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Site selectivity of protein N-linked glycosylation is dependent
on many factors, including accessibility of the modification
site, amino acid composition of the glycosylation consensus
sequence, and cellular localization of target proteins. Previous
studies have shown that the bacterial oligosaccharyltransferase,
PglB, of Campylobacter jejuni favors acceptor proteins with
consensus sequences ((D/E)X,NX,(S/T), where X, , = proline) in
flexible, solvent-exposed motifs; however, several native glyco-
proteins are known to harbor consensus sequences within struc-
tured regions of the acceptor protein, suggesting that unfolding
or partial unfolding is required for efficient N-linked glycosyla-
tion in the native environment. To derive insight into these
observations, we generated structural homology models of the
N-linked glycoproteome of C. jejuni. This evaluation highlights
the potential diversity of secondary structural conformations of
previously identified N-linked glycosylation sequons. Detailed
assessment of PglIB activity with a structurally characterized
acceptor protein, PEB3, demonstrated that this natively folded
substrate protein is not efficiently glycosylated in vitro, whereas
structural destabilization increases glycosylation efficiency.
Furthermore, in vivo glycosylation studies in both glyco-compe-
tent Escherichia coli and the native system, C. jejuni, revealed
that efficient glycosylation of glycoproteins, AcrA and PEB3,
depends on translocation to the periplasmic space via the gen-
eral secretory pathway. Our studies provide quantitative evi-
dence that many acceptor proteins are likely to be N-linked-
glycosylated before complete folding and suggest that PglB
activity is coupled to general secretion-mediated translocation
to the periplasm. This work extends our understanding of the
molecular mechanisms underlying N-linked glycosylation in
bacteria.

N-Linked protein glycosylation is a ubiquitous post-transla-
tional modification that influences protein stability, folding,
and host-cell interactions (1-3). In eukaryotes this phenome-
non occurs at the rough endoplasmic reticulum (RER)? mem-
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brane. Here, glycans are assembled onto a polyprenol diphos-
phate-linked substrate on the cytoplasmic face of the RER
membrane and subsequently flipped to the RER luminal face,
where the glycans are further extended before transfer to an
asparagine residue within a glycosylation consensus sequence
by the oligosaccharyltransferase (OTase) (4, 5). In mammalian
cells N-linked glycosylation is mediated by hetero-oligomeric
OTase complexes that include either the STT3A or STT3B iso-
form of the catalytic subunit, which have distinct functions (6).
The mammalian STT3A is found in a complex that associates
with the general secretion (Sec) pathway, coordinating co-
translational glycosylation of nascent proteins entering the
RER. This macromolecular association is mediated by direct
interactions between subunits of the Sec6l translocation
machinery and the OTase subunits (7-9). The STT3B isoform
is part of a distinct OTase complex in the RER that is not asso-
ciated with the Sec translocon and rather glycosylates sites
missed by STT3A in a post-translational and/or post-translo-
cational manner (10, 11).

Less is known about the structural determinants of the more
recently discovered N-linked protein glycosylation pathway of
8- and e-proteobacteria (12). To date, the best characterized
bacterial N-linked glycosylation system is the Pgl (protein gly-
cosylation) pathway of Campylobacter jejuni (13, 14). C. jejuni
is part of the natural gut flora of poultry and cattle; however, it
is a human pathogen and one of the leading causes of bacterial
gastroenteritis worldwide (15). Studies have shown that protein
N-linked glycosylation plays a role in pathogenicity, as this
pathway is important for colonization of the gastrointestinal
tract of chickens and mice (16, 17).

The glycosylation process in C. jejuni begins at the cytoplas-
mic face of the inner membrane, where the glycan, a branched
heptasaccharide, is assembled by stepwise addition of monosac-
charides onto an undecaprenol diphosphate (Und-PP) moiety
and then flipped to the periplasmic face of the inner membrane.
In the periplasm, the heptasaccharide is transferred en bloc to
an amide nitrogen of an asparagine located within a consensus
sequence ((D/E)X;NX,(S/T), X;, # proline) on an acceptor
protein by a single integral membrane OTase, PglB, that is ho-
mologous to the catalytic subunit of eukaryotic OTases (STT3)
(13, 18) (Fig. 1). The enzymes that biosynthesize and transfer
this heptasaccharide are chromosomally encoded within a gene
locus (pg/ locus). Notably, heterologous glycosylation of
selected target proteins can be achieved by expression of the pgl
locus in Escherichia coli (glycocompetent E. coli) (19).

To date, >60 proteins from C. jejuni have been demon-
strated to be N-glycosylated, and many of these have predicted
Sec signal peptides (20). Previous studies have demonstrated
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FIGURE 1. Schematic overview of bacterial N-linked glycosylation and
proposed conformation states of substrate proteins during modifica-
tion. Glycosyltransferases assemble a polyprenol diphosphate-linked glycan
in a stepwise manner at the cytoplasmic membrane. The glycosyl donor is
subsequently translocated by a flippase to the periplasmic face of the mem-
brane. The OTase transfers the glycan onto an asparagine residue of a sub-
strate protein. Three conformational states of substrate proteins during N-gly-
cosylation are proposed: 1) before folding is complete, co-translocationally;
2) before folding is complete, post-translocationally; 3) after folding is com-
plete, post-translocationally.

that PglB is capable of glycosylating both folded and unfolded
proteins in vitro and in glycocompetent E. coli. For example,
AcrA (Cj0367c), a component of the AcrABC (Cj0365-7c)
multidrug efflux system of C. jejuni, is a native glycoprotein that
can be N-glycosylated in vitro or in glycocompetent E. coli
when it is exported to the periplasm through the Sec pathway,
which transports proteins in an unfolded conformation, or
though the twin arginine translocation (TAT) pathway, which
transports fully folded proteins (21, 22). Furthermore, Fisher et
al. (23) demonstrated that in glycocompetent E. coli, proteins
carrying engineered glycosylation tags are glycosylated through
diverse export pathways (Sec, TAT, or SRP (signal recognition
particle)), although variations in glycosylation efficiencies were
observed. These studies show that N-linked glycosylation is
compatible with diverse secretory pathways; however, the
native spatial and temporal aspects of N-linked glycosylation in
the context of bacterial cells remain unclear. Specifically, it is
not known whether N-glycosylation and protein translocation
are coupled in bacteria, as they are in eukaryotes.

In this work we used complementary approaches to deter-
mine how the structural context of N-linked glycosylation sub-
strates affects glycosylation efficiency. In silico evaluation of
N-linked glycosylation sequons within C. jejuni glycoproteins
was performed using structural homology modeling. This anal-
ysis showed that N-linked glycosylation sites are predicted to
adopt diverse secondary structures. Next, a detailed investiga-
tion was performed on a C. jejuni glycoprotein, PEB3 (Cj0289¢),
whose x-ray crystallographic structure was previously deter-
mined (24, 25). Using in vitro site-directed mutagenesis, we
introduced N-linked glycosylation sequons into selected posi-
tions in the sequence of PEB3, and examined the relative glyco-
sylation efficiency at each of these sites. We found that these
new glycosylation sites were susceptible to increased levels of
modification compared with the wild type protein, which was
likely due to higher accessibility of the glycosylation site and
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partial destabilization of the protein. We also investigated
whether the mode of protein substrate translocation of glyco-
sylation substrates into the periplasm had an effect on glycosyl-
ation efficiencies. Using a glycocompetent E. coli strain, we
found that Sec-translocation of AcrA and PEB3 is important for
efficient glycosylation. Moreover, we show for the first time
that in the native system, C.jejuni, efficient glycosylation
requires the delivery of protein substrates by the Sec pathway.
In light of these findings and the observation that a subset of
native glycoproteins contains sequons in structured regions, we
postulate that bacterial protein N-linked glycosylation of
selected protein substrates is likely coupled to protein translo-
cation, as it is in eukaryotes.

Results

In Silico Analysis of Glycosylation Sites—Previously, a survey
of eukaryotic N-linked glycoproteins structures (x-ray crystal-
lographic data) revealed that N-glycosylation sequons adopt
diverse secondary structure conformations (26). N-Glycosyla-
tion at these sites is possible because glycosylation occurs
before folding in eukaryotes (27, 28). Although >60 glycopro-
teins have been identified from C. jejuni and Campylobacter
lari, only four x-ray crystallographic structures (CjaA, PEB3,
JIpA, and PglB) and one NMR structure of truncated AcrA have
been determined (24, 25, 29-32). Analysis of the four known
x-ray crystal structures shows that the bacterial glycosylation
consensus sequence also adopts various conformational states
(Fig. 2A). These four protein structures include five solvent-
exposed glycosylation sites: one in an a-helix, one in a struc-
tured turn between a B-strand and «-helix, and three in
non-structured loops. Due to the limited number of x-ray crys-
tallographic structures of known C. jejuni glycoproteins, we
generated protein models of additional protein substrates to
obtain a broader understanding of the conformations of glyco-
sylation sequons in C. jejuni. Using Phyre2 (Protein homology/
analogy recognition engine 2) we generated three-dimensional
structural models of experimentally determined C. jejuni glyco-
proteins (33). A total of 35 high-confidence models containing
53 glycosylation sequons were obtained, and the backbone
dihedral angles of each residue within the experimentally deter-
mined glycosylation sequon were categorized as a-helix,
B-strand, structured turn (3, ), or non-structured loop (Fig. 2B
and supplemental Table S1). In this study we define a non-
structured loop as a region that has more than five residues that
are not appropriately positioned to form backbone hydrogen-
bonding interactions. All residues within glycosylation sequons
were predicted to be surface-exposed. Interestingly, >50% of
the glycosylation sites were found in predicted «-helices,
B-strands, or turns, whereas the remaining were found in larger
non-structured loops. These analyses highlight the potential
structural diversity of bacterial glycosylation sites. In the con-
text of a folded protein, these conformations could interfere
with N-glycosylation activity by PglB. Thus, we hypothesized
that native glycosylation sites of C. jejuni proteins located in
structurally defined regions are poor substrates of PglB and that
partial unfolding is required for glycosylation to occur at these
sites.
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FIGURE 2. In silico analysis of diverse secondary structures of N-glycosylation sequons. A, schematic representation of x-ray crystallographic structures of
CjaA, PEB3, JIpA, and PgIB (PDB codes 1XT8, 2HXW, 3UAU and 3RCE, respectively). The glycosylation consensus sequence ((D/E)X;NX,(S/T), X, ,#P) is colored
in magenta. B, in silico analysis of 53 glycosylation consensus sequence secondary structures. Each residue was classified as a-helix, B-strand, structured turn,
or non-structured loop and is represented as an average distribution for each site. Structures were predicted using Phyre2.

In Vitro, PEB3 Is a Poor Glycosylation Substrate—To evaluate
whether PglB shows a preference for folded or unfolded protein
targets, glycosylation efficiencies were evaluated using a puri-
fied target substrate. PEB3, a C. jejuni homodimeric surface-
associated protein with immunogenic properties and predicted
transporter functions (25, 34), was selected for these studies
because it is a reported soluble glycoprotein, and the x-ray crys-
tallographic structure was previously determined, which shows
the native glycosylation site in a structurally defined region of
the protein (24, 25) (Fig. 2A). Relative levels of N-glycosylated
PEB3 appear to be strain-dependent. In C. jejuni 11168, PEB3 is
reported to be ~50% N-glycosylated (35). In this study we used
C. jejuni 81-176, wherein 80-100% of PEB3 is N-glycosylated.
Based on x-ray crystallographic analysis, the glycosylation site
of PEB3 is located in a structured exposed loop between a
B-strand and a-helix (24, 25). Glycosylation efficiencies of puri-
fied PEB3, compared with a peptide representing the glycosyl-
ation sequon, were assessed using an in vitro radioactivity-
based glycosylation assay with a readily accepted tritiated
disaccharide donor (Und-PP-diNAcBac-[*H]GalNAc) (36).
Purified PgIB and glycan donor were incubated with purified
PEB3 wild type, a non-glycosylatable mutant of PEB3 (N90Q),
or a peptide containing the glycosylation consensus sequence.
Glycosylated products were separated from glycan donor using
Ni-NTA chromatography and analyzed by liquid scintillation
counting to determine the percent of disaccharide incorpo-
rated onto the protein. N-Glycosylation of the peptide (~87%)
far exceeded that of wild type PEB3 (~1%) (Fig. 3A4). Although
PEB3 wild type exhibited very low levels of N-glycosylation, the
extent was reproducibly higher than background levels of the
assay, as determined using PEB3 N90Q. These data show that
although PEB3 is an N-glycosylation substrate in vivo, it is not
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robustly modified in this in vitro glycosylation assay, suggesting
that partial destabilization or unfolding is required for efficient
glycosylation in the cell.

In Vitro, Partial Destabilization of PEB3 Increases Glycosyla-
tion Efficiency—To investigate the structural determinants of
protein substrates contributing to N-glycosylation, we deter-
mined the glycosylation efficiencies of PEB3 variants with repo-
sitioned glycosylation sites. The x-ray structure of PEB3 guided
the selection of five sites for integration of the glycosylation
consensus sequence (Fig. 3B, Table 1). To avoid intrinsic vari-
ation of the local sequence, which has been shown to effect
glycosylation efficiencies in eukaryotes (37) and prokaryotes
(38), we integrated the same, native PEB3 sequence at each
selected site (DFNVS). Two sites are located in predicted flex-
ible loops (A179N and I199N), and the other three are found in
a structured helix-turn-helix (Q152N), a partially buried turn
between an a-helix and B-strand (D68N), and a buried 3-strand
(G72N). For simplicity and to ensure incorporation of a single
glycan, consensus sequences were introduced by site-directed
mutagenesis in a PEB3 mutant lacking the native glycosylated
asparagine residue (N90Q). Purification by Ni-NTA chroma-
tography followed by size-exclusion chromatography con-
firmed that all PEB3 variants were soluble and monodisperse
(supplemental Fig. S1).

In vitro end-point glycosylation assays with Und-PP-di-
NAcBac-[?H]GalNAc were performed with the panel of PEB3
variants. Compared with wild type, an increase in the level of
the N-glycoprotein was observed in four of the five variants,
with the most efficient incorporation into D68N, Q152N, and
A179N, whereas only background levels of glycosylation were
observed for the fully buried site at G72N (Fig. 3A4). Despite the
enhanced levels of N-glycosylation for several PEB3 variants
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FIGURE 3. In vitro analysis of PEB3, PEB3 variants, and peptide substrate. A, the percentage of radiolabeled disaccharide transferred to protein (green bars)
or peptide substrate (blue bar) was measured by liquid scintillation counting. Results are representative of one data set from triplicate experiments. Back-
ground activity is indicated by dashed line. B, schematic representation of PEB3 and the position where the glycosylation consensus sequence is substituted for
each variant. The native consensus sequence is colored in magenta, repositioned consensus sequences are colored in blue, and the positions of the glycosy-
lated asparagine residues are represented as sticks. First derivative curves of averaged thermal denaturation data collected from three replicates (C), and
calculated T, values of each PEB3 variant with standard deviation were determined from triplicate experimental results (D).

TABLE 1 (35), our data indicate that it is a very poor substrate under in

Structural features of PEB3 glycosylation site variants. Determined  yjr0 conditions. Several factors may contribute to this obser-

using PEB3 x-ray crystallographic structure (PDB code 2HXW) . . . . .
vation. First, the native glycosylation consensus sequence is

Vari Local I .

ariant oca structure So V‘ent P “)sure located between two defined elements of secondary structure,
oo Eusrtr; nd giﬁﬁly buried affording rigidity that may decrease the accessibility of the gly-
Q152N Turn Surface cosylation site to PglB. Second, the folded state (local or global)
ﬁlgé?\]N iggg gzigzg of PEB3 during glycosylation in vivo, which is currently

unknown, may impose constraints that preclude efficient gly-

(5-15%), they did not achieve N-glycosylation levels comparable ~ cosylation. Based on the signal sequence prediction software
to the peptide (87%) under identical experimental conditions. (PRED-TAT), PEB3 is predicted to be delivered to the
The observed increase in glycosylation at these sites may be ~ Periplasm via the Sec export pathway wherein proteins are
attributed to increased flexibility due to destabilization of the translocated to the periplasm in an unfolded conformation and
native fold. To determine the extent of destabilization, average ~fold during or after translocation (40). We postulated that the
melting temperature (7,,) values of PEB3 variants were mea- poor in vitro N-glycosylation levels of wild type PEB3 is due to
sured by thermofluor analysis using SYPRO Orange (39). The its folded state and that N-linked glycosylation occurs before or
average T, values of all variants were lower (4—5 °C) than the ~ during folding, either co- or post-translocationally.
wild type, suggesting that these variants were structurally less To better understand the dynamics of in vivo glycosylation,
stable (Fig. 3, C and D). we evaluated the glycosylation efficiency of PEB3 when it was
Together these data confirm that buried glycosylation sites translocated via the Sec pathway or through an alternative
are not targeted by PglB in vitro. The results also suggest that translocation pathway, the TAT pathway, which transports
conformational changes to the native glycosylation sites maybe  fully folded proteins and oligomeric protein complexes across
necessary to allow for efficient modification. the inner membrane into the periplasm (41, 42). This experi-
Efficient N-Linked Glycosylation Is Dependent on Sec Trans- ment helps to evaluate the importance of environmental factors
location in Glycocompetent E. coli—Although N-linked glyco- that differ between the in vitro glycosylation assay conditions
sylation of PEB3 in C. jejuni has been experimentally validated and the native periplasmic space. This approach was previously
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FIGURE 4. Glycosylation of protein substrates in glycocompetent E. coli.
Representative Western blot analysis of periplasmically-localized AcrA (A)
and PEB3 (C) translocated via the Sec or TAT pathway in E. coli (n = 3). Total
AcrA or PEB3 was detected with anti-His antibody, and N-linked glycosylated
proteins were detected with anti-N-glycan antibody (R1). Non-glycosylated
(go), mono-glycosylated (g,), and di-glycosylated (g.) species are indicated.
Average glycosylation of AcrA (B) and PEB3 (D) from three biological repli-
cates was determined by densitometry analysis of non-glycosylated and gly-
cosylated protein bands (¥, p < 0.02; **, p < 0.002).

used by Kowarik et al. to demonstrate that glycosylation of
AcrA, which has two glycosylation sites, can occur on folded or
unfolded proteins in glycocompetent E. coli (21). Currently, an
x-ray crystallographic structure of full-length AcrA has not yet
been determined; however, homology modeling suggests that
one glycosylation site is in an «-helix, and the other is in a
flexible loop (18). For the current study we used densitometry
analysis to compare relative glycosylation efficiencies of two
proteins, PEB3 and AcrA, when they are transported through
the Sec and TAT pathways in glycocompetent E. coli. A soluble
periplasmic variant of AcrA, which is a native lipoprotein of
C. jejuni, was previously produced in E. coli by substituting the
native Sec signal sequence of AcrA, including the lipidation site,
with the Sec signal sequence of pelB (21). The same strategy was
employed for the current experiments. The Sec signal sequence
of pelB and TAT signal sequence of ycbk were substituted for
the native signal sequence of AcrA, and a C-terminal hexahis-
tidine (His,) tag was added. Both signal sequences are known to
direct translocation through the designated machinery (43, 44).
PEB3 contains a predicted native Sec signal sequence; thus, it
was kept intact for Sec-mediated translocation and was substi-
tuted with the ycbk signal sequence for rerouting through that
TAT pathway. Each construct was co-expressed in E. coli
W3110 together with the pgl locus. Target proteins purified
from the periplasmic fraction were analyzed by SDS-PAGE and
immunoblotting with anti-His antibody, for detection of both
non-glycosylated and glycosylated protein, and anti-N-glycan
antibody (R1), which recognizes the C. jejuni heptasaccharide,
for detection of glycosylated protein (45). Both glycosylation
sites on AcrA were modified as noted by observation of two
higher molecular weight bands that reacted with anti-N-glycan
antibodies corresponding to mono- and di-glycosylated AcrA
(Fig. 4A and supplemental Fig. S2A). Previous studies have con-
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firmed these shifts by mass spectrometry (21). Analysis by den-
sitometry indicated a modest, but significant increase in total
di-glycosylated Sec-translocated AcrA (19 *£ 3%) compared
with TAT-translocated AcrA (11 = 2%) (Fig. 4B). Of note, the
slight difference in molecular weights between non-glycosy-
lated Sec- and TAT-translocated AcrA are due to a linker that
was included when constructing the plasmid containing pelB.

More strikingly, glycosylation efficiencies of PEB3 were sig-
nificantly higher for Sec-translocated PEB3 (23 * 3%), com-
pared with TAT translocated PEB3 (6 = 1%) (Fig. 4, C and D,
and supplemental Fig. S2B). These results indicate that glyco-
sylation in glycocompetent E. coli is partially dependent on the
Sec translocation pathway.

Consistent with previous studies in glycocompetent E. coli
(19, 46), total glycosylation levels of AcrA (50 = 2%) and PEB3
(23 = 3%) are low. Several known factors contribute to ineffi-
cient glycosylation in glycocompetent E. coli. For example,
WecA, a priming glycosyltransferase, can interfere with Und-
PP-heptasaccharide production by transferring GlcNAc-P
from UDP-GIlcNAc onto the Und-P carrier, thereby providing a
non-native substrate for the Pgl pathway, rather than the native
Und-PP-diNAcBac (19, 47). In addition, in E. coli, PgIB can
compete with Waal, an O-antigen ligase, for substrates by
incorporating O-antigen subunits onto acceptor proteins (48).
Efforts to improve glycosylation efficiencies by targeting these
enzymes as well as controlling carbon flux in E. coli have
resulted in only modest increases in N-glycoprotein yields (49,
50). In addition to these limitations, we propose that interac-
tions between PgIB and its natively partnered translocon may
be lost upon transfer to E. coli, thus uncoupling protein trans-
location from N-glycosylation in the periplasm. To address this,
we examined the contribution of Sec translocation to N-glyco-
sylation in the native host, C. jejuni.

Efficient N-Linked Glycosylation Is Dependent on Sec Trans-
location in C. jejuni—To direct translocation through the Sec
or TAT pathways of C. jejuni, expression vectors encoding acrA
and peb3 with the Sec or TAT signal sequences were generated.
For Sec-mediated translocation, the pelB signal sequence from
E. coli was used for acrA, and the native signal sequence was
used for peb3. For TAT-mediated translocation, acrA and peb3
were modified with the TAT signal sequence from C. jejuni
torA (¢j0264c), which was previously determined to be a TAT-
transported protein (51). Analysis of periplasmic purified AcrA
demonstrated overall higher levels of N-linked glycosylation for
both Sec- and TAT-translocated protein (91 = 7% and 81 = 5%,
respectively) compared with the levels observed in glycocom-
petent E. coli (Fig. 5, A and B, and supplemental Fig. S2C).
Although there was no significant difference in total glycosyla-
tion, we observed a statistically significant increase in di-glyco-
sylated AcrA for Sec-dependent translocation, consistent with
the glycocompetent E. coli results (Sec, 74 *+ 10%; TAT, 35 =
2%).

N-Linked glycosylation in C. jejuni was markedly higher for
Sec translocated PEB3 (89 *= 9%) than for TAT-translocated
PEB3 (6 = 3%) (Fig. 5, C and D, supplemental Fig. S2D). These
results in C. jejuni are consistent with those in glycocompetent
E. coli, although the relative levels of glycosylation differ
between the two systems.
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FIGURE 5. Glycosylation of protein substrates in C. jejuni. Representative
Western blot results of periplasmically-localized AcrA (A) and PEB3 (C) trans-
located via the Sec or TAT pathway in C. jejuni (n = 3) are shown. Total AcrA or
PEB3 were detected with anti-His antibody, and N-linked glycosylated pro-
teins were detected with anti-N-glycan antibody (R1). Non-glycosylated (g,),
mono-glycosylated (g,), and di-glycosylated (g,) species are indicated. Aver-
age glycosylation of AcrA (B) and PEB3 (D) from three biological replicates was
determined by densitometry analysis of non-glycosylated and glycosylated
protein bands (**, p < 0.002).

These data support the hypothesis that PglB specificity
depends on the substrate protein and the conformation of the
glycosylation sequon that is presented as proteins are delivered
to the periplasm. To further validate these findings and to
determine whether the correlation between in vitro and in vivo
glycosylation efficiencies are consistent, we assessed glycosyla-
tion in C. jejuni of the aforementioned PEB3 variant (A179N)
that was shown to be N-linked-glycosylated more efficiently
compared with wild type PEB3 in vitro (Fig. 3A). When PEB3
A179N was expressed with the native Sec signal sequence or
TAT signal sequence in C. jejuni, the protein was fully glycosy-
lated for both conditions, confirming the hypothesis that the
structural context influences glycosylation efficiency (Fig. 6 and
supplemental Fig. S2E). Together with the results from native
PEB3, these findings suggest that coupling with the Sec trans-
location pathway will be useful for efficient glycosylation of
proteins wherein glycosylation sites in the native target are pre-
dicted to be structurally defined.

Discussion

Through the analysis of native N-glycosylation sites of
C. jejuni glycoproteins in vitro and in vivo, we show that PglB
substrate selectivity is dependent on the structure and accessi-
bility of the target asparagine residue. In the cell, Sec-depen-
dent translocation of substrate proteins promotes efficient
N-glycosylation, in contrast to protein substrates translocated
in a TAT-dependent manner. These findings underscore the
complexity of this post-translational modification system and
suggest that protein N-linked glycosylation occurs before com-
plete folding of substrate proteins in bacteria, reminiscent of
eukaryotic N-linked glycosylation (Fig. 1).

The previously determined x-ray structure of PglB from
C. lari (56% sequence identity to C. jejuni) shows that the co-
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A179N WT A179N WT A179N WT
Sec, TAT, TAT, Sec, TAT TAT
37 kDa

a-His

a-N-glycan overlay

FIGURE 6. Glycosylation of PEB3 variant A179N in C. jejuni. Representative
Western blot results of Sec or TAT translocated PEB3 variant A179N (n = 3).
For comparison, TAT-translocated wild type PEB3 is shown. Total PEB3 was
detected with anti-His antibody, and N-linked glycosylated proteins were
detected with anti-N-glycan antibody (R1). Non-glycosylated (g,) and mono-
glycosylated (g,) species are indicated.

crystallized hexapeptide, which contains the glycosylation con-
sensus peptide (DQNATE), forms a 180° chain reversal in the
active site of PglB (31). Moreover, this binding site does not
appear to be large enough to accommodate fully folded pro-
teins, consistent with the findings in our study. Together, our
data are in agreement with a scenario in which N-glycosylation
activity by PglIB is in competition with substrate protein folding
and diffusion away from the active site. Although direct evi-
dence is yet to be shown, there are several possible underlying
mechanisms by which PglB could overcome these competing
factors in C.jejuni. Our data support the hypothesis that
N-linked glycosylation is coupled with Sec-mediated protein
translocation through interactions between Sec subunits and
PgIB. In eukaryotes, direct interactions between OTase sub-
units and Sec61 subunits position the OTase for glycosylation
of nascent proteins entering the RER, thus reducing diffusion
effects and favoring glycosylation before folding can be com-
pleted (7-9, 52). Identification of direct or indirect interactions
between PgIB and the Sec translocon would support the cou-
pling model in bacteria.

The discovery of bacterial glycosylation systems has ignited
interest in their use for the production of vaccines and thera-
peutic proteins (53). Nevertheless, this study and previous stud-
ies have observed suboptimal N-glycosylation levels of C. jejuni
substrate proteins when expressed in glycocompetent E. coli.
Efforts to engineer E. coli for glycosylation with bacterial or
eukaryotic-like glycans have been successful; however, estab-
lishing robust systems remains a challenge (50, 54, 55). Based
on the model that protein N-linked glycosylation and translo-
cation are coupled, we hypothesize that PglB interactions with
the Sec translocon would be lost in the heterologous system,
contributing further to inefficient glycosylation. Indeed, there
is low sequence identity between SecYEG subunits of C. jejuni
and E. coli (41%, 31%, 29%, respectively). Deciphering the
mechanistic basis of glycosylation in C. jejuni could provide
valuable information for the optimization of glycosylation in a
heterologous host.

In addition to potential interactions between PglB and the
Sec translocon, one should also consider accessory proteins or
chaperones that could maintain protein substrates in an opti-
mal conformation for modification by PglB. With the exception
of some lower eukaryotes, in particular parasites Leishmania
major and Trypanosoma brucei, which contain a single subunit
OTase (56 —58), eukaryotic OTases are hetero-oligomeric com-
plexes comprising the catalytic subunit (STT3) and up to seven
additional subunits, some of which have been shown to have
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distinct roles in stabilizing the complex, interacting with the
Sec61 translocon or mediating glycosylation before complete
folding of substrate proteins (59, 60). For example, subunits of
the yeast OTase complex, Ost3p/Ost6p, and the mammalian
STT3B OTase complex, MagT1/TUSC3, exhibit oxidoreduc-
tase activity, which is thought to delay oxidative protein folding
through mixed disulfide bond formation (61— 63). Although the
enzymes required to synthesize and transfer the C. jejuni hep-
tasaccharide are encoded adjacent to each other on the chro-
mosome, there may be other nonessential components else-
where on the chromosome with analogous functions to the
eukaryotic OTase subunits. One candidate protein is PpiD
(peptidyl prolyl isomerase), which was recently identified in
C. jejuni (64). The PpiD E. coli homolog is anchored in the inner
membrane and interacts with SecYEG, modulating folding of
newly exported proteins (65, 66). It is conceivable that uniden-
tified accessory proteins of PglB or periplasmic chaperones
could play a role in the N-glycosylation process.

In conclusion, we have provided strong evidence that bacte-
rial N-glycosylation is a temporally and spatially coordinated
process. Further identification of the molecular dynamics
underlying this pathway will enhance our understanding of
functional macromolecular complexes and potentially enhance
the bioengineering application of this system.

Experimental Procedures

In Silico Analysis of N-Linked Glycosylation Consensus
Sequences—Predicted secondary and tertiary structures of
experimentally identified C. jejuni glycoproteins were deter-
mined using Phyre2 (Protein Homology/analogY Recognition
Engine V 2.0) (33). Predicted structures with > 80% confidence
were used for the analysis. The secondary structure of each
amino acid in a glycosylation site was classified as an a-helix,
B-strand, turn, or non-structured loop. A non-structured loop
is defined as a region that has more than five residues that are
not appropriately positioned to form hydrogen bonding inter-
actions between backbone-amide bond partners.

Bacterial Strains and Growth Conditions—Strains and plas-
mids used in this study are listed in supplemental Table S2.
E. coli strains were grown in lysogeny broth (LB) broth supple-
mented with 30 ug/ml chloramphenicol, 100 pg/ml carbenicil-
lin, or 30 pwg/ml kanamycin as required. C. jejuni 81-176 cells
were grown in Mueller Hinton (MH) broth under microaero-
philic conditions (BD Biosciences CampyPak or pre-mixed gas:
5% O,, 10% CO,, and 85% N,) supplemented with 10 ug/ml
trimethoprim and 15 pg/ml chloramphenicol when required
(67). For expression in C. jejuni, pCE11128 derivatives were
transformed into DH5«a E. coli cells carrying a conjugation
helper plasmid, RK212.2 (68-70). C. jejuni 81-176 wild type
recipients were grown on MH agar supplemented with 10
pg/ml trimethoprim overnight. Donor and recipient were
mixed 1:1 on MH agar with no antibiotic and incubated for 6 h
under microaerophilic conditions at 37 °C. Harvested cells
were resuspended in MH broth and plated onto agar plates
containing 10 ug/ml trimethoprim and 15 ug/ml chloram-
phenicol. Plates were incubated at 37 °C for 1-2 days under
microaerophilic conditions. Colonies were restreaked and
grown in liquid culture. To confirm success of conjugation and
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expression of target proteins, cell lysates were prepared for
Western blot analysis from liquid cultures, and His,-tagged
proteins were probed with primary mouse IgG2b anti-His
monoclonal antibody (1:5000 dilution, LifeTein LLC, South
Plainfield, NJ; catalog #L T 04256 Lot #411005100202) and sec-
ondary antibody IRDye® 680LT goat anti-mouse (Li-COR Bio-
sciences, Lincoln; NE catalog #926-68020 lot #C50721-02) and
visualized with a Li-COR Odyssey IR-Scanner.

Plasmid Construction—Primers used to generate plasmids
for this study are listed in supplemental Table S2. For cytoplas-
mic expression of PEB3 wild type and variants, PCR-amplified
peb3 (residues 21-251) from C. jejuni 81-176 genomic DNA
was inserted into pET24a at restriction sites Ndel and Xhol.
Glycosylation consensus sequences were substituted using site-
directed mutagenesis (QuikChange, Agilent). For expression of
Sec-translocated PEB3 in glycocompetent E. coli, full-length
peb3 was PCR-amplified and inserted into pET22b at restric-
tion sites Ndel and Xhol. This construct was used as a template
for PCR amplification, digestion with BspH1 and EcoRI, and
insertion into pBAD-mNectarine (71) digested with Ncol and
EcoRI. For Sec-translocated AcrA (pBAD::pelB::acrA) the acrA
gene encoding residues 23—347 was PCR-amplified, digested
with BamHI and Xhol, and inserted into pET22b. This was used
as a template for PCR amplification, digestion with BspH1 and
EcoR], and insertion into pBAD-mNectarine digested with
Ncol and EcoRI. For TAT-translocated substrates, the pelB sig-
nal sequence of pET22b was replaced with either ycbK or torAcj
signal sequences by PCR amplification, digestion with Ndel and
BamHI, and insertion into pET22b. peb3 or acrA lacking their
native signal sequences were inserted at BamHI and Xhol re-
striction sites of the modified pET22b plasmids and subcloned
into pBAD-mNectarine. The C. jejuni expression vector,
pCE11128, was modified to contain a ribosome-binding site
(RBS) before the BamHI site followed by a multiple cloning site
and a C-terminal His, tag after the Xhol site using synthesized
oligonucleotides to generate pCE11128H::rbs (Sigma). pET22b
containing peb3 or acrA derivatives were digested with BgllI
and Xhol. The insert was subcloned into pCE11128H:rbs
digested with BamHI and Xhol. All constructs were confirmed
by sequencing.

Expression and Purification of Recombinant PEB3—C-termi-
nal His,-tagged PEB3 wild type and PEB3 variants were over-
expressed in E. coli BL21 cells. Specifically, overnight cultures
were sub-inoculated at 1:1000 into 1 liter of LB with the
required antibiotics. Cell cultures were grown with shaking at
37 °C to Agoo = 0.6 and subsequently induced with 0.5 mm
isopropyl B-p-1-thiogalactopyranoside for 16 h at 16 °C. Cells
were harvested in a Beckman Allegra 6 Series swing bucket
centrifuge at 3200 X g at 4 °C for 15 min. Pellets were washed
with 50 ml of Buffer 1 (50 mm HEPES, pH 7.5, 100 mMm NaCl)
and resuspended in Buffer 1 supplemented with 10 mm imidaz-
ole and EDTA-free protease inhibitor mixture. The resuspen-
sion was kept on ice and sonicated 2 times, with a 10-min recov-
ery period after 40 s of 1-s pulses. Lysed cells were centrifuged
in a Beckman ultracentrifuge at 9000 X g for 40 min at 4 °C.
Clarified lysates were incubated with Ni-NTA resin for 30 min
at 4°C with gentle agitation. The bead/lysate mixture was
applied to a gravity flow column and washed with 10 column
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volumes (CV) of buffer 1 with 20 mm followed by 45 mm imid-
azole. Protein was eluted in 4 X 1 CV fractions with buffer 1
with 300 mM imidazole. Samples of each fraction were mixed
1:1 with SDS loading dye, boiled, and analyzed by SDS-PAGE. A
3-ml aliquot of fraction 1 of the eluted sample was injected onto
a Superdex 200 16/60 HiLoad prep grade column. Fractions
were collected, analyzed by SDS-PAGE, and concentrated to
100-400 um using Amicon® Ultra Centrifugal Filters molecu-
lar weight cut off 10,000 kDa and stored at —80°C.

Thermal Stability Assays—Melting temperatures (7,,) of
PEB3 variants were determined using SYPRO Orange thermal
melt assays (39). SYPRO Orange (Sigma) is an environmentally
sensitive fluorescent dye that undergoes dequenching when it
binds to proteins with exposed hydrophobic regions. A solution
containing 20 um of PEB3 in 50 mm HEPES, pH 7.5, 100 mm
NaCl, and 10X SYPRO Orange (5000X stock) was subjected to
temperature increasing from 20 °C to 99 °C at 0.06 °C/s in a
LightCycler 480 instrument (Roche Applied Science), and fluo-
rescence was monitored and recorded (excitation and emission
wavelengths of 465 and 610 nm, respectively). T, values were
determined using the negative first derivative of the fluores-
cence curve (change in fluorescence/change in temperature).
The reported melting temperatures are the mean * S.D. for
three replicates.

In Vitro Glycosylation Assay—Und-PP-diNAcBac-[*H]-
GalNAc (36) and purified PglB were prepared as previously
reported (72). Peptide substrate, AccHHHHHHYGSGSD-
FNVS-CONH, (>96% purity) was purchased from Boston
Open Labs (Cambridge, MA). Dried Und-PP-diNAcBac-
[PH]GalNAc (specific activity = 15 nCi/nmol) was resuspended
in DMSO (5% final). Samples including 20 um Und-PP-di-
NAcBac-[?’H]GalNAc, 20 um PEB3 variant or peptide sub-
strate, 140 mm sucrose, 1.2% Triton X-100 (v/v), 140 uMm
HEPES, pH 7.5, 10 mm MnCl,, and 20 nM concentrations of
purified PglB were incubated at room temperature for 4 h with
shaking. The reaction was stopped by washing the mixture over
Ni-NTA resin in Millipore Ultrafree-MC GV centrifugal filters.
The resin was washed with 2 CV of buffer 1 with 20 mM imid-
azole followed by 45 mm imidazole. Protein was eluted in 4 X 1
CV fractions of buffer 1 with 300 mm imidazole. For each wash
the flow-through was collected and measured for glycan incor-
poration by scintillation counting on a LS6500 Beckman Scin-
tillation Counter. Experiments were performed in triplicate.
The percent glycosylated protein was calculated by dividing the
total counts of the 300 mm imidazole-eluted samples over the
total counts for all flow-through samples.

E. coli- and C. jejuni-based Glycosylation Assay—E. coli
strains harboring plasmids encoding target proteins and
pACYC::pgl or pACYC:pgl:ApglB were sub-inoculated at
1:1000 in 250 ml of LB broth with required antibiotics. Cell
cultures were grown with shaking at 37 °C to A4, = 0.6 and
subsequently induced with 0.1 mm isopropyl B-p-1-thiogalac-
topyranoside and 0.08% arabinose for 3—4 h. Cell cultures were
centrifuged at 3000 X g at 4 °C for 15 min. The periplasmic
fraction was extracted by osmotic shock. Cell pellets were
gently resuspended in 1.5 ml of cold spheroplasting buffer (25
mM Tris, pH 8.0, 2 mm EDTA). 1.5 ml of cold 40% sucrose/25
mM Tris, pH 8.0, were added, and the mixture was incubated on
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ice for 15 min. After incubation, 15 ul of 1 M MgSO, were
added, and the sample was centrifuged at 16,000 X gat 4 °C for
30 min. The supernatant (periplasmic and outermembrane
components) was diluted in 10 ml of buffer 1 with 10 mm imid-
azole and mixed with 100 ul of resin Ni-NTA resin for 30 min.
The bead/lysate mixture was applied to a gravity flow column
and washed with 5 CV of buffer 1 with 20 mm followed by 45 mm
imidazole. Protein was eluted in 1 CV of buffer 1 with 300 mm
imidazole. Samples of each fraction were mixed 1:1 with SDS
loading dye, boiled, and analyzed by SDS-PAGE and Western
blot. Western blots were probed with mouse monoclonal anti-
His antibodies (1:5000 dilution, LifeTein LLC) and rabbit poly-
clonal anti-N-glycan R1 (1:5000 dilution) (45). Membranes
were incubated with IR-dye linked secondary antibodies (Li-
COR, IRDye 800CW goat anti-rabbit IgG catalog #926-302211;
lot #C51007-08 and IRDye 680LT goat anti-mouse IgG) and
visualized with a Li-COR Odyssey IR-Scanner.

For isolation of PEB3 and AcrA from C. jejuni, 250-ml cul-
tures of MH broth supplemented with 10 pg/ml trimethoprim
and 15 pg/ml chloramphenicol were inoculated from agar
plates and grown for 24 h with shaking at 37 °C under
microaerophilic conditions. Cell cultures were centrifuged at
3000 X gat4 °C for 15 min. Protein from the periplasmic frac-
tion were isolated and purified with the same procedure used
for E. coli.

Levels of glycosylated and non-glycosylated protein were
quantitated by densitometry with Image] and normalized to
total protein levels (glycosylated/(glycosylated + non-glycosy-
lated)). Statistical analysis was performed by Student’s £ test. A
p value of <0.02 was considered statistically significant.
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