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Abstract: We have developed a filamentous phage display system for the detection of asparagine-
linked glycoproteins in Escherichia coli that carry a plasmid encoding the protein glycosylation
locus (pgl) from Campylobacter jejuni. In our assay, fusion of target glycoproteins to the minor
phage coat protein g3p results in the display of glycans on phage. The glyco-epitope displayed on
phage is the product of biosynthetic enzymes encoded by the C. jejuni pgl pathway and minimally
requires three essential factors: a pathway for oligosaccharide biosynthesis, a functional
oligosaccharyltransferase, and an acceptor protein with a D/E-X;-N-X5-S/T motif. Glycosylated
phages could be recovered by lectin chromatography with enrichment factors as high as 2 x 10°
per round of panning and these enriched phages retained their infectivity after panning. Using this
assay, we show that desired glyco-phenotypes can be reliably selected by panning phage-
displayed glycoprotein libraries on lectins that are specific for the glycan. For instance, we used
our phage selection to identify permissible residues in the —2 position of the bacterial consensus
acceptor site sequence. Taken together, our results demonstrate that a genotype-phenotype link
can be established between the phage-associated glyco-epitope and the phagemid-encoded
genes for any of the three essential components of the glycosylation process. Thus, we anticipate
that our phage display system can be used to isolate interesting variants in any step of the
glycosylation process, thereby making it an invaluable tool for genetic analysis of protein
glycosylation and for glycoengineering in E. coli cells.
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Introduction

Asparagine-linked (N-linked) protein glycosylation
is an essential and conserved post-translational
modification (PTM) of diverse proteins in eukaryo-
tic organisms. It is the most abundant of all
PTMs in eukaryotes with nearly 70% of all eu-
karyotic proteins predicted to be N-glycoproteins.!
The attachment of N-glycans serves to expand the
diversity of eukaryotic secretory and membrane
proteins® and has been reported to assist protein
folding and stability, oligomerization, quality con-
trol, sorting, and transport.>* The process of N-
linked glycosylation is catalyzed in the endoplas-
mic reticulum (ER) and involves the assembly of
glycans on a lipid carrier in the ER membrane
followed by transfer to specific asparagine resi-
dues of target polypeptides.

Long considered exclusive to eukaryotes,
N-linked glycoproteins have now been found in
archea® and more recently in certain bacteria such
as Campylobacter jejuni.® In C. jejuni, the genes
required for N-linked glycosylation comprise a single
17-kb locus named pgl for protein glycosylation.”®
More than 40 periplasmic and membrane glycopro-
teins have been identified in C. jejuni,”*'° and the
N-linked glycan on these proteins is the heptasac-
charide GalNAcsGlcBac (where Bac is Dbacillos-
amine).’* Similar to the process in eukaryotes, the
bacterial glycan is synthesized by sequential addi-
tion of nucleotide-activated sugars on a lipid carrier
on the cytoplasmic side of the inner membrane®
and, once assembled, is transferred across the mem-
brane by a flippase enzyme called WlaB.'%!? Trans-
fer of the glycan to substrate proteins occurs in the
periplasm®® and is catalyzed by an oligosaccharyl-
transferase (OST) called PglB, a single, integral
membrane protein with significant sequence similar-
ity to the STT3 catalytic subunit of the eukaryotic
OST complex.'® PglB attaches the glycan to aspara-
gine in the motif D/E-X;-N-X5-S/T where X; and X,
are any residues except proline, a sequon similar to
(albeit more specific than) the N-X-S/T motif found
in eukaryotic glycoproteins.'* A major breakthrough
in our ability to study the bacterial N-glycosylation
process came about when Aebi and coworkers trans-
ferred functional glycosylation machinery encoded
by the pgl locus into Escherichia coli.® These initial
studies showed that AcrA, a native C. jejuni glyco-
protein, could be modified with the characteristic C.
Jejuni heptasaccharide in E. coli cells that harbored
a plasmid encoding the pgl locus. Many other diverse
proteins of prokaryotic and eukaryotic origin have
since been N-glycosylated in E. coli expressing the pgl
genes.'*1® While these glycoengineered E. coli have
great potential to expand our understanding of cellu-
lar glycosylation reactions, genetic analysis of this
pathway has been slowed by the lack of a reliable
screen or selection to rapidly interrogate N-linked gly-
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cosylation in these cells or to isolate mutants that con-
fer desired N-glycosylation phenotypes.

Genetic analysis traditionally relies on the abil-
ity to isolate interesting mutants, the properties of
which can provide important information on the or-
ganization of their underlying pathways. One power-
ful approach for isolating peptide and protein
mutants from large populations of clones is M13
phage display. Since its inception in 1985,'7 phage
display has been used primarily for library-based
selection of ligand-binding proteins,'®2! stabilized
protein variants, regulatable enzymes and protein
catalysts.212® While it is far less common, phage
display can also be used to dissect complex biological
pathways that carry out specific processes. For
example, the genotype—phenotype link provided by
M13 phage was used to isolate mutants of E. coli di-
sulfide isomerase DsbC that enhanced its ability to
promote substrate folding in the periplasm.?*

Here, we present the development of a genetic
screen for glycosylation in E. coli that is based on
the display of N-linked glycoproteins on M13 phage
particles [Fig. 1(a)]. This system is based on genetic
fusion of a target N-glycoprotein to the minor phage
coat protein g3p. The fusion proteins are secreted
into the periplasm by the Sec-dependent pathway
and become N-glycosylated in cells carrying a func-
tional pgl locus. Phage particles displaying these
N-linked glycoproteins can then be easily recovered
by lectin affinity chromatography. Importantly, a ge-
notype—phenotype link is established between the
N-glycan displayed on the phage and the phagemid
inside the particle, which can be designed to carry
either the gene encoding the glycoprotein or genes
encoding components of the glycosylation machinery.
To demonstrate the utility of this method, we show
that desired glycosylation phenotypes can be reliably
selected by panning phage-displayed N-glycoprotein
libraries on lectins that are specific for the glycan.

Results

As a first step towards engineering a phage display
system for N-linked glycoproteins, we created an ar-
tificial glycosylation substrate based on the E. coli
maltose binding protein (MBP). Specifically, native
MBP including its N-terminal Sec export signal was
modified at its C-terminus with a single glycosyla-
tion acceptor site (DQNAT) that was previously
shown to be efficiently glycosylated in vitro by
C. jejuni PglB.2’> This MBPPNAT construct was
cloned in-frame with g3p in plasmid pBAD24, which
carries an M13 phage origin of replication and thus
served as the phagemid for these experiments.2® To
determine if this substrate was glycosylated by PglB
in the periplasm, we transformed E. coli TG1 with
pBAD-MBPP®ATg3h and either plasmid pACYCpgl
or pACYCpglmut, which encode the native (pgl) or a
mutant version (pgl,.:) of the C. jejuni glycosylation
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Figure 1. (a) Schematic of phage display system for N-linked glycoproteins. Plasmid encoding the entire pgl locus and
phagemid encoding the acceptor-g3p fusion protein are shown. The oligosaccharide is (i) synthesized by individual
glycosyltransferases and assembled on a lipid carrier, bactoprenylpyrophosphate, on the cytoplasmic side of the inner
membrane, (i) translocated across the inner membrane to the periplasmic space and (jii) transferred to specific asparagine
residues of the acceptor protein-g3p fusion by the OST. After infection with helper phage VCSM13, phages that display the
glycosylated acceptor protein are bound to immobilized lectin and eluted with a competitive ligand. E. coli (F") cells are
infected with eluted phages and selected for the antibiotic resistance present on the phagemid. (b) Western blot analysis of
whole cell lysates from TG1 pgl or pglnut cells expressing MBPPONAT_g3p. Lysate from TG1 cells carrying only the pgl locus is

included as negative control. Blot was probed with anti-MBP antibodies. The MB

PPANAT_¢31 appeared at ~90 kDa (arrow)

which is consistent with the expected molecular weight of the fusion. (c) Same samples as in (b) but probed with hR6P serum
that is specific for the C. jejuni heptasaccharide. (d) Western blot analysis of whole cell lysates from TG1 pgl or pgl.: cells

expressing PANAT

-g3p. Lysate from TG1 cells carrying only the pgl locus is included as negative control. Blot was probed with

hR6P serum. The P@NAT_g3p appeared at ~50 kDa (arrow), consistent with the expected molecular weight of the fusion.

locus, respectively.® Whereas the native pgl locus
results in transfer of C. jejuni glycan to target pro-
teins, the pgly,. locus encodes an inactive variant of
PglB that is incapable of N-linked glycosylation.®
Whole cell lysates showed a major protein at a mass
of ~90 kDa corresponding to MBPPNAT_g3p that was
detected in the presence of both pgl and pgl.. [Fig.
1(b)]. To determine if these proteins were glycosylated,
the same fractions were probed with hR6P antiserum
that is specific for the C. jejuni heptasaccharide. This

serum was raised against C. jejuni whole-cell
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extracts and has been shown to preferentially detect
C. jejuni N-glycoproteins (Dr. Markus Aebi, personal
communication). Only pgl cells produced MBPPINAL
g3p that immunoreacted specifically with hR6P anti-
serum [Fig. 1(c)]. In contrast, there were no specific
immunoreactive bands in the lysates containing
MBPPINAT g3, expressed in pglna: cells or the
lysates from cells with only the pgl locus [Fig. 1(c)].
We also found that an MBP-g3p fusion lacking the
DQNAT site was not N-glycosylated when expressed
in pgl or pgly. cells (data not shown). An identical
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result was obtained when we used a different glyco-
protein substrate where the DQNAT acceptor site
was genetically fused directly to the g3p protein
without the MBP domain [Fig. 1(d)]. Taken together,
these results indicate that periplasmic expression of
different g3p chimeras is compatible with N-linked
glycosylation in E. coli.

To demonstrate the potential of our method for
recovering glycosylated phages, we first produced
recombinant phage particles using VCSM13 helper
phage. TG1 pgl cells that expressed the MBPPINAT
g3p fusion were used for production of glycosylated
phage, whereas TG1 pgl cells that expressed MBP-
g3p were used for nonglycosylated phage. To quan-
tify phage titers, fresh TG1 cells were infected with
the purified phages and then selected on ampicillin
to determine colony-forming wunits (CFUs). The
resulting phage titers were ~1 x 10° per mL of cul-
ture supernatant for TGl pgl cells expressing
MBPPNAT G35 or MBP-g3p. Immunoblot analysis
confirmed the presence of MBP in both phage prepa-
rations [Fig. 2(a)]; however only the phage produced
from TG1 pgl cells expressing MBPP®AT_g3p immu-
noreacted with the hR6P antiserum [Fig. 2(a)] indi-
cating that glycosylated MBPP®ATg3p was dis-
played on phage. We next attempted to recover
phages that displayed glycosylated MBP from a
background of control phages displaying nonglycosy-
lated MBP. For this, we generated a 1:1 mixture of
1 x 10° glycosylated (MBPPYN4T.g3p) phages with
1 x 10° nonglycosylated (MBP-g3p) phages. This
mixture containing ~2 x 10° total phages [Fig. 2(b)]
was then subjected to a single round of panning
using agarose-bound soybean agglutinin (SBA). SBA
is a lectin that binds the terminal N-acetyl-galactos-
amine (GalNAc) of the C. jejuni oligosaccharide.®
Unbound phages were removed by washing several
times with PBS followed by washing with PBS con-
taining 30 mM galactose [Fig. 2(b)]. Since galactose
binds to SBA with a Kp of 2.3 x 102 M™%, it can be
used to compete with the bound oligosaccharide.?’
Lastly, bound phages were eluted using 300 mM gal-
actose in PBS and a total of ~1 x 10° phages were
recovered, which was 10 times greater than the
background phages recovered when ~2 x 10° exclu-
sively nonglycosylated phages were applied to the
SBA panning procedure [Fig. 2(b)]. To confirm that
we had enriched for only glycosylated phage, we
infected TG1 cells with eluted phages and selected
individual colonies for PCR verification of the
MBPPATL g3 sequence in the corresponding phag-
emids. This was accomplished using primers that
could amplify both the MBPPNAT_g3p and MBP-g3p
sequences, but would yield different molecular
weight products that could be distinguished by gel
electrophoresis. Indeed, 22/28 of the phagemids from
elution fractions 1, 2, and 3 encoded MBPP¥AT_g3p
[Table I and Fig. 2(c)].
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Figure 2. Enrichment of glycosylated phage by SBA
panning. (a) Western blot analysis of phage preparations from
TG1 pgl cells expressing either MBPP®NAT_g3p or MBP-g3p,
as indicated. Blots were probed with anti-MBP antibodies (left
panel) or hR6P serum (right panel). Arrow indicates the ~90-
kDa cross-reacting bands that corresponds to the g3p fusion
proteins. (b) The total number of phages in each fraction was
quantified by determining the CFUs after infection of TG1
cells and selection on ampicillin. Phages were produced from
TG1 pgl cells expressing MBPPNAT_g3p (glycosylated) and
MBP-g3p (non-glycosylated) and mixed 1:1 (black bars). As a
control, phages were produced exclusively from TG1 cells
expressing MBP-g3p (gray bars). Solutions containing ~2 x
10° phages were initially applied to the SBA column (S). The
number of CFUs was determined during the panning
procedure for each of the following fractions: F, SBA flow-
through; W1 and W2, wash steps using PBS; W3-W5, wash
steps using 30 mM galactose in PBS; E1-E3, elution steps
using 300 mM galactose in PBS. The panning procedure was
performed in triplicate and the resulting CFUs after TG1
infection varied by less than 10%. (c) Colony PCR of enriched
clones from fraction E3 in (b) above. PCR products were
generated using a single primer set that can amplify both
MBPPNAT_g35 and MBP-g3p, and then run in a 2% agarose
gel. Only 1/12 products ran at the lower molecular weight
size of 268-bp corresponding to non-glycosylated MBP-g3p
(indicated by asterisk). The remaining 11 products all ran at
301-bp corresponding to glycosylated MBPPAT_g3p. The
first and last lanes contain molecular weight ladder (MW). All
PCR products were verified by DNA sequencing.
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Table 1. Enrichment of N-Glycosylated Phages Using
SBA Panning

Fraction of
glycosylated phages
recovered from
elution fractions

Total number of phages in
artificial library of glycosylated
and nonglycosylated

phages (CFUs) E1-E3
MBPPNAT G3p MBP-G3P E1l E2 E3
10° 10° 6/8 5/8 11/12
107 10° 0/8 2/8 5/8
10° 1010 2/8 3/8 4/8
10* 101° 1/8 1/8 3/8

The amount of phages in the elution fractions
was ~1 x 10%, which was well below the theoretical
maximum recovery one would expect with a 1:1
starting mixture. The most likely explanation for
the low recovery is the generally weak binding affin-
ity of lectins for their carbohydrate ligands, and the
usual requirements of multivalency and the “cluster
glycoside effect” to achieve high avidity.?® Regardless
of the cause, the actual ratio of glycosylated to non-
glycosylated phages in our starting mixture was
probably much smaller than 1:1, indicating that our
assay can recover glycosylated phages from a signifi-
cant excess of control phages. Encouraged by this
result, we further diluted the presumably glycosyla-
ted phage (i.e., the ratio of glycosylated to nonglyco-
sylated phage was not quantified) in an excess (10%-,
10%-, and 108-fold) of nonglycosylated phages and the
above procedure was repeated. In all cases, signifi-
cant enrichment was observed (Table I). This was
best exemplified by the recovery of 5/22 phagemids
encoding MBPPN4T o3, from a 10%-fold excess of
control phages after just one round of SBA panning,
equating to an enrichment factor of 2.3 x 10°.
Collectively, these results demonstrate that: (i) glyco-
sylated MBPPN4T_g3p was present on phage; (i)
glycosylated phage could be enriched by lectin chro-
matography and retained their infectivity; and (iii)
enrichment factors of ~10° per round of SBA pan-
ning could be achieved.

To demonstrate the ability of this method to iso-
late mutants that may help to reveal mechanistic
details of the N-linked glycosylation process, we
next used our phage selection strategy to identify
permissible residues in the bacterial consensus
acceptor site sequence. Specifically, a library of
MBPPNAT 3 sequences was created by random
mutagenesis of the aspartate (D) residue in the —2
position of the DQNAT acceptor site. Since previous
studies showed that N-glycosylation by C. jejuni
PglB requires a negatively charged side chain at the
—2 position,'* we reasoned that phage selection of
library clones should yield only D or glutamate (E)
substitutions. Consistent with this observation, we
found that MBPP¥AT g3y with an alanine substitu-
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tion in the —2 position (MBPANAT_g3p) was not gly-
cosylated in TG1 pgl cells (data not shown). Using
an NNK degenerate primer, a random library of
MBPPNAT 3 was created that contained 1 x 10*
members, representing a 500-fold coverage of possi-
ble variants and ensuring that every clone was rep-
resented in the library. The diversity of the library
from both E. coli DH5a and TG1 pgl cells was
checked by sequencing of randomly selected clones,
which confirmed that the library was sufficiently
random and all sequenced clones contained the
XQNAT motif. A library of ~1 x 10° phages was pro-
duced from TG1 pgl cells. These phages were sub-
jected to a single round of SBA panning followed by
four wash steps with PBS, three wash steps with
30 mM galactose in PBST and finally elution with
300 mM galactose in PBS. TG1 pgl cells were infected
with the elution fraction and selected on ampicillin to
obtain single colonies, from which phagemids were
isolated. A total of 47 isolated phagemids were
sequenced and of these, 30 encoded D at the —2 posi-
tion, consistent with known acceptor site require-
ments.* Importantly, this result confirms that phages
displaying desired glyco-phenotypes can be specifically
selected from a large background of undesired phages
in even a single round of library screening.

Discussion

In traditional phage display applications, expression
of a peptide or protein on the surface of a phage par-
ticle produces a physical link between the phenotype
(e.g., antigen binding) and the genotype of the
expressed protein (e.g., antibody fragment).!”23
Phage-displayed proteins with desirable traits can
be selectively enriched by panning over an immobi-
lized ligand or substrate, and the identity of the
selected protein can be determined by sequencing
the encoding phagemid. In our approach, we have
extended the principle of phage display to the post-
translational modification of N-linked glycosylation.
This is not the first application of phage display for
genetic analysis of post-translational modifications
as Georgiou and coworkers have reported a phage
display system for disulfide bond formation in
E. coli.?* However, to the best of our knowledge,
ours is the first use of phage display for N-linked
glycoproteins and one of the first reports of a high-
throughput genetic assay for N-linked protein glyco-
sylation in any host. Specifically, we show that a
fusion protein comprised of MBPPYNAT and the
minor phage coat protein g3p is glycosylated in E.
coli carrying the entire C. jejuni pgl locus. Impor-
tantly, this glycosylated fusion protein is assembled
on phage particles, thereby permitting affinity cap-
ture of glycosylated phages using proteins, such as
lectins, that specifically recognize the N-linked gly-
can. Isolation of glycosylated phages appears to be a
robust process, as enrichment factors as high as
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~10° were achieved following just a single round of
panning on the immobilized lectin SBA. As a result,
we were able to use this method to screen a library
of MBPPNAT yariants in which the acceptor site
residue in the —2 position was randomly mutated.
Following one round of library screening by panning
on immobilized SBA, we show that recovered phages
were greatly enriched for D in the —2 position,
which is consistent with the known substrate speci-
ficity of the C. jejuni OST.'* Interestingly, none of
the clones encoded E at the —2 position, which may
reflect the naturally occurring abundance of D over
E in the —2 position of C. jejuni glycoproteins.*

Our ability to isolate mutants from an acceptor
site library suggests that this new phage display
method can be used to dissect or engineer other
aspects of the acceptor protein. Along similar lines,
Yamamoto et al.?® used phage display to isolate pro-
teins with affinity towards immobilized carbohy-
drates. However, this method differs fundamentally
from ours in that the displayed protein was a lectin
called galectin-3 and the immobilized capture agent
was blood group-specific oligosaccharides. Thus,
while this earlier approach might permit genetic
manipulation of the binding protein (i.e., for
improved carbohydrate affinity or binding to a non-
native carbohydrate), it does not allow genetic
manipulation of the enzymes involved in biosynthe-
sis or transfer of the oligosaccharides. In contrast, it
is conceivable that our system could be easily
extended to genetic dissection of any of the enzymes
in the glycosylation pathway. This could be accom-
plished by encoding any of the pgl enzymes (e.g., the
PglB OST), either alone or as a bicistronic construct
with the acceptor-g3p fusion, in the phagemid with
the M13 ori. The resulting phage particles would
permit physical linkage between a glycosylated
acceptor protein and the genetic sequence of the
pathway enzyme underlying the glyco-phenotype. In
this manner, one could envision screening libraries
of pathway enzymes for (i) revealing the molecular
determinants of glycosylation enzyme function or (ii)
directed evolution of glycosylation enzymes with
altered or novel activities.

One drawback at the moment of our phage dis-
play system is the relatively low recovery rate
achieved with the lectin capture method. While the
cause is not currently known, we believe that this
low recovery results from the relatively weak affin-
ity of lectins for their carbohydrate lectins. One pos-
sible strategy to circumvent this issue would be to
oxidize glycans and capture the larger glycoconju-
gates using hydrazide resins.®* Such a covalent
capture method could increase the recovery of the
putatively glycosylated phages and dramatically
eliminate the phage present in the flow-through
and washes shown in Figure 2(b). Another possible
explanation for the low recovery rate that cannot be
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entirely ruled out is that a subpopulation of phages
produced in pgl cells may not have glycans owing
to: (i) inefficiency of PglB-mediated glycosylation of
unnatural substrates'®'® like MBPP®ATg3p: and
(i1) competition for assembly into phage particles
between engineered g3p fusions and wild-type g3p
encoded on the helper phage chromosome.?! Our
own recent studies indicate that the efficiency of
PglB is not an issue as a fairly high percentage
(~40-50%) of MBP with a C-terminal DQNAT gly-
cosylation locus is N-glycosylated (Fisher and
DeLisa, unpublished observations). Nonetheless,
increasing the efficiency of phage glycosylation
could have a net positive effect on our method. One
possible improvement would be to use an E. coli
strain lacking enzymes that are known to compete
with the C. jejuni N-linked glycosylation process.
For instance, Feldman et al. showed that the E. coli
Waal. ligase transfers lipid-linked N-glycans onto
lipid A and may deplete the pool of available sub-
strates for PglB.!! These same authors found that
strains lacking WaaL (e.g., E. coli CLM24) exhibited
more efficient N-glycosylation of a native C. jejuni
glycoprotein by PglB. Another improvement would
be to utilize helper phage that lack a copy of the
native g3p protein, so-called hyperphage,®? thereby
permitting more efficient incorporation of the engi-
neered MBPPNAT ¢35 fusion into phage particles.
Alternatively, the “helperless” phage system devel-
oped by Bradbury and coworkers could offer a simi-
lar improvement.>! A final strategy that may
improve phage display of glycoproteins would be to
use the cotranslational signal recognition particle
(SRP) pathway, which is the primary export route
used by eurkaryotic N-glycoproteins. The use of the
SRP pathway was also recently demonstrated to
enhance the display levels of designed ankyrin-
repeat proteins (DARPins) by 700-fold compared to
post-translational Sec export.®3

In conclusion, our phage display system pro-
vides a novel genetic assay for bacterial N-glycosyla-
tion in a genetically tractable host and thus provides
a unique opportunity to render glycosylation an
experimentally tunable mechanism. We anticipate
that the reduced complexity of bacteria will allow for
detailed genetic characterization of this important
mechanism, which is currently very challenging to
study in eukaryotes owing to the essential nature of
glycosylation in these cells. Yet, because of the strik-
ing similarities between the prokaryotic and eukary-
otic N-glycosylation pathways,®3* lessons learned in
glycosylation-competent E. coli may help to shed
light on similar steps in the eukaryotic process.
Moreover, the combination of a phage display system
for N-linked glycosylation with the extensive toolkit
available for metabolic pathway engineering and
protein engineering promises to make E. coli one of
the premier hosts for glycoengineering.
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Materials and Methods

Bacterial strains and growth conditions

E. coli strain DH50 (F~ endAl glnV44 thi-1 recAl
relAl gyrA96 deoR nupG $80lacZAM15 A(lacZYA-
argFHU169, hsdR17(rx~ mg '), A-) was used for clon-
ing of phagemids and phagemid libraries, while
strain TG1 (supE hsdA5 thi A(lac-proAB) ¥’ [traD36
proAB lacl lacZAM15]) was used for all phage pro-
duction and titering experiments. E. coli strains
were grown in Luria-Bertani or 2xTY medium at 30
(induction phase) or 37°C. Culture medium was sup-
plemented with 50 mM glucose or 30 mM arabinose
(induction phase), and with the appropriate antibiot-
ics at the following concentrations: 100 pg/mL ampi-
cillin, 20 pg/mL chloroamphenicol, and 50 pg/mL
kanamycin. M9 minimal medium was used to select
for the presence of F° plasmid when needed.
VCSM13 (Stratagene) was used as the helper phage.

Phagemid and phagemid library construction

All phagemids constructed in this study were based
on the phagemid pBAD24%® and were made using
standard protocols.?® Initially, pBAD-g3p was con-
structed by amplifying the g3p ¢cDNA from VCSM13
helper phage, using the primers g3pSall (5- ATA
TAGGTCGACGCTGAAACTGTTGAAAGTTGTTTAGC
-3) and g3pHindIIl (5-GCGATGAAGCTTTTATTAA
GACTCCTTATTACGCAGTATGTTAG -3), and ligated
with Sall-HindIII digested pBAD24. Native MBP
including its N-terminal Sec export signal was ampli-
fied from E. coli genomic DNA with primers MBPE
coRI (5-CACCGAATTCATGAAAATAAAAACAGGTG
CACG-3) and MBPSall (5-TGCGTCGACTGTCGCA
TTCTGATCGCTACCGCCGCCCTCGAGCTTGGTGA
TACGAGTCTG -3’) that introduced a single C-termi-
nal glycosylation acceptor site (DQNAT).>> The
resulting PCR product was ligated with EcoRI-Sall
digested pBAD-g3p, resulting in the phagemid
pBAD-MBPP®AT g3, The phagemids pBAD-MBP-
23p, pBAD-P@ATg3) (including the signal sequence of
MBP), pBAD-MBP*®ALg3, and the phagemid library
pBAD-MBPX®AT g3, were created similarly, using the
same restriction sites, where the inserts were amplified
using relevant primer pairs. All phagemids were con-
firmed by DNA sequencing. For the phagemid library,
an NNK degenerate primer was used (Integrated DNA
Technologies), where N represents any nucleotide and
K represents guanine or thymine. Library construction
and diversity was confirmed by DNA sequencing of
phagemids that had been purified from randomly
selected E. coli DH50 cells.

Expression of g3p fusion proteins and
purification of phage

20-mL cultures of E. coli TG1 cells carrying a
phagemid expressing g3p fusion protein and either
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pACYCpgl or pACYCpglmut plasmid (kindly pro-
vided by Dr. Brendan Wren and Dr. Markus Aebi)
were superinfected with VCSM13 helper phage at
ODgog of 0.5-0.6, and incubated at 37°C for 30
min without shaking. Infected cells were grown in
100 mL 2xTY medium supplemented with ampicil-
lin, chloroamphenicol, kanamycin, and arabinose,
for 16 h at 30°C. Phage purification using PEG/
NaCl, and phage and helper phage titer determi-
nations with 100 pL total assay volume were per-
formed identically as described elsewhere.>®

Biopanning on immobilized SBA

Phage particles (10° CFU in PBS buffer supple-
mented with 1 mM CaCly;, 1 mM MnCl, and 1 mM
MgCly) were mixed with 1 mL of agarose-bound soy-
bean agglutinin (SBA, Vector Laboratories) and
incubated for 1 h at 25°C. Following incubation,
mixtures were subjected to four wash steps with
10 mL of PBS, followed by three wash steps with
10 mL of 30 mM galactose in PBS or PBST (PBS
with 0.1% Tween20). The wash buffers were deca-
nted after centrifugation at 100 g for 5 min. The gly-
cosylated phages were eluted in three steps using
1 mL of 300 mM galactose in PBS. Eluted phages
were used directly to infect E. coli TG1 cells to quan-
tify phage titer or stored at —20°C. The infected cells
were selected on ampicillin, and the resulting colo-
nies were used to determine the number of CFU per
mL of culture supernatant and/or were characterized
by colony PCR. In the case of colony PCR, a single
primer set was developed that yielded a 301-bp prod-
uct for MBPP®4Tg35 and a 268-bp product for
MBP-g3p, thereby allowing facile discrimination
between glycosylated and nonglycosylated phages,
respectively. All colony PCR reactions were sepa-
rated on 2% agarose gels and also confirmed by
DNA sequencing.

Western blot analysis

Proteins were separated by 10% SDS-polyacrylamide
gels (Bio-Rad), and Western blotting was performed
as described previously.®” Blots were probed with
either anti-MBP antibodies conjugated with horse-
radish peroxidase (HRP) (New England Biolabs) or
hR6P antiserum that is specific for the C. jejuni hep-
tasaccharide (kindly provided by Dr. Brendan Wren
and Dr. Markus Aebi). In the case of hR6P, anti-rab-
bit IgG-HRP (Promega) was used as the secondary
antibody.
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