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N-Linked Glycosylation in
Campylobacter jejuni and Its
Functional Transfer into E. coli
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N-linked protein glycosylation is the most abundant posttranslation modifi-
cation of secretory proteins in eukaryotes. A wide range of functions are
attributed to glycan structures covalently linked to asparagine residues within
the asparagine-X-serine/threonine consensus sequence (Asn-Xaa-Ser/Thr). We
found an N-linked glycosylation system in the bacterium Campylobacter jejuni
and demonstrate that a functional N-linked glycosylation pathway could be
transferred into Escherichia coli. Although the bacterial N-glycan differs struc-
turally from its eukaryotic counterparts, the cloning of a universal N-linked
glycosylation cassette in E. coli opens up the possibility of engineering per-
mutations of recombinant glycan structures for research and industrial

applications.

Glycosylation has generally been considered to
be restricted to eukaryotes where the attach-
ment of glycan structures to proteins usually
occurs at an Asn-Xaa-Ser/Thr consensus (N-
linked) or at Ser/Thr residues (O-linked). It is
now evident that protein glycosylation is also
abundant in prokaryotes (/, 2). N-linked protein
glycosylation of S-layer proteins seems to be
restricted to the archaeal domain, whereas
serine-, threonine-, or tyrosine-linked (O-
linked) glycosylation is predominantly found in
bacteria. However, specific N-glycoproteins in
bacteria have been reported (3).

N-linked glycosylation is the most frequent
protein modification in eukaryotes. In the cen-
tral step of the process that takes place at the
luminal side of the endoplasmic reticulum
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(ER) membrane, a preassembled oligosaccha-
ride (Glc;ManyGlcNAc,, where Glc is glucose,
Man is mannose, and GlcNAc is N-acetylglu-
cosamine) is transferred from the lipid carrier
dolichyl pyrophosphate to asparagine residues
of nascent polypeptide chains by the oligosac-
charyltransferase (4). Such general glycosyla-
tion systems have not been described in pro-
karyotes, with the exception of the enteropatho-
genic bacterium Campylobacter jejuni, where
the pgl gene cluster (Fig. 1A) seems to encode
a general protein glycosylation system (5, 6). A
number of pgl genes encode proteins with se-
quence similarity to glycosyltransferases and to
enzymes required for sugar biosynthesis, a fact
that supports this hypothesis. The pg/B gene
encodes a protein with strong similarity to Stt3p
found exclusively in eukaryotes and in archaea
but not in any other bacterial species (Fig. 1B).
Genetic and biochemical studies in yeast have
demonstrated that the Stt3 protein is an essen-
tial component of the oligosaccharyltransferase
complex (7-9), the central enzyme in the pro-
cess of N-linked protein glycosylation. In eu-
karyotes, the oligosaccharyltransferase com-
plex consists of at least eight different subunits
(8), yet, the precise catalytic mechanism of this
enzyme is unknown (/0-12).

To analyze the pg/ glycosylation system,
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we constructed a C. jejuni pglB mutant strain
and probed the membrane protein extract
with a polyclonal antiserum raised against C.
Jejuni whole-cell extracts (Fig. 2A) (13). The
reactivity of this antiserum is markedly re-
duced by prior treatment of C. jejuni proteins
with a deglycosylating agent, indicating that
the glycan portion of C. jejuni glycoproteins
is highly immunogenic (5). Mutation of the
pglB gene also resulted in changes to the
immunoreactivity of C. jejuni membrane pro-
teins (Fig. 2A) suggesting that PglB was
involved in the biosynthesis of these putative
glycoproteins. This mutant phenotype was
partially complemented by introducing the
16-kilobase pg! locus on a plasmid. We at-
tributed the partial complementation of the
pglB mutant phenotype to the instability of
the large plasmid in C. jejuni. Our experi-
ments confirmed a direct involvement of
PglB in the generation of glycoproteins in C.
Jjejuni (5). One of the immunoreactive pro-
teins (arrow in Fig. 2A) was purified from the
C. jejuni extract and identified by matrix-
assisted laser desorption/ionization (MALDI)
mass mapping as the periplasmic AcrA
(Cj0367¢c). An acrd deletion mutant of C.
Jjejuni was analyzed by immunoblot analysis
using the glycoprotein-specific antiserum.
The 47-kD immunoreactive protein was ab-
sent in acr4 mutant cells, and this phenotype
was complemented by the expression of plas-
mid-borne acrd gene (Fig. 2A). Antiserum
raised against recombinant C. jejuni AcrA
produced in Escherichia coli revealed mature
protein migrating at an apparent molecular
size of 47 kD (Fig. 2B). In contrast to the
glycoprotein-specific serum (Fig. 2A), an un-
glycosylated AcrA with increased mobility
was recognized by the AcrA-specific anti-
bodies in a pg/B mutant strain (Fig. 2B).
Partial complementation of the pg/B pheno-
type was achieved with the pgl/ locus, as
visualized by three distinct AcrA-specific
bands. Thus, mature AcrA carries two oligo-
saccharide modifications, and partial comple-
mentation of the pg/B mutation resulted in
diglycosylated, monoglycosylated, and non-
glycosylated AcrA protein. Only the two
former forms were recognized by the glyco-
sylation-specific serum. Therefore, AcrA was
a target for the general glycosylation system
and glycosylation required the pg/ gene clus-
ter, in particular PgIB activity.
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We reconstituted the C. jejuni glycosyla-
tion machinery in E. coli. acrA was overex-
pressed in E. coli in the presence of the
complete C. jejuni pgl gene cluster (Fig. 3A).
When the E. coli extracts were analyzed with
the C. jejuni glycosylation-specific antiser-
um, reactive proteins were not detected in E.
coli strains lacking the acr4 expression con-
struct or in strains containing the acrd ex-
pression construct but lacking the pg/ gene
cluster (Fig. 3B). However, expression of
acrA in the presence of the pgl/ gene cluster
led to the production of two immunoreactive
proteins. Their production in E. coli was PgIB
dependent, because the C. jejuni pgl gene
cluster expressing the Trp*>® — Ala*8,
Asp®® — Ala*® (W458A, D459A) Png
mutant was unable to direct production of
immunoreactive AcrA. The highly conserved
amino acid motif [,,WWDYGY ., (Fig.
1B) (I4)] is located on the hydrophilic
COOH-terminal part of PgIB oriented toward
the periplasmic space (15). Thus, the pgl/ gene
cluster was sufficient to direct AcrA glyco-
sylation in E. coli, and PgIB was essential for
this process. To demonstrate that the pgl-
mediated modification was indeed glycosyl-
ation, we tested the E. coli proteins for their
affinity toward the lectin soybean agglutinin
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(SBA) (6). We observed weak cross-reactiv-
ity of the lectin toward the strongly overpro-
duced AcrA protein (Fig. 3C); however, the
lectin also detected two AcrA proteins with a
higher molecular weight, corresponding to
the two modified forms visualized by the
glycosylation-specific antiserum. Thus, the
pgl gene cluster directed the synthesis of
glycosylated AcrA in E. coli and was re-
quired for a general protein glycosylation
system in C. jejuni. The involvement of the
Stt3-like PgIB protein indicated that this pro-
cess was N-linked protein glycosylation in-
volving the Asn-Xaa-Ser/Thr consensus ac-
ceptor sequence.

To verify this hypothesis, C. jejuni—derived
PEB3 glycoprotein (6) and recombinant AcrA
glycoprotein produced in E. coli were purified
by affinity chromatography and digested with
trypsin. The resulting glycopeptides were ana-
lyzed by mass spectrometry (MS). Doubly
charged species in the MS spectrum of PEB3
not corresponding to trypsin autodigest prod-
ucts or unmodified PEB3 tryptic peptides were
subjected to collisionally activated dissociation
(CAD) MS-MS (/6). Data indicative of a gly-
cosylated peptide were obtained from analysis
of the doubly charged species at a mass-to-
charge ratio (m/z) of 1057.5%* (Fig. 4A). The
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Fig. 1. The C. jejuni protein glycosylation locus and its role in protein glycosylation. (A} Schematic
representation of the C. jejuni 81116 protein glycosylation locus. This locus is described in (22).
Putative glycosyltransferases and enzymes involved in sugar biosynthesis are shaded dark and light,
respectively. The C. jejuni STT3 homolog (pgiB) is shaded black. For comparison, a cluster of N.
meningitidis genes involved in pilin glycosylation (79) is presented below the C. jejuni pgl gene
locus. Connecting lines indicate genes encoding proteins with strong amino acid sequence identity,
as indicated. (B) Alignment of conserved residues from putative oligosaccharyltransferase ho-
mologs (74). Invariant residues are boxed. Arrows indicate residues altered in the C. jejuni PglB
protein by site-directed mutagenesis (described herein). Bracketed letters A, B, or E preceding
species names indicate that the corresponding species belongs to the archaeal, bacterial, or

eukaryal domains, respectively.
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series of singly charged fragment ions begin-
ning at m/z 1911 and ending at m/z 709 was
consistent with glycosidic cleavage products
(17) from the tryptic peptide DFNVSK (/4)
carrying a glycan moiety of composition 2,4-
diacetamido-2,4,6-trideoxyhexose (DATDH),
N-acetylhexosamine  (HexNAc);, hexose
(Hex). Sufficient information was obtained
to putatively assign the sequence and
branching pattern of the glycan (Fig. 4A,
inset). The peptide sequence was confirmed
by CAD MS-MS using higher collision en-
ergies. The unusual sugar DATDH has
been detected on the pili of Neisseria men-

A pgiB”

kD

1 2 3 4 5

Fig. 2. Analysis of membrane proteins of the
wild type (WT), pglB and acrA mutants, and
complementation in trans. Membrane proteins
were separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunode-
tected with (A) antiserum raised against C.
jejuni or with (B) the antiserum raised against
recombinant AcrA produced in E. coli. Lane 1,
WT; lane 2, pglB mutant; lane 3, pglB mutant
containing a plasmid that expressed PglB; lane
4, acrA mutant; lane 5, acrA mutant containing
a plasmid expressing AcrA. Molecular size mark-
ers are indicated on the left. The arrow indi-
cates the position of the AcrA glycoprotein
which is absent in the mutant strains but
present when complemented in trans by intro-
duction of the specific plasmids.
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ingitidis (18), and its putative assignment
in C. jejuni was based on its mass incre-
ment in the CAD MS-MS spectrum.

When recombinant AcrA in the presence of
the pgl locus was analyzed in the same way as
PEB3, two doubly charged molecular ions (m/z
978.5%* and 966.0°*) were identified as puta-
tive glycopeptides. When subjected to CAD
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A

pET24b PET24(AcrA)

< <
I3 3
w 2]
3 8 ¢ 3 2 ¢
o 2@ G O @D
cefosd
T ¢ = 2 < 2
Q Q Q Q Q Q

175 S
— el
83 g Pk e
o P i |
62 E e - e s
W G e — —
- SRt SR EEN
47.5 (NN A% v 4
W - —— - S
325 - W — —— — —
B - - ——
o B O S
1 2 3 4 5 6

175

32.5

kD

1 2 3 4 5 6

Fig. 3. Analysis of membrane proteins of E. coli
BL21(DE3) overexpressing AcrA in the presence
or absence of the C. jejuni pgl locus. Membrane
proteins were separated by SDS-PAGE and ei-
ther stained with (A) Coomassie Blue or, after
transfer to nitrocellulose, immunodetected
with (B) the C. jejuni antiserum or probed with
(€) SBA lectin. Lanes 1 to 3, cells containing the
plasmid backbone (pET24b) only; lanes 4 to 6,
cells overexpressing AcrA of C. jejuni. As a
second plasmid, these cells contain vector
PACYC184 (lanes 1 and 4), pACYC184 with the
pgl locus (lanes 2 and 5), or pACYC184 with the
pgl locus expressing PglB with amino acid sub-
stitutions (W458A and Y459A) in the highly
conserved domain (lanes 3 and 6). Molecular
size markers are indicated on the left.
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MS-MS, the doubly charged species at m/z
978.5%* (Fig. 4B) gave a fragmentation pattern
that was remarkably similar to the PEB3 gly-
copeptide (Fig. 4A), suggesting that the glyco-
sylation cassette was capable of synthesizing
the full glycan structure as seen on native C.
Jejuni protein. Furthermore, the mass and frag-
mentation of the peptide component of the
AcrA glycopeptide was consistent with the
sequence DFNR, which is the predicted

product of tryptic cleavage at Arg!?* within

the Asn-Arg-Ser consensus sequence at
residues 123 to 125. CAD MS-MS analysis
of m/z 966.0°* (Fig. 4C) showed a very
similar pattern to that for m/z 978.5%%,
except that all major fragment ions were
shifted to lower mass by 25 daltons, which
represented the difference in mass of the
molecular ions. The 25-dalton increment
was also the difference between a DATDH
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Fig. 4. Tandem mass spectrometry of glycosylated peptides derived from tryptic cleavage of PEB3
and AcrA. (A) CAD MS-MS spectrum of [M+2H]?* m/z 1057.5 derived from PEB3. (B) CAD MS-MS
spectrum of [M+2H]?* m/z 978.5 derived from AcrA. (C) CAD MS-MS spectrum of [M+2H]?* m/z
966.0 derived from AcrA. Fragmentation patterns for each glycan are shown in the insets (top right
of each panel) and are labeled using the nomenclature as described (23). The signals at (A) m/z
1749, (B) 1591, and (C) 1566 are attributable to loss of HexNAc plus Hex from the corresponding

molecular ions.
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and a HexNAc residue, suggesting that the
glycan in the m/z 966.02* glycopeptide was
linked to the peptide through HexNAc rath-
er than DATDH (Fig. 4C, inset). In view of
the DATDH synthesis pathway (79), it is
likely that the HexNAc-linked oligosaccha-
ride represents a precursor of the DATDH
oligosaccharide (fig. S1).

A number of C. jejuni N-linked glycopro-
teins, whose glycosylation is dependent on the
pgl gene cluster, have been identified (6).
These glycoproteins have diverse functions in
the cell but are all located extracytoplasmically.
This is in agreement with the periplasmic space
being the proposed site of PglB-mediated gly-
cosylation in C. jejuni. The composition of the
oligosaccharide did not show similarities to the
highly conserved Glc,Man,GIcNAc, oligosac-
charide that is transferred to protein in the ER of
eukaryotes. However, as in eukaryotes, the pro-
tein-bound oligosaccharide in C. jejuni was
linked to the amide nitrogen of asparagine with-
in the consensus sequence Asn-Xaa-Ser/Thr.
This sequence is essential for N-linked protein
glycosylation in eukaryotes, and it has been
proposed that it forms a specific secondary
structure, the Asn-turn, recognized by the oli-
gosaccharyltransferase (/0). The presence of
this consensus sequence on glycoproteins of C.
Jejuni suggests that the reaction mechanisms in
eukaryotes and in C. jejuni are very similar. It is
proposed that PgIB fulfills the oligosaccharyl-
transferase function in the prokaryote and that
Stt3 protein represents the catalytic subunit of
the eukaryotic oligosaccharyltransferase com-
plex. With the bipartite nature of the eukaryotic
N-glycosylation pathway in mind, we speculate
that in C. jejuni the heptasaccharide is assem-
bled in the cytoplasm on a lipid carrier, most
likely bactoprenyl pyrophosphate, translocated
to the periplasmic side of the membrane, and
transferred to protein (fig. S1).

To our knowledge, a general N-glycosyl-
ation system very similar to the one found in
eukaryotes has not been described in other
bacteria, and the C. jejuni genome is the only
bacterial genome sequenced to date that har-
bors a gene that encodes a protein with strong
sequence homology to a eukaryotic oligo-
saccharyltansferase component. The unique
biosynthetic potential of C. jejuni and the
isolated appearance of such an oligosac-
charyltransferase ortholog in this organism
led us to conclude that lateral gene transfer
(20) of the oligosaccharyltransferase gene
either from the archaeal or the eukaryal
domain is responsible for this unique bio-
synthetic property of C. jejuni.

Note added in proof: The structure of the
N-linked glycan of C. jejuni has recently been
published (21).
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Structural Adaptations in a
Membrane Enzyme That Terminates
Endocannabinoid Signaling
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Cellular communication in the nervous system is mediated by chemical mes-
sengers that include amino acids, monoamines, peptide hormones, and lipids.
An interesting question is how neurons regulate signals that are transmitted by
membrane-embedded lipids. Here, we report the 2.8 angstrom crystal structure
of the integral membrane protein fatty acid amide hydrolase (FAAH), an enzyme
that degrades members of the endocannabinoid class of signaling lipids and
terminates their activity. The structure of FAAH complexed with an arachidonyl
inhibitor reveals how a set of discrete structural alterations allows this enzyme,
in contrast to soluble hydrolases of the same family, to integrate into cell
membranes and establish direct access to the bilayer from its active site.

Several amidated lipids serve as endogenous
signaling molecules in the mammalian cen-
tral nervous system, modulating behaviors
such as pain, cognition, feeding, sleep, and
locomotor activity (/—5). A subset of these,
including anandamide (/), bind to the central
cannabinoid receptor CB1, a heterotrimeric
GTP-binding protein (G protein)—coupled re-
ceptor activated by the psychotropic compo-
nent of marijuana, A°>-THC (6). Additional
classes of lipid transmitters have also
emerged as regulators of nervous system
function (7). Nonetheless, the molecular
mechanisms for regulating lipid-based signal-
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ing events remain largely unknown. Al-
though classical neurotransmitters can be
confined spatially by membrane-delineated
compartments for controlled storage, release,
and uptake, lipid messengers are not easily
contained by such physical boundaries. Be-
cause lipids can readily partition to and dif-
fuse throughout cell membranes, termination
of their signaling capacity may rely primarily
on chemical transformation, possibly within
the bilayer itself, instead of on cellular uptake
and compartmentalization.

The amplitude and duration of fatty acid
amide signals are regulated in vivo primarily
by a single degradative enzyme, the integral
membrane protein fatty acid amide hydrolase
(FAAH) (8). Transgenic mice lacking FAAH
possess high endogenous concentrations of
anandamide and related fatty acid amides in
the brain that correlate with increased CBI1-
dependent analgesia in these animals (9),
suggesting that FAAH may represent an at-
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