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Abstract

Archaea are ubiquitous single-cell microorganisms that have often adapted to harsh conditions and play important roles in
biogeochemical cycles with potential applications in biotechnology. Methanococcus maripaludis, a methane-producing
archaeon, is motile through multiple archaella on its cell surface. The major structural proteins (archaellins) of the archaellum
are glycoproteins, modified with N-linked tetrasaccharides that are essential for the proper assembly and function of archaella.
The aglW gene, encoding the putative 4-epimerase AglW, plays a key role in the synthesis of the tetrasaccharide. The goal of our
work was to biochemically demonstrate the 4-epimerase activity of AglW, and to develop assays to determine its substrate
specificity and properties. We carried out assays using UDP-Galactose, UDP-Glucose, UDP-N-acetylglucosamine, UDP-N-
acetylgalactosamine and N-acetylglucosamine/N-acetylgalactosamine-diphosphate — lipid as substrates, coupled with specific
glycosyltransferases. We showed that AglW has a broad specificity towards UDP-sugars and that Tyr151 within a conserved
YxxxK sequon is essential for the 4-epimerase function of AgIW. The glycosyltransferase-coupled assays are generally useful for
the identification and specificity studies of novel 4-epimerases.
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Introduction efficient growth capability, and a wide variety of available

genetic tools [9].

Archaea are single-cell microorganisms that are ubiquitous in
nature and have often adapted to growth under harsh condi-
tions; cultivatable members include sulfur-dependent thermo-
philes, hyperthermophiles, extreme halophiles, methanogens
and ammonia oxidizers [1, 2]. They play important roles in
biogeochemical cycles and have potential applications in bio-
technology [3-5]. Methanococcus maripaludis is a motile,
mesophilic, methane-producing member of the archaea that
was originally isolated from salt marsh sediments in South
Carolina [6]. It serves as a model for genetic and structural
studies of N-glycosylation [7, 8] due to its sequenced genome,
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M. maripaludis has multiple motility structures (archaella)
on its cell surface [10]. The major structural proteins of the
archaellum are three archaellins, each carrying multiple Asn-
linked tetrasaccharides (Fig. 1) [12, 13]. FlaB1 and FlaB2 are
the two major archaellins and FlaB3 is a minor archaellin that
comprises the curved hook-like region of the archaellum [1].
Disruptions in the N-glycosylation of the archaellins adversely
affect their assembly into archaella and motility [14, 15].

In archaea, N-glycans are often highly complex and
unusual in structure [7]. The N-glycan of archaellins in
M. maripaludis is a tetrasaccharide with the structure 4-de-
oxy-5-O-Me-ManNAcf31-4ManNAc3NAmA[Thr-6]31-
4GIcNAc3NAcAB1-3GalNAc-Asn (Fig. 1) [13]. By using
bioinformatic analyses and targeted gene deletions coupled
with mass spectrometry analyses of purified archaella from
the mutant strains, most of the genes involved in the biosyn-
thesis of the N-glycan have been identified, although bio-
chemical proof is still absent. Genes encoding glycosyltrans-
ferases (GTs) as well as enzymes that synthesize the donor
substrates required for the assembly of the glycan on its
dolichol-phosphate (P-Dol) carrier have been identified. N-
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Fig. 1 Proposed biosynthetic pathway of N-glycan in Methanococcus
maripaludis. The tetrasaccharide glycan (inset) is assembled on a lipid
carrier Phospho-dolichol (P-Dol) by a series of GTs as indicated (AglO,
AglA and AglL; the GT for the transfer of the first sugar (D) is currently
unknown). AglO transfers the second sugar (C), 2,3-di-N-acetyl
glucuronic acid, from UDP-2,3-di-N-acetyl glucuronic acid to GalNAc
(sugar D) in 31-3 linkage. A number of enzymes (Agl20, Agl19, Agl18,
Agl17) are involved in the synthesis of the corresponding nucleotide
sugar donor substrate from UDP-GlcNAc. Agl21 and AglXYZ
synthesize the nucleotide sugar required for the third sugar (B). AglA is
the glycosyltransferase that transfers 2-N-acetyl-3-N-amidino-
mannuronic acid (sugar B) from the UDP-sugar donor in (31-4 linkage
to 2,3-di-N-acetyl glucuronic acid. The threonine residue is thought to be
added to sugar B by AglU only after the terminal sugar (A) has been
transferred by GT AglIL in (314 linkage. AgIW appears to be involved in

glycosylation starts with the addition of sugar-phosphate to P-
Dol by an unidentified sugar-1-phosphate transferase. This is
followed by the sequential transfer of sugars by the putative
GTs AglO, AglA and AglL (Agl, archaeal glycosylation)
(Fig. 1). The P-Dol-linked oligosaccharide is then flipped
to the outside of the plasma membrane and an
oligosaccharyltransferase transfers the lipid-linked glycan to
select asparagine residues within the conserved sequon N-x-S/
T of target proteins [11, 14-16].

Many steps in the synthesis of the nucleotide sugar do-
nor substrates for GTs have been identified in recent
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the pathway for the terminal sugar while AglV is the O-methyl-
transferase that transfers a methyl group to the last sugar in the unique
5-O-methyl linkage, likely at the nucleotide sugar stage. After the
assembly of the N-glycan on the P-Dol lipid intermediate by
transferases at the cytoplasmic face of the plasma membrane, the
oligosaccharide is flipped across the membrane by an unidentified
flippase. The membrane-bound oligosaccharyltransferase AgIB then
transfers the oligosaccharide to Asn residues of proteins within the Asn-
X-Ser/Thr sequons. With the exception of 4-epimerase AglW, none of the
enzymes involved have been biochemically characterized in
M. maripaludis. AgIW does not appear to affect GalNAc at the
reducing end of the N-glycan but may have a possible role in the
synthesis of the donor substrate for the addition of the terminal sugar A.
Figure modified from Siu et al. [11]

studies. It was shown that M. maripaludis synthesizes the
second sugar (a GlcNAc derivative) and the third sugar (a
Man derivative) of the tetrasaccharide by the same pathway
used by Pseudomonas aeruginosa to make di-N-acetylated
sugars [11, 16]. UDP-GlcNAc is converted to UDP-
GIcNAc(BNACc)A through dehydrogenation (mediated by
Agl20), oxidation (Agll9), amination (Agll8) and N-
acetylation steps (Agll17). Epimerization by Agl21 of
UDP-GIcNACc(3NACc)A yields UDP-ManNAc(3NAc)A
which is converted to UDP-ManNAc3NAmA by the activ-
ities of AglXYZ to add the acetamidino group at position 3
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[8, 17] (Fig. 1). The threonine addition by AglU to the third
sugar appears to occur after the addition of the unique ter-
minal sugar at the non-reducing end of the chain (4-deoxy-
5-O-Me-ManNAc) by the putative GT AglL [8, 15]. The
pathway to generate the donor substrate for AglL is much
less understood. AglV likely transfers a methyl group from
S-adenosylmethionine to the 5-position of the terminal sug-
ar, either while it is bound to UDP [8] or, alternatively, after
the transfer of the fourth sugar to the Dol-linked growing
glycan. Mass spectrometry analysis has revealed that a mu-
tant harboring a deletion of the gene ag/W has a truncated
N-glycan lacking the terminal sugar residue, as well as the
threonine residue linked to the third sugar [12]. The ab-
sence of the Thr residue on the third sugar is not directly
related to the activity of AglW as this transfer has been
previously shown to be carried out by AglU [8]. This sug-
gests that the function for AglW lies in the biosynthesis
pathway of the donor substrate for AglL [12] although this
role is not obvious.

Based on protein sequence similarity, AglW
(MMP_RS05635; formerly MMP1090) has been suggested
to be a 4-epimerase but this had not been shown biochemical-
ly. Most 4-epimerases reversibly convert UDP-hexoses and/or
UDP-hexosamines in the presence of NAD™ and are classified
based on their substrate specificity (Table 1). Group 1 4-
epimerases act primarily on UDP-Glc/Gal and group 2 en-
zymes act on both UDP-hexoses and UDP-HexNAc [19,
24]. A third group acts primarily on UDP-GIcNAc and UDP-
GalNAc as substrates. Another type of 4-epimerase (Gnu,
group 4) encoded by the Z3206 gene from Escherichia coli
0157 does not act on nucleotide sugars but instead can revers-
ibly convert GlcNAca-diphosphate-undecaprenol (GlcNAc-
PP-Und) to GalNAcx-PP-Und [23]. In M. maripaludis, the
sugar at the reducing end of the N-glycan is also GalNAc. It
is unknown if archaea express a 4-epimerase that can inter-
convert GlcNAc-diphosphate-Dol (GlcNAc-PP-Dol) and
GalNAc-PP-Dol. In addition to these enzymes, there are 4-
epimerases that interconvert the uronic acid forms of UDP-
hexose (UDP-N-acetylglucuronic acid and UDP-N-
acetylgalacturonic acid) or UDP-pentoses (UDP-Xylose and
UDP-Arabinose) [25].

The goal of this work was to provide biochemical evidence
for the 4-epimerase activity of AglW, and to identify its sub-
strate specificity and enzymatic properties. We developed high-
ly sensitive and specific assays for the conversion of UDP-Gal,
UDP-Glc, UDP-GIcNAc, UDP-GalNAc and GlcNAc/
GalNAc-diphosphate — lipid by coupling 4-epimerase to GT
reactions. Our work demonstrates that AglW from
M. maripaludis is a 4-epimerase with broad specificity towards
UDP-sugars. These assays should prove to be generally useful
for specificity studies of 4-epimerases.

Materials and methods
Materials

All reagents and materials were purchased from Sigma unless
otherwise stated. Radioactive nucleotide sugars were purchased
from American Radiolabeled Chemicals (ARC). GIcNAco-
diphosphate-(CH,);;-O-phenyl (GlcNAc-PP-Phenylundecyl,
GlcNAc-PP-PhU) and GalNAca-diphosphate-(CH,);,-O-phe-
nyl (GalNAc-PP-PhU) were synthesized as acceptor substrates
for bacterial GTs as previously reported [26]. Manal-
6(Mana1-3)Manf3-octyl was purchased from Toronto
Research Chemicals. UDP-Gal was donated by B. Ernst,
University of Basel, Switzerland. Purified bovine milk 31,4-
Gal-transferase was from Sigma. Purified recombinant bovine
polypeptide GalNAc transferase-1 (ppGalNAc-T1) was a gift
from A. Elhammer, Pharmacia and Upjohn, Kalamazoo ML
Human GlcNAc-transferase 1 expressed in insect cells was do-
nated by H. Schachter, Hospital for Sick Children, Toronto,
ON. The (1,3-Glc-transferase WbdN from E.coli O157 was
produced and assayed as described previously [27]. The 31,4-
Gal-transferase WfeD from Shigella boydii was produced as
described before [28] and purified using Ni* *"NTA
Sepharose (Qiagen) as described [26].

Strains and growth conditions

Strains and plasmids used in this study are listed in Table S1.
M. maripaludis S2 Ahpt (Mm900 [9]) and the AagI/W mutant

Table 1 The 4-epimerase

families Protein family Name Species Substrates Ref.
Group 1 eGalE E.coli UDP-Gal, UDP-Glc [18]
Group 2 hGalE human UDP-Gal / Gle, [19]
Gne E.coli UDP-GalNAc / GlcNAc [] 8 20]
AglW M.maripaludis This study
Group 3 WhbpP Pseudomonas aeruginosa UDP-GalNAc / GIcNAc [21]
WbgU Pleisomonas shigelloides [22]
Group 4 Gnu E.coli O157 GlcNAc-PP-Und [23]
Group 5 GnaB Pseudomonas aeruginosa UDP-GIcNAcA [24]
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isolated from it [12] were grown anaerobically in sealed serum
bottles containing 10 ml Balch Medium 3 at 37 °C under an
atmosphere of CO,/H, (20:80) with shaking, as described
previously [12]. Archaeal homogenates were prepared by son-
ication of M. maripaludis Mm900 in 50 mM sucrose as de-
scribed [26]. Escherichia coli BL21 (DE3) cells used for clon-
ing steps were grown in Luria-Bertani medium at 37 °C with
100 pg/ml ampicillin and 30 pg/ml chloramphenicol for se-
lection when required.

Cloning and expression of AglW

The aglW gene from M. maripaludis was amplified by poly-
merase chain reaction (PCR) using the AglW-F forward and
AgIW-R reverse primers listed in Table S2 that contained ei-
ther Ndel or Xhol restriction sites, respectively. The gene was
cloned into Ndel/Xhol digested expression vector pET23a,
creating a fusion of ag/W with the C-terminal His¢-tag-
encoded plasmid sequence, resulting in plasmid pKJ919
which was transformed into E. coli BL21 (DE3) cells for
protein expression. Bacteria were grown overnight at 37 °C
in 5 ml LB broth containing 100 pg/ml ampicillin and
30 pg/ml chloramphenicol with shaking at 200 rpm. Five ml
bacterial suspension were transferred to 100 ml LB broth con-
taining ampicillin and chloramphenicol and incubated at
37 °C with constant shaking. When the suspension reached
an absorbance at 600 nm of 0.8, it was cooled by placing it on
ice for 15 min. After cooling, isopropyl-beta-thiogalactoside
was added to a final concentration of 0.2 mM. Cells were
grown for an additional 14—16 h at 16 °C, then harvested by
centrifugation for 5 min at 12,000 x g. Pellets were resuspend-
ed in 4 ml binding buffer (5 mM imidazole, 0.5 M NaCl and
20 mM Tris-HCI, pH 8) and stored at —20 °C until required for
use in purification of AgIW protein.

Protein purification

AglW protein was purified using Ni**-NTA Sepharose [26].
To obtain the total cell lysate, E. coli cells producing the Hisg-
AglW fusion protein from pKJ919 were sonicated in binding
buffer for 5 cycles of 2-s sonication and 2-s on ice. Sonicates
were centrifuged at 12,000 x g for 40 min. The supernatant
containing the fusion protein was loaded on a Ni**-NTA
Sepharose column. Bound proteins were eluted with 1 M im-
idazole buffer (20 mM Tris-HCI, pH 8, 0.5 M NaCl).
Fractions were analyzed by SDS-PAGE (12% gels), and frac-
tions containing AgIlW were pooled and dialyzed in dialysis
buffer (50 mM Tris-HCI, pH 8, 150 mM NaCl) at 4 °C over-
night. Western blots were carried out using rabbit anti-His Tag
(Santa Cruz Biotechnology) as the primary antibody (1:1000
in 5% non-fat milk) and HRP-linked goat anti-rabbit IgG (Cell
Signaling Technology) as the secondary antibody (1:5000 in
5% non-fat milk). All antibodies were dissolved in 1x Tris-
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buffered saline (TBS), 0.1% Tween-20 (BioShop Canada).
Bands were visualized using Clarity Western ECL substrate
(Bio-Rad) and the Azure c600 imaging system.

Expression and purification of mutant versions
of Aglw

To determine the importance of the highly conserved Tyr and
Lys residues of the central YxxxK motif, pET23a derivatives
carrying versions of agI/W with a mutation at either Y151
(Y155A; pKJ1111) or K155 (K155A; pKJ1112) were also
used to transform the E. coli expression strain. For these con-
structions, plasmid pKJ919 was used as template in site-
directed PCR with either primer pair Y151A-F and Y151A-
R or primer pair K155A-F and K155A-R (Table S2). The
genes encoding the AglW Y151A and K155A mutations were
sequenced (ACGT Corporation) to confirm the codon change
and to ensure that no errors were introduced. The expression
and purification of theY151A and K155A mutant versions of
AglW were monitored by SDS-PAGE and Western blots as
described above.

Assay for 4-epimerase using Griffonia simplicifolia
lectin | Sepharose

Assays for AglW activity were performed using affinity chro-
matography on Griffonia simplicifolia lectin 1 Sepharose
(GSL 1, Vector Laboratories) that preferentially binds to o-
Gal/GalNAc compounds [29]. In brief, reaction mixtures
(20 ul total volume) contained: 0.1 M Tris-HCI buffer,
pH 8.5, 0.1 mM UDP-[’H]GalNAc (or UDP-[’H]Gal,
UDP-[*H]Glc, UDP-[*H]GIcNAc), 0.1 mM MgCl,,
0.02 mM NAD" and 97 ng of purified AglW. Control assays
lacked AglW. Mixtures were incubated at 37 °C for 10 min
followed by boiling for 3 min. After the addition of 75 ul of
ice-cold buffer (10 mM NaH,PO,, pH 7.2, 150 mM NaCl,
0.1 mM MgCl,, 0.1 mM CaCl,, 0.1 mM MnCl,), the assay
mixture was passed through a column of 1 ml GSL 1
Sepharose equilibrated in GSL buffer (10 mM NaH,POy,,
pH 7.2, 150 mM NaCl, 0.1 mM MnCl,) to separate
UDP-[’H]Gal(NAc) from UDP-[?’H]Glc(NAc). The column
was washed with 1 ml GSL buffer (fraction A), and then with
2 ml GSL buffer to elute unbound UDP-[’H]GIcNAc (or
UDP-[*H]Glc) (fraction B). UDP-[*H]GalNAc (or
UDP-[’H]Gal) was eluted with 2 ml 2.5 mM Gal-a-methyl
in GSL buffer (fraction C). The radioactivity of fractions was
determined by scintillation counting.

Coupled 4-epimerase-glycosyltransferase assays
Coupled assays for AglW activity were carried out in two-step

assays. The first step of the two-step coupled assays consisted
of the 4-epimerase reaction using radioactive UDP-sugar
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substrate which was allowed to proceed at 37 °C for 10 min. In
the second step, the AgIW reaction product from the first step
was used as a donor substrate for a GT reaction that was highly
specific for the UDP-sugar. The activities of all GTs were
verified prior to AgIW assays. Assays were carried out in at
least duplicate reactions that varied by <15%. Negative con-
trol assays lacked the specific GT acceptor substrate or AgIW.

Assay 1. AglW - B1,4-Gal-transferase-coupled assay
to measure the conversion of UDP-GIc to UDP-Gal

Bovine milk (31,4-Gal-transferase (34GalT) was used to
determine the amount of UDP-Gal formed from UDP-Glc
[30]. The first step (AglW reaction) of the two-step reac-
tions contained in a total volume of 20 ul: 0.15 M Tris
Base, pH 8, 0.69 mM UDP-[*H]Glc¢ (5550 cpm/nmol) and
5 ug of AglW. Mixtures were incubated for 10 min at
37 °C, followed by boiling for 3 min. The mixtures con-
taining the reaction product UDP-Gal were used as the do-
nor substrate for 34GalT. Assays for the second step
(p4GalT reaction) contained in a total volume of 40 pl:
20 ul 4-epimerase reaction mixture, 0.125 M MES buffer,
pH, 7, 2 mM GIcNAc[3-Bn acceptor substrate, 10 mM
MnCl, and 1.8 pg f4GalT. Reaction mixtures were incu-
bated for 1 h at 37 °C. The reaction was quenched by the
addition of 600 pl of ice-cold H,O and mixtures were
passed through AG 1-X8 anion exchange columns. The
reaction product was quantified by scintillation counting
and using a standard curve for 34GalT.

Assay 2. AglW - WbdN-coupled assays to measure
the conversion of UDP-Gal to UDP-Glc

The 31,3-Glc-transferase WbdN from E.coli O157 [27], spe-
cific for UDP-Glc as donor substrate, was used to determine
the amount of UDP-Glc formed in 4-epimerase assays from
UDP-Gal.

The first step contained 0.15 M Tris-HCI, pH 8,
1.44 mM UDP-[*H]Gal (2900 cpm/nmol) and 5 pg AgIW
in a total volume of 20 pl. Mixtures were incubated for
10 min at 37 °C followed by boiling for 3 min. The mix-
tures were then used as the donor substrate for WbdN ac-
tivity assays. Assay mixtures contained in a total volume of
40 pl: 20 pl 4-epimerase product mixtures, 0.1 M MES
buffer, pH 7, 0.01 M MnCl,, 0.2 mM GalNAc-PP-PhU as
the WbdN acceptor, and WbdN-containing bacterial ho-
mogenate (140 pg protein). After incubation for 30 min
at 37 °C, reactions were quenched with 700 pl cold H,O.
Enzyme product was isolated using a C;g Sep-Pak column
as described [27]. The radioactivity of the final reaction
product was quantified by scintillation counting and using
a standard curve.

Assay 3. AglW and GIcNAc-transferase 1 (GIcNAc-T1)
-coupled assay to detect conversion of UDP-GalNAc
to UDP-GIcNAc

GlcNAc-transferase 1 (GlcNAc-T1 [31] was used as a GT
specific for UDP-GIcNACc as the donor substrate. For the first
step, mixtures contained 0.25 M Tris Base, pH 8, 1.32 mM
UDP-[’H]GalNAc (1140 cpm/nmol) and 5 pg AgIW in a total
volume of 20 pl. Mixtures were incubated at 37 °C for 10 min
followed by boiling for 3 min and were used as the donor
substrate for the second step, GIcNAc-T1 activity assays.
The assay mixtures contained in a total volume of 40 pl:
20 pl 4-epimerase reaction mixture, 0.175 M MES buffer,
pH 6, 1 mM Manal-6(Mana1-3)Man3-octyl acceptor sub-
strate, 20 mM MnCl, and GIcNAc-T I (60 pg protein), and
were incubated for 1 h at 37 °C. The reaction was quenched by
the addition of 600 ul of ice-cold H,O and mixtures were
passed through AG-1X8 anion exchange columns. The final
reaction product was quantified by scintillation counting and
using a standard curve.

Assay 4. AglW - polypeptide GalNAc-transferase
T1-coupled assay to detect conversion of UDP-GIcNAc
to UDP-GalNAc

Polypeptide GalNAc-transferase T1 (ppGalNAc-T1) was
used to specifically detect UDP-GalNAc formed by AglW
from UDP-GIcNAc [32, 33]. Assay mixtures for the first
step contained 0.25 M Tris Base, pH 8, 0.15 mM
UDP-[*H]GIcNAc (4040 cpm/nmol), and 5 pg AgIW in a
total volume of 20 pl. Mixtures were incubated at 37 °C for
10 min, followed by boiling for 3 min and were then used as
the donor substrate for ppGalNAc-T1 activity assays.
Mixtures for the second step contained in a total volume of
40 pl: 20 pl 4-epimerase reaction mixture, 0.125 M Tris-HCI,
pH 7.5, 2 mM AQPTPPP acceptor substrate, 10 mM MnCl,
and 0.033 ug of ppGalNAc-T1. The reaction proceeded for
1 hat 37 °C and was quenched by the addition of 600 pl of ice-
cold H,O. Mixtures were then passed through AG 1-X8 anion
exchange columns and the final reaction product was quanti-
fied by scintillation counting and using a standard curve.

Assay 5. AglW - WfeD-coupled assay
for the conversion of GalNAc-PP-PhU
to GIcNAc-PP-PhU.

The conversion of GalNAc-PP-PhU by 4-epimerase to
GlcNAc-PP-PhU was monitored with 31,4-Gal-transferase
WiteD from Shigella boydii [28] that is specific for GIcNAc-
PP-PhU as the acceptor substrate and UDP-Gal as the donor
substrate. The first step for AglW activity assays contained
0.25 M Tris Base pH 8, 2.5 mM GalNAc-PP-PhU and 5 pg
of AglW in a total volume of 20 pl. Mixtures were incubated
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for 10 min at 37 °C followed by boiling for 3 min. The pos-
sible reaction product, GIcNAc-PP-PhU, was then used as an
acceptor substrate for WfeD reaction. Assays for the second
step contained in a total volume of 40 pl: 20 pul mixture from
the AglW reaction, 0.15 M MES buffer, pH 7, 1.92 mM
UDP-[*H]Gal (2900 cpm/nmol), 0.01 M MnCl, and
0.075 pg purified WfeD. After incubation for 30 min at
37 °C, reactions were quenched with 700 ul cold H,O.
Enzyme product was isolated using a C;g Sep-Pak column
as described [28]. The radioactivity of the final reaction prod-
uct was quantified by scintillation counting.

Assay 6. AglW - WbdN-coupled assay
for the conversion of GIcNAc-PP-PhU
to GalNAc-PP-PhU

To measure the conversion of GIcNAc-PP-PhU to GalNAc-
PP-PhU, the 31,3-Glc-transferase WbdN was used as a GT
specific for GalNAc-PP-PhU as the acceptor substrate [27].
The two-step coupled assay reaction mixtures for the first
(AglW) step contained 0.25 M Tris Base pH 8§, 2.5 mM
GIcNAc-PP-PhU and 5 pg of AgIW in a total volume of
20 pl. Mixtures were incubated for 10 min at 37 °C followed
by boiling for 3 min. The reaction product was used as the
acceptor substrate for WbdN activity assays. The second step
contained in a total volume of 40 ul: 20 ul AglW reaction
mixture, 0.1 M MES buffer, pH 7, 0.92 mM UDP—[3H]Glc
(5550 cpm/nmol), 0.01 M MnCl, and WbdN-containing bac-
terial homogenate (140 pg protein). After incubation for
30 min at 37 °C, WbdN assays were performed by C;g Sep-
Pak assays [27]. The final reaction product was quantified by
scintillation counting.

Results
Sequence analysis of AglW

An NCI-BLAST analysis revealed that AgIW is a member of
the short chain dehydrogenase/reductase superfamily [20] with
high protein sequence identity to other predicted UDP-Glc 4-
epimerases. For example, AgIW (Accession number Q6LYA1)
shares 89% protein sequence identity with a putative UDP-Glc
4-epimerase from the mesophilic relative Methanococcus
vannielii, (A6UPAL1), 71% to the predicted enzyme in the ther-
mophilic Methanothermococcus thermolithotrophicus
(WP_018154753) and 72% to the same enzyme in the hyper-
thermophilic relative Methanocaldococcus jannaschii.
(WP_010869707). AglW is also 33% identical to a character-
ized UDP-glucose 4-epimerase in the hyperthermophile
Pyrococcus horikoshii (058762) [34] as well as 31% with
characterized human 4-epimerase hGalE (Q14376) [19], and
29% with eGalE from the E.coli strain K-12 (P09147) [20].
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AgIW also shares 24.7% sequence identity with 4-epimerase
73206 (Gnu, Q8X7P7) in E. coli O157 that is responsible for
the conversion of GlcNAc-PP-Und to GalNAc-PP-Und. A
BLAST search identified the presence of genes highly homol-
ogous to Z3206 in those E. coli strains that contain GalNAc at
the reducing end of the O antigen repeating units (ECODAB).
This suggests that this GalNAc residue is derived from 4-
epimerization of GlcNAc-PP-Und by 4-epimerase Z3206.
UniProt (InterPro) searches suggest that AglW has a 4-
epimerase domain (amino acids 17-244) that includes a
Rossmann-fold NAD(P)H/NAD(P)(*) binding domain at the
amino terminus, as well as conserved motifs GxxGxxG (locat-
ed within the Rossmann fold and involved in NAD" binding)
and YxxxK (containing the Tyr/Lys couple that plays a key role
in catalysis) characteristic of 4-epimerases [25]. Thus, AglW is
expected to be a 4-epimerase that tightly binds NAD™. The
BLAST search of the M. maripaludis S2 non-redundant protein
sequence database using AglW as query revealed no other sig-
nificant protein sequences indicating AgIW appears to be the
only 4-epimerase in this organism.

Purification of AglW

Homogenates of M. maripaludis Mm900 cells prepared by
sonication in 50 mM sucrose were assayed for 4-epimerase
activity using the $34GalT-coupled assays 1 and WbdN-
coupled assays 2 but activities were below detection levels.
Therefore, purification of AglW was required for analysis of
its enzymatic properties. Following induction of AglW ex-
pression in E. coli and subsequent purification of the His-
tagged AglW via Ni-affinity chromatography, analysis of the
purified AglW samples by SDS-PAGE showed an intense
band at the predicted AglW molecular mass (34.4 kDa)
(Fig. 2a). This band was also detected in western blots using
anti-HisTag antibodies (not shown). AglW has a hydrophobic
sequence at the N-terminus that may serve to associate the
enzyme with the membrane. No protein aggregation or inclu-
sion bodies were observed when the protein was expressed at
16 °C, 25 °C or 37 °C. The purified Y151A mutant version of
AglW also appeared as a 34 kDa band on SDS-PAGE
(Fig.2b). However, in spite of repeated expression experi-
ments, SDS-PAGE showed that the K155A mutant form of
AglW was not well expressed.

Characterization of AgIW activity

Using several different assay procedures, AgIW was shown to
be active with UDP-Gal, UDP-Glc, UDP-GalNAc and UDP-
GlcNAc as substrates. The Glc-oxidase-coupled assays
showed 4-epimerase activity of AglW using UDP-Gal as the
substrate (data not shown) but were limited with respect to the
use of different substrates, and only quantified the production
of UDP-Glc. We therefore used the «-Gal/GalNAc-binding
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a 1 2 3 4 5 6 7 kDa
= 113

= 92

= 29
b 1 2 3 kDa
= 100
= 50
= 20

Fig. 2 Purification of His-tagged AglW. SDS-PAGE is shown after
purification of C-terminal His-tagged AglW by nickel affinity
chromatography. a Molecular mass standards are shown on the right in
kDa. AglW shows a dark band at 34 kDa. Lane 1, induced whole cell
lysate; lane 2, lysed 12,000 x g pellet of sonicated cells; lane 3,
supernatant of 12,000 x g sonicated cells; lane 4, flow-through fraction
after loading supernatant from lane 3; lane 5, wash with 1X binding
buffer; lane 6, wash with 1X wash buffer; lane 7, elution of bound
protein with 1X elution buffer. b Comparison of AgIW wild type and
mutant Y151A. Lane 1, molecular mass standards; lane 2, AglW wild
type; lane 3, Y151 A mutant

GSL 1 lectin and radioactive UDP-sugars to assay 4-
epimerase activity. AglW activity was linear up to about
10 min incubation time at 37 °C. Using UDP-GalNAc as
substrate, full activity was found in the presence of
5 mM Mg**, Mn**, Ca®* ions or EDTA, with Co”* reducing
the activity by 50% (Fig. 3a). This shows that these divalent
metal ions are not required for, or inhibitory to, epimerase
activity. The optimal pH was between pH 8 and 9 (Fig. 3b).
However, the GSL 1 assays were found to lack sensitivity. We
therefore developed highly sensitive and specific coupled as-
says that reduced the reversible reaction of the epimerase and
allowed the use of various substrates by GTs that are specific
for one nucleotide sugar substrate.

The two-pot 34GalT-coupled assays demonstrated that
AglW activity does not require the addition of NAD*, sug-
gesting that this cofactor was tightly bound to the enzyme
throughout the purification procedure. In these assays, the 4-
epimerase was again found to be fully active in the presence of

(Y]

0.4 +

0.34

0.24

0.1+

Substrate conversion (%)

0.0-

Co2+ Mg2+ Mn2+ Ca2+ EDTA Negative

T

—=— MES

0.6 4 .
—eo— Tris-HCI

0A5-
04
0.3:
0.2-.

0.1+

Substrate conversion (%)

0.0 +

o 3 T
5 6 7 8 9 10
pH
Fig. 3 GSL-1 lectin assay. Griffonia simplicifolia lectin 1 (GSLI)
Sepharose was used to assess the percent substrate conversion of UDP-
Glc (unbound) to UDP-Gal (bound). a Assays were carried out as
described in the Methods section using 5 mM concentrations of CoCl,,
MgCl,, MnCl,, CaCl, or EDTA in the assays. Negative, no metal ions or
EDTA were added. None of the metal ions were found to stimulate the 4-
epimerase activity. b Assays were carried out in the presence of buffers at
pH values between 5 and 9.5 (pH). MES buffer was used at pH 5 to 7, and
Tris-Base was used at pH 7 to 9.5. The optimal pH was between 8 and 9.
Error bars represent the difference between duplicate determinations

EDTA. AglW activity was found to be maximal over a broad
pH range of pH 7.5 to 9 and stable in an incubation tempera-
ture range of 30-50 °C.

When the first step (4-epimerase reaction) was omitted be-
fore carrying out the GT reaction (i.e. in one-step assays),
activities near V., values determined by two-step assays
were observed. Thus, the continuous removal of the 4-
epimerase product by a GT made the reaction highly efficient.

Substrate specificity of AgiW

With the highly sensitive GT-coupled assays we were able to
show that AgIW had a broad specificity for UDP-Gal/Glc and
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UDP-GalNAc¢/GlcNAc (Table 2). The 34GalT- and WbdN-
coupled assays were used for the determination of kinetics
parameters for UDP-Glc and UDP-Gal. The apparent Ky, for
UDP-Glc for purified AglW was 0.30 mM and the apparent
Vimax Was 464 nmol/h/mg (Fig. S1A). For UDP-Gal, the
apparent Ky; was 1.36 mM with a V . of 2694 nmol/h/mg
(Fig. S1B) in WbdN-coupled assays. The apparent Ky, and
Vmax values for UDP-GIcNAc using ppGalNAc-T1-coupled
assays were 0.12 mM and 1219 nmol/h/mg, respectively
(Fig. S1C). The GlcNAc-T1-coupled assay yielded an appar-
ent Ky for UDP-GalNAc of 0.05 mM and an apparent V ,,, of
2745 nmol/h/mg (Fig. S1D). Thus, all of these UDP-sugars
were effective substrates.

GlcNAc/GalNAc-PP-PhU are analogs of the natural P-
Und-linked intermediates in the biosynthesis of bacterial O
antigens that were shown to be highly effective as acceptor
substrates for bacterial GTs [26-28]. In archaea, the biosyn-
thetic intermediates for N-glycosylation are Dol-linked with
fewer isoprene units compared to mammalian Dol-linked
phospholipids. However, mammalian GTs have been shown
to be active using simple phosphate-lipid substrates as analogs
of natural Dol-bound substrates [35]. This suggests that the
lipid moieties may not be directly recognized by enzymes and
Dol can be replaced by smaller synthetic lipids. We therefore
tested GlcNAc-PP-PhU and GaINAc-PP-PhU as 4-epimerase
substrates in 4-epimerase-coupled assays but no activity of
AglW was detected. AglW thus appears to differ in specificity
from that of the 4-epimerase Z3206 from E.coli O157 that acts
on GlcNAc-PP-Und [23].

Activities of mutated forms of AglW

A YxxxK motif'is characteristic of 4-epimerases and involved
in catalysis [25]. AglW has three such YxxxK motifs with the
central one (YGLSK, amino acids 151-155) aligning with the
known active site determined in other 4-epimerases (Fig. S2).
To assess the possible roles in enzyme activity, each of the
two key residues, Y151 and K155, was mutated to alanine.
Expression and purification of the Y151A version of the His

Table 2 Kinetic parameters of AglW for UDP-sugar substrates using
GT coupled assays

Substrate Coupled GT Ky (mM) Vmax (nmol/h/mg)
UDP-Glc B4GalT 0.30 464

UDP-Gal WbdN 1.36 2694
UDP-GIcNAc ppGalNAcT 0.12 1219
UDP-GalNAc GIcNACT1 0.05 2745

The apparent Ky, and V. values were determined using GraphPad Prism.
The data are shown in Fig. S1. 4GalT, bovine 31,4-Gal-transferase;
GIcNACT1, human GleNAc-transferase [; ppGalNACT, bovine polypep-
tide GalNAc-transferase; WbdN, f31,3-Glec-transferase from E.coli O157
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Tagged AglW was successful. Like the wild type AglW, the
purified Y151A mutant version of AglW also appeared as a
34 kDa band on SDS-PAGE and was detected in western
blots using anti-Histag antibodies. Purified Y151A AglW
was inactive with all UDP-Hex/HexNAc compounds as well
as with GlcNAc/GalNAc-PP-PhU as substrates, indicating
that Tyrl51 is essential for enzyme activity. Repeated at-
tempts to express and purify the K115A mutant form of the
enzyme failed, implicating a role for Lys155 in proper protein
folding or stability of AgIW, in addition to a likely role in
catalysis.

Inhibition of AgIW

In order to develop 4-epimerase inhibitors of AglW that could
be useful in studying the biological role of AgIW, substrate
analogs were tested as inhibitors in 34GalT-coupled assays
(Fig. 4). None of the 4-epimerase inhibitors inhibited
34GalT activity. The reaction intermediate NADH at 0.5 to
2 mM concentration in the assays inhibited the AglW activity
up to 62%. Effective inhibitors at 2 mM concentrations were
UDP and UDP-Xylose that reduced 4-epimerase activity by
57 and 67%, respectively. Other nucleotide mono- and diphos-
phates showed inhibition between 14 and 46%. Interestingly,
in contrast to other UDP compounds, UDP-GIcA inhibited
AgIW activity by only 15%. Thus, the 6-carboxyl group of
UDP-GIcA may have interfered with binding to the enzyme,
either because of its size or its charge.

Relative Activity (%)

Compounds (2mM)

Fig. 4 Inhibition of the 4-epimerase activity of AgIW. Inhibitors were
present at 2 mM concentration in 34GalT-coupled 4-epimerase assays
(Assay 1) using UDP-Glc as the 4-epimerase substrate. Error bars show
the differences between duplicate determinations. All nucleotide sugar
derivatives showed inhibition of 4-epimerase but not of the coupled
enzyme, 34GalT. Error bars represent the difference between dupicate
determinations
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Discussion

The novel GT-coupled assays used in this study established
that AglW from M. maripaludis is a UDP-Hex/HexNAc 4-
epimerase. The enzyme acts on UDP-Glc/UDP-Gal as well as
UDP-GalNAc/UDP-GIcNAc as substrates and can thus be
classified as a group 2 4-epimerase (Table 1). A number of
methods have been used to assay 4-epimerases and determine
nucleotide sugar product concentrations. The development of
coupled assays in this work to evaluate the activity and sub-
strate specificity of an unknown 4-epimerase has provided a
means for the quantitative, sensitive and specific assessment
of activity using six different substrates, and allowed the bio-
chemical characterization of AglW. Coupled assays exploit
the exquisite donor specificities of GTs and can reduce the
reversible reaction of the 4-epimerase. The epimerase assay
coupled with bovine 34GalT was the most convenient, feasi-
ble and economical method for determining 4-epimerase ac-
tivity. However, most GTs are highly specific for nucleotide
sugar donor substrates; thus, the enzymes chosen in this study
could be replaced by other GTs that utilize the nucleotide
sugar to be examined as 4-epimerase substrate. These coupled
assays can provide an initial screening method for other puta-
tive 4-epimerases from any domain or for testing potential
inhibitors (Fig. 4). The inhibitors have potential in examining
the exact role of 4-epimerase in the biosynthesis of archaeal
N-glycans.

The kinetic parameters for the archaeal enzyme are within
the ranges found for bacterial and eukaryotic 4-epimerases. It
appears that AglW has a higher affinity for UDP-Glc over
UDP-Gal, although UDP-GalNAc has a higher catalytic effi-
ciency compared to UDP-GIcNAc (Table 2). This is in con-
trast to bacterial eGalE that prefers UDP-Gal over UDP-Glc
[36]. However, Gne from E. coli O86:B7 showed no prefer-
ence towards a particular substrate and demonstrated similar
affinities for acetylated and non-acetylated UDP-Glc and
UDP-Gal [18]. The 4-epimerase from the archacon
P horikoshii had a preference for UDP-Gal with a Ky, of
0.23 mM for UDP-Gal compared to 2.24 mM for UDP-Glc
[34].

Examination of the reaction conditions for AglW indi-
cated that AglW activity was optimal at slightly alkaline pH
over a broad temperature range and not dependent on metal
ion or NAD" addition. Optimal pH ranges for other 4-
epimerases are generally reported to be in the pH 7-8.5
range. Many 4-epimerases from the other domains have
also been reported to not require metal ions for activity,
although the enzyme from P. horikoshii was severely
inhibited by Cu”* [34]. The presence of the highly con-
served Rossman fold in AglW indicates that the enzyme
is dependent on NAD" for activity. The lack of effect of
added NAD" is consistent with NAD" already being tightly
bound to the enzyme when it is purified.

Analyses of crystal structures and mutations of human and
E. coli 4-epimerases revealed that substrate specificity is de-
fined by the size of the substrate binding site and a limited
number of specific amino acids [19, 37]. The mechanism of
4-epimerases has been confirmed in crystal structure analyses
[25]. The binding of UDP causes a conformational change in
the enzyme. An essential Tyr residue of the highly conserved
YxxxK motif (Fig. S2) facilitates the removal of a proton from
the 4-OH group of the sugar, while the negative charge is sta-
bilized by the nearby Lys residue. In a Tyr-NAD™ complex, a
hydride ion is then transferred to NAD*, forming NADH and a
4-keto sugar intermediate. The sugar then rotates and NADH
re-donates the hydride to the opposite face of the sugar, and Tyr
donates a proton back to 04 [19, 21, 22, 37-39], followed by
the departure of UDP-sugar and conformational change of the
enzyme. Archaeal AglW may also use this mechanism. The
Y151A mutant of AglW was well expressed (Fig. 2b) but
showed a complete loss of activity with all substrates suggest-
ing strongly that Tyr151 is an essential catalytic residue. It is
not clear why three YxxxK motifs are present in AglW and if
any of the other motifs also have a catalytic role. However, a
comparison with other 4-epimerases suggests that only the
Y151xxxK155 motif in AgIW aligns with that motif in other
4-epimerases (Fig. S2). Lys155 may have an additional role in
the expression and stability of AgIW since good expression of
the K155A mutant form was not achieved in E.coli under con-
ditions identical to those used to purify the wildtype and the
Y 151A mutant form of AgIW. These results are consistent with
the previous findings that Y151A and K155A mutant versions
of AglW were not successful in complementation assays of
M. maripaludis aglW mutant cells [12].

AglW is the second gene in a 6 gene operon
[MMP_RS05630, MMP_RS05635 (ag/W), MMP_RS05640
MMP_RS05645, MMP_RS05650, MMP_RS05655, formerly
locus tags MMP1089—-1094]. The operon is the boundary of a
large collection of genes in this area of the genome devoted to N-
linked glycosylation. Of these 6 genes, in frame deletions were
previously created in aglW (MMP_RS05635) as well as the next
two genes [12]. Only deletion of ag/W had an observable effect
on the archaellin glycan, resulting in loss of the terminal sugar as
well as the threonine on the third sugar. The first gene in the
operon (MMP_RS05630) is annotated as a flippase that resem-
bles the protein in Gram negative bacteria that translocates the
undecaprenol-linked intermediate in O antigen polysaccharide
synthesis across the cytoplasmic membrane [40]. Repeated at-
tempts to delete this gene have been unsuccessful [15] and it is
considered an essential gene [41] despite the fact that the N-
glycosylation system itself is not essential for M. maripaludis
[7]. MMP_RS05640 is annotated as either an ADP or UDP-
glucose pyrophosphorylase while MMP_RS05645 is predicted
to be an integral membrane protein containing 10 transmem-
brane domains and annotated as an auxin efflux protein, likely
a transporter protein. No role in N-linked glycosylation is evident
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for these two genes based on the current data. The three other
genes in the operon could not be deleted. The last two genes are
annotated as phosphopantetheine adenylyltransferase
(MMP_RS05650) and phosphoenol pyruvate synthase
(MMP_RS05655) and as such are likely involved in intermedi-
ary metabolism and not N-glycosylation. Both of these genes
have been identified as likely essential in a genome-wide trans-
poson mutagenesis study [41].

Many other Methanococcus species, including M. voltae,
have a highly conserved homologue of agiW. M. voltae was
the first Methanococcus species to have the structure of the
archaellin N-linked glycan determined [42]. While the glycans
are related in structure to that of M. maripaludis, in M. voltae
the linking sugar was shown to be GlcNAc (not GalNAc) and
the glycan was only a trisaccharide with no sugar similar to the
unique fourth sugar of the M. maripaludis glycan [43].
Subsequent analysis of another version of the M. voltae PS
strain revealed the archaellin N-linked glycan to be a
tetrasaccharide [43]. The structure of the fourth sugar was not
determined in that study but it’s mass (220 or 260 Da) indicated
it is not identical to the terminal sugar (mass 217 Da) in the
M. maripaludis glycan, although it may be related and hence
require the activity of AgIW for its synthesis.

Many of the genes encoding enzymes involved in the path-
ways for synthesis of the donor substrates and the GTs required
to assemble the archaellin tetrasaccharide are now known [11].
However, AglW is the first enzyme in M. maripaludis that has
been biochemically characterized. Three enzymes specifically
affect the unique terminal sugar of the N-linked tetrasaccharide,
i.e. methyltransferase AglV that likely transfers a methyl group
to the 5-position of the fourth sugar [8], AglL believed to be the
GT responsible for the transfer of the terminal sugar and the 4-
epimerase AglW (Fig. 1). The role of AgIW appears to be at an
early step in the synthesis pathway that ultimately results in the
terminal sugar (as shown in Fig. 1) but its exact biological
function remains to be determined. In order to study the indi-
vidual enzyme reactions involving rare or unique substrates,
most of the authentic enzyme substrates or substrate analogs
would have to be chemically or enzymatically synthesized. It
therefore remains an enormous challenge for future research to
biochemically characterize the enzymes, mechanisms and path-
ways in the synthesis of N-glycosylation in archaea.
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