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In Vitro Activity of Neisseria meningitidis PglL
O-Oligosaccharyltransferase with Diverse Synthetic Lipid
Donors and a UDP-activated Sugar™
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Background: PglL-like enzymes catalyze protein O-linked glycosylation in many bacteria.
Results: The catalytic efficiency of this enzyme correlates with the length and conformation of the acyl chain of glycan donors.

PglL also catalyzed glycan transfer from UDP-activated sugar.

Conclusion: Lipid carriers are not essential but influence glycosylation.
Significance: This work provides insights into the functionality of PglL.

Oligosaccharyltransferases (OTases) are enzymes that cata-
lyze the transfer of an oligosaccharide from a lipid carrier to an
acceptor molecule, commonly a protein. OTases are classified as
N-OTases and O-OTases, depending on the nature of the glyco-
sylation reaction. The N-OTases catalyze the glycan transfer to
amide groups in asparagines in a reaction named N-linked gly-
cosylation. The O-OTases are responsible for protein O-linked
glycosylation, which involves the attachment of glycans to
hydroxyl groups of serine or threonine residues. These enzymes
exhibit a relaxed specificity and are able to transfer a variety of
glycan structures to different protein acceptors. This property
confers OTases with great biotechnological potential as these
enzymes can produce glycoconjugates relevant to the pharma-
ceutical industry. Furthermore, OTases are thought to be
involved in pathogenesis mechanisms. Several aspects of the
functionality of OTases are not fully understood. In this work,
we developed a novel approach to perform kinetic studies on
PglL, the O-OTase from Neisseria meningitidis. We investigated
the importance of the acyl moiety of the lipid glycan donor sub-
strate on the functionality of PgIL by testing the efficiency of
glycosylation reactions using synthetic substrates carrying the
same glycan structure but different acyl moieties. We found that
PgIL can function with many lipids as glycan donors, although
the length and the conformation of the lipid moiety significantly
influenced the catalytic efficiency. Interestingly, PglL was also
able to transfer a monosaccharide employing its nucleotide-ac-
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tivated form, acting as a Leloir glycosyltransferase. These results
provide new insights on the function and the evolution of
oligosaccharyltransferases.

Bacterial cell surfaces are covered by carbohydrates in the
form of different glycoconjugates. These molecules perform
important roles during the interaction of the bacteria with
other organisms and with the environment. In many bacterial
species, N- or O-glycoproteins contribute to the repertoire of
such surface glycoconjugates (1). In some bacteria, N- and
O-linked protein glycosylation take place in the bacterial cyto-
plasm preceding the export of the glycoproteins to the surface.
In this case, cytosolic Leloir (nucleotide-dependent) glycosyl-
transferases transfer the sugars from nucleotide-activated
donors to the protein acceptors. For example, bacterial species
such as Clostridium difficile, Haemophilus influenzae, and
Helicobacter pylori glycosylate adhesins and flagellins using
specialized N- and O-glycosyltransferases in the bacterial cyto-
plasm (2—4). Alternatively, glycosylation may occur via an en
bloc mechanism, in which the sugars are assembled onto a lipid
carrier before being transferred to acceptor proteins through
the activity of specialized non-Leloir glycosyltransferases col-
lectively known as “oligosaccharyltransferases” (OTases).* The
en bloc mechanism for N-glycosylation is a fundamental proc-
ess in eukaryotes and archaea (5-7). However, in bacteria, this
mechanism is only employed by species within the e-proteo-
bacteria, such as Campylobacter jejuni, and the 8-proteobacte-
ria, particularly within the genus Desulfovibrio (8, 9). On the
contrary, multiple proteins are O-glycosylated employing the
en bloc mechanism by means of an O-OTase in various species
such as Neisseria meningitidis, Neisseria gonorrheae, Acineto-

“The abbreviations used are: OTases, oligosaccharyltransferases; cLLO,
C. jejuni lipid-linked oligosaccharide; UDP-diNAcBac, uridine 5’-diphos-
phate N’-diacetylbacillosamine; UDP-GIcNac, uridine 5’-diphospho-N-
acetylglucosamine; CID MS/MS, collision-induced dissociation-tandem
mass spectrometry; HCD MS/MS, higher energy C-trap dissociation tan-
dem mass spectrometry.
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bacter baumannii, Bacteroides fragilis, Vibrio cholerae, Franci-
sella tularensis, and Burkholderia thailandensis (10-15). The
protein targets of O-linked glycosylation systems in bacteria are
implicated in activities as varied as protein folding, adhesion,
disulfide bond formation, and solute uptake, as well as both
aerobic and anaerobic respiration (16). Lack of glycosylation
may affect biofilm formation and virulence (12, 17, 18).

PglL from N. meningitidis is the best studied O-OTase to
date. In vivo, PglL shows a remarkable lack of glycan specificity
and is able to transfer virtually any glycan from the undecapre-
nylpyrophosphate carrier to proteins (19). This important fea-
ture makes this enzyme a promising tool for glycoengineering
novel glycan-based vaccines, therapeutics, and diagnostics
tools (20, 21). In this context, understanding of the molecular
mechanisms of O-OTases is relevant to improve their biotech-
nological potential. Furthermore, the presence of O-OTases in
many important bacterial pathogens and the observation that
in some of them O-glycosylation appears to play a role during
infection, suggests that they could be targets for inhibitors with
antimicrobial properties (12).

In this work, we developed a quantitative analysis of glyco-
sylation that allowed us to perform in vitro kinetic studies on
PglL. We applied this method to assay the relevance of the ali-
phatic chains present in the glycan donor carriers in the glyco-
sylation reaction. We show that PglL can catalyze glycosylation
from all the assayed lipid carriers. However, the efficiency of the
glycosylation reaction is influenced by the lipid carrier struc-
ture. Surprisingly, PgIL can act as a Leloir glycosyltransferase,
being also able to use a nucleotide-activated monosaccharide as
substrate.

EXPERIMENTAL PROCEDURES

PglL and Pilin Purification—For PglL purification, Esche-
richia coli CLM24 cells transformed with pAMF10 plasmid
(19), (which overexpresses C-His, ,-tagged PglL) were cultured
at 37 °C with shaking until an A, ,,,,, of 0.4— 0.6 was reached,
after which the cells were induced by isopropyl 1-thio-3-p-ga-
lactopyranoside (0.1 mm) at 30 °C during 6 h. Then, the cells
were harvested, and the pellets were washed with 50 mm Tris-
HCl buffer (pH 7.5), 0.25 M NaCl, 5% glycerol (v/v) (buffer A),
and resuspended in the same buffer containing complete
EDTA-free protease inhibitor mixture (Roche Applied Sci-
ence). The cells were disrupted by French press, and 1 mg/liter
of DNase I was added. After 15 min of incubation in ice, the cell
extract was centrifuged (10,000 X g, 10 min) to remove large
particles and cell debris. The membrane fraction was isolated
by ultracentrifugation of the supernatant for 1 h at 200,000 X g
and 4 °C. Membrane proteins were solubilized by mild tum-
bling of the obtained pellet with buffer A containing 1% (w/v)
n-dodecyl-B-p-maltopyranoside (Affymetrix) and protease
inhibitor mixture overnight at 4 °C. The solution was centri-
fuged (1 h at 200,000 X g and 4 °C), and the supernatant was
loaded in a nickel-nitrilotriacetic acid column equilibrated with
50 mm Tris-HCl buffer (pH 7.5), 0.25 M NaCl, 5% glycerol (v/v),
0.5% (w/v) n-dodecyl-B-p-maltopyranoside, and 20 mm imid-
azole. After loading, the column was washed with 5 volumes of
the same buffer and finally eluted with 50 mm Tris-HCI buffer
(pH 7.5), 0.25 M NacCl, 5% glycerol (v/v), 0.5% n-dodecyl-B-p-
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maltopyranoside (w/v), and 200 mm imidazole. The purifica-
tion of pilin was performed from E. coli CLM24 transformed
with pAMF15 (19) (which overexpresses C-His,,-tagged PilE)
following the same procedure with the exception that 15 mm
B-mercaptoethanol was added to all the buffers.

Synthesis of E. coli O Antigen O86 Linked to Different Lipid
Carriers and UDP-diNAcBac—The synthesis of the different
synthetic organic compounds was performed following pub-
lished methods (22-24), uridine diphosphate N'-diacetylbacil-
losamine (UDP-diNAcBac) was kindly provided by Martin
Young (Institute for Biological Sciences, Ottawa, Ontario,
Canada).

Organic Extraction of Heptasaccharide of Campylobacter
jejuni Linked to Undecaprenol Pyrophosphate (cLLO)—
C. jejuni lipid-linked heptasacharide was isolated from E. coli
cells containing the plasmid pACYCpglBmut (8), which carries
C. jejuni protein glycosylation locus (pgl) containing mutations
W458A and D459A in PglB, essentially as described previously
(25).

Quantification of PgIL and Pilin—PglL and pilin were quan-
tified by SDS-PAGE and Coomassie staining. Different volumes
of PglL and pilin purification aliquots were loaded in a 15%
polyacrylamide gel simultaneously with 0.2, 0.4, 0.6, 0.8, 1.0,
and 1.5 pg of BSA standard. After staining with Coomassie dye,
the intensity of the bands of PgIL and pilin were quantified by
using the Odyssey software (Li-Cor Bioscences). The intensities
of BSA bands were depicted versus ug of BSA, and the data were
fitted to a linear curve. The ug of PglL and pilin were estimated
by lineal interpolation.

Assay of Requirement of Metal Divalent Cations, Optimal
Temperature, and pH—The requirement of metal divalent cat-
ions of PglL to catalyze the glycan transfer from cLLO to pilin
protein acceptor was assayed in 50 ul of reaction medium con-
taining 50 mm Tris-HCI (pH 7.5); 100 mM sucrose; 0.45 um
PglL, 200 um pilin, 1.25 ul of cLLO organic extraction, and 1
mM of one of the following components: ZnCl,, CoCl,, MnCl,,
CaCl,, MgCl,, NiCl,, or 20 mm EDTA (pH 7.8). Respective con-
trols without cations, PglL. and cLLO were simultaneously
assayed. After overnight incubation at 30 °C, 20 ul of the reac-
tion were loaded in a 15% SDS-PAGE to separate glycosylated
and non-glycosylated pilin using the standard protocols. Then,
the proteins were transferred to nitrocellulose for detection of
glycosylation with Western blotting. Primary antibodies were
monoclonal anti-pilin from N. meningitis MC58 (SM1, mouse
antiserum) (19) and the HR6, rabbit antiserum, kindly provided
by Markus Aebi (ETH, Zirich, Switzerland) (26). As secondary
antibodies, either a goat anti-mouse or goat anti-rabbit IgG
fluorescent dye-labeled were applied. The intensities of the gly-
cosylation signals at different cation conditions were quantified
by using the Odyssey software (Li-Cor Biosciences), which
allows for direct infra red fluorescence detection and quantifi-
cation at 685 and 785 nm simultaneously. The optimal temper-
ature for the in vitro glycosylation was investigated by perform-
ing the activity of PglL in 50 ul of reaction medium containing
50 mM Tris-HCI (pH 7.0); 100 mM sucrose; 1 mm MnCl,; 0.5 um
PglL, 200 uM pilin, and 1.25 ul of cLLO organic extraction at 15,
25, 30, 37, and 42 °C. After overnight incubation, 20 ul of the
different conditions were loaded in a 15% SDS-PAGE gel, and
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the optimal temperature was estimated according to the maxi-
mal glycosylation intensity by using quantitative Western blot
as described above. A similar procedure was followed to find
the optimal pH with the difference that the reactions were per-
formed at 50 mm MES (pH 5.5, 6.0, and 6.5) or 50 mm Tris (pH
7.0,7.5, 8.0, 8.5, and 8.8) at 30 °C, respectively.

Time Course Analysis and Optimal Enzyme Concentration—
The optimal time and enzyme concentration to perform kinetic
measurements under steady-state conditions were determined.
Thus, to know the optimal time to perform the in vitro assays,
0.45 um PglL, 200 uM pilin, and 1.25 ul of cLLO organic extrac-
tion in 50 ul of reaction medium (50 mm Tris-HCI (pH 7.0), 100
mM sucrose, and 1 mm MnCl,) were incubated at 30 °C during
0, 1,5, 10, 15, 30, 45, 60, 120, and 240 min. The reactions were
stopped by adding 1X SDS-PAGE loading buffer and further
incubation at —20 °C. The glycosylation of pilin as time func-
tion was followed by Western blot analysis as described previ-
ously. A time course graph was plotted, and the optimal time
was selected from the linear region of the graph to approximate
a steady-state condition.

The activity of PglL was also analyzed at different enzyme
concentration. Thus, in vitro glycosylation assays were carried
outat0,0.015, 0.06,0.12, 0.24, 0.27, 0.36, and 0.45 um PgL in 50
wl of reaction medium (50 mm Tris-HCI (pH 7.0), 100 mm
sucrose, and 1 mmM MnCl,) during 15 min at 30 °C. The pilin
glycosylation at each condition was calculated as described for-
merly, and a graph of relative pilin glycosylation versus ug of
Pgll. was plotted. The optimal enzyme concentration was
selected from the linear region of the graph.

Enzymatic Assays—The OTase activity of PglL was deter-
mined in 50 ul of reaction medium (50 mm Tris-HCI, pH 7.0;
100 mm sucrose, 1 mm MnCl,) containing 0.32 um PglL, 300 um
pilin, and 0, 1.0, 2.5, 5.0, 10, 50, 100, 150, and 250 um glycan
donor substrates during 15 min at 30 °C. Fractions of 10 ul were
loaded in 15% SDS-PAGE gels to separate glycosylated and
non-glycosylated pilin and transferred to nitrocellulose for
detection with Western blotting. SM1 were used as primary
antibody and goat anti-mouse dye-labeled was the secondary
antibody. The intensity of the glycosylated and non-glycosy-
lated pilin were quantified by Odyssey infrared image system
each substrate concentration. The percentages of glycosylated
pilin were calculated at each substrate concentration consider-
ing the sum of both signal intensities as the 100% of intensity.
Finally, the wmol of glycosylated pilin were calculated per time
unit and mg of PglL. A similar procedure was applied to detect
OTase activity of PglL with 0.15, 15, and 150 mm UDP-di-
NAcBac, UDP-GIcNAc, and UDP-GalNAc. In the assays with
UDP-diNAcBac SM1 and UOS-2 (kindly provided by Michael
Koomey, University of Oslo, Norway) were primary antibodies
and goat anti-mouse and goat anti-rabbit IgG fluorescent dye-
labeled were the secondary antibodies, respectively. MS analy-
sis was performed to assay pilin glycosylation from
UDP-GIcNAc, UDP-GalNac, and UDP-diNAcBac.

The OTase activity of PglB was determined in 50 ul of reac-
tion medium (50 mm Tris-HCI, pH 8.0; 100 mMm sucrose, 10 mm
MnCl,) containing 0.32 um PgIB, 180 um AcrA, and 1.25 ul of
cLLO during 2 h at 30 °C. Fractions of 20 ul were loaded in 15%
SDS-PAGE gels to separate glycosylated and non-glycosylated
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AcrA and transferred to nitrocellulose for detection with West-
ern blotting. The same conditions were applied to assay the
glycosylation of AcrA from 10 mm UDP-diNAcBac. Experi-
mental data were fitted to theoretical curves using Sigmaplot
considering a Michaelis-Menten model (Systat Software, Inc.,
Point Richmond, CA).

Digestion of Pilin—Isolated pilin bands were processed as
described previously (27) with minor modification. Briefly, gel
separated pilin bands were excised and destained in a 50:50
solution of 50 mm NH,HCO;:100% ethanol for 20 min at room
temperature with shaking at 750 rpm. Destained bands were
then washed with 100% ethanol, vacuum-dried for 20 min, and
rehydrated in 10 mM DTT in 50 mm NH,HCOj. Reduction was
carried out for 60 min at 56 °C with shaking. The reducing
buffer was then removed and the gel bands washed twice in
100% ethanol for 10 min to ensure the removal of remaining
DTT. Reduced ethanol washed samples were sequentially alky-
lated with 55 mm iodoacetamide in 50 mm NH,HCO; in the
dark for 45 min at room temperature. Alkylated samples were
then washed with 2 rounds of 100% ethanol and vacuum dried.
Alkylated samples were then rehydrated with 12 ng ul ™' tryp-
sin (Promega, Madison, WT) in 40 mm NH,HCO, at4 °Cfor 1 h.
Excess trypsin was removed, gel pieces were covered in 40 mm
NH,HCO, and incubated overnight at 37 °C. Peptides were
concentrated and desalted using C,g stage tips (28, 29) and
stored on tip at 4 °C. Peptides were eluted in buffer B (0.5%
acetic acid, 80% MeCN) and dried before analysis by LC-MS.

Identification of Glycopeptides Using Reversed Phase LC-MS,
CID MS/MS, and HCD MS/MS—Purified peptides were resus-
pend in buffer A (0.5% acetic acid) and separated using a in
25-cm house packaged, 50-um inner diameter, 360-um outer
diameter, 2.4-um ReproSil-Pur C;3 AQ (Dr. Maisch, Ammer-
buch-Entringen, Germany) reverse-phase analytical column
coupled to a 2-cm-long, 100-um-inner diameter fused silica
trap column containing 5.0-um Aqua C-18 beads (Phenome-
nex, Torrance, CA). Samples were loaded onto the trap using an
Agilent 1290 Series HPLC (Agilent Technologies, Mississauga,
ON) at 5 pul/min and eluted at 0.1 ul/min using passive splitting
(30). The eluting peptides were infused into an LTQ-Orbitrap
Velos (Thermo Scientific, San Jose, CA) using a 20-um inner
diameter fused silica gold-coated spray tip prepared in-house.
A 90-min gradient was run from 0% buffer B to 32% B for 51
min, and then from 32% B to 40% B in the next 5 min, and then
increased to 100% B over 2-min period, held at 100% B for 2.5
min, and then dropped to 0% B for another 20 min. The LTQ-
Orbitrap Velos were operated using Xcalibur (version 2.2,
Thermo Scientific) with a capillary temperature of 200 °C in a
data-dependent mode automatically switching between MS,
CID MS/MS, and HCD MS/MS as described previously (31).

Database Interrogation of Identified Glycopeptides—Raw
files were processed as described previously (31, 32). Briefly,
Proteome Discoverer (version 1.2, Thermo Scientific) was used
to generate .mgf files, and the resulting file searched using
MASCOT (version 2.2). Searches were performed against the
database “proteobacteria” using the following parameters: pep-
tide mass accuracy, 10 ppm; fragment mass accuracy, 0.02 Da;
trypsin enzyme specificity; fixed modifications, carbamido-
methyl; variable modifications, methionine oxidation and
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deamidated Asn and Gln, Q. The instrument setting of
MALDI-QUAD-TOF was chosen due to previous studies
showing quadrupole-like fragmentation within HCD spectra
(33). Scan events that did not result in peptide identifications
from MASCOT searches were exported to Microsoft Excel
(Microsoft, Redmond, WA). To identify possible glycopeptides
within exported non-match scans, the MS/MS module of
GPMAW (version 8.2) was called an “.mgf graph.” Scan events
containing the Bac diagnostic oxonium 229.12 m/z ion were
manually inspected and identified as possible glycopeptides
based on the presence of the deglycosylated peptide ion, corre-
sponding to the parent mass —229.12 Da within a tolerance of
10 ppm. To facilitate glycopeptide assignments from HCD scan
events, ions below the mass of the predicted deglycosylated
peptides were extracted with Xcalibur (version 2.2) using the
Spectrum list function. MASCOT searches were conducted
again as described above, and the resulting glycopeptides man-
ually annotated according to Roepstorff et al. (34).

RESULTS

PglL Transferase Activity Is Independent of Divalent Cations—
To optimize conditions required for performing kinetic studies,
we employed PilE as protein acceptor, one of the natural glyco-
sylation targets of PglL (35), and C. jejuni LLO served as glycan
donor (36). This glycan donor, which has been shown to be a
good substrate for PglL. homologs (13), was chosen because it
contains diBacNAc at the reducing end, which is the same sugar
found at the reducing end of the endogenous Neisseria glycans
(35, 36). We assayed the activity of PglL with different divalent
metal cations to determine their relevance for in vitro activity of
the enzyme (Fig. 1). PglL was active with all cations tested, with
the exception of ZnCl, Protein precipitation was observed
upon this condition, which accounted for the low yield of gly-
cosylated product. In all other conditions, the results showed
that the presence of divalent cations does not result in a signif-
icant increase in the activity of PglL. Moreover, the presence of
EDTA, a chelating agent of metal divalent cations, did not affect
enzyme activity, suggesting that PglL activity is metal
ion-independent.

PglL Activity Is Optimal at 30 °C and pH 7.0—To identify the
ideal conditions for the in vitro glycosylation reaction, the activ-
ity of PglL was analyzed as a function of temperature (data not
shown). PglL. was active at 15, 25, 30, 37 °C, and slightly at 42 °C,
but the maximal glycosylation activity was detected at 30 °C.
Thus, the optimal temperature of 30 °C was applied to all of the
subsequent reactions assayed in this work. The activity of PglL
was also tested at different pH values, ranging from 5.5 to 8.8.
The enzyme was active over the analyzed pH range; however,
PglL displayed maximal activity at approximately pH 7.0, which
may reflect the pH of the periplasm, the natural environment of
the active site of this enzyme (data not shown). Therefore, for
subsequent experiments, this pH was employed.

Time Course Analysis—To perform kinetic analyses of PglL
activity, we developed a quantitative assay for in vitro glycosyl-
ation by using fluorescence-based Western blot analysis (Fig.
2A). This technology, based on the quantification of an indefi-
nitely stable fluorescent signal arising from fluorescent dye-
labeled antibodies, has been validated previously in multiple

APRIL 12,2013 +VOLUME 288-NUMBER 15

Kinetic Analysis of PglL Activity

A 12 3456 78 910

a-cLLO TP ay eanee
B & 7

.5 60 T

& 50

§ 40

S 30

(o))

2 20

E 10 .

[0)

g o

1 2 3 4 5 6 7 8

Divalent cation condition

FIGURE 1. Influence of metal divalent cations on the activity of PglIL in
vitro. The capability of PglL to glycosylate pilin from cLLO was assayed at
30 °Cin a medium containing 100 mm sucrose, 50 mm Tris-HCl (pH 7.5), and 1
mm ZnCl, (lane 1), 1 mm CoCl, (lane 2), T mm MnCl, (lane 3), 1 mm CaCl, (lane 4),
1 mm MgCl, (lane 5), 1 mm NiCl, (lane 6), 20 mm EDTA (lane 7), and without
cations (lane 8). A, Western blot showing the results of the in vitro glycosyla-
tion assays. Lanes 9 and 70 correspond to the controls without PglL and cLLO,
respectively. The upper bands correspond to the glycosylated pilin acceptor,
as indicated by the glycan channel (lower panel). B, quantification of glycosyl-
ation as percentage of the total pilin signal at each condition. The experiment
was done in duplicate.

studies (37-40). Additionally, we validated the method in our
lab by demonstrating the proportionality of fluorescence sig-
nals to a wide range of concentrations of BSA (supplemental
Fig. S1).

We then performed a time course analysis of in vitro activity
of PglL. The intensities of the signals corresponding to the gly-
cosylated forms of pilin at different times were quantified and
plotted as a function of time (Fig. 2B). To be certain that steady-
state conditions are reached, the initial velocity measurements
should be made when the velocity is linear regarding both time
and enzyme concentration. From our experiments, we con-
cluded that 15 min is the optimal time for the assays, and 0.32
M PglL was the selected concentration for subsequent kinetic
studies (supplemental Fig. S2).

Importance of the Lipid Carrier in PglL Activity—The lack of
glycan specificity of PglL initially suggested that recognition of
the lipid by the O-OTase could be crucial for catalysis, but we
have previously shown that PgIL can transfer a glycan from a
synthetic farnesyl carrier in place of the undecaprenyl lipid used
in vivo (19). However, our study was qualitative and did not
address the quantitative effect of isomerization and length of
the lipid carrier on the reaction efficiency. We therefore ana-
lyzed the influence of these two substrate features by employing
synthetic glycolipidic substrates containing the same glycan
portion (the subunit of E. coli O86 O antigen) but lipid carriers
with different acyl moieties (Fig. 34) in the reaction catalyzed
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FIGURE 2. Time course analysis of in vitro activity of PgIL. A, Western blot of
in vitro glycosylation assay after ending the reaction at the times indicated by
adding 1X sample loading buffer containing 0.2% (w/v) SDS and immediate
transfer to —20 °C. B, graph showing the relative glycosylation intensity as
function of time.

by PglL. A similar strategy was recently employed to study
WaalL glycan-donor specificity in vitro by Han et al. (22). The
glycosylation reaction was followed via quantification of the
relative intensity of the signals of the bands corresponding to
glycosylated and unglycosylated pilin. PglL was able to glycosy-
late the pilin acceptor using all the lipid carriers tested (Fig. 34).
Taking into consideration the reaction time and the amounts of
PglL and pilin used in the assays, it was possible to calculate the
OTase activity at different concentrations of lipid-linked sugar
substrates. Fig. 3B shows the progression of the glycosylation
reactions over time, following a hyperbolic trend for all the
substrates. Considering a Michaelian behavior for PglL upon
the assayed conditions, the kinetic parameters associated to the
reaction were calculated and are shown in Table 1. The influ-
ence of the cis-trans isomerization of the lipid carrier can be
observed comparing the efficiency of PglL to glycosylate pilin
from cis-farnesyl and trans-farnesyl as lipid carriers (Fig. 3A4).
We found that the affinity of PgIL to both substrates is similar,
as suggested by the estimated K, values (Table 1). However, the

o for the trans substrate was one order of magnitude higher
than for the cis substrate. The parameter k_,,/K,, provides an
estimation of the catalytic efficiency of the enzyme, so that
higher k_,,/K;,, values imply higher catalytic efficiency. Thus, at
similar length of isoprenoid chain, the catalytic efficiency was
higher with the substrate with trans isomerization, indicating
that the geometry of the polyisoprenoid chain influences the
course of the reaction (Table 1). The influence of the length of
the lipid carrier was analyzed by comparing glycosylation from
carriers consisting of geranyl, farnesyl, and geranylgeranyl, con-
taining two, three, and four isoprenoid units, respectively. All
three substrates were in their trans conformation. In this set of
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FIGURE 3. Activity of PgIL with glycan donor substrates carrying the same
glycan portion (E. coli 086 O antigen) but polyisoprenoid chains varying
in length and geometry. A, structures of the substrates and Western blot
analysis of the resultant in vitro glycosylation assays. The observed signals
correspond to glycosylated and non-glycosylated pilin (upper and lower
bands, respectively; antibody anti-pilin SM1). R-PP denotes the sugar pyro-
phosphate attached to each lipid. B, activity plots and kinetic adjustments for

all the glycan donors. Black circles, substrate V; black squares, substrate IV;
black triangles, substrate Il; white triangles, substrate |; and white circles, substrate lll.

three substrates, geranylgeranyl (substrate IV) has the longest
polyisoprenoid chain of the three lipids assayed, and PglL
exhibited the lowest K, i.e. the highest affinity, toward this
substrate. On the contrary, with the glycolipid containing the
geranyl chain (the shortest of the lipid carriers tested), the high-
est K, and the lowest V., values were observed. Following the
trend correlating length of the aliphatic chain with increasing
catalytic efficiency, farnesyl, the lipid of intermediate length
displayed intermediate values of K, and V..

The natural lipid carrier for bacterial OTases is undecapre-
nol, whereas for eukaryotes and archaea, it is dolichol. We addi-
tionally analyzed the capability of PgIL of functioning with a
dolichol-like substrate by testing pilin glycosylation from a
monosaturated pentaprenyl lipid carrier (substrate V, Fig. 3A4).
Interestingly, for this substrate, which in addition has a longer
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TABLE 1

Kinetic Analysis of PglL Activity

Kinetic parameters of glycan transfer to pilin protein acceptor catalyzed by PgIL

Each parameter value represents the average of three independent measurements.

Length of acyl chain”

Substrate” and isomerization® K, Vinax K keot! K,
M nmol/min-mgr of PgIL 1/min 1/min-mm

I 3 (cis) 327129 90.9 £ 8.7 0.006 0.1

I 3 (trans) 31.7 £ 3.2 632.2 + 59.8 0.04 1.3

111 2 (trans) 371.7 £ 4.0 63.2 =54 0.004 0.01

v 4 (trans) 16.0 = 2.1 719.3 = 69.2 0.04 2.7

A\ 5 1.7+09 932.7 £ 9.4 0.06 36.4

“ The substrates analyzed correspond to different glycan donors constituted by the same glycan portion but different polyisoprenoid chains. The substrates were identified

following the same nomenclature as in Fig. 3A.

? Lengths of the polyisoprenoid chains of the substrates according to the number of their constituent isoprenoid units.

¢ Isomerization of the first isoprenoid subunit bound to pyrophosphate.

poliprenoid chain than the other substrates analyzed, PglIL dis-
played the highest catalytic activity (Table 1).

PglL. Can Use UDP-diNacBAc as Substrate but Not UDP-
GlcNAc or UDP-GalNAc—Although exhibiting different effi-
ciencies, PglL transferred the oligosaccharide from all the lipid
donors tested. We then wondered whether an aliphatic chain in
the lipid donor is indeed required for the glycosylation reaction.
We thus assayed the capability of PgIL to glycosylate pilin from
a nucleotide activated sugar, UDP-diNAcBac (Fig. 44). UDP-
diNAcBac was chosen because diNAcBac is the sugar at the
reducing end of the glycan in the native host (35), and a power-
ful monoclonal antibody specific for this sugar was available (9,
41). For this assay, purified PglL was incubated with pilin in the
presence of UDP-diNAcBac at different concentrations. Glyco-
sylation was detected using concentrations of UDP-diNAcBac
as low as 150 um (Fig. 4B). Because glycosylation of pilin with a
single sugar molecule does not change pilin electrophoretic
mobility, the glycosylation levels could not be accurately quan-
tified. However, using two different antibodies directed against
the protein and the glycan moiety, respectively, glycosylated
and unglycosylated pilin were detected in separate fluorescent
channels and could be distinguished despite of the co-migra-
tion. To confirm this result, we analyzed the glycosylated pilin
using MS. After incubation with UDP-diNAcBac and PglL,
pilin was digested with trypsin, and the resulting peptides were
analyzed by reversed phase LC-MS/MS. Consistent with previ-
ous reports of glycosylation occurring at Ser-63 (42) trypsiniza-
tion of UDP-diNAcBac in vitro-glycosylated pilin revealed both
modified and unmodified forms of the tryptic peptide spanning
Ser-63 (Fig. 5A). The modification status and identity of these
peptides were confirmed using CID and HCD MS/MS frag-
mentation (Fig. 5, B and C), confirming the addition of a single
diNAcBac and the identity of the peptide substrate as
SAVTEYYLNHGEWPGNNTSAGVATSSEIK.

To test whether other UDP sugars can be used as substrates,
we carried out a similar experiment using UDP-GIcNAc and
UDP-GalNac as substrates. Lectin blots using wheat germ
agglutinin (lectin from Triticum vulgaris) and soybean aggluti-
nin (lectin from Glycine max), which are specific for GIcNAc
and GalNAc, respectively, failed to show any glycosylated prod-
uct (data not shown). Additionally, MS analysis only detected
the unmodified form of SAVIEYYLNHGEWPGNNTSAG-
VATSSEIK for in vitro glycosylation reactions using
UDP-GIcNAc and UDP-GalNac (Fig. 5, D and E). These results
indicate that PglL is able to catalyze the glycan transfer from a
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FIGURE 4. PglIL can glycosylate pilin using UDP-diNAcBac as substrate. A,
structure of UDP-diNAcBac. B, Western blot analysis of in vitro-glycosylated
pilin by PglL and using UDP-diNAcBac as glycan donor. The signal corre-
sponds to the antibody anti-diNAcBac located at the same position as the
pilin acceptor.

nucleotide diphosphate carrier showing Leloir enzyme behav-
ior (43) with diNAcBac but is unable to transfer significant
amounts with UDP-GIcNAc or UDP-GalNAc. To test whether
this feature is a general property of bacterial OTases, we ana-
lyzed whether C. jejuni PglB could also be active using UDP-
diNAcBac as substrate. PgIB was active in vitro using the cLLO
substrate. However, the enzyme did not transfer diBacNAc to
its acceptor protein AcrA at the UDP-diNAcBac concentra-
tions sufficient for glycosylation with PglL (supplemental Fig.
S3).

DISCUSSION

The bacterial OTases involved in en bloc glycosylation pro-
cesses catalyze the glycan transfer from the undecaprenylpyro-
phosphate carrier to several protein acceptors, fulfilling a rele-
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FIGURE 5. Detection of in vitro glycosylation of pilin within the known glycosylation region *2SAVTEYYLNHGEWPGNNTSAGVATSSEIK®® using mass
spectrometry. A, MS analysis of in vitro-glycosylated PilE with UDP-diNAcBac revealed the presence of both diNAcBac modified (1104.18896 %) and unmod-
ified (1028.1523473) 2SAVTEYYLNHGEWPGNNTSAGVATSSEIK®. B, CID fragmentation supported the assignment of 1104.18896 * as the diNAcBac-modified
form of 1028.15234 "3 due to the dominant loss of 228 Da upon fragmentation. C, HCD fragmentation of 1104.18896 " 3 enabled the confirmation of the peptide
component of this diNAcBac modified peptide as the expected *>SAVTEYYLNHGEWPGNNTSAGVATSSEIK®, with a MASCOT ion score of 75. Unmodified
1028.15234 "3 was also confirmed by HCD, with a MASCOT ion score 74 (not shown). In contrast, only the unmodified peptide could be detected after in vitro

glycosylation assays with both UDP-GalNAc (D) and UDP-GIcNAc (E).

vant function for bacterial adhesion and virulence (1). These
enzymes also have a great potential to produce glycoconjugates
interesting to the biotechnological industry (20, 21, 44 —46). In
this context, knowledge about the functionality of OTases is
valuable for improving vaccines and therapeutics against bac-
terial infections.

Methods employing radioactive sugars have been applied to
kinetically characterize N-OTases (47). However, little knowl-
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edge about the kinetic parameters of O-OTases is available to
date. In this work, we developed a quantitative Western blot
assay to study the functionality of the best characterized
O-OTase, N. meningitidis PglL. This approach consists in sep-
arating the non-glycosylated and glycosylated forms of the pro-
tein acceptor by SDS-PAGE and subsequent quantification of
both forms by measuring the integrated signals of secondary
fluorescent-labeled antibodies in Western blots. These signals
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are indefinitely stable, proportional to the amount of inmuno-
reactant and can be quantified, constituting an excellent
method to follow enzyme activities. Similar quantification pro-
cedures have been applied in different studies, and our tech-
nique could easily be adapted to investigate the functionality of
other O-OTases or similar enzymes such as N-OTases and O
antigen ligases or polymerases (37—40).

We have shown that PgIL does not require metal divalent
cations to function optimally (Fig. 1). Moreover, the enzyme did
not change its activity in the presence of 20 mm EDTA, a chela-
tor of metal divalent cations. This result is in agreement with
data obtained by Ruan et al. (48) for the O antigen ligase WaaL
from E. coli, which is homologous to PgIL and catalyzes the
glycan transfer from the undecaprenylpyrophosphate lipid car-
rier to lipid A. These authors showed that Waal. does not
require a divalent metal cation for its activity (48).

We analyzed the activity of PglL at different concentrations
of various synthetic glycolipidic substrates containing the same
glycan portion but lipidic moities differing in their chain
lengths and isoprenyl geometry (cis and trans) (Fig. 3A). PglL
showed activity with all of the assayed substrates, but differ-
ences in the efficiencies were evident (Fig. 3B). This relaxed
specificity toward the lipid moiety of the glycan donor dis-
played by PglL has also been reported for the enzyme WaaL
(22). The conserved functional and mechanistic features
between WaalL ligases and O-OTases strengthen the idea of a
tightly evolutionary relationship between these two families of
enzymes, which basically catalyze the same reaction but toward
different acceptors.

A correlation between polyisoprenoid chain length and cat-
alytic efficiency was observed, so that a higher polyisoprenoid
chain length leads to a higher catalytic efficiency (Table 1).
When substrates containing identical length but different
isomerization of the first isoprene unit were analyzed, PglIL dis-
played similar K, values but a higher catalytic efficiency with
the trans substrate (Table 1), which is the isomerization of the
undecaprenylpyrophosphate natural carrier in the inner mem-
brane of Gram-negative bacteria. Thus, the geometry of the
lipid might be relevant to fit the substrate optimally into
the active site of PglL. In agreement, it has been proposed that
the isoprenoid moiety of the glycan donor is embedded in a
hydrophobic groove on the N-OTase PgIB of C. lari, pointing
into the lipid bilayer and allowing the orientation of the glycan
portion toward the active site (49). In addition, it has been
hypothesized that the roles of the lipid carrier are the translo-
cation of the oligosaccharide from the cytoplasm into the
periplasm and the positioning of the pyrophosphate group and
glycan into the periplasmic lumen, adjacent to the PglL catalytic
site (19). Therefore, following a similar argument, a longer ali-
phatic chain of the glycan donor implies higher hydrophobicity
that might allow for a better interaction between the polyiso-
prenoid chain and the transmembrane portion of PglL and may
therefore enhance the chances of fitting the substrate in a pro-
ductive orientation into the catalytic site. It is tempting to spec-
ulate that the active site of PglL could be distributed between
the lipid bilayer and the periplasmic space. This hypothesis is
supported by biochemical evidences that suggest that the poly-
isoprenyl carrier plays a more specific chemical role in sub-
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strate enzyme interactions rather than a simple physical role as
a hydrophobic membrane anchor (50).

Despite the different efficiencies, PgIL could transfer a sub-
unit of the E. coli O86 antigen from all the assayed lipid donors.
Considering that the sugar structure was previously found to be
irrelevant for activity, we concluded that the only common
structure to all PglL substrates was the pyrophosphate linking
the sugar to the lipid. This motif is also present in nucleotide-
activated sugars. When nucleotide-activated sugars were
assayed as substrates, PgIL could glycosylate pilin using UDP-
diNAcBac (Fig. 4) as substrate. Glycosylation was detectable at
concentrations as low as 150 um UDP-diNAcBac. This concen-
tration is close to the K, of some Leloir glycosyltransferases
and can be considered physiological (51, 52). However, UDP-
diNAcBac is not present in the bacterial periplasm, and there-
fore, it cannot be encountered by PglL in vivo. Intriguingly, in
contrast to what has been shown for lipid-linked glycans, PgIL
displayed sugar specificity when the nucleotide sugars were
assayed as substrates. Under identical experimental conditions,
PglL. employed UDP-diNAcBac as substrate but not UDP-GI-
cNac or UDP-GalNac. This indicates that the binding of the
lipid carrier to the enzyme may play a role in positioning the
sugar residue in a catalytically productive conformation. This
may not be achieved if instead of the lipid, a nucleotide is
attached to these HexNAc sugars. diBacNAc is found at the
reducing end of the native trisaccharide recognized by PglL and
it can be transferred even from a nucleotide carrier, suggesting
that this sugar fits better into the active site of the enzyme. Our
results showed that in the absence of a lipid carrier, the chem-
ical nature of the glycan influences the glycosylation reaction.
In contrast to PgIL, the N-OTase PgIB cannot use UDP-di-
NAcBac as substrate, even though this sugar is also present at
the reducing end of its native glycan. The active site of PglB
could be located in a region not accessible for freely diffusible
substrates, requiring a lipid carrier to position the substrate at
the interface between the membrane and the periplasmic space,
whereas the active site of PglL could be more open. Alterna-
tively, the nucleotide may not allow the sugar to reach the active
site of PglB due to sterical hindrance. Finally, it is tempting to
speculate that the capacity of PglL of using a nucleotide-acti-
vated sugar could be a vestigial remnant related to the evolution
of O-OTases from an ancestral Leloir glycosyltransferase. To
date, no sequence similarity at the amino acid level supports
this hypothesis. However, the sequence similarities between
O-OTases, and more generally, among membrane glycosyl-
transferases are very low. Structural information on this kind of
enzymes will be crucial to further our understanding of O-
OTases. Such studies may lead to the identification of novel
antimicrobials and possibilities to employ these enzymes for
biotechnological purposes.
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