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ABSTRACT: The gram-negative bacteriumCampylobacter jejuniwas recently discovered to contain a general
N-linked protein glycosylation pathway. Central to this pathway is PglB, a homologue of the Stt3p subunit
of the eukaryotic oligosaccharyl transferase (OT), which is involved in the transfer of an oligosaccharide
from a polyisoprenyl pyrophosphate carrier to the asparagine side chain of proteins within the conserved
glycosylation sites D/E-X1-N-X2-S/T, where X1 and X2 can be any amino acids except proline. Using a
library of peptide substrates and a quantitative radioactivity-based in vitro assay, we assessed the amino
acids at each position of the consensus glycosylation sequence for their impact on glycosylation efficiency,
whereby the sequence DQNAT was found to be the optimal acceptor substrate. In the context of a full-
length folded protein, the differences between variations of the glycosylation sequences were found to be
consistent with the trends observed from their peptidyl counterparts, though less dramatic because of
additional influences. In addition to characterizing the acceptor preferences of PglB, we also assessed the
selectivity toward the glycan donor. Interestingly, despite recent reports of relaxed selectivity toward the
glycan donor, PglB was not found to be capable of utilizing glycosyl donors such as dolichyl-pyrophosphate-
chitobiose, which is the minimum substrate for the eukaryotic OT process.

N-linked glycosylation is an essential protein modification
common to all eukaryotic cells. This process involves the
transfer of a preassembled oligosaccharide from a polyiso-
prenyl pyrophosphate carrier to an asparagine side chain
within a consensus sequence of the protein acceptor (1, 2).
This remarkable reaction, catalyzed by a multimeric protein
complex known as the oligosaccharyl transferase (OT1),
occurs co-translationally when a nascent polypeptide enters
the lumen of the endoplasmic reticulum (3). The consensus
glycosylation sequence in eukaryotic cells has been identified
to be N-X-S/T, where X can be any amino acid except
proline (4, 5). The efficiency of glycosylation can be
influenced by the choice of the hydroxyamino acid S/T, the
amino acid in the X-position, the amino acids directly
adjacent to the glycosylation site, the proximity to the
C-terminus as well as the local structural conformation near
the glycosylation site (6). As a result, not all potential sites
are glycosylated (7).

Recently, the gram-negative bacteriumCampylobacter
jejuni (C. jejuni) was found to contain a general N-linked
protein glycosylation system (Figure 1) that shows homology
to the eukaryotic pathway (8, 9). Central to this pathway is
PglB, an 82 kDa integral membrane protein with significant
sequence homology to the Stt3p subunit of the eukaryotic
OT (10, 11), which catalyzes the transfer of the assembled
oligosaccharide from the undecaprenyl pyrophosphate carrier
to the polypeptide acceptor. We previously demonstrated the
oligosaccharyl transferase activity of PglB in vitro using a
synthetic disaccharide glycosyl donor and a short peptide
acceptor (12) (Figure 2). Although PglB is capable of
glycosylating the peptide Bz-N-L-T-NH2 in vitro, efficient
glycosylation in vivo requires an extended consensus se-
quence of D/E-X1-N-X2-S/T, where X1 and X2 can be any
amino acid except proline (13). However, little is known
about the acceptor preferences for this prokaryotic OT, which
is crucial for understanding the factors that govern glycan
site occupancy as well as the engineering of recombinant
glycoproteins.

In this study, we synthesized and evaluated a library of
peptidyl acceptor substrates for PglB using a quantitative
radioactivity-based in vitro assay. Specifically, we compared
the preference of PglB for the acidic residues at the-2
position, the hydroxyamino acid residues at the+2 position,
and various amino acids in the X1 and X2 positions (Figure
2). These comparisons are difficult to address quantitatively
using in vivo assays. Furthermore, in order to demonstrate
the relevance of the observed peptide-based trends in the
context of a full-length folded protein, we have engineered
a set of glycosylation consensus sequences into a well-
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defined loop region within Im7, a non-C. jejunimodel protein
system. Finally, we evaluated the reactivity of PglB toward
the eukaryotic glycosyl donor dolichyl-pyrophosphate-chi-
tobiose.

MATERIALS AND METHODS

Peptide Synthesis. All peptides were synthesized by
automated peptide synthesis on an ABI 431A peptide

synthesizer (Applied Biosystems) using standard Fmoc-based
peptide synthesis conditions on PAL-PEG-PS resin. Each
peptide was acetylated at the N-terminus and includes apara-
nitrophenylalanine (pNF) at the C-terminus. The peptides
were cleaved from the resin using a trifluoroacetic acid
cocktail containing 2.5% water and 2.5% triisopropylsilane,
purified tog95% purity by preparative reverse-phase HPLC
using a standard water/acetonitrile gradient, and quantified
using the UV absorbance of thepNF amino acid at 280 nm
(ε ) 12,500 M-1 cm-1).

Cloning and Mutagenesis of Im7. A pTrc (Im7) vector
was provided by Professor Sheena Radford from the
University of Leeds, encoding the native Im7 protein with
an N-terminal hexa-histidine tag described elsewhere (14-
16). Introduction of point mutations in Im7 was performed
using the Quikchange mutagenesis kit (Stratagene). All
mutants were sequenced to ensure that the gene contained
the desired change.

Expression and Purification of Im7. Im7 mutants were
expressed fromE. coli and sequentially purified by Ni-
affinity and gel filtration chromatography. Final samples used
were confirmed by ESI-MS to be within 1 Da of expected
mass andg95% pure by Coomassie blue staining of SDS-
PAGE. Details of the expression and purification procedure
can be found in Supporting Information.

Synthesis of RadioactiVe Disaccharide Donor. Radiola-
beled [3H]GalNAc-(R-1,4)-Bac-(R-1)-PP-undecaprenyl was
synthesized following a protocol previously described (12).
Briefly, chemically synthesized UDP-Bac and undecaprenyl
phosphate, and commercially available [3H]UDP-GalNAc
were incubated with theC. jejuniglycosyltransferases PglC
and PglA. The radiolabeled disaccharide product was ex-
tracted into a 2:1 mixture of chloroform/methanol, aliquoted,
and dried into 1.5 mL tubes, each with approximately 0.3
nmol of disaccharide product (specific activity) 356,000
dpm/nmol,∼100,000 dpm/tube).

Glycosylation of Peptide Substrates Using PglB. To a tube
containing 0.3 nmol of dried radiolabeled [3H]GalNAc-Bac-
PP-undecaprenyl was added 10µL of DMSO. Following
vigorous vortexing and sonication (water bath) to resuspend
the isoprene-based substrate, 100µL of 2× assay buffer (280
mM sucrose, 2.4% Triton X-100 (v/v), and 280 mM HEPES
at pH 7.5), 2µL of 1 M MnCl2, and 6µL of PglB membrane
fraction containing approximately 50 ng of enzyme were
added and the volume increased to 190µL with water.
Reactions were initiated by the addition of 10µL of peptide
substrate dissolved in DMSO. Aliquots (35µL) of the
reaction mixture were removed at 4 min time intervals up
to 20 min and quenched into 1 mL of 3:2 chloroform/

FIGURE 1: C. jejuni N-linked glycosylation pathway.

FIGURE 2: PglB glycosylation reaction using synthetic radiolabeled
undecaprenyl pyrophosphate-linked disaccharide donor and peptide
acceptor.
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methanol+ 200 µL of 4 mM MgCl2. The aqueous layer
was extracted, and the organic layer was washed twice with
300µL of pure solvent upper phase. The aqueous layers were
combined, mixed with 5 mL of EcoLite scintillation fluid
(MP Biomedicals), and subjected to scintillation counting.
Eight reactions were set up in parallel in each assay, and all
assays were carried out in duplicate or better.

Glycosylation of Protein Substrates Using PglB.The
reaction protocol is similar to the above procedure for peptide
glycosylation, with the following modification: 50µL of
PglB membrane fraction was used to glycosylate 13µL of
a 0.75 mM stock of Im7 protein acceptor in buffer P. The
final concentrations for the protein and the glycan were 50
and 1.5µM, respectively. The reaction was left shaking at
room temperature for 3 h before being spun at high speed
to pellet the membrane fraction. The supernatant was applied
to a Ni-NTA spin cartridge (Qiagen), washed, and eluted
according to the manufacturer’s instructions. A 100µL
aliquot of the elution fraction was injected onto an analytical
reverse-phase C18 HPLC column and eluted under a standard
water/acetonitrile gradient. Fractions were collected every
minute, mixed with EcoLite scintillation fluid (MP Biomedi-
cals), and subjected to scintillation counting. Experiments
using eukaryotic glycosyl donors were carried out using the
same general procedure. For mass spectral analysis, a 5 nmol
aliquot of unlabeled sugar donor was used as the glycosyl
donor.

Circular Dichroism Spectra of Acceptor Proteins.Far-
UV CD spectra were acquired on an Aviv Model 202 CD
Spectrometer (Aviv Biomedical) using a 1 mmpath length
cell and a protein concentration of 250µg/mL in buffer C
(50 mM sodium phosphate and 400 mM sodium sulfate) at
25 °C.

RESULTS

Glycosylation of Peptide Acceptors by Pg1B.A library
of hexapeptides, based on the known glycosylation site
88DFNVS92 from the C. jejuni glycoprotein PEB3, was
synthesized (17, 18). Each peptide differs at a single amino
acid in order to systematically evaluate the preference of
PglB for each residue within glycosylation sequence. Apara-
nitrophenylalanine (pNF) was appended to the C-terminus
of each peptide to facilitate accurate peptide concentration
determination by UV spectroscopy. When these peptides
were assayed with PglB, the kinetic parameters indicated that
PglB has a significant preference for threonine as the
hydroxyamino acid at position+2 and aspartic acid as the
acidic amino acid at position-2 (Table 1). Interestingly,
peptides containing cysteine, homoserine, and diaminopro-
pionic acid in place of serine at the+2 position were not
glycosylated by PglB and could not inhibit the glycosylation
of other acceptor peptides (data not shown). Although PglB
is known to glycosylate sequences containing any amino acid
in the+1 and-1 positions except proline, clear preferences
for specific residues at these positions were observed (Figure
3). Alanine, serine, and positively charged residues appear
to be favored at+1, whereas aromatic and amido residues
were favored at-1. Like the eukaryotic OT, PglB also
demonstrates binding determinants beyond the minimal
consensus sequence (6). The extended PEB3 peptide Ac-
GKDFNVSKI-(pNF)-NH2 was found to have a lowerKm(app)

than that of the corresponding hexapeptide (Table 1).
However, thepNF residue being in a different a position
relative to the rest of the peptides within the library precludes
direct comparisons.

Preparation of Im7 Mutants. In these studies, the small
bacterial protein Im7 (14-16) was used as a model system
for the incorporation of selected N-linked glycosylation
sequences. Specifically, aC. jejuniglycosylation consensus
sequence of the form D/E-X1-N-X2-S/T (13) was incorpo-
rated within the protein by making the point mutations N26D
and A28N. This resulted in the formation of a glycosylation
consensus sequence26DVNAT30 within the loop region
between the first and second helices of Im7 (Figure 4).
Likewise, a small library of mutants varying in the glyco-
sylation sequence was created to evaluate the efficiency of
glycosylation in the context of a full-length folded protein.
The overall structures of the Im7 mutants were compared
with that of the wild-type using circular dichroism spectros-
copy in order to verify that introduction of the glycosylation
sequence did not significantly disrupt the overall fold of the
protein (Figure S2, Supporting Information).

Glycosylation of Im7 Mutants by PglB. Each Im7 mutant
was incubated with PglB and the radiolabeled glycosyl donor
for 3 h. When the sample was subjected to a reverse-phase
HPLC analysis, a significant amount of radioactivity was
found to co-elute with a peak (228 nm absorption) corre-
sponding to the Im7 protein (Figure 5). No appreciable
radioactivity was found to be associated with the wild-type
Im7 26NVAAT 30 and the non-glycosylatable Im7 mutant26-
DVAAT 30, missing the asparagine glycosylation site, as the
protein acceptor (Figure 6), or in the absence of PglB (data
not shown). Mass spectral analysis confirmed that the
disaccharide is covalently linked to the Im7 protein (Figure
S3, Supporting Information). The Im7 mutant containing the
optimized consensus sequence DQNAT was found to be
glycosylated to a greater extent than the other mutants. This
demonstrates that the glycosylation of fully folded proteins
by PglB are influenced by the amino acid primary sequence
within the glycosylation site.

EValuation of PglB with the Eukaryotic Glycan Donor.
To determine whether PglB is capable of utilizing the
eukaryotic glycosyl donor substrate, we carried out the
glycosylation of the Im7 mutants using radiolabeled dolichyl-
pyrophosphate chitobiose (Figure 7) as the glycosyl donor.
After a 24-h incubation, no significant radioactivity was
found to be associated with the Im7 mutant protein (data
not shown).

Table 1: Kinetic Parameters of PglB Peptide Substratesa

peptide
Vmax(app)
nM/min

Km(app)
µM

Vmax(app)/Km(app)

min-1 × 103

Ac-DFNVA-(pNF)-NH2 no activity
Ac-DFNVT-(pNF)-NH2 34.6( 0.5 1.22( 0.07 28.4( 1.80
Ac-DFNVS-(pNF)-NH2 34.6( 1.2 3.83( 0.55 9.03( 1.45
Ac-AFNVT-(pNF)-NH2 no activity
Ac-EFNVT-(pNF)-NH2 6.9( 0.3 23.3( 2.98 0.30( 0.04
Ac-EFNVS-(pNF)-NH2

Ac-GKDFNVSKI-(pNF)-NH2 11.3( 0.3 1.17( 0.14 9.67( 1.26
Ac-DFNVC-(pNF)-NH2 no activity
Ac-DFNV-(Hse)-(pNF)-NH2 no activity
Ac-DFNV-(Dap)-(pNF)-NH2 no activity

a Unnatural amino acids:pNF ) para-nitrophenylalanine, Hse)
homoserine, Dap) 2,3-diaminopropionic acid.
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DISCUSSION

In eukaryotic cells, N-linked glycosylation is known to
influence many properties of the resultant glycoproteins,
including folding, stability, solubility, antigenicity, traffick-
ing, and enzyme activity (19, 20). Glycosylation occurs at
the consensus sequenceN-X-S/T, where X can be any amino
acid except proline (4, 5). However, not all potential sites
are glycosylated (7), as many factors have been shown to
influence site occupancy, such as the choice of serine or
threonine at the+2 position, the choice of amino acid at the
X-position, local amino acids flanking the glycosylation
sequon, and the local structural conformation of the polypep-
tide (6).

In C. jejuni, N-linked glycosylation takes place within the
consensus sequence D/E-X1-N-X2-S/T (Figure 2) (13), with
the additional requirement of an acidic residue at the-2
position for efficient glycosylation, in comparison to the
eukaryotic system. In order to understand the factors govern-
ing site occupancy inC. jejuni, we synthesized a library of

peptides, based on the known glycosylation site from peri-
plasmic protein PEB3 (18), systematically differing at each
position to elucidate the acceptor-binding determinants for
PglB. All peptides were capped at both termini because this
has been previously shown to improve the binding of
peptides to the eukaryotic OT (4). We have found that
peptides containing threonine as the hydroxyamino acid at
position+2 exhibit a 3-fold lowerKm(app) in comparison to
that of the serine counterpart (Table 1). The eukaryotic OT
has a similar preference for threonine as the hydroxyamino
acid at position+2, whereby the substitution of serine for
threonine can dramatically improve the glycosylation ef-
ficiency of a poorly glycosylated site (21, 22). Likewise,
although PglB has been known to glycosylate sites with either
aspartic or glutamic acid at position-2 in C. jejuni, we have
found that it exhibited a distinct preference for aspartic acid
at that position (Table 1). Between the two model peptides
Ac-EVNAT-(pNF)-NH2 and Ac-DVNAT-(pNF)-NH2, hav-
ing glutamate as the acidic residue at position-2 increased
theKm(app)by 6-fold, while decreasing theVmax(app)by 5-fold.
The effects of the substitutions appear to be additive. When
both unfavorable amino acids were present within the same
peptide Ac-EFNVS-pNF, glycosylation was negligible under
the experimental conditions employed. This was initially
surprising because theC. jejuni glycoprotein HisJ has been
found to be glycosylated at the site27ESNAS31, although less
efficiently than otherC. jejuni glycoproteins (17).

The unusual peptides containing cysteine, homoserine, or
diaminopropionic acid at the+2 position were not found to
be glycosylated by PglB to a noticeable degree under the
assay conditions employed, nor did they exert any inhibitory
effect on the glycosylation of consensus acceptor peptides,
even at a concentration of 200µM. This suggests that PglB
has a more stringent acceptor recognition requirement than
the eukaryotic OT, which has been known to glycosylate
sites with cysteine in place of the hydroxyl amino acid, albeit
at lower efficiencies (21, 23).

In the same manner, we evaluated the preferences of PglB
for the amino acids in the two X-positions (Figure 3). For

FIGURE 3: Comparison of PglB initial rates with peptides substrates varying at the X1- and X2-positions. Peptides were assayed at 10µM
concentration, close to the average peptideKm(app).

FIGURE 4: Native Im7 structure, indicating the chosen glycosylation
site between helix-1 and helix-2 (30), pdb code 1CEI.
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the X1-position, PglB revealed a clear preference for the
amido functionalities of asparagine and glutamine as well
as large hydrophobic functionalities, whereas charged amino
acids were clearly disfavored at that position. For the X2-

position, PglB exhibited a trend similar to that of the
eukaryotic OT (24), favoring the positively charged func-
tionalities of lysine and arginine, along with alanine and
serine, while disfavoring large hydrophobic functionalities.
The differences within this set of peptides mainly come from
the differences inKm(app), whereas the relativeVmax(app)values
are similar and do not follow the same trend. It is interesting
that PglB has such contrasting preferences for the two
positions directly adjacent to the glycosylation site. Within
the peptide library presented, the DQNAT sequence is the
optimal peptidyl substrate for PglB.

Recently, it has been demonstrated that unlike the eukary-
otic OT, PglB is capable of glycosylating fully folded
proteins in vitro (25). To demonstrate that the trends observed
from the comparison of peptides are relevant to the glyco-
sylation of full-length folded proteins, we engineered varia-
tions of the five amino acid consensus glycosylation sequence
into a well-defined loop of the non-C. jejuni, model protein,
Im7, which is structurally well-characterized (14-16).
Circular dichroism spectroscopy studies indicated that the
introduction of the various glycosylation sequences did not
result in any significant changes in the overall folding of
the mutants when compared to the native Im7 (Figure S2,
Supporting Information). When assayed with PglB, the
relative extents of glycosylation were consistent with the
glycosylation efficiencies of the corresponding peptides.
However, the differences among the full-length proteins were
less dramatic (Table 2). Our interpretation of this finding is
that similar to the eukaryotic OT, the acceptor binding of
PglB is influenced by residues beyond the five amino acid
consensus sequence and that the constraints conferred by the
full length protein restricts the conformations that the short
flexible peptide naturally adopts, be it favorable or unfavor-
able. Nevertheless, the overall degree of glycosylation was

FIGURE 5: Reverse-phase HPLC traces of Im7 mutant26DVNAT30 before and after glycosylation by PglB. Elution of protein was monitored
by absorbance at 228 nm and collected in 1 mL fractions for scintillation counting. The degree of glycosylation was quantified by the
amount of radiolabeled disaccharide co-eluting with the protein acceptor.

FIGURE 6: Comparison of various Im7 mutants differing in their
glycosylation sequences. The Extent of glycosylation corresponds
to the percentage of (limiting) radiolabeled glycan donor consumed
in the 3 h reaction.

FIGURE 7: Structure of the first two sugars within the (A) eukaryotic
glycan GlcNAc-â-(1 f 4)-GlcNAc and (B) C. jejuni glycan
GalNAc-R-(1 f 3)-Bac.
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improved by having the optimal glycosylation sequence
DQNAT in the Im7 loop.

Our previous in vitro studies have revealed that PglB is
capable of transferring undecaprenyl pyrophosphate-linked
glycans of varying lengths as well as glycans with GlcNAc
at the reducing end (12) as opposed to the nativeN,N′-
diacetyl-bacillosamine sugar fromC. jejuni. Recent studies
further illustrate the nonspecificity of PglB toward the
glycosyl donor by showing that it is capable of transferring
diverse undecaprenyl pyrophosphate-linked carbohydrates
from various O-antigen biosynthetic pathways in vivo (26,
27). In these studies, we have found that the eukaryotic
dolichyl-pyrophosphate-GlcNAc-GlcNAc disaccharide is a
poor substrate for PglB. This may be due to selectivity toward
the isoprene carrier, as dolichol is 30-50 carbons larger than
undecaprenol and differs in the oxidation state of the terminal
isoprene unit (28, 29). However, on the basis of a structural
evaluation of all carbohydrates reported to be accepted by
PglB, we believe that theâ1-4-linkage between the first
two GlcNAc residues might be unfavorable to PglB because
the native linkage inC. jejuni is â-1,3 (Figure 7). All
examples of the O-antigen carbohydrates transferred by PglB
involve either R-1,6, R-1,3, or the nativeâ-1,3 linkages
between the first two sugars (26, 27). It is possible that
although the N-acetyl group at the C4-position of bacil-
losamine is also not critical, replacement of this functionality
with the attachment of a bulky sugar may disrupt the binding
to PglB.

In conclusion, we have characterized the acceptor specific-
ity of PglB in vitro, in the context of flexible peptide
substrates as well as full-length folded proteins. We have
determined that the optimal glycosylation consensus sequence
for PglB is DQNAT, although additional binding determi-
nants and local peptide conformations are likely to also affect
glycosylation efficiency in full-length proteins. Understand-
ing the factors that influence N-linked glycosylation by PglB
is a crucial start to the elucidation of the poorly understood
mechanism of oligosaccharyl transferases involved in N-
linked protein glycosylation. Furthermore, information re-
garding the acceptor specificity of PglB can assist in the
design and synthesis of novel recombinant glycoproteins for
research and clinical applications as well as PglB inhibitors
as antibiotics forC. jejuni-induced gastrointestinal disorders.
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