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In Halobacterium salinarum, halophilic archaea that grow in saturated salt solutions, glycoproteins are
modified by an N-linked tetrasaccharide that includes iduronic acid (IdoA). This represents the only
known example of IdoA, a sugar better known as a component of glycosaminoglycans found in various
eukaryal tissues, in N-glycosylation. Although much of the pathway used to assembile this
tetrasaccharide is defined, the epimerase that presumably converts glucuronic acid (GlcA) into IdoA
had yet to be described. In silico predictions assign this role to VNG1058H. In Hbt. salinarum deleted of
VNG1058H, an N-linked tetrasaccharide appeared in which IdoA is replaced by GIcA and greatly
reduced sulfation of the last two tetrasaccharide sugars is noted. The absence of VNG1058H,
moreover, affects cell physiology. Furthermore, Hbt. salinarum differentially transcribe VNG7058H as
a function of growth temperature, suggestive of a response to environmental change. VNG1058H is
the first D-glucuronyl C5-epimerase to be identified in Archaea.

N-glycosylation, the covalent linkage of sugar assemblies, or glycans, to
selected asparagine residues of target proteins, is a post-translational
modification performed across all three domains of life, namely, Eukarya,
Bacteria, and Archaea. Despite having been studied in only a limited
number of species, the archaeal version of N-glycosylation has nonetheless
been shown to involve aspects of the process either unique to this domain of
life or which have yet to be observed elsewhere, such as the lipid carrier upon
which the N-linked glycan is assembled " and the stereochemistry of glycan
linkage to these lipid carriers*’. Archaeal N-linked glycans, moreover,
present unparalleled diversity in terms of both the variety of sugars incor-
porated, as well as the architectures of glycans assembled from these
sugars”™. The unique nature of archaeal N-glycosylation is exemplified by
Halobacterium salinarum, halophilic archaea best known as the source of
the light-driven proton pump bacteriorhodopsin’ and which provided the
first example of N-glycosylation outside the Eukarya'. In Hbt. salinarum,
glycoproteins have been reported as being modified by an N-linked glycan
comprising ten to fifteen repeats of a sulfated pentasaccharide assembled on
adolichol pyrophosphate carrier, with N-acetylgalactosamine serving as the
lipid-linking sugar'""” and/or by the N-linked tetrasaccharide [-D-
GlcA(2S)-(1 — 4)-a-L-IdoA(3S)-(1 — 4)-B-D-GlcA-(1 — 4)-B-D-Gle,

where GlcA is glucuronic acid, IdoA is iduronic acid, Glc is glucose and S
represents sulfation'’, assembled on a dolichol phosphate (DolP) carrier'“".
Whereas nothing is known about the assembly of the former glycan, much
of the pathway used to assemble and attach the latter has been delineated.
The glycosyltransferases Agl28, Agl25, Agl26 and Agl27 sequentially add
four sugars to a common DolP carrier'®”, with the sulfotransferases Agl30
and Agl31 then respectively modifying the third and fourth tetrasaccharide
sugars'®. The flippase (or flippase-related protein) Agl29 delivers the lipid-
linked sulfated tetrasaccharide across the membrane'’, at which point the
archaeal oligosaccharyltransferase AglB transfers the lipid-bound glycan to
selected asparagine residues in target proteins”. Despite this progress,
additional components of this N-glycosylation pathway remain to be
defined, such as the enzyme(s) responsible for the appearance of IdoA at
tetrasaccharide position three'*”.

L-IdoA, the C5 epimer of D-GIcA, is best known as a component of the
repeating disaccharides that comprise glycosaminoglycans (GAGs) such as
heparin, heparan sulfate and dermatan sulfate, polysaccharides found in a
variety of animal tissues”””. L-IdoA is also a component of rare non-
canonical polymers that contribute to the cell walls of lower eukaryotes™ >,
and has been detected in a limited number of bacteria, where it can serve as a
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component of a capsular polysaccharide”, the O-antigen” or an extra-
cellular polysaccharide®. Accordingly, D-glucuronyl C5-epimerases that
catalyze the epimerization of D-GIcA to generate L-IdoA have been char-
acterized in Eukarya and Bacteria™ . To the best of our knowledge, the
L-IdoA found in the N-linked tetrasaccharide decorating Hbt. salinarum
glycoproteins represent the only reported use of this hexuronic acid in an
N-linked glycan. Still, the putative Hbt. salinarum D-glucuronyl C5-epi-
merase that converts GlcA into IdoA has yet to be identified, assuming Hbt.
salinarum indeed synthesizes IdoA as do Eukarya and Bacteria.

In the present study, computational, genetic, biochemical, physiolo-
gical, and structural biology approaches were adopted to determine whether
VNGI1058H is responsible for the appearance of IdoA found at the third
position of the tetrasaccharide N-linked to Hbt. salinarum glycoproteins,
thus corresponding to the first D-glucuronyl C5-epimerase to be described
in Archaea.

Results

The N-linked tetrasaccharide added to glycoproteins in
AVNG1058H cells is far less sulfated than in the parent strain

In looking to identify currently undefined components of the Hbt. sali-
narum N-glycosylation pathway responsible for the assembly of an
N-linked tetrasaccharide, genes of unknown function found adjacent to
those previously shown to encode pathway components were considered.
This gene cluster, spanning from VNGI048G (encoding AgIM™) to
VNGI068G (encoding AglB"), includes VNGIO58H. As a first step in
determining if and how VNG1058H contributes to Hbt. salinarum N-gly-
cosylation, a strain deleted of this gene was created, with gene deletion being
confirmed by quantitative PCR (qPCR). Reintroducing VNGI058H into the
deletion strain was able to reverse the growth defect associated with
VNG1058H deletion (see below and Supplementary Fig. 1A). Moreover,
PCR amplification (Supplementary Fig. 1B) and sequencing confirmed that
neighboring genes (i.e., VNGI1056C, VNG1057C and VNG1059C) were
unaffected by VNG1058H deletion. Subsequently, the impact of VNG1058H
deletion on N-linked tetrasaccharide assembly was considered by per-
forming liquid chromatography-electrospray ionization mass spectrometry
(LC-ESI MS) on tryptic peptides derived from the surface (S)-layer glyco-
protein. As previously reported'>"*, the mass spectrometry profile from the
parent strain included a peak at m/z 1298.83, corresponding to the
[M + 3HJ*" ion of the “*SDAVNSSGGVKDNIDTSDENQGVSSTSSIR®™
peptide in which Asn-479 is modified by a tetrasaccharide comprising a
hexose, a hexuronic acid and two sulfated hexuronic acids (calculated m/z
1298.82) (Fig. 1, left column, top panel). The same profile also included the
same peptide modified by the same tetrasaccharide containing only one
sulfate group (peak at m/z 1272.18; calculated m/z 1272.15) or no sulfate
groups (peak at m/z 1245.52; calculated m/z 1245.48) (Fig. 1, left column,
middle and bottom panels, respectively). When the same S-layer glyco-
protein-derived peptide obtained from cells deleted of VNGI058H was
similarly addressed, the same peaks at m/z 1298.83, 1272.18 and 1245.52
were observed (Fig. 1, right column, top, middle and bottom panels,
respectively). It thus appears that the absence of VNG1058H does not
prevent assembly of the N-linked tetrasaccharide decorating Hbt. salinarum
glycoproteins.

Although the N-linked tetrasaccharide decorating the S-layer glyco-
protein in both parent and AVNGI058H strain cells seemingly bears two,
one or no sulfate groups, the relative degree of sugar sulfation differed
greatly between the two strains. To compare the extent of tetrasaccharide
sulfation in each strain, the heights of the relevant peaks were normalized to
the height of that peak corresponding to the non-sulfated tetrasaccharide-
modified peptide in the same strain, considered as 1.0 (Fig. 2). In the case of
the parent strain, some 1.6-fold more of the tetrasaccharide decorating the
S-layer glycoprotein-derived Asn-479-containing peptide bore one sulfate,
relative to the same peptide presenting the non-sulfated tetrasaccharide,
while some ten-fold more peptide bore two sulfates, values in agreement
with those previously reported”. When the same peptide from the
AVNGI058H strain was similarly analyzed, it was noted that the amount of

peptide-bound tetrasaccharide bearing either one or two sulfate groups was
in either case less than 1% of the level of the non-sulfated tetrasaccharide-
modified peptide. These results show that in the absence of VNG1058H,
considerably less sulfation of the N-linked tetrasaccharide decorating the
S-layer glycoprotein occurred.

To determine whether the observed impact of VNG1058H deletion on
tetrasaccharide sulfation was unique to the N-linked glycan decorating the
S-layer glycoprotein, N-glycosylation of Hbt. salinarum archaellins, namely,
the building blocks of the archaeal swimming device, the archaellum®,
previously shown to be N-glycosylated by the same tetrasaccharide as the
S-layer glycoprotein'***”, was considered as above. Specifically, the levels of
mono- and di-sulfated N-linked tetrasaccharide decorating the archaellin
ArlBl-derived TASGTDTVDYA*NLTVR peptide, the ArlA1/ArlA2/
ArlB2-derived QAAGADNTI”®”’NLSK peptide and the ArlB2-derived
VVNYA®NLTVR peptide (with the position of the modified Asn residue in
each archaellin-derived peptide numbered according to the amino acid
sequence of the intact protein(s)) were assessed, relative to the level of the
same non-sulfated tetrasaccharide N-linked to each peptide. As with the
S-layer glycoprotein, VNGI058H deletion did not prevent tetrasaccharide
addition to archaellins, yet drastically decreased the extent of tetrasaccharide
sulfation (Supplementary Fig. 2).

Protein structure modeling predicts VNG1058H to be a sugar
epimerase

Previous efforts revealed sulfation of the third and last sugars of the tetra-
saccharide N-linked to Hbt. salinarum glycoproteins, namely, IdoA and
GlcA, respectively'™". Towards understanding the connection between
VNGI1058H deletion and the loss of N-linked tetrasaccharide sulfation, in
silico tools were consulted to predict the role of VNG1058H. At present, the
NCBI listing for VNG1058H does not include a predicted function, while
UniProt lists VNG1058H (UniProt entry QQHQQ1) as being a member of a
protein family defined by Haloferax volcanii AglQ, a predicted sugar epi-
merase thought to convert GlcA into galacturonic acid (GalA)*. To gain
further insight into VNGI1058H function, AlphaFold was consulted to
predict a three-dimensional model of VNG1058H based on the 372 residue-
long sequence of the protein. The model, visualized using UCSF Chimera
(Fig. 3A), was compared with solved protein structures in the Protein Data
Bank to identify the highest scoring homolog of the AlphaFold-generated
model, using the DALI server”. This strategy determined that VNG1058H
best resembles Spirochaeta thermophila cellobiose 2-epimerase (PDB 5ZIG)
at the structural level, with a Z-score of 24.1. Cellobiose 2-epimerases (EC
5.1.3.11) catalyze the epimerization of the D-glucose residue at the reducing
end of the (1 — 4)-linked disaccharide cellobiose to D-mannose and have
also been reported to perform other related reactions*". UCSF Chimera,
used to visualize the quality of the structural alignment of VNG1058H and S.
thermophila cellobiose 2-epimerase, reported an overall RMSD value of
2.3 A over 259 residue pairs (Fig. 3B). These in silico findings encouraged
additional efforts aimed at determining whether VNG1058H acts as a sugar
epimerase.

IdoA is replaced by GIcA in the N-linked glycans of

AVNG1058H cells

D-glucuronyl C5-epimerases mediate the conversion of D-GIcA into
L-IdoA™**. To determine whether VNG1058H is a D-glucuronyl C5-
epimerase involved in the appearance of the IdoA found at the third position
of the N-linked tetrasaccharide decorating Hbt. salinarum glycoproteins,
previously determined to be (-D-GIcA(2S)-(1 — 4)-a-L-IdoA(3S)-
(1 — 4)-B-D-GIcA-(1 — 4)-B-D-Glc-Asn", NMR spectroscopy was per-
formed on a tetrasaccharide-containing glycopeptide isolated from
archaellins obtained from cells deleted of VNGI1058H.

The proton spectrum of the tetrasaccharide presented only few signals
in the anomeric region (5.3 - 4.4 ppm) in no apparent stoichiometric ratio,
while those in a lower field could not be correlated to any carbon, likely due
to their low intensity (Supplementary Fig. 3). The proton spectrum, how-
ever, included several signals at high-field (3.1-0.7 ppm), likely related to the
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Fig. 1 | Deletion of VNG1058H does not prevent assembly of the N-linked tet-
rasaccharide decorating the Hbt. salinarum S-layer glycoprotein. LC-ESI MS
profiles from the parent strain (left column) or the AVNGI058H strain (right col-
umn) showing peaks at m/z 1298.83, corresponding to the [M + 3H]’" ion of an
S-layer glycoprotein-derived Asn-479-containing peptide modified by a tetra-
saccharide comprising a hexose, a hexuronic acid and two sulfated hexuronic acids

(two sulfates; top row), at m/z 1272.18, reflecting the same peptide modified by the
same tetrasaccharide presenting only one sulfate (one sulfate; middle row), and at m/
z1245.52, reflecting the same peptide modified by the same tetrasaccharide lacking
sulfates (no sulfates; bottom row), from parent strain cells. A representative of three
biological repeats is shown. The arrows in each panel depict the peak of interest.
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presence of free peptides or of the peptide to which the N-linked glycan is
linked. Since these signals were in a region distinct from that of the carbo-
hydrate moiety of the glycopeptide, interpretation of the 2D NMR spectra
was performed without further sample purification. Accordingly, the ana-
lysis considered the most intense anomeric protons (Fig. 4 and Table 1), and
the labels used matched those previously used for the glycopeptide obtained
from the parent strain"’.

The HSQC spectrum (Fig. 4B) presented a set of anomeric protons at
~5.0 ppm which correlated to a carbon at ~80 ppm, the value expected for
the anomeric carbon atom engaged in a N-glycosidic linkage. This group of
signals was collectively labeled A, and correlations of the most intense signal
(H-1 at 5.02 ppm; Table 1) were analyzed in the 2D NMR spectra recorded.
The COSY spectrum determined the positions of H-2 (labeled A,) and of
H-3 (A3) at 3.43 and 3.69 ppm, respectively (Fig. 5A, C, E), while A5 was
deduced by the NOE effect with A; (Fig. 5E), characteristic of 1,3 di-axial
protons. In the COSY spectrum, A5 showed weak correlation with a proton
at 3.81 ppm, that in turn had an intense cross-peak with another at 3.91 ppm
(Fig. 5C). The same correlations were confirmed in the TOCSY spectrum,
where the intensities were much higher (Supplementary Fig. 4C). The
protons at 3.81 and 3.91 ppm were associated with a hydroxymethyl carbon
at 61.0 ppm and were, therefore, labeled as Ag and Ag, respectively. In
correspondence to As, the HSQC spectrum presented three densities at 76.6,
77.6,and 79.5 ppm, with the last two assigned to C-5 and C-4 of A, based on
the values reported for the parent strain sample”. This assignment was
further supported by the similarities of the H-4 and H-5 values between
products, also being coincident in the glycopeptide from the parent strain,
where it occurred at a similar chemical shift, i.e., 3.65 ppm.

The HSQC spectrum presented two other main anomeric signals at 4.54
and 4.49 ppm, with the intensity of that at 4.54 ppm being double the other,
suggesting that it results from the overlap of two anomeric protons. Analysis of
the H-2/H-1 correlation in the COSY spectrum confirmed this hypothesis
(Fig. 5D). This correlation was composed of two cross-peaks (enclosed in the
dotted boxes), with the left assigned to D, (341 ppm) and the right to B,
(3.38 ppm). The corresponding H-3 chemical shifts were deduced from the
COSY spectrum, while H-4 values were identified by the intra-residue NOE
effects with the respective H-2 signals, since each H-3/H-4 correlation blurred
into the diagonal due to the proximity of these protons. It was found that the

B, and D, chemical shifts were slightly different and occurring at 3.68 and
3.69 ppm, respectively (Fig. 5C). It was not possible to distinguish the H-5
signals, with both at ~3.89 ppm. Analysis of the HSQC and HMBC spectra
completed the chemical shifts assignment, identifying both B and D as GlcA
units, B-configured at their anomeric centers (*J1, 11, = 7.6 Hz) and substituted
at O-4 due to the low-field displacement of the corresponding carbons found
at 82.1 and 82.2 ppm in B and D, respectively*. Finally, the HMBC spectrum
had a cross peak between the H-5 signals and a carbon at 176.1 ppm (Sup-
plementary Fig. 5), confirming the identity of each of these two units as GlcA.

With respect to the last anomeric signal, labeled C (4.49 ppm), the
*Jt11.m2 value (7.6 Hz) indicated the B configuration of the anomeric center,
while the COSY spectrum enabled identification of C, and Cs at 3.34 and
3.51 ppm, respectively. No other correlation was detected from H-3,
although it was possible to identify Cs (3.74 ppm) in the NOESY spectrum
due to the NOE effect with H-1 (Fig. 5D). There, Cs had one correlation in
the COSY spectrum with a signal adjacent to Cs, identified as C4. Cs had no
other correlations, and for this reason, the unit was identified as GlcA, even
though no correlation with a carboxylic function was found in the HMBC
spectrum. The carbon chemical shift values (Table 1) denoted that C was not
further substituted and was, therefore, deemed to be located at the non-
reducing terminal of the glycan.

Regarding the sequence of the residues, the NOESY spectrum pre-
sented a correlation between H-4 of Band H-1 of C (label B4C;; Fig. 5D) and
a second at 3.69/4.54 ppm, tentatively assigned to D4B; (Fig. 5D). This
assignment was further supported by analyzing the overlap of the HMBC
and HSQC spectra. Here, it should be noted that the anomeric carbon
chemical shifts of B and D were slightly different with that of B at lower field,
giving a better alignment with the density at 3.69 ppm in the HMBC spec-
trum (Fig. 4F), thus supporting the linkage of B to O-4 of D. Lastly, D was
considered linked to O-4 of A based on the correlation D; A4 detected in the
HMBC spectrum (Fig. 4C) that better aligned with the right part of the
density. Based on these considerations, the structure of the glycan from the
VNGI058H deletion strain was identified as P-GlcA-(1 — 4)-B-GlcA-
(1 — 4)-p-GlcA-(1 — 4)-B-Glc-peptide, as represented in Fig. 4A.

The tetrasaccharide generated by the deletion strain showed three main
differences from that assembled by the parent strain. Firstly, starting from
the N-linked Glc (A), the third sugar (B) of the tetrasaccharide found in the
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B VNG1058H

Fig. 3 | Predicted structure of VNG1058H. A The predicted structure of
VNG1058H as generated using AlphaFold and visualized with UCSF Chimera.
B Super-imposition of the AlphaFold-generated VNG1058H structure (sea green)
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B, structures at 0, 90 and 180° rotations around the vertical axis are shown.

deletion strain is GlcA, rather than IdoA found at this position in the
tetrasaccharide assembled by the parent strain. Secondly, the third sugar of
the tetrasaccharide assembled in the parent strain, i.e., IdoA, is found in the a
configuation, whereas the GlcA at this position in the VNG1058H deletion
strain presents the  configuration. Finally, this N-linked glycan generated
by the deletion strain is not sulfated, since none of the proton and carbon
chemical shift values (Table 1) were shifted at low-field, as occurs upon
esterification with a sulfate group, such as in the case of the N-linked
tetrasaccharide from the parent strain, which is sulfated at O-2 of C (the
non-reducing GlcA) and at O-3 of the IdoA (equivalent position of the B
unit in the tetrasaccharide from the deletion strain) (Fig. 4A)".

Deletion of VNG1058H carries functional implications

Towards assessing the functional impact of VNG1058H deletion, resulting in
the replacement of IdoA by GIcA in the N-linked tetrasaccharide decorating
Hbt. salinarum glycoproteins, structural modeling of the glycan was per-
formed. Atomic Gasteiger charges were calculated for the N-linked tetra-
saccharides decorating glycoproteins in the parent and VNG1058H deletion
strains and mapped onto their van der Waals surfaces. The native tetra-
saccharide appears bulkier than the tetrasaccharide present in the deletion

strain due to the presence of a sulfate group on both the third and fourth
sugars in the former (Fig. 6A). Moreover, although both tetrasaccharides
present distinct negative charges at the COOH groups on the second, third,
and fourth sugars (i.e., sugars D, B and C, respectively; Fig. 4A), the elec-
trostatic surface of the native tetrasaccharide displays an overall pronounced
negative charge over the entire non-reducing end. In the tetrasaccharide
from the deletion strain, the negative charge is more localized, with some
regions at the non-reducing end being neutral (Fig. 6A).

Given the demonstrated connection between Hbt. salinarum
N-glycosylation and cell motility'*"*”, the impact of VNGI1058H deletion on
cell motility was addressed. Cell motility was assessed in a plate assay in which
a drop of cell culture is applied to the center of a Petri dish containing semi-
solid growth medium, and the distance out to which the cells swim (ie., the
diameter of the halo that appears) after a given period is measured. When
motility was assessed four days after plating, the diameter of the halo formed
by cells of the parent strain was 5.77 cm on average (standard error of the
mean (SEM) = 0.1; N = 13), whereas the diameter of the halo of cells of the
mutant strain was 423 cm on average (SEM=0.11; N=14) (Fig. 6B).
Although these differences are significant (Student’s ¢ test, two-tailed, unpaired;
P <0.0001), and reminiscent of what was seen in cells deleted of either Agl30
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Fig. 4 | HSQC and HMBC spectra. HSQC (black and red) and HMBC (pink)
spectra recorded for the glycopeptide isolated from the AVNGI058H strain.

A Structures of the N-linked tetrasaccharide assembled by the parent (right) and
AVNGI1058H (left) strains. B, EHSQC expansion of the anomeric regions. C HMBC
area detailing the long-range correlations of the anomeric protons; D HSQC

3.8 3.7 3.6 3.5 34

ppm

expansion detailing the carbinolic region. F HMBC correlations between the car-
binolic and the anomeric protons. The alignment between some key correlations is
traced with a gray broken line. Letters used to mark densities follow the scheme used
in Table 1 and are reported on the N-linked tetrasaccharide structure. “*” indicates a
density not related to the glycan.

Table 1 | Proton and carbon (in italics) chemical shifts
measured for the glycopeptide isolated from Hbt. salinarum
AVNG1058H cells measured at 600 and 150 MHz, respectively,
in DO at 298 K

Residue 1 2 3 4 5 6

A 5.02 3.43 3.69 3.68 3.68 3.91; 3.81
4-B-Glc-Asn 80.2 72.7 76.2 79.5 77.6 61.0

B 4.54 3.38 3.64 3.68 ~3.89 --
4-B-GIcA 103.5 74.0 175%5 82.1 76.6 176.1

C 4.49 3.34 3.51 3.50 3.74 --
4-B-GIcA 103.7 744 76.5 73.0 77.2 ND

D 4.54 3.41 3.65 3.69 ~3.89 --
4-B-GIcA 103.3 73.9 75.5 82.2 76.6 176.1

or Agl31, namely, the sulfotransferases that respectively sulfate the third and
final sugars of the N-linked tetrasaccharide', the decrease in motility was far
less striking than seen with Hbt. salinarum mutant strains that cannot perform
N-glycosylation or that can only assemble truncated N-linked glycans'*"”". To
confirm that the loss of motility observed was not due to a loss of viability
upon plating, cells were picked from both parent and mutant strain plates and
transferred to liquid growth medium; normal growth of each strain was seen.

To further test whether the differences in glycan composition and
conformation carried functional implications, the impact of VNG1058H
deletion on the protease susceptibility of the S-layer glycoprotein that
comprises the S-layer surrounding the Hbt. salinarum cell'® was considered.
For this, cells of the parent and deletion strains were challenged with pro-
teinase K and the extent of S-layer glycoprotein proteolysis over time was
determined by SDS-PAGE, given the ease of detecting the S-layer glyco-
protein in such gels. Whereas over 70% of S-layer glycoprotein in parent
strain cells remained intact after 2.5 h of proteolytic digestion (72.8 +4.7%
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Fig. 5 | NOESY, TOCSY and COSY spectra. NOESY (black), TOCSY (blue) and
COSY (cyan and red) spectra recorded from the AVNG1058H strain. A, B TOCSY
expansion of the anomeric regions. C Overlap of the COSY and NOESY spectra
detailing the correlation in the carbinolic region, with the broken colored lines traced
to facilitate the identification of B4 and D4 from the NOEs with the corresponding
H-2. D NOESY and COSY overlay detailing correlations between carbinolic and
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B, C, and D anomeric protons. Here, the correlations B, ; and D, ; are presented in a
dotted colored box. E NOESY and COSY overlay detailing correlations between
carbinolic and A anomeric protons. Letters used to mark densities follow the
scheme used in Table 1 and are reported on the N-linked tetrasaccharide structure.
“*” indicates a density not related to the glycan.

(standard deviation)), only some 25% of the intact S-layer glycoprotein was
detected after 1 h of proteinase K treatment of the AVNG1058H strain cells
(26.1 £21.2%). After 2.5 h of exposure of deletion strain cells to the protease,
less than 5% of the S-layer glycoprotein remained intact (4.68 + 3.5%;
Fig. 6C). Thus, the replacement of IdoA with GlcA at the third position of
the N-linked tetrasaccharide decorating the Hbt. salinarum S-layer glyco-
protein led to increased susceptibility to added protease, much as seen upon
truncation of the same glycan'® or of that glycan decorating the Hfx. volcanii
S-layer glycoprotein®’.

VNG1058H transcript levels are affected by changes in growth
temperature but not medium salinity

Given how the absence or presence of VNG1058H has no effect on the
modification of Hbt. salinarum glycoproteins by an N-linked tetra-
saccharide, but rather determines whether the third sugar of this glycan will
be GlcA or IdoA, in turn affecting the extent of glycan sulfation, it is

conceivable that Hbt. salinarum selectively express VNG1058H, thereby
modulating N-linked tetrasaccharide composition, possibly in response to
specific growth conditions. To test this hypothesis, VNG1058H transcript
levels as a function of growth conditions were determined by qPCR. Spe-
cifically, VNG1058H transcript levels were measured in cells grown under
standard conditions (ie., in medium containing 4.2 M NaCl, at 42 °C; see
“Methods”), at different growth temperatures (i.e., 37 or 46°C) or in
medium containing reduced salt concentrations (i.e., 2.9 or 3.5 M NaCl).
Relative to the normalized level of VNGI1058H transcription measured in
cells grown at 42 °C (1.0 £ 0.096 (SEM); N = 8), significantly lower levels of
VNGI1058H transcripts were measured in cells grown at 37 or 46°C
(0.44 +0.023, N=8 and 049 £ 0.072, N =7, respectively; both differences
are significant, namely, p <0.0001 and p < 0.002, respectively, according to
Student’s t test, two-tailed, unpaired; Supplementary Fig. 6A, C). In contrast,
changing the level of medium salinity did not have any significant impact on
VNGI1058H transcript levels (4.2 M NaCl: 1.0 + 0.096, N =8; 3.5 M NaCl:
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0.88+0.105, N=8; 29M NaCl: 0.95+0.288, N=38; Supplementary
Fig. 6B, D).

To assess the impact of VNG1058H deletion on growth at the dif-
ferent temperatures, growth rates of parent and AVNGI1058H strain cells
grown at 37, 42 or 46 °C were determined (Supplementary Fig. 7). While
VNGI1058H deletion clearly hindered growth at 42 °C, this effect was

greatly diminished with cells grown at 37 °C (although differences at
several time points remained statistically significant) and seemingly
absent with cells grown at 46 °C. As such, it would seem that in cultures
growing at non-optimal conditions, there is less need for VNG1058H-
induced changes in N-linked tetrasaccharide composition, relative to
when cells are grown at 42 °C.
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Fig. 6 | VNG1058H deletion affects S-layer structure and cell motility. A Atomic
models of the tetrasaccharide N-linked to Hbt. salinarum glycoproteins in the parent
(top pair) and AVNGI058H (bottom pair) strains. The stick presentations (left in
each pair) show carbon atoms in gray, oxygen atoms in red, and sulfur atoms in
yellow. Hydrogen atoms were removed for simplicity. In the sphere presentations
(right in each pair), spheres, representing the van der Waals radii of each atom, are
colored according to atomic Gasteiger charge (red, negative; blue, positive).

B Aliquots (10 pl) of liquid cultures of the parent and deletion strains grown to
logarithmic phase were applied to the center of Petri dishes containing semi-solid
medium. After four days at 42 °C, the diameter of the halos that appeared were
measured. The halo diameters measured on 13-14 plates of each strain are presented,

with the horizontal lines corresponding to the averages (parent strain: 5.77 + 0.1
(SEM) cm, N = 13; AVNGI058H strain: 4.23 + 0.11; N = 14). C Parent and
AVNGI1058H strains were exposed to proteinase K and the protein contents of
aliquots removed at the indicated times were separated by 8% SDS-PAGE. Following
Coomassie staining, the intensities of the S-layer glycoprotein were densitome-
trically determined and normalized to the intensity of the band immediately prior to
protease addition (time = 0), taken as 1. The average intensities of the stained S-layer
glycoprotein at each time point from three biological repeats are shown (parent
strain: 0.5 h, 0.83 + 0.26 (standard deviation); 1 h, 0.84 +0.41;1.5h, 0.82 +0.18; 2 h,
0.72+0.16;2.5h,0.73 + 0.28. AVNG1058H strain: 0.5 h, 0.68 + 0.16; 1 h, 0.26 + 0.21;
1.5h,0.15+0.11; 2 h, 0.11 £ 0.08; 2.5 h, 0.05 + 0.04).

Phylogenetic analysis suggests that haloarchaea other than Hbt.
salinarum can generate IdoA

Although N-glycosylation appears to be an almost universal trait of
Archaea, based on the presence of aglB, encoding the archaeal
oligosaccharyltransferase™, essentially nothing is known of the composition
of N-linked glycans or the biosynthetic pathways involved in their assembly
outside a handful of species™. With this in mind, VNG1058H was used as a
query sequence in a BLAST search (www.uniprot.org/blast; January 2024)
designed to identify haloarchaeal homologs of this sugar epimerase, the
existence of which could reflect the use of IdoA in other archaeal N-linked
glycans.

The list of homologs generated included the only other sugar epimerase
for which experimental evidence for function exists, namely, Hfx. volcanii
AglQ™. When the list of homologs was assembled into an unrooted
neighbor-joining tree, two distinct clades, one containing VNG1058H and
the other containing AglQ, were apparent (Fig. 7). As such, the phylogenetic
analysis not only distinguished between archaeal sugar epimerases (ie.,
VNGI1058H and AglQ) deemed as catalyzing the conversion of GIcA into
distinct hexuronic acids (IdoA and GalA, respectively), but also revealed the
presence of archaeal homologs of VNG1058H, suggesting that IdoA is
generated by archaea other than Hbt. salinarum. However, of the different
species predicted to contain VNG1058H- or AglQ-like proteins, N-linked
glycans have only been characterized to date in Hbt. salinarum and Hfx.
volcanii"™". Earlier efforts predicted the presence of D-glucuronyl C5-epi-
merase in other archaea, however, nothing is known of N-glycosylation in
these species”. As such, the presence of IdoA in N-linked glycans other than
the tetrasaccharide assembled by Hbt. salinarum remains an untested
prediction.

Discussion

Although many of the components of the pathway responsible for the
assembly and attachment of an N-linked tetrasaccharide to Hbt. salinarum
glycoproteins have been defined'", additional pathway components
remain to be described, including the enzyme responsible for the appear-
ance of IdoA, the third sugar of the N-linked tetrasaccharide. In the present
study, evidence for VNG1058H being the D-glucuronyl C5-epimerase that
catalyzes the conversion of GlcA into IdoA was presented. Specifically,
NMR spectroscopy confirmed that in Hbt. salinarum cells deleted of
VNG1058H, GlcA, rather than IdoA, were found as the third sugar of the
N-linked tetrasaccharide decorating glycoproteins in this haloarchaeon. As
such, VNG1058H is the first D-glucuronyl C5-epimerase to be reported in
Archaea, joining the family of enzymes best known for their involvement in
the biosynthesis of the GAGs heparin, heparan sulfate and dermatan sulfate
in Eukarya™*.

Still, open questions regarding the activity of VNG1058H remain. In
eukaryotes, D-glucuronyl C5-epimerases modify polymer-bound D-GIcA,
rather than the soluble UDP-GIcA precursor’®*’. The results of in vitro
assays using a eukaryal substrate argue that the same holds true for a bac-
terial D-glucuronyl C5-epimerase’. Although it is tempting to assume that
VNGI1058H also acts on glycan-bound GlcA, rather than soluble UDP-
GlcA, this option cannot yet be discounted. Indeed, the predicted structure
of VNG1058H differs from the solved structure of the human glucuronyl C5
epimerase GIcE (PDB 6HZZ)”, possibly reflecting a distinct mechanism of

action. Moreover, Hbt. salinarum VNG1058H was not recognized in a
BLAST search using the human or a bacterial glucuronyl C5 epimerase as
query. On the other hand, despite acting on glycan-incorporated GlcA, the
D-glucuronyl C5-epimerases involved in biosynthesis of the GAGs heparin,
heparan sulfate and dermatan sulfate also do not share sequence homology
or domain similarity*>*’. If one assumes that VNG1058H acts on a glycan-
bound GlcA target as does its eukaryal and bacterial counterparts®, it
remains to be determined whether IdoA is generated from GlcA that cor-
responds to the terminal sugar of the DolP-bound trisaccharide precursor of
the tetrasaccharide or from GIcA at position three of the complete DolP-
bound tetrasaccharide, although support for the latter scenario exists (see
below). It is also not clear why the GIcA at position two of the tetrasaccharide
is not epimerized to IdoA. Future in vitro assays using purified VNG1058H
and appropriate substrates may help answer these and other mechanistic
questions.

The results presented here further revealed that while VNG1058H is
not needed for the assembly of a DolP-bound tetrasaccharide, which
accordingly lacks IdoA, deletion of the encoding gene also resulted in a loss
of glycan sulfation. Recent efforts reported that Agl30 and Agl31, respec-
tively, sulfate the IdoA and GlcA found at positions three and four of the
N-linked tetrasaccharide'®. Although sulfation of IdoA at tetrasaccharide
position three and of GIcA at tetrasaccharide position four occurs inde-
pendently, namely, sulfation of one of these sugars is not needed for sul-
fation of the second”, it nonetheless appears that Agl30 cannot sulfate a
GlcA found at the third position of the tetrasaccharide and that Agl31
cannot sulfate the terminal GlcA unless IdoA is found at the third position. It
thus follows that tetrasaccharide sulfation occurs after the appearance of
IdoA at position three, and not when GIcA is found at this position. The
claim that Agl30 distinguishes between GlcA and IdoA is further supported
by the fact that the N-linked tetrasaccharide IdoA is sulfated at the C3
position, a scenario seemingly unique to Hbt. salinarum", and not at the C2
position, where GlcA sulfation usually occurs™ >, including in the case of
the terminal GlcA of the N-linked tetrasaccharide. Furthermore, the finding
that no glycan sulfation occurs in a strain lacking Agl27, which adds the
terminal GlcA to the DolP-bound trisaccharide precursor of the
tetrasaccharide', argues that the GlcA added to the DolP-bound dis-
accharide precursor of the tetrasaccharide is only converted to IdoA after the
terminal GlcA has been added. At the same time, the relative timing of
GlcA epimerization into IdoA and sugar sulfation in Eukarya shows
variability. In dermatan sulfate and heparin, a neighboring
N-acetylglucosamine must be N-sulfated prior to D-GIcA epimerization,
whereas in heparan sulfate, epimerization precedes sulfation of any neigh-
boring N-acetylgalatosamine™.

The absence of VNG1058H impacted Hbt. salinarum cell physiology,
as reflected by changes in cell growth, cell motility and S-layer structure in
the deletion strain. The impacts of such changes seems, however, to be
related to growth temperature. QPCR revealed that VNGI1058H transcrip-
tion decreased upon growth at 37 or 46 °C, relative to what was measured at
42 °C. At the same time, VNG1058H deletion harmed the growth of cells at
42 °C, yet had much far less, if any, impact on cell growth at 37 or 46 °C. As
such, for reasons still unclear, it would appear that at these non-optimal
growth temperatures, the importance of VNG1058H is decreased, which
could explain why VNGI1058H transcription is reduced when cells were
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Fig. 7 | Phylogenetic analysis predicts that different epimerases of GIcA appear in
numerous archaeal species. A phylogenetic tree of archaeal VNG1058H (GenBank
locus tag AAG19462.1) homologs predicts a clade of AglQ-like proteins that

includes Hfx. volcanii AglQ (blue) and a second clade that includes Hbt. salinarum
VNG1058H-like proteins (red).

grown at 37 or 46 °C. These findings thus support the concept that Hbt.
salinarum can control the composition of the N-linked tetrasaccharide in
response to the environment. While the presence of L-iduronic acid in
GAGs was deemed to be important for protein binding, given how this sugar
increases conformational flexibility***’, it remains to be determined how
Hbt. salinarum benefit from replacing GlcA with IdoA at tetrasaccharide
position three (and subsequently not sulfating the last two tetrasaccharide
sugars).

In summary, although earlier efforts had predicted the existence of
archaeal versions of D-glucuronyl C5-epimerase®, the present investigation
provides the first experimental evidence for this prediction. Moreover,
VNGI1058H represents the first D-glucuronyl C5-epimerase shown to
participate in N-glycosylation (Fig. 8). Given the demonstrated role of
VNGI1058H in Hbt. salinarum N-glycosylation, it was renamed Agl32,
according to the nomenclature used to annotate components of archaeal
N-glycosylation pathways™.
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cell surface

Fig. 8 | Working model of Hbt. salinarum N-glycosylation. Assembly of the
N-linked tetrasaccharide decorating Hbt. salinarum glycoproteins begins with the
sequential addition of one Glc and three GlcA units to a common DolP carrier on the
cytoplasmic face of the plasma membrane by the glycosyltransferases Agl28, Agl25,
Agl26, and Agl27, respectively. The D-glucuronyl C5-epimerase Agl32 then epi-
merases the GlcA at tetrasaccharide position three into IdoA. The sulfotransferases
Agl30 and Agl31 then sulfate IdoA and the terminal GlcA at the O-3 and O-2
positions, respectively. An as yet undefined methyltransferase (indicated by “??”)
methylates the terminal GlcA. The temporal relation between sulfation and

SO,
SO,

- —_
Agl30

22 SOy

cH, & s0;

methylation is currently unknown. Likewise, the demethylation enzyme that
removes the methyl group and when it acts also remain unclear. Once assembled, the
DolP-linked tetrasaccharide is translocated across the membrane in a reaction
involving Agl29. Finally, the tetrasaccharide is transferred to selected Asn residues in
target proteins by AglB. In the absence of Agl32, a non-sulfated N-linked tetra-
saccharide comprising Glc and three GIcA units is added to target proteins. Glc is
represented by a blue circle, GlcA by a half blue diamond and IdoA by a half brown
diamond. For further details, see refs. 13,16-19.

Methods

Cell growth and VNG1058H deletion and complementation

Hbt. salinarum NRC-1 (ATCC strain 700922) parent strain cells were
grown in medium containing 250 g NaCl, 20 g MgSO,-7H,0, 3 g sodium
citrate, 2 g KCl, 10 g peptone per 1, supplemented with 50 pg/ml uracil at
42°C”. Cells deleted of VNG1058H were generated and grown as above,
with lack of the gene being confirmed by qPCR'***. PCR was also performed
to confirm that VNGI058H deletion had no detrimental effect on neigh-
boring genes, i.e., VNG1056C, VNG1057C, and VNGI1059C. To construct a
complementation plasmid, VNG1058H was amplified from a gBlock con-
taining the gene encoded to include a 6xHis-Flag tag at the C-terminal end
of the product and presenting Ndel and BamHI restriction sites at the 5" and
3’ ends, respectively. The construct was introduced into the plasmid
pMTFchis* (a kind gift from Amy K. Schmid, Duke University), linearized
using the Ndel and BamHI restriction enzymes, using a Gibson Assembly
Kit (New England BioLabs), according to the manufacturer’s instructions.
Hbt. salinarum parent cells were transformed with plasmid pMTFchis
lacking VNG1058H (empty vector), while AVNG1058H cells were trans-
formed with the empty vector or with the construct described above™.
Transformed cells were grown in medium containing 10 pg/ml mevinolin.
All primers used are listed in Table 2.

LC-ESIMS

LC-ESIMS analysis of the Hbt. salinarum S-layer glycoprotein and archaellins
was performed'®. Peptides were analyzed using a Q Exactive HF mass spec-
trometer (Thermo) fitted with a capillary HPLC (easy nLC 1200, Thermo-
Fisher (HF)). The peptides were loaded in solvent A (0.1% formic acid in
water) on a homemade capillary column (30 cm, 75-micron ID) packed with
Reprosil C18-Aqua (Dr. Maisch HPLC, Ammerbuch, Germany). The peptide

mixture was resolved with a 6-34% linear gradient of solvent B (80% acet-
onitrile with 0.1% formic acid) for 60 min followed by a gradient of 15 min of
34 to 95% and 15 min at 95% solvent B at flow rates of 0.15 l/min. Mass
spectrometry was performed in a positive mode (#1/z 300-1500, resolution
60,000 for MS1 and 15,000 for MS2) using repetitively full MS scan followed
by high collision dissociation (HCD, at 27 normalized collision energy) of the
18 most dominant ions (>1 charges) selected from the first MS scan. The AGC
settings were 3 x 10° for the full MS and 1 x 10 for the MS/MS scans. The
intensity threshold for triggering MS/MS analysis was 1.3 x 10°. A dynamic
exclusion list was enabled with an exclusion duration of 20 s.

Structural modeling
To predict the structure of VNG1058H, the AlphaFold computational
modeling tool (https://alphafold.ebi.ac.uk/)” was employed in the UCSF
ChimeraX (version 1.4) platform®. The top-ranked AlphaFold-generated
model was then compared against entries in the Protein Data Bank (January,
2025) using the DALI protein structure comparison server (http://ekhidna2.
biocenter.helsinki.fi/dali/)*. The top hit provided by the DALI server was
visualized using UCSF Chimera”, with the two structures being super-
imposed using the default settings to determine the quality of the match.
PDB files of glycans were generated using GlycoGlyph®. Sticks and van
der Waals surface presentations were created using Avogadro version 2.0%.
Electrostatic potential surface was depicted by mapping atomic Gasteiger
charges onto the molecular van der Waals surface.

Purification and NMR analysis of an N-linked tetrasaccharide-
containing glycopeptide

Hbt. salinarum archaellum filaments were enriched from the spent growth
medium of AVNGI058H strain cells” and the N-linked glycans from the
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Table 2 | Primers used in this study

Primers

Sequences

Primers for gene deletion

VNG1058H-Hind-Gibs-F

CGAGCAGACGCATCTGGATCCACGAAGCTTGAGATGTACGTGTTCGCTGAGAATC

VNG1058H-up-R

CGATAACAGGACAGATACTCTTCAGTGGGGCATGGGTGCGAACAGGCCGCTCG

VNG1058H-down-F

CGAGCGGCCTGTTCGCACCCATGCCCCACTGAAGAGTATCTGTCCTGTTATCG

VNG1058H-Nco-Gibs-R

AGGTATCTAGAACCGGTGACGTCACCATGGGATACGACGTCGAGTATCACATCATCG

Primers for gPCR
VNG1058H FW CTGTACTGGATCGTGTGAAGAG
VNG1058H Rev GGACGTGCGTAGTGCTTTAT
VNG0657G FW CGGATTCGGTCGAGTTTCAT
VNG0657G Rev CACATCGTGGTGATCCAGTT

Primers for complementation

FW1058pMTF

CGGAAGCCGAACTCTGCACATATGCCGTCTAGTTCGAACCGCCA

REV1058pMTFhis-flag

GACTCTAGAACTAGTGGATCCTCACTTATCGTCGTCATCCTTGTAATCCTCGAG

Primers for VNG 1058 and neighboring genes

VNG1056-up ATGGCGGGAAATCTCCGT
VNG1056-down CGAGATGATCGTTGATGTCGGT
VNG1057C-up CTGAATCGGGTAGCGACATC
VNG1057C-down ACTCCTCCAGTTGCTCGTA

VNG1058-up

CACATTCGCGGACCTATTGCGCATATGCCGTCTAGTTCGAACCGCCATC

VNG1058-down

ACCGTCTCGTGACAGCCGAATTCTCAGTGTAGGTCTACGTTCGGAATGTC

VNG1059C-up

ATGCCCAGCATCGGAATTCTGT

VNG1059-down

TCAGATCTCGGATCGAAACACGG

archaellins comprising these filaments were isolated using a method
adapted from that of Notaro et al.”. Briefly, archaellins were digested with
proteinase K and the resulting N-glycosylated peptides (1 mg) were sepa-
rated from the other peptide fragments by size exclusion chromatography
using a Biogel P2 column (total volume 20 ml, flow rate of 12 ml/h, DDW as
eluent). The eluate was monitored with a refractive index detector, pooled
accordingly and analyzed by proton NMR to identify those fractions enri-
ched in glycopeptide. Additional purification was achieved by anion
exchange chromatography Q-Sepharose fast-flow (Cytiva, Buccinasco,
Italy; total volume 0.5 ml), eluted using NaCl solutions of increasing ionic
strength (10 mM, 100mM, 200 mM, 400 mM, 600 mM, 1000 mM;
three volumes of each), followed by a final wash with 1 M NaOH, imme-
diately neutralized to pH 7 after collection. Eluates with the same ionic
strength were pooled and desalted on a Biogel P2 column (same conditions
as above). This additional purification step efficiently removed traces of
starch, as well as other peptides that co-eluted with the glycopeptide. Starch
was recovered at low ionic strength (10 mM NaCl), while the N-linked
tetrasaccharide-containing peptide (400 pg) eluted at higher ionic strength
(100 mM NaCl).

Samples were dissolved in deuterated water (550 pl) and spectra were
recorded on a Bruker 600 DRX apparatus equipped with a CryoProbe at
298 K. Homonuclear 'H-'H 2D experiments (COSY, TOCSY, NOESY)
were recorded using 512 FIDs of 2048 complex points with 48 scans per FID.
Mixing times of 100 and 500 ms were used for TOCSY and NOESY spectra,
respectively. "H-""C HSQC and HMBC spectra were acquired with 512
FIDs of 2048 complex points by accumulating 80 and 50 scans, respectively.
All spectra were calibrated on internal acetone (‘'H 2.225ppm, “C
31.35 ppm). Transformation and analysis of the spectra were performed
using Bruker Topspin 4.0 software.

Motility assays
Cell motility on semi-solid medium was assayed according to Vershinin
et al.”®. Briefly, liquid cultures of parent and deletion strain cells were grown

to logarithmic phase (ODggp ~ 0.8) and aliquots (10 pl) were applied to
the center of plates of semi-solid medium containing 0.3% agar (w/v).
After four days at 42 °C, the diameters of the motility halos, corresponding
to the distance the cells had swum, were measured in 13-14 plates
per strain. Statistical significance was determined using Student’s
unpaired t-test.

Proteolytic digestion of the S-layer

To assess the impact of VNG1058H deletion on the susceptibility of the Hbt.
salinarum S-layer to proteolytic digestion, cells (1 ml) of the parent and
deletion strains were grown to ODggo = 1.0 and challenged with proteinase
K (1 mg/ml, final concentration; Sigma) at 37 °C. Aliquots (100 pl) were
removed immediately prior to proteinase K addition (considered as
time = 0) and at 30 min intervals following addition of the protease for up to
2.5 h. Following separation by 8% SDS-PAGE, the protein contents of each
aliquot were Coomassie-stained. The intensities of the stained bands cor-
responding to the S-layer glycoprotein were determined densitometrically
using the Fiji platform® and normalized to the intensity of that band in the
aliquot taken at time = 0, considered as 1.

Assessing VNG1058H transcript levels as a function of growth
conditions

To quantify VNG1058H transcript levels as a function of growth conditions,
parent and AVNGI058H strain cells were grown to logarithmic phase
(ODggo ~ 0.8) in medium containing 2.9, 3.5 or 4.2 M NaCl at 42 °C or in
medium containing 4.2 M NaCl at 37, 42 or 46 °C. Transcript levels were
determined by qPCR analysis using a CFX384TM Real Time System (Bio
Rad). The reaction mix contained 5 pl of SYBR green mix (Applied Bio-
systems), 0.3 uM of primers (listed in Table 2), 5 ng cDNA and DDW in a
total reaction volume of 10 pl. The following parameters were used: 95 °C for
3 min, 40 cycles of 15 s at 95 °C and 1 min at 60 °C for annealing, extension
and read fluorescence, respectively. Melting curve analysis was performed
after each run to ensure the specificity of the products. The efficiency of each
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primer set was calculated using five to six serial dilutions of the parent strain
sample. Using this efficiency value for each primer set, relative expression
was calculated using the standard 2788 formula, with the VNG0657G
housekeeping gene as reference”® and normalized to the transcript level
measured from cells grown in medium containing 4.2 M NaCl at 42 °C,
taken as 1.0.

Phylogenetic analysis

An unrooted neighbor-joining phylogenetic tree of Hbt. salinarum
VNGI1058H and Hfx. volcanii AglQ homologs was constructed using
MEGA software version 11.0.13°. The VNG1058H protein sequence was
downloaded from the UniProt database (accession: Q9HQQI1) and sub-
mitted to BlastP in the MEGA software. The search parameter was set to
Archaea (taxid: 2157). Selected DNA sequences were added to the align-
ment explorer tool in MEGA and aligned using the MUSCLE algorithm, set
to “align codons”. A tree was constructed using the “general time rever-
sible + gamma distribution (GTR + G)” model.

Statistics and reproducibility

Where relevant, averages were calculated using Student’s ¢ test. Standard
deviation or standard error of the mean was calculated for each average, as
described in the text or relevant figure legend. The numbers of biological
repeats are also provided.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are found in Supplementary
Data 1 or are available from the corresponding author upon reasonable
request.
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