
may be oxidized, yielding an aspartylated oxidized sterol with
slightly different migration properties than Erg-Gly or
Erg-Asp, respectively.

In line with ErgS’s specificity for Gly-tRNA®Y, when YIi
MBP-ErgS was added to a reaction mixture containing only
Erg and no GIyRS, ATP, free tRNA, or free [14C]Gly, ie.,
making [MC]Gly—tRNAGly synthesis impossible, Erg—[MC]Gly
synthesis could be initiated only with addition of preformed
[MC]Gly-tRNAGly (~200 nM), unless RNase A was
added (Fig. 5D). When increasing concentrations of cold
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Figure 5. In vitro investigation of Erg-Gly synthesis by ErgS. A, Erg-Gly synthesis reaction scheme (coupled reaction, when GlyRS and ErgS are present at
the same time). Step 1: Gly activation into Gly~AMP by GlyRS and step 2: transfer onto tRNASY; step 3: Erg-Gly synthesis from Gly-tRNA®Y. Colored bands
below the scheme indicate up to which step the coupled reaction proceeds, when the indicated component (right side) is omitted (-) or added (+).
Numbers refer to the lanes presenting the in vitro results in (C). B, left panel, ['“CIGly-tRNA®Y synthesis by YliHiss-GlyRS or total aaRS extracts (containing
GlyRS) from wt Sce in a typical coupled reaction. Results are identical for both sources of GlyRS (denoted by GlyRS?). Middle panel, control TLC showing
mobility of synthetic Erg-Asp and Erg-Gly in the CHCl3:CH30H:H,0 (130:50:8, v:v:v) mobile phase. Right panel, control reactions with purified Afm ErdS
(produces Erg—[”C]Asp, indicated with an asterisk, and a second band (**) discussed below) and purified Yli MBP-ErgS with the indicated components. ErgS
produces a compound (*) with properties identical to ¢ nErg-Gly, showing that it synthesizes Erg-Gly. C, Erg-["*C]Gly synthesis experiments under the
indicated conditions (+, presence; —, absence of the indicated components). Yli MBP-ErgS (or mutated ErgS) was added to ["‘C]GIy-tRNAGly produced by Sce
GIyRS (in a total protein extract) or YliHiss-GlyRS in the presence/absence of various substrates and/or RNase A. Asterisks indicate position of Erg—[MC]GIy.
D, Erg—[MC]GIy synthesis (step 3 only) with added [14C]Gly—tRNA (~200 nM) and increasing amounts of cold Gly-tRNA (100-300 nM). E, isotopic competition

of cold Gly for Er)g;—[”C]GIy synthesis. 15 ['*Claa-tRNAs were synthesized with 15 aaRSs (Sce total proteins), from 15 ['*Claa and total Sce tRNA, to which Erg,

Ergs, the ErgSa’

mutant, or RNase A was added. ['*Claa indicate bands attributed to free radiolabeled amino acids present in the reaction and separated

by TLC. The red asterisk indicates Erg—[”C]GIy. In all cases, bars indicate standard deviation and the number of replicates is indicated.

Gly—tRNAGly (100-300 nM) were used to compete free [**C]
Gly-tRNAY, the intensity of Erg-['*C]Gly bands correla-
tively decreased on TLC, indicating strong and specific
isotopic competition (Fig. 5D). In parallel, to probe ErgS’s
aa-tRNA specificity, we used a Sce total protein extract,
containing all aaRSs, a mix containing 15 [**Claa (lacking
Asn, Gln, Cys, Met, and Trp), total Sce tRNA, and ATP to
produce the 15 corresponding [**CJaa-tRNAs (~50,000 cpm
per reaction when plateaus were reached, Fig. S7). To these
15 ['*Claa-tRNAs, we added Y/i MBP-ErgS and observed
that a band corresponding to Erg-['*C]Gly was present,
which completely disappeared on TLC when excess unla-
beled cold Gly was added (Fig. 5E), showing that, of the 15
[**C]aa used, only Gly-tRNASY, formed by GIyRS, is used by
ErgS. Again, no Erg-['*C]Gly was observed when the YIi
MBP-ErgS o' mutant was used.

SASBMB

Specificity of ErgS and ErdS

ErdS produces its own Asp-tRNA*P from ATP, Asp, and
tRNA®P, and the cis-acting transferase (DUF2156) domain
uses it to transfer Asp onto Erg. In contrast, ErgS uses a Gly-
tRNASY substrate produced in trans by an independent GlyRS
(Figs. 5 and 6A). Because ErdS and ErgS are homologous
(Fig. 1B), we wondered whether these enzymes could or not
display functional promiscuity both in vitro and in vivo. ErgS is
not expected to use Asp-tRNAP (Fig. 6A). We first verified it
in vivo using Sce strains (Fig. 6B) expressing ErdS alone
(Sce+Afm ErdS), ErgS alone (Sce+Afm ErgS), or both enzymes
at the same time (Sce+Afim ErdS+Afim ErgS). Heterologous
expression was confirmed by Western blot (Fig. 6C, upper
panel and Fig. S8) using anti-Afin ErdS and anti-Afin ErgS
antibodies, before extracting total lipids to analyze them by
TLC. An Sce strain expressing an ErdS version deleted from its
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Erg-Asp synthase/DUF2156 domain (ErdSADUF) was used as
a negative control. Results show that only Erg-Asp accumu-
lates when ErdS is expressed, with no detectable Erg-Gly. In
contrast, Erg-Gly is detected when ErgS is expressed, with no
Erg-Asp visible on TLC. Coexpression of ErdS (in the form of
ErdS-GFP fusion) and ErgS resulted in the accumulation of
both Erg-Asp and Erg-Gly.

In parallel, we tested Erg-[**C]Asp and Erg-[**C]Gly syn-
thesis activities in protein extracts from all strains in vitro

(Figs. 6C and S8). To this end, we extracted total proteins from
each strain and separated soluble (S100) and membrane-
bound proteins (P100) by centrifugation. As expected, we
detected Erg-[MC]Asp synthesis in total, S100, and P100 ex-
tracts from the Sce+Afm ErdS (Fig. 6C, lower panel, lanes 4—6)
and Sce+Afm ErdS+Afin ErgS (lanes 10—12) strains, while Erg-
["*C]Gly only occurred in Sce+Afin ErgS (lanes 7-9) and
Sce+Afm ErdS+Afm ErgS strains (lanes 10-12). No activity was
detected in the control Sce strain (lanes 1-3). Activity of ErdS
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Figure 6. Specificity of ErgS and ErdS. A, Erg-Asp synthase (ErdS) and Erg-Gly synthase (ErgS) reaction schemes. ErgS is not expected to use Asp-tRNA"P
produced by AspRS. B, TLC profiling of total lipids from Sce strains expressing Afm ErdSADUF (AspRS activity-only, no production of Erg-Asp), considered as
the control strain, or Afm ErdS alone, Afm ErgS alone, or both Afm ErgS and Afm ErdS fused to a C-terminal Green Fluorescent Protein (GFP) tag. Migration
has been conducted with two solvents as to visualize Erg-Asp and Erg-Gly simultaneously (solvent 1) or Erg-Gly alone (solvent 2). TLCs were pictured under
UV light (254 nm) upon sulfuric acid/MnCl, staining (upper TLC) and regions delimited by dashed boxes are provided as visualized under white light (visible)
below each panel. Asterisks indicate the presence of bands attributed to Erg-Asp and Erg-Gly as compared with migration profiles of synthetic (syn) Erg-Asp
and Erg-Gly standards. C, Western blots showing expressions of Afm ErgS and ErdS (or ErdS-GFP) in the four tested strains (full Western blot and expression
controls are provided in Fig. S8). For each of the four strains, we tested the Erg-[MC]aa synthesis activity in total proteins (total), in 100,000g supernatants
containing soluble proteins (5S100) or in the corresponding 100,000g pellet corresponding to total membrane-associated proteins. The upper TLC presents
results obtained in vitro in the presence of purified Yii GlyRS, ATP, total tRNA, ["*CIGly to produce ['*C]Gly-tRNA, to which Erg has been added (migration
using solvent 1). T1 presents a control reaction under the same conditions, to which purified Afm ErdS was added to produce a reference Erg-['*C]Asp. The
lower TLC presents results obtained in vitro in the presence of ATP, purified tRNA*P, [*C]Asp, from which ErdS produces ['“C]Asp-tRNA, to which Erg has
been added (migration using solvent 2). T2 presents a control reaction under the same conditions, to which purified Yli MBP-ErgS was added to produce a
reference Erg-['*C]Gly. (Details on the composition of reactions are provided in Fig. S8.) D, in vitro Erg['*Claa synthesis experiments using purified Yli MBP-
ErgS and/or Afm ErdS in various combinations in the presence of different combinations of tRNA and/or [*Claa substrates. Results confirm that both
enzymes are tRNA dependent and require Erg and that ErdS is specific for Asp-tRNA and ErgS for Gly-tRNA.
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was distributed in both the P100 and S100 fractions, with a
slight enrichment in the P100 (membrane) fraction, which was
much more pronounced for ErgS activity. This was also
observed in extracts from wt Afin (Fig. S7E). No detectable
Erg-["*C]Asp synthesis activity was associated with ErgS
expression in the absence of ErdS, and no significant Erg-[**C]
Gly synthesis activity could be detected with expression of
ErdS in the absence of ErgS. Only coexpression resulted in the
detection of both Erg—[MC]aa products (Fig. 6C, lanes 10-12),
advocating for nonoverlapping specificities.

We verified the same results using purified Afim MBP-ErdS
and Y/i-MBP-ErgS (Fig. 6D). ErdS alone could synthesize Erg-
[*C]Asp from [**C]Asp, ATP, and pure Sce tRNA**? (lane 1),
whereas YIi ErgS produced Erg-["*C]Gly in the presence of Yli
Hisg-GIyRS, partially fractionated Sce tRNACY, [14C]Gly, and
ATP (lane 5). None of the enzymes functioned in the presence of
RNase A (lanes 2, 4) or in the absence of Erg (lanes 3, 6). Both
Erg-["*C]Asp and Erg-["*C]Gly were synthesized when all the
required substrates and enzymes were mixed jointly with ErdS
and ErgS (lane 11), unless RNase A was added (lane 9) or Erg
omitted (lane 10). Lane 1 shows that ErdS produced a second
product (as noted in Fig. 5C) with migration properties similar to
Erg-Gly (lane 5), which could not correspond to Erg-[**C]Gly,
since no [**C]Gly, tRNASY, or GlyRS was present in the assay. In
addition, TLC analyses using the CHCl3:CH30OH:H,O (130:16:1,
v:v:v) mobile phase (lower panel, solvent 2) showed that it
contained various unidentified [**C]Asp-labeled products that
distributed differently from control ,,Erg-Gly and 4,,Erg-Asp,
or Erg-["*C]Gly (lane 5), likely making these chemical species
by-products of the reaction, or unspecific products resulting
from the use of low-amount lipid contaminants in commercial
Erg. Purified Sce AspRS, tRNA”*P, ATP, and [**C]Asp were used
to produce [**C]Asp-tRNA**P (lane 7) (and Fig. S7), and addi-
tion of YZi ErgS led to only barely detectable Erg-[**C]Asp levels,
showing that ErgS is highly specific toward Gly-tRNASY,
Similarly, when Y7i Hiss-GIyRS, fractionated tRNASY, [14C] Gly,
and ATP were used to produce [MC]Gly—tRNAGly (lane 8),
addition of Afim ErdS only resulted in the synthesis of very low
Erg-['*C]Glylevels, showing that the transferase domain of ErdS
is also highly specific for Asp-tRNA®P,

Together, these results demonstrate that the ErgS enzymes
that we tested are all Gly-tRNA®”-dependent transferases that
transfer Gly onto the 33-hydroxyl of Erg, yielding Erg-Gly and
that ErdS is specific for Erg-Asp production from Asp-
tRNA®P, ErgS and ErdS appear to possess nonoverlapping
enzymatic specificities in vivo.

Distribution of ErgS across Dikarya

Phylogenomics analyses show that, in contrast to ErdsS,
which was detected in numerous Dikarya (Ascomycota and
Basidiomycota), ErgS proteins seem absent in Basidiomycota,
with the exception of one species, Trichosporon oleaginosus
(Tol, Fig. 1C). This suggests that ErgS is likely specific of
Ascomycota. This includes most of Eurotiomycetes (Asper-
gillus, Penicillium spp., etc.), a large number of Sordar-
iomycetes (Bba, for example), and several Dothideo- and
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Leotiomycetes (Fig. 7A). Of interest, ErdS was completely
absent in Saccharomycotina (10), whereas we detected one
ErgS in Yli (Fig. 1B) and another Yarrowia spp. Of note, in
Eurotiomycetes, Sordariomycetes, Dothideomycetes, and
Leotiomycetes, when ErgS is detected, it is always found in
combination with ErdS, implying that these species almost
always possess both paralogs and that they likely produce Erg-
Gly and Erg-Asp (Figs. 3/ and 7). This is the case, for example,
of all Aspergillus and Penicillium spp. studied (Euro-
tiomycetes). In N. crassa (Sordariomycetes), in which ErdS was
detected and studied (10), ErgS is absent. More generally, with
the exception of Yarrowia spp., no stand-alone ErgS was
detected in all fungal species that we investigated.

Discussion

In bacteria, aaGLSs tRNA dependently modify glycerolipids
(GLs) with amino acids and modulate membrane properties,
increasing pathogenicity and antimicrobial resistance (17, 18).
Phylogenetic analyses showed that bacterial aaGLSs are all
phylogenetically related and that they can be separated into
seven sequence groups (20). Most of aaPGSs possess an N-
terminal transmembrane domain, in addition to the ATT/
DUF2156 domain (20, 23), that is an aaGL flippase (33, 34)
transferring modified lipids from the inner leaflet of the plasma
membrane, where they are produced, to the outer leaflet
(17, 18). No correlation has been detected between aaPGS
clades and aa-tRNA and/or lipid specificities. In addition, in
several bacteria, several aaGLSs coexist as paralogous enzymes
and increase the diversity of modified GLs (20).

Although aaGLSs and modified GLs could be detected in
numerous bacteria and several archaea, no proof on the exis-
tence of homologous eukaryotic proteins or similar amino-
acylated lipids had been reported until recently (17). In
Dikarya, ErdS uses L-Asp, ATP, and tRNA**? and produces
Asp-tRNA™P in its so-called AspRS domain, and Asp is then
transferred from its tRNA by the appended ATT/DUF2156
domain onto Erg to synthesize Erg-Asp (10) (Fig. 7B). Some
bacteria possess several paralogs of aaGLSs. In Dikarya, we
now demonstrated that Ascomycota possess a second, paral-
ogous enzyme that we named ErgS and that uses the Gly-
tRNAY produced by an independent GlyRS, to form Erg-Gly
(Fig. 7C). This observation shows that ergosteryl-3p-O-amino
acids (Erg-aa) are diverse. ErgSs seem absent in Basidiomycota
and are always found in combination with ErdS, as, for
example, in all Eurotiomycetes examined, in a subset of Sor-
dariomycetes, and in several Dothideo- and Leotiomycetes
(Fig. 7A) that, like in the case of Aor (Fig. 3I), produce both
Erg-Asp and Erg-Gly. Y7i, which belongs to Saccharomycotina,
is an exception since it only possesses ErgS and consequently
only produces Erg-Gly.

The ATT (DUF2156) domain of ErgS and ErdS form two
distinct phylogenetic clades (Fig. 1C). Heterologous expression
of four ergS genes in Sce, as well as MS detection and char-
acterization of Erg-Gly in Y7/i and Aor (Figs. 2 and 3), shows
that those four ErgS proteins of interest, although scattered
throughout the ErgS clade (Fig. 1C), have the same activity,
which confirms that there is a good correlation between the
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Figure 7. Distribution of ergosteryl-amino acid synthases in fungi, and overview of Erg-Gly and Erg-Asp synthesis mechanisms and factors. ErgS
(Erg-Gly synthase) and ErdS (Erg-Asp synthase) sequences were searched across eukaryotes and, most specifically, in the fungal kingdom, and the presence
(green squares) or absence (white squares) of the corresponding proteins was mapped onto a simplified version of the phylogenetic tree of fungi (4), as
provided by the JGI Genome Portal (see Experimental procedures), in main fungal lineages. In Eurotiomycetes (red), Dothideomycetes (light brown), Sor-
dariomycetes (gray), Leotiomycetes (light green), and Saccharomycotina (blue), the presence/absence of ErgS and ErdS was indicated in several repre-
sentative species (as well as in three basidiomycetes in Agaricomycotina and Ustilaginomycotina). Erg-aa synthases are detected only in Dikarya and ErgS
only in Ascomycota. B, Erg-Asp biosynthesis and degradation pathway. ErdS uses free L-Asp, ATP, and tRNA**" and produces Asp-tRNA”*P in its AspRS
domain (yellow), which is transferred to the appended DUF2156/ATT domain where it serves as the Asp donor for Erg-Asp synthesis. ErdH is an Erg-Asp
specific hydrolase (whose distribution is indicated in (A)). C, Erg-Gly synthesis pathway. GlyRS uses Gly, ATP, and tRNA®Y to produce Gly-tRNA®Y, which
is then released, captured by ErgS, and used as the Gly donor for Erg-Gly synthesis.

DUEF2156 clade to which a fungal ATT belongs and its aa-
tRNA specificity. ErdSs produce and are specific for Asp-
tRNAP, whereas ErgSs use Gly-tRNASY (Figs. 5, 6 and S7)
with no overlapping activities in vivo. Both enzymes amino-
acylate Erg, suggesting that ErdS and ErgS may be paralogs
that descended from an ancestral enzyme that already was
sterol specific, i.e., an Erg-aa synthase (ErxS, Er: Erg; x: amino
acid in the one letter code; S: synthase). Following a putative
duplication event, the two separate enzymes may have there-
fore undergone functional specialization for Asp-tRNA*P
(ErdS) and Gly—tRNAGly (ErgS). Since ErdS is present in all
Dikarya (Ascomycota and Basidiomycota), whereas ErgS only
in Ascomycota, we could speculate that the duplication, if it
occurred, took place only in this clade to give rise to ErgS, but
this requires further and more detailed phylogenetic in-
vestigations. Both enzymes are also related to bacterial aaPGSs.
Since aaPGSs are widespread in bacteria (17, 20), but
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apparently absent in eukaryotes (10, 20), we can infer that
ErxSs were acquired by fungi, likely through horizontal gene
transfer from bacteria (35) to the last common ancestor of
Dikarya. Since no known bacterial aaGLSs are sterol specific,
the sterol specificity of ErxS might be a fungi-specific derived
trait, but this cannot be determined at present. Precise
phylogenetic analyses should therefore now be performed to
(i) decipher the evolutionary history of both ErxS classes, (ii)
understand the origin of their sterol and aa-tRNA specificities,
(iii) determine the origin of the AspRS-DUF2156 (ErdS) fusion,
and (iv) explain the asymmetric distribution of ErgS in com-
parison with that of ErdS. It should be emphasized that
sequence identity between ErxSs and, more generally, between
GNAT proteins, including DUF2156 proteins, is generally low
(25). In consequence, other types of cryptic and/or highly
diverged ATTs might exist in Dikarya or, alternatively, in other
eukaryotes.
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Erg is the main sterol lipid present within fungal membranes
(9). Like Cho in mammalian cells, it influences the activity of
membrane proteins, including V-ATPases that participate in
antifungal drugs resistance (36, 37), participates in the for-
mation of membrane microdomains (38, 39), and, together
with sphingolipids, regulates membrane trafficking and
polarized cell growth in filamentous fungi (40, 41). Even the
mating process, during sexual reproduction, is dependent on
the integrity of Erg for membranes fusion (42, 43) or for
pheromone sensing (44). Erg also plays multiple roles in
pathogenicity and antifungal resistance (9, 45, 46). In Sce, Erg
acetylation on the 3B-hydroxyl by the Atf2 acetyltransferase
and deacetylation by the Say1 esterase participates in a process
that detoxifies Erg intermediates and increases resistance
against membrane-disrupting agents such as the antifungal
eugenol (4, 47). In addition, 33-O-fatty acylation of Erg by fatty
acyl-CoA transferases directs this sterol to lipid droplets where
it is stored until environmental cues trigger deacylation of the
fatty acid moieties by dedicated esterases for its remobilization
(8, 48). Erg 3B-O-glycosylation by the Atg26 protein partici-
pates in the regulation of autophagy in several fungal species,
including Aspergillus spp. (49-51), and also strongly influences
virulence in pathogens (reviewed in (7)). To these physiolog-
ically important modifications of the 33-hydroxyl of sterols, we
now add aspartylation (Erg-Asp) (10) and glycylation (Erg-Gly;
this study).

The biological functions of fungal Erg-aa still remain to be
deciphered; however, several hypotheses can be proposed. For
example, Erg-aa being modified sterols with novel chemical
properties, they could be involved in sterols trafficking, like are
Erg-FA (8, 48). They could also affect permeability and fluidity
of fungal plasma membranes, as is the case for aminoacylated
GLs in bacteria (17, 18), or in addition, could modify the
properties of membrane microdomains (38). Since micro-
domains, enriched in Erg and sphingolipids, are crucial to the
localization of drug efflux pumps (52), Erg-aa could affect drug
efflux or transporters and/or membrane-localized sensing
machineries that depend on Erg integrity (36, 42, 44). In other
words, Erg-aa might contribute to the overall fitness of fungi
under challenging environmental conditions, such as in the
presence of membrane-targeting antifungals or antimicrobial
peptides, as is the case for Erg-Ac in Sce (4, 47). In addition,
Erg-Gly and Erg-Asp could directly participate in the resis-
tance against polyenes that interact with Erg through its free
3B-OH group (53), because ErgS and ErdS add amino acids
that mask this free hydroxyl group, which might change
polyenes/Erg interactions and change drug susceptibility.

Lipid-derived molecules also often participate in lipid
signaling in eukaryotes (41, 54), like, for example, in the case of
phosphoinositides and sphingolipids (55) or sulfated sterols (3).
As mentioned, Erg-Glc, another sterol conjugate, produced by
Erg glycosylation, is nonessential but known to actively partic-
ipate in the regulation of autophagy in several yeasts and in Aor,
likely through the recruitment of protein partners on membrane
structures (50). It is therefore possible that Erg-aa could also
intervene in the recruitment of protein factors on membranes
and influence regulatory or trafficking pathways.
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With the discovery of a second Erg-aa synthase, we un-
covered an additional subfamily of enzymes within the AATs.
Further phylogenomic mining, coupled with biochemical
characterization, will be needed to know whether other sub-
families of RNA-dependent sterol-aminoacylating enzymes
exist. Sequence-based alignments failed to provide detailed
information as to which residues of the GNAT I or GNAT II
domains are responsible for lipid recognition or aa-tRNA
specificity, respectively. In addition, 3D structures of ErdS
and ErgS have not yet been established. Our previous work on
ErdS already showed that GNAT I has a certain degree of
plasticity for the recognition of the sterol substrate, since it
also aspartylates Cho (10). These enzymes could therefore also
aminoacylate ergosterol intermediates or derivatives having a
free3p-OH position to accept the amino acid. Likewise, it is
conceivable that ErgS-like enzymes from fungal species we did
not yet study might have different aa-tRNA specificities and
could thus further expand the steryl-amino acid repertoire
synthesized by fungi.

Experimental procedures
Reagents

All plasmids were purified using the Nucleospin Mini kit
(Macherey-Nagel, 740588.50) or the NucleoBond Xtra Midi
Plus kit (Macherey-Nagel, 740412.50). All enzymes for mo-
lecular cloning and Gibson Isothermal assembly were from
New England Biolabs or Thermo Fisher. Thin layer chroma-
tography (TLC, Silica gel 60 aluminum foils) plates were from
Sigma-Aldrich (56524-25EA) and high-performance TLC
(HPTLC) (HPTLC Silica gel 60) from Merck (1.05547.0001).
Silica gel 60 for lipid purification by chromatography was from
Sigma-Aldrich (Merck, ref: 227196). Commercial ergosterol
was from Sigma-Aldrich (45480-10G-F), as cholesterol
(C8667). All reagents and solvents were of high-grade purity.
The radiolabeled amino acid mixture was from PerkinElmer
(NEC850E050UC), and [**C]Glycine (98 cpm/pmol, 600 uM)
and ["*C]Asp (280 cpm/pmol) were from Amersham Life
Sciences. Anti-Afin ErgS antibodies were developed using
purified Afim ErgS (fDUF) with the Covalab company (France).
Secondary goat anti-rabbit antibodies were from Bio-Rad
(170.6516). Anti-HA antibodies were purchased from Roche
(1583816) and secondary rabbit anti-mouse antibodies from
Jackson Immuno Research (11035003). Synthetic Erg-Asp and
synthetic Erg-Gly were prepared as described in (10, 11),
respectively.

Biological resources

Strains used in this study are listed in Table S1. The
A. fumigatus CEA17 AakuB<V® (56) (kind gift from Prof. J. P.
Latgé, Institute Pasteur, Paris, France) and A. oryzae RIB40
(57) (gift from Dr H. Nakajima) strains were used. Y. lipolytica
(YZi) CLIB122 was a gift from Dr C. Bleykasten (IPCB, Stras-
bourg, France) and the wt B. bassiana 80.2 (Bba) strain was
kindly provided by Dr D. Ferrandon (IBMC, Strasbourg,
France). The S. cerevisiae (Sce) BY4742 strain (MATa his3A1
leu2A0 lys2A0 ura3A0) (Euroscarf) was used. The E. coli XL-1
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Blue or DH5a strain was used as recipient strain for molecular
cloning and the E. coli Rosetta-2 strain was used for recom-
binant protein expression. Primers and plasmids used in this
study are reported in Table S2. For routine growth and
maintenance, strains were used as indicated in the
Supplementary Material and Methods section.

Total lipids extraction

Wt Yli and Sce were grown in yeast extract peptone dextrose
(YPD) medium, whereas the Sce strains expressing Yli, Afin,
Aor, or Bba ErgS were grown in Synthetic Complete media
deprived of leucine (SC-Leu). Cultures were diluted to an
Aeoo = 0.1 and grown overnight (220 rpm), and cells were
harvested by centrifugation at 5000g for 15 min at 4 °C, when
Aeoo was 0.6 to 1, depending on the experiment. Aspergillus
spp- conidia were harvested as described (10) and inoculated in
glass flasks (50 ml) in the YPD2 medium (Glucose 4% w/v,
Peptone 1% w/v, and Yeast extract 2% w/v) at a concentration
of 10° conidia/ml, shaken at 37 °C (Afin) or 30 °C (Aor) during
18 h. Mycelia were collected by filtration through sterile gauze
and extensively washed with sterile distilled water, dried on
paper towels and used for lipid extraction. Bba spores were
collected as for Afim, inoculated in the YPD2 medium (50 ml)
at a concentration of 10° spores/ml and grown for 18 h at 25
°C, and mycelia were collected by filtration through sterile
gauze, washed, and dried before use.

Total lipid extraction was performed as described (10).
Briefly, 50 Aggg of Sce or Yli cells were resuspended in 0.5 ml of
Na-Acetate 120 mM, pH 4.5. Then, 3.75 volumes of
CHCIl3:CH30H (2: 1) and 1 ml of glass beads (9 0.25-0.5 mm,
Roth) were added and cells were disrupted through mechanical
lysis using a FastPrep Instrument (MP Biomedicals, Serial N°
10020698) at 1 min 5.5 m/s repeated 6 times. Cell lysates were
incubated 3 h on a rotating wheel at 4 °C. Then, 1.25 volumes
of CHCI; and 1.25 volumes of 120 mM Na-Acetate pH 4.5
were added and the samples vortexed 1 min. Phases were
separated by centrifugation (9000g; 30 min; 4 °C), and the
lower organic phase containing lipids was transferred into a
clean glass tube and dried under vacuum (SpeedVac vacuum
concentrator). Drying was finalized under an argon flow.
Lipids were stored at —20 °C or resuspended in 50 to 100 ul of
CHCl;:CH30H (1:1) for analysis on TLC or HPTLC. Finally, in
the case of Afm, Aor, Bba, and other filamentous species,
mechanical cell disruption was performed as described in (10).
Briefly, 2 g of fresh mycelia was dried on paper towel and
ground in a mortar with a pestle in the presence of liquid
nitrogen and the resulting fine powder was resuspended in
1 ml (1 volume) of 120 mM Na-Acetate pH 4.5 and treated as
described above.

Preparation of total, soluble, and membrane protein fractions

Sce strains carrying an empty plasmid or plasmids
expressing Afim ErdS, Afim ErgS, or both enzymes were grown
in liquid SC-LEU until they reached an Aggp of 1.5. Cells were
harvested by centrifugation (3000g, 5 min, 4 °C), washed with
phosphate buffered saline (PBS), and frozen at —20 °C until
use. Cells were resuspended in a solution containing 100 mM
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Na-Hepes buffer, pH 7.0, 30 mM KCI, 150 mM NaCl, 5 mM
B-mercaptoethanol, 0.5 mM Na,-EDTA, 1% (w/v) Triton
X-100, 0.3% (w/v) NP40, 5 mM [B-mercaptoethanol, and pro-
tease inhibitors tablet (Roche). One volume of glass beads
(© 0.25-0.5 mm, Roth) was added, and cell lysis was per-
formed with a FastPrep-24 apparatus (6 x 1 min at 6.5 m/s,
with 1 min on ice between each cycle). Cell debris was
removed by centrifugation at 500g for 10 min at 4 °C, and the
supernatant centrifuged at 100,000g for 1 h. The resulting
soluble fraction (supernatant, S100) was recovered, as well as
the pellet (P100) containing total membranes and membrane-
bound proteins. Membrane-bound proteins were resuspended
by sonication in a solution containing 100 mM Na-Hepes
buffer, pH 7.0, 30 mM KCI, 150 mM NaCl. Protein concen-
trations were determined using the Bradford method.

Lipid Y (Erg-Gly) purification by silica column chromatography

Total lipids were obtained from 5 g of Yli or Sce cells, with
the procedure described above. Volumes were scaled up ac-
cording to the initial 15 ml volume of 120 mM Na-Acetate, pH
4.5. In a glass column (1 cm x 20 cm), 8 ml of Silica Gel 60
(Sigma) was poured and washed with 4 column volumes (CV)
of CHCl;. Total lipids were resuspended in 500 pl of CHCl3,
loaded onto the column, and washed with 4 CV CHCls. Lipids
were sequentially eluted using 3 CV CHCl;:CH30H (144:1); 3
CV CHCly:CH;OH (72:1), and 3 CV CHCls:CH;OH (36:1).
Lipid fractions were dried, resuspended in 200 pl
CHCIl;:CH30H (1:1), and analyzed by TLC.

Lipid analysis by thin layer chromatography

TLC (Silica gel 60 aluminum foils, Sigma-Aldrich, 10 x
10 cm) or HPTLC (Merck, HPTLC Silica gel 60, 1.05547.0001)
plates were used. Lipids in the CHCl3:CH3OH (1:1, v:v) solvent
were spotted on TLC, typically, 10 to 20 pl of total lipids or
25 yl of radiolabeled lipids extracted from in vitro reactions.
TLCs were developed with the CHCI;:CH30OH:H,O mobile
phase (130:50:8 or 130:16:1 (v:v:v)) for 10 min and air dried.
TLCs were stained with a sulfuric acid/MnCl, solution (30)
(concentrated sulfuric acid 9 ml, MnCl,.4H,O 0.8 g, CH;0H
120 ml, H,O 120 ml) or with ninhydrin (Sigma-Aldrich, 0.4%
w/v in EtOH 100%, v/v) and heated at 100 °C, 15 min. Plates
were imaged under white light or at 254 nm. Radiolabeled lipid
species were revealed by exposing TLC plates onto a Fuji
Imaging Plate and analyzed with a Typhoon TRIO, Variable
mode imager (GE Healthcare).

Identification of ergosteryl-33-O-glycine by mass spectroscopy

Liquid chromatography-mass spectrometry (LC-MS) ana-
lyses of total lipid extracts were performed on a liquid chro-
matograph Surveyor Plus with autosampler connected to an
LTQ-XL ion trap analyzer mounted with an Ion Max electro-
spray ionization probe (Thermo Finnigan). Lipid samples were
resuspended in CHCl3:CH30H 2:1 and diluted 3-fold with in-
jection solvent (isopropanol:acetonitrile:water, IPA:ACN:water,
6.5:3:0.5, v:v:v). A volume of 10 pL was injected on an Ascentis
Express C18 (10 cm x 2.1 mm, 2.7 pum, Sigma-Aldrich) HPLC
column at a temperature of 45 °C as described in (58) with minor
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modifications. Elution was performed at a flow rate of 260 pl/
min with a binary gradient where A was 60:40 water:ACN and B
was 90:10 IPA:ACN. Both solutions contained 0.1% formic acid
and 10 mM aqueous ammonium formate. Elution was per-
formed with a 16-min gradient; from 0 to 1 min B was main-
tained at 32%, from 1 to 2.5 min B was increased to 62%, from 2.5
to 14 min to 99%, and B was maintained at 99% for 2 min. Before
identification of Erg-Gly, the instrument was tuned with
cholesterol in solvent B ((M-H,O + H]+, m/z = 369). The LC-MS
experiment shown in this article and in the supplemental section
were acquired with the instrument tuned with synthetic Erg-Gly
(11) in solvent B ([2M +H]+, m/z = 907). The drying gas flow rate
was 20 units, and temperature of the electrospray ionization was
380 °C. Full-scan spectra were collected in the 110- to 2000-m1/z
range in positive mode, and data-dependent MS2 spectra were
acquired on the 15 most intense MS1 peaks. MS3 spectra were
acquired on the MS2 peak at m/z = 379. MS" data were acquired
with a collision-induced dissociation energy set at 35. Data were
analyzed with Xcalibur Qual Browser.

Lipids extracted from wt Aor, wt Sce, and Sce + Aor f{DUF
were fractionated on a TSKgel ODS80tmQA (C18) column
using a continuous gradient from 100% CH;OH:H,O (4:1, v:v)
to 100% CH3;OH:CH,Cl, (3:1, v:v). Eluted compounds were
monitored at 282 nm, and peaks of interest were submitted to
an Accurate-Mass Q-TOF LC-MS to confirm their identity.
Synthetic Erg-Gly and Erg-Asp were used as standards to
identify the same lipids.

tRNA aminoacylation reactions

Aminoacylation reactions were performed in 100 mM Na-
Hepes buffer pH 7.2, containing 30 mM KCl, 12 mM MgCl,,
10 mM ATP, 40 uM [*C]Gly (98 cpm/pmol, Amersham Life
Sciences) or 40 uM [**C]Asp (280 cpm/pmol, Amersham Life
Sciences), 0.1 mg/ml bovine serum albumin, 160 pM Sce total
tRNA, 5 uM purified Sce tRNA®® or partially fractionated
tRNASY, and 0.05 to 0.5 uM purified Yl/iHiss-GIyRS or Sce
AspRS or 6 pg of total Sce proteins (as a source of aaRSs) at 30 °C.
Aliquots, 10 pl, were withdrawn for each time point, and [**C]
aa-tRNA was quantified as described (59). Pure Sce tRNA*P was
obtained as described (10) and partially fractionated Sce
tRNAY was part of counter-current fractions obtained with the
same procedure. Sce AspRS was purified as described (10).

Preparation of ['*C]-radiolabeled and cold Gly-tRNAs

Aminoacylation of total tRNA to prepare ['*C]Gly-tRNA or
cold Gly-tRNA substrates for ErgS was performed essentially
as described above and in (60) at 30 °C in a final volume of
100 pl in the tRNA aminoacylation mix containing 40 uM
['*C]Gly (98 cpm/pmol, Amersham Life Sciences) or 1 mM
cold Gly and 160 pM total Sce tRNA. Reactions were initiated
by adding 0.5 to 1.0 pM YIi Hise-GIlyRS or 6 pg Sce total
proteins, and plateaus were reached after 15 to 20 min. Re-
actions were then stopped by adding 0.1 vol. 3 M Na-acetate
pH 4.5 (in order to preserve the ester linkage in aa-tRNAs)
and 1 volume phenol. Tubes were then vortexed for 20 s,
centrifuged 1 min at 10,000g at 4 °C, and the aqueous phase
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was transferred to a new tube. Then, 1 volume chloroform was
added, the mixture was vortexed and centrifuged 1 min at
10,000g at 4 °C, and the aqueous phase was transferred to a
clean tube before adding isopropanol to a final concentration
of 60% (v/v). Total aminoacylated tRNAs were precipitated at
-20 °C (2 h), pelleted by centrifugation (13,000g at 4 °C),
washed with 500 pl 70% ethanol, centrifuged again (13,000¢ at
4 °C), and the pellet was dried at room temperature for 20 min.
Dried aa-tRNAs were kept at -20 °C until use. As determined
with aminoacylation plateaus, total Sce tRNA (160 uM) con-
tained 0.636 = 0.014% Gly-accepting tRNAs (n = 6), ie,
1.018 + 0.025 uM of Gly-accepting tRNA.

Lipid transfer assays
Erg and total lipids preparation

Commercial Erg was prepared in CHCl; at a concentration of
10 mg/ml. An aliquot was transferred to a clean glass tube and
dried under vacuum to obtain a lipid film. Dried Erg was then
resuspended by sonication (4—6 30-s pulses at maximal power,
Elma S30H, Elmasonic) in a 100 mM Na-Hepes pH 7.2 buffer,
supplemented with 30 mM KCl, 12 mM MgCl, to a concen-
tration of 4 mg/ml and used immediately. Total lipids from Sce
were prepared similarly at a final concentration of 10 mg/ml.

On-line lipid transfer assay

In order to test ErgS (Erg-Gly synthase) activity, the tRNA
aminoacylation reaction was first performed as described
above in a final volume of 50 pl, using 0.5 uM Y7i Hiss-GIyRS,
40 uyM [14C]Gly (98 cpm/pmol), and 160 uM total Sce tRNA or
5 uM fractionated Sce tRNASY, to produce [**C]Gly-tRNA.
After 20 min, the tRNA glycylation plateau was reached
(~50-60 pmol [**C]Gly-tRNA/reaction). Then Erg, suspended
in a 100 mM Na-Hepes pH 7.2 buffer, supplemented with
30 mM KCl, 12 mM MgCl,, was added to a final concentration
of 0.5 mg/ml (total lipids to 2 mg/ml), followed by addition of
purified MBP-ErgS (0.5 puM). In the case of ErdS (Erg-Asp
synthase) activity, the same protocol was used with 5 pM Sce
tRNA®P and 40 uM [**C]Asp (280 cpm/pmol) to produce
[**C]Asp-tRNA. After 20 min, the aspartylation plateau was
reached (~50-60 pmol [14C]Gly—tRNA/reaction). Erg (0.5 mg/
ml) and ErdS (1 pM) were then sequentially added to initiate
the transfer reaction. When protein extracts from Sce were
used, 10 pg total proteins was added to initiate the reaction.
The RNA dependency of reactions was tested in all cases using
0.3 pug RNase A incubated for 5 min in the reaction mix after
the [**CJaa-tRNA plateau was reached, before adding 1 pM of
either ErgS or ErdS, depending on the experiment considered.
To test the dependency of the presence of other substrates,
these were omitted from the reaction. The mixture was then
incubated 30 to 45 min at 30 °C. Reactions were stopped by
adding 500 ul CHCl3:CH30OH:Na-Acetate (120 mM, pH 4.5)
(1:2:0.8, v:v:v), vortexed for 1 min before addition of 130 pl
CHCl; and 130 pl 120 mM Na-Acetate pH 4.5 to obtain a two-
phase mixture. Lipids were recovered and analyzed by TLC as
described above.
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Isotopic competitions between free [ 74C]G/y and cold Gly

In the case of isotopic competitions, the exact same protocol
was used, using a mixture of 15 [**Claa (PerkinElmer,
NEC850E050UC) in the presence of 6 ug and 160 pM total Sce
tRNA, as to reach ~ 50,000 cpm of [**Claa-tRNA per vial at
the plateau. For isotopic competition, 5 mM cold Gly was
added, before YIi GIyRS was used to initiate the tRNA ami-
noacylation reaction, in order to compete specifically with
[14C]Gly and [14C]G1y—tRNA synthesis. Then, at the plateau,
1 uM MBP-Y7i ErgS served to initiate the transfer reaction.

Separated LTA and competition of cold Gly-tRNA with ['*CIGly-
tRNA

The 50-pl reaction contained a 100 mM Na-Hepes buffer
pH 7.2 supplemented with 30 mM KCl, 12 mM MgCl,, and
0.5 mg/ml Erg. Dried ['*C]Gly-tRNAs were resuspended in
water containing 1 mM MgCl, and added (200 nM per reac-
tion) to the reaction mix. Then, 0, 100, 200, and 300 nM of
purified cold Gly-tRNAs (in 1 mM MgCl,) were added for
isotopic competitions. The reaction was initiated by adding
1 uM MBP-ErgS. Competing cold Gly-tRNAs concentrations
were evaluated knowing that Gly-accepting tRNAs represented
0.636 + 0.014% of total tRNAs (see above). In all cases, re-
actions were stopped as described above.

Other methods

Strains and growth conditions for recombinant protein
expression as well as purification protocols of recombinant
proteins are described in Supplementary Material and
Methods. Preparation of total protein extracts, conditions for
Western blotting, and related protocols are described in
Supplementary Material and Methods. Software, web servers,
and sequences used for bioinformatical analyses are indicated
in the Supplementary Material and Methods section.

Data availability

All available data are already included in the article. All
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