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ABSTRACT: Ribosome display is a powerful in vitro method for 
selection and directed evolution of proteins expressed from 
combinatorial libraries. However, the ability to display proteins 
with complex post-translational modifications such as 
glycosylation is limited. To address this gap, we developed a set 
of complementary methods for producing stalled ribosome 
complexes that displayed asparagine-linked (N-linked) 
glycoproteins in conformations amenable to downstream 
functional and glycostructural interrogation. The ability to generate glycosylated ribosome− nascent chain (glycoRNC) 
complexes was enabled by integrating SecM-mediated translation arrest with methods for cell-free Nglycoprotein synthesis. 
This integration enabled a first-in-kind method for ribosome stalling of target proteins modified efficiently 
and site-specifically with different N-glycan structures. Moreover, the observation that encoding mRNAs remained stably 
attached to ribosomes provides evidence of a genotype−glycophenotype link between an arrested glycoprotein and its RNA 
message. We anticipate that our method will enable selection and evolution of N-glycoproteins with advantageous biological 
and biophysical properties. 
KEYWORDS: asparagine-linked glycosylation, cell-free protein synthesis, directed evolution, protein display technology, 
protein engineering, 
synthetic glycobiology 

■ INTRODUCTION 

Asparagine-linked (N-linked) protein glycosylation, the 
chemical modification of specific amino acid side chains 
with oligosaccharides termed glycans, is a conserved co- 
and posttranslational modification (PTM) that occurs in all 
domains of life.1 It is one of the most abundant PTMs in 
nature and serves to expand the diversity of secretory and 
membrane proteins. Importantly, N-linked glycans are well-
known to modulate functional and structural properties of 
proteins.2 The Nglycosylation process involves assembly of 
lipid-linked oligosaccharides (LLOs) bearing N-glycan 
structures that are subsequently transferred from the lipid 
carrier onto asparagine residues in acceptor proteins by an 
oligosaccharyltransferase (OST). 

A major breakthrough in our ability to study and engineer 
N-glycosylation occurred when Aebi and co-workers 

functionally transferred the bacterial glycosylation 
machinery encoded by the Campylobacter jejuni pgl locus 
into Escherichia coli cells, which do not natively perform 
protein glycosylation.3 Since this early pioneering work, 
diverse proteins of prokaryotic and eukaryotic origin have 
been N-glycosylated in engineered E. coli cells carrying the 
pgl glycosylation pathway4−6 or other heterologous 
glycosylation pathways.7,8 More recently, glycoengineered 
E. coli have been leveraged as source strains to provide cell-
free extracts selectively enriched with protein glycosylation 
machinery, including OSTs and LLOs.9−12 Upon addition of 
cofactors and plasmid DNA encoding an acceptor protein of 
interest, these glyco-enriched cell-free extracts enable a 
one-pot reaction scheme for site-specific expression and 
glycosylation of target glycoproteins at relatively high titers. 

With the advent of E. coli cell-based and cell-free methods 
for customizable protein glycosylation, it becomes possible 
to develop advanced peptide/protein display techniques 
such as phage, ribosome, and mRNA display for high-
throughput screening of N-glycoprotein libraries. One 
representative example is the extension of phage display to 
include N-linked glycosylation based on the C. jejuni pgl 
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system.13 A key feature of this “glycophage” technology is 
the establishment of a physical coupling between the 
phenotype of the displayed glycoprotein (glycophenotype) 
and the corresponding genotype encoded in the phage 
genome. The resulting genotype− 

 
glycophenotype link was subsequently leveraged to select 
functional glycosylation sequons from libraries of 
randomized acceptor sequences.13 

Protein display methods that are entirely cell-free, such as 
ribosome and mRNA display14, are attractive alternatives to 
phage display because they potentially enable larger 
libraries (>109) and greater diversity due to DNA library 
transcription occurring in vitro. However, while cell-free 
display methods have been widely used with great success, 
they have yet to be extended to N-linked glycoproteins with 
natural glycosidic bonds. This technology gap is most likely 
due to the fact that conventional in vitro translation 
systems, on which these methods depend for producing 
displayed proteins, are limited by their inability to 
coactivate efficient protein synthesis and glycosylation. For 
example, cell-free protein synthesis (CFPS) systems based 
on E. coli (e.g., S30 extract, PURE system) are incapable of 
making glycoproteins because these systems lack 
glycosylation machinery.15 Other commonly used eukaryotic 
CFPS systems (e.g., rabbit reticulocyte, wheat germ 
extracts) also cannot perform glycosylation because they 
lack microsomes.16 While glycosylation in eukaryotic CFPS 
systems can be introduced via microsome supplementation 
or enrichment,17 the resulting glycoprotein yields in these 
systems are often low due to the poor compatibility 
between the extract translational machinery and 
microsomal glycosylation machinery. Protein glycosylation 
in these microsomal vesicles is difficult to control or 
engineer and likely incompatible with protein display on 
ribosomes or mRNA due to the sequestration of 
glycoproteins inside the vesicles. Indeed, the glycophage 
display method described above was possible only because 
the processes of phage assembly and N-linked protein 
glycosylation could be harmonized in the periplasm of living 
E. coli cells. 

In this study, we investigated the extent to which 
ribosome display is compatible with emerging methods for 
cell-free glycoprotein biosynthesis (CFGpS) based on 
extracts derived from glycoengineered E. coli that 
effectively couple transcription/translation with 
glycosylation.9,10 A prerequisite for selecting proteins from 
ribosome display libraries is the genotype−phenotype link, 
which is accomplished during in vitro translation by 
stabilizing a complex consisting of the ribosome, the mRNA, 
and the nascent, correctly folded polypeptide. To generate 
this crucial genotype−phenotype link, we combined two 
different cell-free protein glycosylation strategies with the 
17 amino acid ribosome stall sequence 

(FSTPVWISQAQGIRAGP) derived from E. coli SecM 
(SecM17)18 that enables long-lived ribosome stalling of 
heterologous proteins of interest (POIs) and their encoding 
mRNAs in living E. coli cells and cell-free extracts.19,20 The 
resulting methods enabled production of glycosylated 
ribosome−nascent chain (glycoRNC) complexes that 
displayed several different N-linked glycoproteins in 
conformations that were sufficiently exposed to permit 
downstream functional and glycostructural interrogation. 
Importantly, mRNA transcripts encoding the displayed 
glycoproteins were found stably attached to stalled 
ribosomes both before and after biopanning, thereby 
providing the crucial physical linkage between an arrested 
glycoprotein and its RNA transcript, paving the way for 
future selection and evolution of N-linked glycoproteins 
with desirable properties. 

■ RESULTS AND DISCUSSION 

Ribosome display of N-linked glycoproteins hinges on the 
generation of glycoRNC complexes (Figure 1). Therefore, we 

 

Figure 1. Cell-free glycoprotein display on ribosomes. A schematic 
of ribosome display for N-linked glycoproteins is shown. In the 
hybrid in vivo−in vitro approach, living E. coli cells are transformed 
with a plasmid for expressing glycoPOI−SecM17 fusions. Following 
70S ribosome isolation, N-glycan installation on ribosome-stalled 
glycoproteins is performed in a subsequent in vitro glycosylation 
step. In the integrated CFGpS approach, plasmid DNA is used to 
prime a reaction mixture in which transcription, translation, and 
N-linked glycosylation occur in a single pot. Both approaches yield 
glycoRNC complexes, which are subjected to function-based 
affinity selection (i.e., binding to immobilized antigen) and/or 
glycosylation-based affinity selection (i.e., binding to immobilized 
antibody or lectin specific for the N-glycan). Bound complexes are 
dissociated by EDTA or specifically eluted with antigen or glycan, 
and the identities of bound glycoproteins are determined by 
sequencing RT-PCR products. This image was created with 
BioRender. 

 

Received:  
  



ACS Synthetic Biology pubs.acs.org/synthbio Letter 

 3894 https://doi.org/10.1021/acssynbio.2c00311 
ACS Synth. Biol. 2022, 11, 3892−3899 

first investigated whether target acceptor proteins were 
amenable to N-linked glycosylation poststalling using a 
hybrid in vivo−in vitro approach. For the in-vivo step, 
expression of a POI−SecM17 fusion was performed in living 
E. coli cells from which 70S ribosomes were subsequently 
isolated. For the in vitro step, isolated 70S ribosomes were 
subjected to an in vitro reconstituted glycosylation system 
to install N-glycans on the SecM17-arrested POI. 
Importantly, we used a previously identified linker sequence 
between the POI and SecM17 that had sufficient length to 
fully expose stalled proteins outside the ribosome exit 
tunnel, rendering them available for functional 
interrogation.19 Our initial POI was the E. coli immunity 
protein, Im7, a globular 87-residue protein that is 
wellexpressed in E. coli. While not a native glycoprotein, Im7 
has been shown to tolerate N-glycan installation at 
numerous artificial DQNAT acceptor sites throughout its 
structure using both cellular and cell-free glycosylation 
systems based on the C. jejuni pgl machinery.6 We 
specifically chose the Im7N58 mutant (where the superscript 
denotes the location of the asparagine residue), as it is 
efficiently glycosylated in vitro.6 To confirm ribosome 
stalling of Im7N58−SecM17 fusions, we first isolated 70S 
ribosomes from E. coli cell lysates via sucrose cushion 
centrifugation. Western blot analysis demonstrated that 
only the Im7N58−SecM17 fusion but not Im7N58 lacking the 
SecM17 stall sequence was present in ribosome fractions, 
as judged by the absorbance profile at 254 nm (A254) and the 
sedimentation position (70S) (Supplementary Figure 1a). 
These results confirmed that coelution of Im7N58 with 
ribosomes depended on the SecM17 stall signal. Arrested 
expression of Im7N58−SecM17 on ribosomes did not 
significantly affect ribosomal composition, as evidenced by 
the similar protein profiles for ribosome preparations 
derived from cells expressing Im7N58 with or without 
SecM17 (Supplementary Figure 1b). Likewise, the growth 
rates of cells expressing Im7N58 with or without SecM17 
during the induction period were indistinguishable relative 
to cells containing an empty expression vector (data not 
shown). 

To create glycoRNC complexes, we hypothesized that 70S 
ribosome preparations derived from the in vivo step above 
could be used as purified acceptor substrates for an in vitro 
reconstituted glycosylation assay. To test this notion, RNC 
complexes displaying aglycosylated Im7N58−SecM17 were 
combined with purified PglB OST from C. jejuni (CjPglB) and 
solvent-extracted LLOs bearing the C. jejuni N-glycan 
(CjLLOs) (Figure 2a). Western blot analysis of the in vitro 
glycosylation reaction products was performed using an 
antiFLAG antibody to detect the Im7N58−SecM17 protein 
and hR6 serum to specifically detect the C. jejuni N-glycan.21 

A shift in the apparent molecular weight of Im7N58−SecM17 
in the anti-FLAG immunoblot that corresponded to a 
similarly sized band detected in the hR6 immunoblot 
confirmed that ribosome-tethered Im7N58−SecM17 was 
nearly 100% glycosylated (Figure 2b). When CjPglB was 
omitted from the reaction, we observed no detectable 
glycosylation of ribosome-stalled Im7N58−SecM17, 

confirming that glycosylation of ribosome-stalled acceptor 
proteins was OST-dependent. 

To demonstrate the modularity of our hybrid approach, 
we swapped the POI from Im7N58 to a single-chain Fv 
antibody specific for β-galactosidase modified with a 
DQNAT glycosylation tag at its N-terminus (DQNATscFv13-
R4).22 Of note, previous studies confirmed that scFv13-R4 
bearing a Cterminal DQNAT tag was glycosylated by the C. 
jejuni glycosylation machinery.4,9 Here the DQNATscFv13-R4− 
SecM17 construct was present in sucrose gradient fractions 
containing 70S ribosomes based on the A254 profile, 
sedimentation position, and Western blot analysis of the 
resulting sucrose gradient fractions (Supplementary Figure 
2). Similar to Im7N58−SecM17, DQNATscFv13−R4-SecM17 was 
efficiently glycosylated in a CjPglB-dependent manner 
(Figure 2b), leading to the formation of glycoRNC complexes 
displaying the glycosylated scFv antibody. We next 
determined whether intact mRNA encoding the POI 
remained associated with glycoRNC complexes following 
functional selection. Specifically, a biopanning procedure 
was performed in which in vitro glycosylation reaction 
products were directly incubated in enzyme-linked 
immunosorbent assay (ELISA) plates coated with ColE7, a 60 
kDa bacterial toxin that is inhibited by Im7 binding.23 

Following extensive washing, strong antigen-binding activity 
was measured for stalled RNC complexes displaying 
glycosylated Im7N58−SecM17 that was comparable to that 
observed for aglycosylated Im7N58−SecM17 (Figure 2c), 
indicating that ribosome stalling of glycosylated Im7N58 was 

 

Figure 2. Hybrid in vivo−in vitro strategy for generating and 
selecting glycoRNC complexes. (a) Schematic of hybrid strategy in 
which 70S ribosomes derived from living cells (in vivo) are isolated 
and subjected to cell-free glycosylation (in vitro). This image was 
created with BioRender. (b) Western blot analysis of 70S ribosome 
fractions derived from cells expressing Im7N58−SecM17 or 
DQNATscFv13-R4− SecM17 and subjected to in vitro glycosylation 
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with (+) or without (−) CjPglB along with solvent-extracted CjLLOs. 
Blots were probed with anti-FLAG antibody to detect acceptor 
protein (top) and hR6 serum against the glycan (bottom). Markers 
for aglycosylated (g0) and singly glycosylated (g1) forms of 
acceptor protein are indicated at the right. Molecular weight (MW) 
markers are indicated at the left. Blots are representative of 
biological replicates (n = 2). (c) ColE7binding activity measured for 
70S ribosomes isolated from cells expressing Im7N58 or 
Im7N58−SecM17 with (+) or without (−) CjPglB along with solvent-
extracted CjLLOs. 70S ribosomes from cells carrying empty plasmid 
served as a negative control. Data are averages of biological 
replicates (n = 3) ± SD. Statistical significance was determined by 
unpaired t test with Welch’s correction (*, p < 0.05; **, p < 0.01; 
ns, not significant). (d) Postselection detection of mRNA associated 
with ribosomes enriched via ColE7 biopanning. mRNA isolated 
from functionally selected ribosomes was subjected to RT-PCR 
with (+) or without (−) reverse transcriptase (RT). Results are 
representative of biological replicates (n = 2). 

 

compatible with ColE7-binding activity. Upon verification of 
affinity capture, the bound glycoRNC complexes were 
dissociated with EDTA, and the ribosome-associated RNA, 
including stalled mRNA, was isolated from dissociated 
complexes. To detect the presence of mRNA, reverse 
transcription polymerase chain reaction (RT-PCR) was 
performed using primers specific for the Im7N58 gene 
sequence. By this method, we determined that RNA 
recovered from functionally selected glycoRNC complexes 
gave rise to clearly detectable amplicons corresponding in 
size to the full-length Im7N58 sequence (Figure 2d), which 
was confirmed by sequencing. In contrast, RT-PCR 
performed on RNA recovered from samples corresponding 
to Im758 lacking the SecM17 stall sequence produced no 
detectable amplicons, indicating that the SecM17 stall 
sequence is essential for functional selection of glycoRNC 
complexes. Collectively, these data confirmed that the 
model Im7N58 glycoprotein and its encoding mRNA were 
stably attached to stalled ribosomes, thereby creating the 
essential genotype−glycophenotype link required for library 
screening. 

We also investigated an alternative strategy for 
generating glycoRNC complexes via an entirely cell-free 
procedure that circumvented the need for in vivo 
expression and purification of stalled 70S ribosome−POI 
complexes and supplementation of laboriously 
extracted/purified glycosylation components. We 
hypothesized that such an approach would be possible by 
integrating SecM-mediated translation arrest with a 
previously described CFGpS technology in which 
transcription and translation are coupled to N-linked 
glycosylation in a single pot9 (Figure 3a). Using Im7N58 as the 
POI, we generated a cellfree expression plasmid in which 
this acceptor protein was fused to the SecM17 stall 
sequence. In parallel, glycoengineered E. coli CLM24 cells 
were used to prepare S12 extracts that were selectively 
enriched with both CjPglB and CjLLOs.9 Our previous work 
showed that S12 extract can achieve higher glycosylation 
efficiencies than S30 extract due to its increased 
concentration of vesicle-bound glycosylation machinery.11 

To generate glycoRNC complexes, batch-mode sequential 
CFGpS reactions were performed by priming glycoenriched 
extracts with plasmid DNA encoding Im7N58−SecM17 
followed by isolation of 70S ribosomes by sucrose cushion 
centrifugation. Western blot analysis of ribosome fractions 
with anti-FLAG antibody and hR6 serum revealed efficient 
glycosylation of Im7N58−SecM17 on stalled ribosomes, with 
nearly 100% of the acceptor protein appearing as the g1 
form in the anti-FLAG blot (Figure 3b). When S12 extracts 
were enriched with only CjLLOs but not CjPglB, there was no 
detectable glycosylation of Im7N58−SecM17 on stalled 
ribosomes. Importantly, the mRNA encoding SecM17-
stalled Im7N58 was stably attached to ribosomes, as 
evidenced by the prominent amplicon generated via RT-PCR 
of ribosome-associated RNA (Figure 3c). Nearly identical 
results were obtained when CFGpS reactions were primed 
with plasmid DNA encoding a different POI, namely, an scFv 
antibody specific for human epidermal growth factor 
receptor 2 (scFv-HER2) that was modified at its C-terminus 
with a DQNAT glycosylation tag6,24 (Figure 3b,c). Using 
immobilized HER2 as the antigen, we selected glycoRNC 
complexes displaying glycosylated scFv-HER2DQNAT−SecM17 
and observed that the encoding mRNA remained associated 
with these functionally selected glycoRNCs (Figure 3d). In 
contrast, no mRNA was detected for ribosome complexes 
prepared from CFGpS reactions primed with plasmid DNA 
encoding unfused scFv-HER2DQNAT, indicating that functional 
selection of glycoRNCs was dependent on SecM17. 

To expand the utility of our glycoprotein display method, 
we designed a one-pot cell-free bioconjugation strategy for 
displaying conjugate vaccine candidates on 70S ribosomes 
(Figure 4a). Cell-free bioconjugation is a recently described 
approach that leverages glycocompetent cell-free extracts 
for producing conjugate vaccines that retain native 
immunogenic structures.12 In this approach, cell-free 
extracts are coenriched with an OST and LLOs bearing 
heterologously expressed capsular polysaccharides (CPSs) 
or O-antigen polysaccharides (O-PSs). The glycoenriched 
extracts are then primed with plasmid DNA encoding a 
vaccine carrier protein such as nonacylated Haemophilus 
influenzae protein D (PD), yielding product proteins that are 
site-specifically glycosylated with CPS or O-PS antigens of 
interest. 
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Figure 3. One-pot cell-free strategy for generating and selecting 
glycoRNC complexes. (a) Schematic of the one-pot strategy in 
which 70S ribosomes are derived from glycoenriched CFGpS 
extracts. This image was created with BioRender. (b) Western blot 
analysis of 70S ribosome fractions derived from CFGpS extracts 
coenriched with CjPglB and CjLLOs (one-pot) or enriched with 
CjLLOs only (control) that were primed with plasmids encoding 
Im7N58−SecM17 or scFv-HER2DQNAT−SecM17. Blots were probed 
with anti-FLAG antibody to detect acceptor protein (top) and hR6 
serum against the glycan (bottom). Markers for aglycosylated (g0) 
and singly glycosylated (g1) forms of acceptor proteins are 
indicated at the right. The asterisk (*) denotes the degradation 
product, and the double asterisk (**) denotes the nonspecific 
product. Molecular weight (MW) markers are indicated at the left. 
Blots are representative of biological replicates (n = 2). (c) 
Preselection detection of mRNA associated with 70S ribosomes 
displaying glycosylated Im7N58− SecM17 or scFv-
HER2DQNAT−SecM17. RT-PCR was performed with (+) or without (−) 
RT. (d, left) HER2-binding activity measured for 70S ribosomes 
isolated from CFGpS reactions primed with plasmid DNA encoding 
scFv-HER2DQNAT or scFv-HER2DQNAT− SecM17 with (+) or without (−) 
CjPglB. 70S ribosomes from cells carrying empty plasmid served as 
the negative control. Data are averages of biological replicates (n 
= 3) ± SD. Statistical significance was determined by unpaired t test 
with Welch’s correction (*, p < 0.05; **, p < 0.01; ns, not 
significant). (d, right) Postselection detection of mRNA associated 
with ribosomes enriched via HER2 biopanning. mRNA isolated 
from functionally selected ribosomes was subjected to RT-PCR in 
the presence (+) or absence (−) of RT. Results are representative of 
biological replicates (n = 2). 

 

Here we integrated this cell-free vaccine expression 
technology with SecM-mediated stalling to engineer 
glycoRNC 

 

Figure 4. Display and selection of ribosome-stalled bioconjugate 
vaccine. (a) Schematic of the one-pot strategy for producing 70S 
ribosomes that display glycosylated vaccine carrier proteins. This 
image was created with BioRender. (b, top) Western blot analysis 
of 70S ribosome fractions derived from CFGpS extracts coenriched 
with CjPglB and FtLLOs (one-pot) or enriched with only FtLLOs 
(control) that were primed with plasmid DNA encoding DQNATPD− 
SecM17. A merged image of blots that were probed with anti-FLAG 
antibody to detect the acceptor protein (red) and hR6 serum 
against the glycan (green) is shown. Markers for aglycosylated 
(agly) and multiply glycosylated (gly) forms of acceptor proteins 
are indicated at the right. Western blots are representative of 
biological replicates (n = 2). (b, bottom) Preselection detection of 
mRNA associated with 70S ribosomes displaying glycosylated 
DQNATPD−SecM17 with (+) or without (−) RT. (c, top) FB11-binding 
activity measured for 70S ribosomes isolated from CFGpS 
reactions primed with plasmid DNA encoding DQNATPD−SecM17 
with (+) or without (−) CjPglB. 70S ribosomes derived from cells 
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carrying empty plasmid served as negative control. Data are 
averages of biological replicates (n = 3) ± SD. Statistical significance 
was determined by unpaired t test with Welch’s correction (*, p < 
0.05; **, p < 0.01; ns, not significant). (c, bottom) Postselection 
detection of mRNA associated with ribosomes enriched via FtO-
PS-specific biopanning with FB11 antibody. mRNA was isolated 
from selected ribosomes corresponding to glycosylated (+) or 
aglycosylated (−) DQNATPD−SecM17 and subjected to RTPCR. 
Results are representative of biological replicates (n = 2). 
complexes that displayed a vaccine carrier protein modified 
with an O-PS antigen. We focused on PD because it has been 
shown to be a safe and effective conjugate vaccine carrier 
protein25 that can be efficiently glycosylated with the 
Francisella tularensis O-PS (FtO-PS) antigen in CFGpS.12 Here 
PD was modified at its N-terminus with a DQNAT acceptor 
motif and at its C-terminus with the SecM17 stall sequence. 
In parallel, glycoengineered E. coli CLM24 cells were used to 
prepare S12 extracts that were selectively enriched with 
CjPglB and LLOs bearing the FtO-PS antigen. Our previous 
work showed that such extracts are selectively enriched 
with these components.12 Next, batch-mode sequential 
CFGpS reactions were performed by priming these 
glycoenriched extracts with plasmid DNA encoding the 
DQNATPD−SecM17 construct. Isolation of 70S ribosomes and 
Western blot analysis were performed as described above 
but with antibody FB11, which specifically recognizes the 
FtO-PS antigen.26 Importantly, the CFGpS reaction mixture 
promoted efficient glycosylation of DQNATPD-SecM17 on 
stalled ribosomes with a ladderlike banding pattern (Figure 
4b), which was similar to laddering seen previously for FtO-
PS conjugates and arises from variable O-PS chain lengths 
generated by the Wzy polymerase.12 As above, the encoding 
mRNA was stably associated with glycoRNC complexes 
displaying stalled DQNATPD−SecM17 (Figure 4b). We also 
demonstrated glycan-based selection of RNC complexes 
displaying glycosylated DQNATPD−SecM17 using immobilized 
FB11 antibody, which preferentially enriched RNC 
complexes bearing the FtO-PS antigen over aglycosylated 
RNC complexes or empty ribosomes corresponding to 
DQNATPD that lacked the SecM17 stall sequence (Figure 4c). 
Importantly, the encoding mRNA remained associated with 
the enriched glycoRNCs (Figure 4c), indicating that 
ribosome-stalled conjugates could be directly selected 
based on their glyco-phenotype. In contrast, only a faint 
mRNA signal was detected for ribosomes prepared from 
CFGpS extracts that lacked CjPglB, confirming that 
glycanbased enrichment had occurred. 

Collectively, the results of our study demonstrate that 
ribosome stalling is compatible with emerging methods for 
cell-free glycoprotein biosynthesis (CFGpS),9,10 enabling the 
display of several different N-linked glycoproteins on 
ribosomes in a manner that is compatible with downstream 
functional and glycostructural interrogation. While our work 
represents the first demonstration of ribosome stalling of 
Nlinked glycoproteins, we note that phage display has 
previously been extended for displaying post-translationally 
modified proteins, including N-glycoproteins13 as well as 
phosphorylated and phosphopantetheinylated protein.27 A 
handful of reports have also described the use of phage or 
mRNA to display short peptides (5−33 residues) that were 

chemically modified by either a single mannose or a high-
mannose glycan.28−30 In each case, the attachment was 
through a non-natural linkage, including formation of a 
disulfide bond between the side chain of a cysteine residue 
and 2-(3-nitropyridyl disulfide ethyl)mannopyranoside 
(Man-Npys),28 oxime ligation following oxidation of an N-
terminal Ser/Thr residue,29 and installation of the unnatural 
amino acid homopropargylglycine that was “click”-
glycosylated with Man9-azide through copper-assisted 
azide−alkyne cycloaddition (CuAAAC).30 In contrast, our 
method involved more natural N-glycan installation via 
OSTcatalyzed glycosidic bond formation between the 
reducing-end sugar and the side chain of an asparagine 
residue. 

An important facet of this work was the successful 
creation of a physical link between the ribosome-stalled 
glycoprotein and its encoding mRNA. Although not directly 
demonstrated here, this linkage will be crucial for future 
efforts focused on uncovering the functional and structural 
consequences of Nglycan installation as well as the selection 
and evolution of Nlinked glycoproteins with desirable 
properties. The utility of our method for such applications 
will depend in part on whether the two underlying cell-free 
glycosylation strategies can install glycans onto acceptor 
sites that are located at internal locations within structurally 
complex proteins. In the present work, we showed 
glycosylation at an internal site engineered within Im7, 
which provides preliminary evidence for the ability to 
glycosylate proteins beyond easily accessible N- or C-
terminal glycosylation tags. Our previous studies 
demonstrated that cell-free glycosylation methods could 
install N-linked glycans at three native glycosylation sites 
located internally within human erythropoietin (EPO)9 and 
at a variety of bespoke locations throughout the structure 
of bovine RNase A.6 These examples illustrate the ability of 
different cellfree glycosylation strategies to introduce 
glycans into complex protein structures in situ. 

Display of N-linked glycoproteins on ribosomes stands 
alongside a growing list of screening and selection tools that 
are amenable to glycoprotein engineering. Besides the 
glycophage display methods discussed above, several other 
high-throughput genetic assays for N-linked glycosylation 
have been described including enzyme-linked 
immunosorbent assay (ELISA)-based detection of 
periplasmic N-glycoproteins,31 cell-surface display of N-
glycans and N-glycoproteins,5,8 and a colony replica blotting 
strategy called glycosylation of secreted N-linked acceptor 
proteins (glycoSNAP).4,6 Collectively, these assays are 
enabling the creation and evaluation of an unprecedentedly 
large number of intact glycoproteins (>150 in one study 
alone6) for which the structure−activity relationships 
associated with N-glycan installation can be systematically 
catalogued or technologically exploited. Indeed, our 
demonstration of ribosome stalling for a conjugate vaccine 
candidate composed of an FDA-approved carrier protein 
and a pathogen-specific polysaccharide paves the way for 
studying and engineering the biological, biophysical, and 
immunological properties of this important class of new-to-
nature glycoproteins. 
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MATERIALS AND METHODS 
Bacterial Strains and Plasmids. E. coli strain DH5α 

was used for cloning and maintenance of plasmids. E. 
coli strain BL21(DE3) was used for in vivo production of 

RNC complexes displaying different POIs and for production 
of ColE7H569A as described previously.6 E. coli strain CLM24 
was used for purification of the CjPglB enzyme and 
organicsolvent-based extraction of CjLLOs used for in vitro 
glycosylation as described previously.9 CLM24 was also used 
as the source strain for preparing cell-free extracts with 
selectively enriched glycosylation components as described 
previously.9 CLM24 is a glyco-optimized derivative of W3110 
that carries a deletion in the gene encoding the WaaL ligase, 
thus facilitating the accumulation of preassembled glycans 
on undecaprenyl phosphate.7 All of the plasmids used in this 
study, including new plasmid constructions, are described in 
Supplementary Methods 

Preparation of Ribosomes, OSTs, LLOs, and Immobilized 
Antigens. Ribosomes were isolated from soluble cell 
fractions or cell-free extracts using sucrose cushion 
centrifugation according to previously published 
procedures.19,20 Purification of CjPglB and organic solvent 
extraction of CjLLOs from E. coli membranes were both 
performed according to previously described protocols.15 

Purification of ColE7 was performed according to standard 
Ni-NTA affinity purification. Each of these procedures is 
described in detail in Supplementary Methods. 

Preparation of Crude S12 Extracts. CLM24 source strains 
were grown in 2× YTP (10 g/L yeast extract, 16 g/L tryptone, 
5 g/L NaCl, 7 g/L K2HPO4, 3 g/L KH2PO4, pH 7.2). To generate 
CjLLO-enriched extract, CLM24 carrying plasmid33 

pMW07−pglΔB for the C. jejuni glycan or pGAB2 for the FtO-
PS## was used as the source strain. To generate one-pot 
extracts containing both CjPglB and CjLLOs, CLM24 carrying 
pMW07−pglΔB and pSF−CjPglB3232 was used as the source 
strain. After inoculation, the expression of CjPglB was 
induced at an Abs600 of 0.8 with L-arabinose to a final 
concentration of 0.2% w/v. After induction, protein 
expression was allowed to proceed at 30 °C to a density of 
Abs600 ∼ 3, at which point cells were harvested by 
centrifugation (5000g) at 4 °C for 15 min. All subsequent 
steps were carried out at 4 °C unless otherwise stated. Cells 
were harvested and washed twice using S12 buffer (10 mM 
Tris acetate, 14 mM magnesium acetate, 60 mM potassium 
acetate, pH 8.2). The pellet was then resuspended in 1 mL 
of S12 buffer per 1 g of cells. The resulting suspension was 
passed once through a EmulsiFlexB15 high-pressure 
homogenizer (Avestin) at 20,000−25,000 psi to lyse cells. 
The extract was then centrifuged at 12,000g for 10 min to 
remove cell debris, and the supernatant was collected and 
incubated at 37 °C for 60 min with shaking at 250 rpm for 
the runoff reaction. Following centrifugation at 10,000g for 
10 min at 4 °C, the supernatant was collected, flash-frozen 
in liquid nitrogen, and stored at −80 °C. 

Cell-Free Glycosylation. For in vitro reconstituted 
glycosylation of E. coli cell-derived RNC complexes 
displaying Im7N58 or DQNATscFv13-R4, reactions were carried 
out in a 50 μL volume containing 3 μg of ribosome-stalled 
acceptor protein, 2 μg of purified CjPglB, and 5 μg of 

extracted LLOs in in vitro glycosylation buffer (10 mM 
HEPES, pH 7.5, 10 mM MnCl2, 0.1% w/v DDM). The reaction 
mixture was incubated at 30 °C for 16 h. For CFGpS, 
reactions were carried out in 1 mL reaction volumes in a 15 
mL conical tube using a modified PANOx-SP system.34 The 
reaction mixture contained the following components: 0.85 
mM GTP, 0.85 mM UTP, 0.85 mM CTP, 1.2 mM ATP, 34.0 
μg/mL folinic acid, 170.0 μg/ mL E. coli tRNA mixture, 130 
mM potassium glutamate, 10 mM ammonium glutamate, 
12 mM magnesium glutamate, 20 amino acids (each at 2 
mM), 0.4 mM nicotinamide adenine dinucleotide (NAD), 
0.27 mM coenzyme-A (CoA), 1.5 mM spermidine, 1 mM 
putrescine, 4 mM sodium oxalate, 33 mM 
phosphoenolpyruvate (PEP), 57 mM HEPES, 6.67 μg/mL 
plasmid, and 27% v/v cell lysate. Protein synthesis was 
carried out for 30 min at 30 °C, after which protein 
glycosylation was initiated by the addition of MnCl2 and 
DDM at a final concentration of 10 mM and 0.1% w/v, 
respectively, and allowed to proceed at 30 °C for 16 h. 
Isolation of ribosomes from in vitro reconstituted 
glycosylation and CFGpS reactions was performed as 
described above. 

Characterization and Affinity Enrichment of GlycoRNCs. 
Western blot analysis and ELISA were performed according 
to standard protocols as described in Supplementary 
Methods. Affinity selection of ribosome complexes, mRNA 
isolation, and RT-PCR were performed as described 
previously.19 Each of these procedures is described in detail 
in Supplementary Methods. 

Statistical Analysis and Reproducibility. All data were 
reported as average values with error bars representing 
standard deviation. Statistical significance was determined 
by unpaired t test with Welch’s correction (*, p < 0.05; **, p 
< 0.01; ns, not significant). All graphs were generated using 

Prism 9 for MacOS version 9.2.0. ■ ASSOCIATED 
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