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ABSTRACT: N-linked glycosylation plays a key role in the
efficacy of many therapeutic proteins. One limitation to the
bacterial glycoengineering of human N-linked glycans is the
difficulty of installing a single N-acetylglucosamine (GlcNAc),
the reducing end sugar of many human-type glycans, onto
asparagine in a single step (N-GlcNAcylation). Here, we develop
an in vitro method for N-GlcNAcylating proteins using the
oligosaccharyltransferase PgIB from Campylobacter jejuni. We use
cell-free protein synthesis (CFPS) to test promiscuous PglB
variants previously reported in the literature for the ability to
produce N-GIcNAc and successfully determine that PglB with an
N311V mutation (PgIBN*'"Y) exhibits increased GIcNAc trans-
ferase activity relative to the wild-type enzyme. We then improve

the transfer efficiency by producing CFPS extracts enriched with Pgl
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and further optimize the reaction conditions, achieving a

98.6 + 0.5% glycosylation efficiency. We anticipate this method will expand the glycoengineering toolbox for therapeutic research

and biomanufacturing.

B INTRODUCTION

N-linked glycosylation, the covalent attachment of glycans to
asparagine residues on proteins, is an important post-
translational modification that plays a key role in a therapeutic
protein’s pharmacokinetics,””” stability,”* function,”~” and
immunogenicity.” In human N-linked glycans, the reducing
end sugar, or the sugar directly attached to the protein, is N-
acetylglucosamine (GlcNAc). This reducing end GIcNAc is
one component of a conserved trimannosyl structure
composed of two GlcNAc residues followed by three mannose
residues, which may be further elaborated upon with additional
sugars such as mannose, galactose, fucose, glucose, and sialic
acid that create the full glycan structure. These sugar residues
can be combined in numerous ways to create a wide array of
different glycans that can be classified into high mannose,
complex, and hybrid structures.” Even small changes to these
structures can affect a therapeutic protein’s function, as in the
presence of terminal sialic acid residues,"®™"° or efficacy, as in
the presence of fucose on antibody glycans.'* Engineering the
identity of these structures, studying their therapeutic effects,
and establishing robust methods for producing glycoproteins
with homogeneous, human-type glycans is a major focus in the
field of glycobiology."

Despite the importance of a protein’s glycosylation profile
on its stability and function, current methods for producing
glycoproteins often yield heterogeneous glycan profiles. For
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example, in vivo protein expression in Chinese hamster ovary
(CHO) cells produces protein products with heterogeneous
complex bi-, tri-, and tetra-antennary structures, which makes it
difficult to understand the specific biological response to a
particular therapeutic glycoform and creates challenges with
developing robust and reproducible biomanufacturing pro-
cesses.'”'” Recent advances in the field have worked to address
this issue through various glycoengineering strategies,'®
including establishing a genetically modified CHO strain
capable of producing glycoproteins with only a single N-linked
GIcNAc residue, a Gal-GIcNAc disaccharide, or an a-2,3-
sialylated trisaccharide, reducing the overall product glycan
heterogeneity'’ and providing a handle for additional chemo-
enzymatic elaboration.”” While proteins produced using this
cell line displayed favorable pharmacokinetic properties, the
reliance on genetically modified mammalian cell lines
complicates adaptation of the workflow to other glycoforms
without genomic changes.
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Figure 1. Cell-free protein synthesis (CFPS) and in vitro glycosylation (IVG) can be combined to synthesize glycoproteins in vitro. CFPS utilizes
the native transcription and translation machinery in cell extracts to synthesize proteins by supplying a template DNA, additional cofactors, and an
energy source. Nanodiscs provide a membrane mimic and enable the soluble expression of active membrane-bound proteins. After expression in
CFPS, OSTs can be combined with appropriate sugar donors, necessary cofactors, and an acceptor protein to produce glycoproteins in vitro.

In comparison to in vivo—based approaches, the modularity
and open reaction environment of cell-free or in vitro
glycosylation (IVG) systems could aid in the development of
new glycoprotein production methods. Indeed, recent work in
the field has sought to create routes to glycosylated proteins
and peptides using glycosyltransferases heterologously ex-
pressed in living Escherichia coli”'~** or in cell-free protein
synthesis (CFPS)*”™>* and subsequently assembled in IVG
reactions. To date, there have been several attempts to use
these systems to create glycoproteins harboring a single N-
GlcNAc residue, which differentiate from the strategy
presented in this work through the use of (i) multienzyme
methods w1th sugar donors that are not commercially
available,”" (ii) synthetic GIcNAc donor substrates composed
of GIcNAc coupled to chemically synthesized polyisoprenol
sugar pyrophosphates,”®** (iii) cell-based biosynthesis of larger
bacterial or eukaryotic N-linked glycan structures that must be
subsequently trimmed in vitro by a glycosidase,”*® or (iv)
complicated multistep chemical synthesis routes’ ~*° to
produce the priming GlcNAc residue. Once formed, this
residue can be elaborated to generate the final desired
glycoform.

CFPS systems*' using extracts derived from E. coli have
emerged as an attractive tool for both producing glycoproteins
and for prototyping glycosylation parts and systems.”” In
CFPS, extracts are combined with various cofactors, energy
substrates, and DNA encoding the protein of interest to
perform in vitro transcription and translation reactions to
synthesize desired proteins.”’ Due to the inherent lack of
protein glycosylation machinery in E. coli, these lysates offer a
blank slate for constructing glycosylation pathways. To date,
cell-free systems have been used to produce conjugate
vaccines” ™" and sialoglycoproteins®™ as well as understand
glycosyltransferase acceptor sequence preference and proto-
type protein glycosylation pathways.”” To the best of our
knowledge, however, an integrated system for the in vitro
synthesis of both the acceptor protein and an undecaprenyl
phosphate—linked GIcNAc followed by the subsequent
enzymatic glycosylation of the acceptor protein with a single
GlcNAc residue has not been reported.

In this study, we set out to expand the range of glycans
accessible to CFPS by developing a modular approach to
produce glycoproteins with human-like glycans originating
with an N-linked GIcNAc as the reducing end sugar. Building
off previous efforts that have shown PglB mutations with
enhanced substrate specificity” and N-GlcNAcylation with
chemically synthesized lipid linked substrates,”™** we use
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CFPS to determine that a promiscuous variant of the
oligosaccharyltransferase (OST) PglB from the organism
Campylobacter jejuni exhibits enhanced in vitro N-GlcNAcyla-
tion capabilities compared to wild type. Next, we optimize the
IVG reaction conditions to achieve > 98% GIcNAcylation
efficiency. We then demonstrate that our system depends on
the activity of endogenous WecA to produce an intermediary
GlcNAc linked to a carrier lipid undecaprenyl phosphate.
Finally, we show the sequential elaboration of the priming
GlcNAc residue with a galactose and an a-2,6-sialic acid to
form a sialylated trisaccharide.

B RESULTS

The goal of this work was to create a one-step, in vitro method
for producing proteins with a priming N-GlcNAc. To this end,
we explored if the Campylobacter jejuni OST PglB could
efficiently transfer a single GIcNAc residue in a cell-free
reaction supplemented with commercially available uridine
diphosphate N-acetylglucosamine (UDP-GIcNAc) without
requiring the addition of chemically synthesized lipid-linked
GIcNAc. PgIB has attracted considerable attention for its
ability to transfer en bloc many glycan polymers, such as O-
antigens used to produce conjugate vaccines,”’”****7% to
proteins. Beyond O-antigens, PglIB has also shown the ability to
transfer smaller glycans that could be used for the bottom-up
construction of complex glycans on proteins, including
monosaccharides such as bacillosamine,”* 2,4-diacetamido-
2,4,6-trideoxyhexose (DATDH),” and GlcNAc.”**® PglB can
also be mutated to increase glycan substrate promiscuity. 5,36

PgIB"*'" Can N-GIcNAcylate Proteins in a One-Step,
In Vitro Glycosylation Reaction. We tested the wild-type
PgIB sequence as well as promiscuous mutants containing the
single mutation N311V (PgIB™*''V) or set of mutations S8OR-
Q287P-N311V (PgIB*** Q287P N3UVY %8 o facilitate rapid
prototyping, we first expressed PgIB variants in nanodisc-
supplemented CFPS reactions. Because PglIB is a membrane-
bound protein, nanodiscs are important supplements for the
reaction that serve as membrane mimics to facilitate proper
folding. IVG reactions were then performed by mixing the
expressed OST variant with a superfolder green fluorescent
protein (sfGFP) acceptor protein containing a C-terminal
DQNAT sequon (a short stretch of amino acids recognized by
the OST)*"*" and Strepll-tag (to facilitate purification), as
well as UDP-GIcNAc and manganese chloride, which serves as
a cofactor for PglB (Figure 1). After overnight incubation at 30
°C, the sfGFP acceptor protein was purified, digested with

https://doi.org/10.1021/acschembio.4c00228
ACS Chem. Biol. 2024, 19, 1570—1582


https://pubs.acs.org/doi/10.1021/acschembio.4c00228?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00228?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00228?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00228?fig=fig1&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.4c00228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology pubs.acs.org/acschemicalbiology

EIC: 911.669 RT: 2.938 min
T 20 Counts 80004 ST
oY 2 10
. — NN —~ 104
— PgIBM11V -a‘g 6000 pg ) E 2\1
=1 ©
—No PgIB Q 4000 T > 3
¢ o 5 T g 8 mE
= 2 L
2000 T 3
£ g
0 .\ \T}
T T T T
25 3.0 3.5 4.0 MM 912 913 914 g
Time (min) miz 5 4=
c EIC: 962439 RT: 2.938 min 5-
T 10 Counts 8000 © z 24
— PngNSM\/ @ 6000 — ~ g <« 6
—No PgiB 5 w2888 0 T T T T
Ju-{ BE5° 33
© Se | 898 PglB N311V - N311V N311V
2000 4 & T3
C/n\ j’\ UDP-GIcNAc  + + - +
odearehsrttidoth i g | DQNAT  + + + -
2.5 3.0 3.5 4.0 962 963 964
Time (min) m/z
Figure 2. PgIB™"'Y expressed in nanodisc-supplemented CFPS can modify an acceptor protein with N-GIcNAc in an IVG reaction. (a) The

extracted ion chromatograms (EICs) for reactions containing PgIB™*''V (purple) and no PglB (black) contain a peak at 2.9 min corresponding to
the + 4 charge state of the mass to charge ratio of the aglycosylated tryptic peptide. (b) The isotope distribution for the PgIBN*'' sample at 2.9 min
is shown. The observed monoisotopic mass (3642.6544) corresponds to the theoretical monoisotopic mass (3642.6458 Da) of the aglycosylated
peptide with an error of 2.4 ppm. (c) EICs for the + 4 charge state of the mass to charge ratio of the GlcNAcylated tryptic peptide in reactions
containing PgIB™*'" (purple) and without PglB (black) are shown. There is only a peak at 2.9 min in the reaction with PglB™*'"V. (d) The isotope
distribution for the PgIB™*''V sample confirms the presence of the GlcNAcylated peptide. The observed monoisotopic mass (3845.7112)
corresponds to the theoretical monoisotopic mass (3845.7252 Da) with an error of 3.6 ppm. Mass spectrometry data are representative of at least 2
independent reaction replicates. (e) Quantification of GlcNAcylation efficiency of IVG reactions using PgIB™*''V expressed in nanodisc-
supplemented CFPS is shown. Three (n = 3) replicates were performed for the N311V + UDP-GlcNAc + DQNAT sample, and two (n = 2)
replicates were performed for the other samples, with each replicate composed of an individual IVG reaction. Error bars represent the average error.

trypsin, and desalted with C18 peptide clean up columns for Quantification of the abundance of GlcNAcylation was
analysis by tandem reverse phase liquid chromatography—mass performed using the area under the curves of the EICs for both
spectrometry (LC-MS) to look for evidence of transfer of the the aglycosylated and GlcNAcylated species. When the OST
GIcNAc onto asparagine. Reactions utilizing either PgIBN*'!Y mutant, the activated sugar donor (UDP-GIcNAc), and the
(Figure 2) or PngSSOR-Q287P-N311V (Supplementary Figure 1) correct acceptor sequon (DQNAT) were present, the transfer
yielded GlcNAcylated tryptic peptides, while no transfer was efficiency was 8.0 + 1.2% (Figure 2e). However, if PglB, UDP-
observed in reactions utilizing the wild-type OST (Supple- GlcNAg, or the DQNAT sequon was absent, then there was no

observed transfer of the GIcNAc residue. In the no DQNAT
acceptor samples, an AQNAT sequon was used because it is
known that PglB requires a sequon with an acidic residue at

mentary Figure 2).
Because there was a more distinct and abundant isotope

distribution for reactions containing PgIBNSMV, we set out to

cps 57 . . . .
further characterize this reaction to validate the GIcNAc the —2 position.”" Representative EICs and isotope distribu-
tions for the reactions containing no PglB (Supplementary

Figure 4), no UDP-GIcNAc (Supplementary Figure S), or
using an acceptor protein with the AQNAT sequon
(Supplementary Figure 6) are provided in the Supporting
Information.

N-GIcNAcylation Efficiency Can Be Improved Using
Extracts Enriched with PgIB and Optimizing Glyco-
sylation Reaction Conditions. We next sought to improve
the GIcNAcylation efficiency in our system and explore a more
cost-effective method for PgIB synthesis to use in IVG
reactions. Therefore, we assessed whether we could improve
the yields of N-GlcNAcylated protein in our IVG reactions
with extracts enriched with PglB expressed in vivo (rather than
PglB expressed in nanodisc supplemented CFPS reactions)

transfer. We performed IVG reactions containing PglBN*''V
expressed in nanodisc CFPS and compared them to negative
control reactions without PgIB. In the extracted ion chromato-
grams (EICs) using the mass to charge ratio corresponding to
the aglycosylated peptide fragment (Figure 2a), a peak is
observed at approximately 2.97 min in the elution for both
samples. In the spectrum of this peak for the PgIB™*''V sample,
a clear isotope distribution is observed (Figure 2b) for a + 4
charged species, where the observed mass matches the
theoretical mass of the aglycosylated tryptic peptide. In
contrast, we only observed a peak at approximately 2.95 min
in the EIC for the mass to charge ratio of the GlcNAcylated
tryptic peptide when PgIB™*''V was added to the reaction

mixture (Figure 2c). Additionally, the isotope distribution in and by optimizing other components of the IVG reaction. To
the PgIB™*!"" sample (Figure 2d) shows a spectrum where the produce the enriched extracts, we transformed a plasmid
observed mass matches the theoretical mass of the encoding PglB into CLM24 cells and induced expression
GlcNAcylated peptide. Further evidence of the presence of during cell growth. After harvesting, we processed the extracts
both the aglycosylated and GlcNAcylated peptides is given in in a manner previously demonstrated to increase the number
the collision induced dissociation (CID) MS/MS fragmenta- of membrane vesicles retained within the lysate.33 These
tion spectra for both ions, where the sequence of the tryptic lysates were then mixed with a separate CFPS reaction used to
peptide was confirmed (Supplementary Figure 3). express the acceptor protein along with activated UDP-
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Figure 3. Using extracts enriched with PglB and modulating additional IVG conditions increases overall N-GlcNAcylation efficiency. (a) Enriched
extracts are prepared by overexpressing PglB during cell growth prior to cell lysis. PglB-enriched lysate can then be mixed with a CFPS reaction
separately expressing the carrier protein along with UDP-GIcNAc and MnCl, to perform the IVG reaction. (b) Quantification of GlcNAcylation
efficiency for each of the conditions tested using extracts enriched with PglB is shown. Two replicates were performed for each sample (n = 2), with
each replicate composed of a separate IVG reaction, and error bars represent the average error. (c) The MS/MS fragmentation spectrum for the
GlcNAcylated tryptic peptide from IVG reactions using extracts enriched with PgIB is shown. Prominent b and y ions are labeled in blue and red,
respectively, on the spectrum. (d) All identified ions in the spectrum shown in (c) are labeled on the tryptic peptide sequence. (e) In the 120—210
m/z range in the spectrum shown in (c), characteristic oxonium ions expected from the fragmentation of GIcNAc are observed and labeled
appropriately. (f) Quantification of GlcNAcylation efficiency for IVG reactions using PgIBN*'"V is shown following each round of reaction condition
optimization. (g) Conditions for each GIcNAcylation reaction in panel f are summarized in the table. Three (n = 3) replicates were performed for
the ND CFPS sample and two (1 = 2) replicates were performed for the other samples, with each replicate composed of a separate IVG reaction.
Error bars represent the average error. The nanodisc CFPS data are repeated from Figure 2e, and the enriched extract data are repeated from Figure

3b.

Using the enriched extract approach improved the N-
GlcNAcylation efficiency S-fold to 43.1 + 2.4% when using

GlcNAc sugar donors and manganese chloride as a cofactor, to
PgIB™'"Y and permitted detection of 5.6 + 0.7% N-

perform the in vitro glycosylation reactions (Figure 3a).
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GlcNAcylation by wild-type PglB (Figure 3b). No GIcNAcy-
lation was observed in negative control reactions that either
lacked PgIB, or UDP-GIcNAc, or used the nonfunctional
AQNAT sequon instead of a DQNAT sequon (Figure 3b).
Extracted ion chromatograms and isotope distributions are
available for each of the conditions in Figure 3b (Supple-
mentary Figures 7—13). Collision-induced dissociation (CID)
MS/MS of the GlcNAcylated tryptic peptide confirms the
sequence of the GIcNAcylated peptide (Figure 3c,d). The y24
and y25 ions incorporate the asparagine residue that is
GlcNAcylated in the DQNAT sequon, while the smaller y ions
confirm that the modification does not occur downstream of
the asparagine in the sequon. Specifically, the presence of the
y17 and y18 ions explicitly show that the GIcNAcylation is not
an O-GIcNAc on the threonine residue in the DQNAT
sequon. Together, the data suggest that the GIcNAc
modification is on the asparagine residue within the
DQNAT sequon, as expected. The CID MS/MS spectrum
that confirms the sequence of the aglycosylated peptide in the
same sample is given in Supplementary Figure 14. Additionally,
when the focus is on the 120—210 m/z range of the spectrum
presented in Figure 3¢, many characteristic oxonium ions are
observed (Figure 3e). These oxonium ions are fragments from
the GIcNAc sugar residue itself and are commonly seen in CID
MS/MS spectra from O-GlcNAc modifications,””* providing
further evidence that the GIcNAcylation modification is
occurring as expected.

After improving the GlcNAcylation efliciency by using
extracts enriched with in vivo—expressed PglB, we sought to
further increase the transfer efficiency by optimizing additional
IVG reaction components. We hypothesized that multiple
parameters could affect N-GlcNAcylation efliciency, including
the concentration of manganese chloride, UDP-GIcNAcg,
acceptor protein, PglB-enriched extract, Ficoll-400, and N-
dodecyl-beta-maltoside (DDM) in the final IVG reactions. To
explore which parameters had the greatest impact on
glycosylation efliciency, we carried out a definitive screening
design experiment,é1 incorporating each of these identified
variables. Due to the reaction’s dependence on PgIB, we
assumed that adding additional PglB to the reaction would not
negatively impact GlcNAcylation efficiency and expressed the
acceptor protein in extracts enriched with PgIB. To our
surprise, GIcNAcylation efliciency was dramatically improved
by optimizing multiple factors (Supplementary Figure 15). The
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most important variables were maximizing the amount of
UDP-GIcNAc and the enriched extract supplemented to the
reaction. Specifically, we could achieve 98.6 + 0.5%
GlcNAcylation with a final concentration of 8.75 mM
manganese chloride, 25 mM UDP-GIcNAc, 10% (v/v) of
acceptor protein produced in CFPS using the enriched extract,
20% (v/v) of additional extract enriched with PgIB™*''V, 0%
Ficoll-400, and 0% DDM (Figure 3fg). Using optimized
conditions, the GIcNAcylation efficiency for IVG reactions
using extract enriched with wild-type PglB was 39.5 + 4.5%
(Supplementary Figure 16), confirming the superiority of
PgIB™*'Y for performing the GlcNAcylation in this setting.

GIcNAc Transfer by PglIB Likely Occurs via a Lipid-
Linked Intermediate. Given that PglB typically glycosylates
proteins with glycans that are linked to the lipid carrier
undecaprenyl phosphate,”***7%* we were interested in
determining whether a similar lipid-linked GlcNAc intermedi-
ate was being produced in our reactions. Importantly, we note
that CLM24, the E. coli strain used to make our PglB-enriched
extracts, natively expresses WecA, a polyprenyl-phosphate N-
acetylhexosamine-1-phosphate transferase that catalyzes the
transfer of GIcNAc-1-phosphate from UDP-GIcNAc to a
carrier undecaprenyl phosphate lipid.”> Supplementation of
our reactions with UDP-GIcNAc could therefore enable the
production of undecaprenyl phosphate-linked GIcNAc that
PglB can use as a substrate for subsequent GlcNAcylation
reactions.

To test this WecA-centered hypothesis, enriched extracts
were produced for both wild-type and PgIBN*''V overexpressed
in a standard CLM24 source strain and an SCM6 source strain
(CLM24 AwecA) (Figure 4a). Although GlcNAcylation was
observed when CLM24 extracts were enriched in either wild-
type or PgIB¥*'"V and IVG reactions were assembled under
optimized conditions from Figure 3, there was no GlcNAcy-
lation observed when SCM6 extracts were enriched in either
wild-type or PgIB™''V. This suggests that the GlcNAcylation
reaction proceeds through a lipid-linked intermediate via a
WecA-dependent mechanism (Figure 4b).

To confirm PgIB overexpression in each of the four enriched
extracts tested, we performed a Western blot against the C-
terminal FLAG-tag encoded in PglB (Supplementary Figure
17a). While we confirmed the presence of PglB in all four
extracts, densitometry analysis revealed that the concentration
of PglB is approximately S—10 X higher in the CLM24 extracts
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Figure S. The GlcNAcylated protein can be elaborated with galactose and sialic acid to create a trisaccharide sialyl N-acetyllactosamine glycoform.
LgtB and PdST6 were used to add galactose to the GIcNAc and sialic acid to the galactose residues, respectively. The results from the two
glycosylation schemes are shown. In the “without purification” samples, the GIcNAcylation reaction is first performed overnight with PgIB. Then,
the two elaborating glycosyltransferases, LgtB and PdST6, are added to the same in vitro glycosylation reaction with the nucleotide-activated donor
sugars and incubated overnight for a second night. In the “with purification” workflow, the GlcNAcylation reaction with PgIB is performed in an
overnight incubation first. The GlcNAcylated acceptor protein is then purified, and a second IVG reaction is performed to add galactose and sialic
acid by using LgtB and PdST6. Two independent replicates were performed for each sample (n = 2), with each replicate composed of a separate

IVG reaction, and error bars represent the average error.

when compared to the SCM6 extracts. Therefore, to ensure
that the lack of GlcNAcylation observed in reactions using
SCM6-derived extract is not a result of a lower concentration
of PglB, a volume correction experiment was also performed.
As shown in Supplementary Figure 17b, even when normal-
izing for equivalent PglB concentrations by adjusting the
volume of enriched extract added to the IVG reactions, we do
not observe GlcNAcylation in reactions utilizing SCM6-
derived enriched extracts. These results suggest that WecA is
essential to the GIcNAcylation reaction and that glycosylation
likely occurs via a lipid-linked intermediate. Extracted ion
chromatograms and isotope distributions for the 4 samples in
Figure 4b are provided in Supplementary Figures 19 and 20.

Elaboration of the Priming GIcNAc to Produce a
Trisaccharide Siayl-LacNAc Structure. To demonstrate the
utility of our one-step, in vitro GIcNAcylation workflow in the
bottom-up engineering of glycoproteins, we performed
reactions to elaborate on the GIcNAc priming sugar to
produce a biologically relevant human-like glycan. Previous
work has demonstrated that decorating proteins and peptides
with a trisaccharide structure composed of either NeuSAc-a-
2,6-Galp-1,4-GIcNAC*® or NeuSAc-a-2,3-Galf-1,4-GIcNAc"’
can improve the molecules’ pharmacokinetic stability. We
therefore sought to produce one of these trisaccharides using a
completely in vitro enzymatic approach. LgtB, a glycosyl-
transferase from Neisseria meningitidis, has been shown to
install galactose onto GIcNAc in a f-1,4 linkage, and PdST6, a
glycosyltransferase from Photobacterium damselae, has been
shown to install sialic acid in an @-2,6 linl<age.22’45’47 We
incorporated these enzymes and the appropriate nucleotide-
activated sugar donors, uridine diphosphate a-D-galactose
(UDP- galactose) and cytidine monophosphate sialic acid
(CMP-sialic acid), into our reaction solution to perform
elaboration to a sialylated N-acetyllactosamine (sialyl-LacNAc)
structure.

A definitive screening design experiment was used to explore
the effect of LgtB, PdST6, UDP-galactose, and CMP-sialic acid
concentrations on the extent of protein-linked trisaccharides
produced in our reactions. Additionally, a one-day scheme, in
which all three enzymes and donor sugars were combined at
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once in the IVG reaction, was compared to a two-day scheme
in which the GlcNAcylation reaction was performed separately
from the elaboration reaction. The definitive screening design
experiment revealed that the two-day scheme was important
for trisaccharide elaboration as we did not observe the
production of proteins with the trisaccharide in any of the
samples run using the one-day scheme. Generally, higher
concentrations of glycosyltransferase enzymes and nucleotide-
activated sugar donors also increased the yield of the
trisaccharide glycoform (Supplementary Figure 21). However,
the highest trisaccharide conversion observed in this experi-
ment was only 2.2 + 0.2%.

We hypothesized that the low yield of the sialyl-LacNAc
glycoform may be due to LgtB and PdST6 elaborating on
excess lipid-linked GlcNAc present in the IVG reaction rather
than on proteins previously GIcNAcylated by PglB or that
reaction conditions optimal for GIcNAcylation by PglB are not
optimal for LgtB and/or PdST6 activity. To this end, we
modified our two-day glycosylation scheme by incorporating
an affinity purification step after GlcNAcylation by PglB and
before elaboration by LgtB and PdST6. Incorporating the
affinity purification step into our workflow improved
conversion efficiency to the sialyl-LacNAc glycoform 14-fold
to 32.4 + 0.1% (Figure S). Extracted ion chromatograms and
isotope distributions for the two samples presented in Figure 5
are provided in Supplementary Figures 22 and 23. While
further optimization would need to be performed to achieve
higher trisaccharide efficiency, such as those near 100%
previously reported by Kightlinger et al.*’ and Tytgat et al.%’
for trisaccharides with a reducing end glucose, this level of
efficiency is on par with that observed by Meuris et al.'” for a
glycan with a reducing end GlcNAc.

B DISCUSSION

In this work, we describe a cell-free platform to enzymatically
transfer a single GIcNAc residue to asparagine residues in a
protein using a mutated PglB variant from C. jejuni. Through
systematic optimization of both reaction conditions and
production method for PglB, we demonstrate > 98%
conversion of aglycosylated to glycosylated protein as well as
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elaboration of the GIcNAc priming sugar to a therapeutically
relevant sialyl-LacNAc trisaccharide at eficiencies similar to
those previously reported with more complicated, mammalian
in vivo—based production methods."”

Key to our workflow is the use of crude E. coli cell lysates,
which in addition to containing the transcription and
translation machinery required for in vitro protein synthesis
can also be enriched for enzymes required for glycosylation.
Like other cell-free glycosylation methods, our system benefits
from being an open reaction environment, enabling the facile
manipulation of various reaction conditions to optimize for the
production of predetermined glycoforms without relying on
cell viability constraints. In contrast to in vitro systems using
purified glycosyltransferases, our crude extracts retain mem-
brane vesicles with membrane-associated proteins that are
important for some glycosylation processes. We show that
maintaining WecA, a membrane-associated enzyme, in our
reactions is a key step in enabling the production of a lipid-
linked GlcNAc intermediate and subsequent transfer of a single
GlcNAc residue by PglB. Thus, our workflow effectively
bridges the gap between modular, in vitro—based approaches
and more complex in vivo—based approaches by taking
advantage of membrane-based biological processes in an
open in vitro reaction environment.

Through the incorporation of LgtB and PdST6 into our
reaction scheme, we were able to produce a sialyl-LacNAc
moiety that could improve the therapeutic properties of
proteins and peptides by reducing protease degradation or
immune cell recognition and clearance. Compared to other E.
coli—based glycoengineering efforts for bottom-up construction
of glycoproteins, we note that our sialyl-LacNAc glycosylation
efficiency is lower than the efficiency at which other reported
in vivo®” or in vitro"" approaches have installed a similar N-
linked sialyllactose trisaccharide structure. Similar to our
approach, these methods are completely enzymatic in which
short sequons recognized by the appropriate glycosyltransfer-
ase are introduced to the C-terminus of the protein or in
known flexible regions of the protein; this acceptor protein is
then used in conjunction with three separate glycosyltrans-
ferases either through coexpression in vivo in the cytoplasm®’
or individual expression in CFPS and assembled into IVG
reactions,”” similar to the workflow described here. However,
where our platform differs from these methods is the
production of a GlcNAc reducing end sugar through PglB,
rather than glucose through the asparagine (N)-glucosyltrans-
ferase (ApNGT) from the organism Actinobacillus pleuro-
pneumoniae. Our installation of a GlcNAc reducing end sugar,
which accurately mimics the reducing end sugar for
glycoproteins produced in mammalian systems (including in
humans), may be important for therapeutic function.

We anticipate that our workflow could also be combined
with other advances in IVG methods to produce proteins with
longer glycan polymers such as those commonly found with
antibody therapeutics. For example, our one-step GlcNAcyla-
tion method could simplify chemoenzymatic transglycosylation
approaches that utilize a mutated endoglycosidase (ENGase)
to transfer chemically synthesized glycan polymers onto
proteins with a single GIcNAc residue,”*®” by removing the
requirement of time-intensive mammalian cell culture and
glycan trimming steps to produce the single GlcNAc residue.
Our method could also be interfaced with other recent work
developing in vitro, bead-based enzyme immobilization
strategies for building glycosylation pathways.””
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Future work will focus on expanding the capabilities of our
platform for producing therapeutically relevant glycoproteins.
For example, our proof-of-concept work presented here
demonstrates efficient glycosylation of a model sfGFP
construct using a C-terminal sequon. In some cases, N-
GlcNAcylation at a specific internal residue within a protein
may be desired (e.g, Asn297 in IgG). Due to the two-stage
process described here by which a protein is first expressed and
subsequently glycosylated in a second reaction, some internal
residues within a fully folded protein may not be accessible for
glycosylation by PglB. If desired glycosylation sites are poorly
glycosylated using our system, future work could seek to
further optimize the glycosylation reaction conditions to
enable cotranslational glycosylation of amino acid residues
that are inaccessible once the protein is fully folded.
Additionally, overexpression of PglB often leads to slow cell
growth rates due to the increased metabolic burden associated
with expressing a membrane protein, which, in turn, can limit
the protein yields obtained from the resulting cell extract.
Scaling production of low-yielding, complex glycoproteins may
therefore require optimization of PgIB overexpression con-
ditions to balance sufficient PgIB concentration within the
extract with the protein synthesis capabilities of the extract.

Looking ahead, our workflow provides a key step forward in
efforts to produce human glycosylation patterns in synthetic
systems. It holds promise to simplify the production process
for proteins with defined human-like glycans, both natural and
non-natural, and enable in-depth studies to understand and
engineer the impact of glycan position and identity on a
protein’s bioactivity.

B SIGNIFICANCE

An important feature of human N-linked glycans is an N-
acetylglucosamine (N-GlcNAc) residue at the reducing end of
the sugar, which is directly attached to asparagine residues in
proteins. It has been difficult to install this priming sugar at
high efficiencies with bacterial glycoengineering approaches.
To address this limitation, we developed and optimized a
simple, one-step, in vitro platform that integrates cell-free
protein synthesis and an enzymatic process to N-GlcNAcylate
proteins using a mutated version of a well-studied bacterial
oligosaccharyltransferase, PgIB, from Campylobacter jejuni. We
demonstrate that cell-free extracts enriched in PgIB™*''V can be
used for both cell-free protein synthesis of the acceptor protein
and as the source of PglB in in vitro glycosylation reactions to
enable > 98% conversion from aglycosylated to GlcNAcylated
protein. In addition, we demonstrate that the GIcNAc priming
sugar can be further elaborated to more complex, therapeuti-
cally relevant glycan structures. We anticipate that our cell-free
system will aid in the development of biomanufacturing
platforms for therapeutic proteins, as well as enable
mechanistic studies to understand the effects of different
glycoforms on biological responses.

B METHODS

Material Availability. Plasmids and strains used in this
study are available commercially or to interested parties via
Addgene. Further information and requests for resources and
reagents should be directed to and will be fulfilled by Michael
C. Jewett (mjewett@stanford.edu).
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E. coli Strains. BL21 Star (DE3): grown in Luria-Bertoni
media at 37 °C for overnight culture and 2xYTPG media at 37
°C for extract preparation.

DHSa: grown in Luria-Bertoni media for DNA preparation
or S.0.C. (Super Optimal broth with Catabolite repression)
during recovery after transformation at 37 °C.

CLM24 AlpxM: grown in Luria-Bertoni media at 37 °C for
overnight culture and either 2xYTPG or 2xYTP media at 37
°C for extract preparation along with the appropriate plasmid
selection antibiotic (followed by 30 °C after induction for
protein overexpression).

SCM6: grown in Luria-Bertoni media at 37 °C for overnight
culture and 2xYTP media at 37 °C for extract preparation
along with the appropriate plasmid selection antibiotic
(followed by 30 °C after induction for protein overexpression).

759.T7.0pt: grown in Luria-Bertoni media at 34 °C for
overnight culture and 2xYTPG media at 34 °C for extract
preparation.

Plasmids. Plasmid DNA was prepared using a ZymoPURE
Midi Kit or Qiagen HiSpeed Midiprep Kits according to
manufacturer instructions. During the enriched extract
preparation, kanamycin (50 yg/ml) was used to maintain the
plasmid encoding PgIB. A list of plasmids is provided in Table
1.

Table 1. A list of the Plasmids Used in this Study

plasmid source
pSF-CjPgIBN*!Y._LpxE-KanR this paper
pJL1-sfGFP-DQNAT-StrepII-6xHis this paper
pJL1-sfGFP-AQNAT-StreplI-6xHis this paper
pJL1 -CjPglB this paper
pJL1- CjPglBN3!Y this paper
pJL1- CjPglBSeoR-QS7PN3IY this paper
pJL1-LgtB Kightlinger et al.*”
pJL1-PdST6 Kightlinger et al.*’

Cell Extract Preparation. For preparing extracts from
BL21 Star™ (DE3) cells (Thermo Fisher C601003), cultures
were grown at the 1 L scale in 2.5 L tunair shake flasks or at the
10 L scale in a Sartorius Stedim BIOSTAT Cg)lus bioreactor.
Methods are similar to previous reports.’>**”’ To start with,
2xYTPG was inoculated at an optical density at 600 nm
(ODgyp) = 0.06—0.08 and incubated at 37 °C with agitation at
250 RPM. At ODgy, = 0.6, cells were induced for T7 RNA
polymerase expression by adding IPTG to a final concentration
of 0.5 mM. At ODgy = 3.0, cells were harvested via
centrifugation at 8000g for 5 min. The resulting cell pellets
were then washed with 25 mL of S30 buffer (10 mM Tris
acetate pH 8.2, 14 mM magnesium acetate, and 60 mM
potassium acetate) via vortexing in cycles of 15 s vortexing and
1S s on ice. After resuspension, cell pellets were centrifuged at
10,000g for 2 min, and the supernatant was poured off the cell
pellet. The wash step was then repeated for a total of 3 washes.
After the final wash step, cell pellets were massed, and 1 mL of
S30 buffer was added per 1 g of cell mass. Cells were then
resuspended via vortexing, again in cycles of 15 s vortexing and
1S s on ice. After resuspension, the cells were then lysed via
homogenization using a single pass through an Avestin
EmulsiFlex-B1S at 20,000—25,000 psig. Following homoge-
nization, the lysed cell solution was separated into 1 mL
aliquots and centrifuged at 12,000g for 10 min. The
supernatant was then collected and again centrifuged at
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12,000¢ for 10 min. After this final spin, the supernatant was
pooled together, aliquoted, flash frozen, and stored at —80 °C
until use.

For cell extracts derived from CLM24 cells, the above
directions provided for BL21 Star™ (DE3) cell extracts were
followed without inducing T7 RNA polymerase expression.
Additionally, the supernatant from the first 12,000g centrifu-
gation spin after cell lysis underwent a runoff reaction by
wrapping the tubes in aluminum foil and incubating for 1 h at
37 °C and agitation at 250 RPM.

For cell extracts derived from SCM6 cells, the directions
provided for extracts derived from CLM24 cells were followed.

For PgIB overexpression in cell extracts derived from
CLM24 AlpxM cells, the above directions provided for BL21
Star™ (DE3) cell extracts were performed with the following
changes. Prior to cell growth, electrocompetent cells were
transformed with pSF-CjPgIBN*"'V-LpxE-KanR and plated on
LB agar plates containing 50 pg/mL of kanamycin. Prior to cell
growth, the media were also supplemented with SO pg/mL of
kanamycin. At ODgyy = 0.6—0.8, rather than inducing for T7
RNA polymerase expression with IPTG, expression of PglB
was induced by adding arabinose to a final concentration of
0.1% w/v, and the culture was shifted to incubation at 30 °C
with an agitation rate of 220 rpm. Additionally, the supernatant
from the first 12,000g centrifugation spin after cell lysis
underwent runoft by wrapping the tubes in aluminum foil and
incubating for 1 h at 37 °C and agitation at 250 rpm.

For PglB overexpression in cell extracts derived from SCM6
cells, the above directions for extracts derived from CLM24
AlpxM cells were followed with the exception of growing in
media without glucose (2xYTP) and inducing for expression of
PglB at ODgy 0.6—0.8 with arabinose added at a final
concentration of 0.02% w/v.

For cell extracts derived from 759.T7.opt cells, the above
directions provided for BL21 Star™ (DE3) cell extracts were
performed with the following changes. All cell cultures were
incubated at 34 °C. After the wash steps, the cell pellet was
resuspended in 0.8 mL of S30 buffer per gram of cell mass.
Rather than homogenization for cell lysis, cells were lysed via
sonication with a Q125 Sonicator (Qsonica) by submerging 1
mL aliquots in an ice/water slurry and using 45 s on and 59 s
off cycles at 50% amplitude until ~705 J was reached.

Cell-Free Protein Synthesis Reactions. All cell-free
protein synthesis (CFPS) reactions using extracts derived
from BL21 Star™ (DE3) or 759.T7.opt cells were set up using
a modified PANOx-SP system.ﬂ*74 Briefly, each reaction was
assembled by mixing the following components: 8 mM
magnesium glutamate; 10 mM ammonium glutamate; 130
mM potassium glutamate; 1.2 mM ATP; 0.85 mM GTP; 0.85
mM UTP; 0.85 mM CTP; 34 ug/mL folinic acid; 0.17 mg
mL™! tRNA; 0.4 mM nicotinamide adenine dinucleotide
(NAD); 0.27 mM coenzyme A (CoA); 4 mM oxalic acid; 1
mM putrescine; 1.50 mM spermidine; 57 mM HEPES, pH 7.2;
2 mM of each of the 20 standard amino acids, 33 mM
phosphoenolpyruvate (PEP), 13.33 ng/uL plasmid template,
and 30% v/v cell extract. All of the reactions were incubated at
30 °C.

CEPS reactions using extracts derived from CLM24, SCM6,
and CLM24 AlpxM cells were setup as described above with
the addition of 0.1 mg mL™" T7 RNA polymerase in 50% w/v
glycerol and were run with 10 mM magnesium glutamate
instead of 8 mM magnesium glutamate.
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Nanodisc-supplemented CFPS reactions expressing PglB
were supplemented with 2 L of nanodisc MSP1E3D1 POPC
(Cube Biotech) per 15 uL of reaction mixture and were
incubated overnight.

The sfGFP acceptor protein was expressed in the lysates
described in Table 2 depending on the requirements of each
experiment, and the CFPS reaction was incubated for 4 h.
Elaboration enzymes LgtB and PdST6 were expressed in
759.T7.0pt to obtain as much enzyme as possible and were
incubated for 4 h. LgtB is subject to proteolytic degradation, so
it is important to limit CPES incubation time and prevent
overnight CFPS reactions.

In Vitro Glycosylation (IVG) Reactions. In vitro

Figure 5(two steps)
8.75 mM

50 mM (before purification)

50 mM (after purification)

50 mM (after purification)
25% (v/v) of CPES (759.T7.0pt)
25% (v/v) of CEPS (759.T7.0pt)

20% (v/v) of enriched extract (CLM24)
or purified GlcNAcylated protein
0%
0%

20% (v/v) of enriched 40% (v/v) of enriched extract (CLM24)

glycosylation (IVG) reactions™’> were run in 50 mM & TEE éc}
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40 pL. Various final concentrations of manganese chloride, 8 f) % % é S /;? ,;'Q ~E gy
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GlcNAcylation reaction was first run overnight with the d g [

MnCl,, UDP-GIcNAc, PglB N311V, and the stGFP acceptor g, g

protein expressed in CFPS. The samples were then purified by N % % = g g &

adding 40 uL of the wash buffer (50 mM sodium phosphate, R % E Sgo o < g8

pH 7.4, 300 mM NaCl, 10 mM imidazole) to each sample and e~ ° ° 3% 2

spinning samples at 16,100g at 4 °C for 10 min. The soluble g:g E

fractions were added to 30 uL of Dynabead His-Tag Isolation =R B

and Pulldown magnetic beads pre-equilibrated in the wash g s

buffer. Samples were incubated with rotation at 4 °C for 45 ZE =

min. Samples were then washed three times in 100 yL of wash o § = »:/

buffer and resuspended in 10 uL of elution buffer (50 mM g Z §

sodium phosphate, pH 7.4, 300 mM NaCl, 500 mM =

imidazole). Samples were incubated with rotation at 4 °C for T - o

30 min to complete the elution, and the supernatant was a8 %Eg éE

collected and buffer exchanged with Zeba spin columns (75 g §’§ s %E © ‘ée

4L, 7 kDa MWCO) to 50 mM HEPES, pH 7.4, 150 mM NaCl 5 Sg ¢ I % 2 58, S2ig g

following manufacturer’s instructions, using 3 pL of stacker 5 “ri% 58 o © gg E% v

buffer. 2 B g E3S)
Tandem Liquid Chromatography—Mass Spectrome- o = S ~

try (LC-MS). After IVG reactions, samples were spun at _5

16,100g at 4 °C for 10 min. The samples were purified by b T v

adding the soluble fraction to 30 uL of IBA MagStrep “type 3” 5 o B ;5 % A

Strep-Tactin magnetic beads pre-equilibrated in wash buffer © é == s s 25 55 .

(IBA buffer W) and incubating at 4 °C with rotation for at .g 2 g 5 5 E ,:\TG’ ° ° 33 =3

least 30 min. The samples were washed three times with 100 B g — =E 3

uL of wash buffer before being placed in 40 uL of elution & g° %5

buffer (IBA buffer BXT) and incubated at 4 °C with rotation W o

for at least 15 min. Purified samples were buffer exchanged to = 2 _ o

50 mM HEPES pH 7.4, 150 mM NaCl using Zeba spin 2 SR £

columns (0.5 mL, 7 kDa MWCO) following manufacturer’s - s s %\? 8%

instructions and using 15 uL of stacker buffer. Trypsin ; £ EE é é “E o o r:\c% 8 2

(Promega) was added to a final concentration of 0.003 mg 9 @28 o o =3 =3 ©

mL™" to the samples and incubated for at least 1.5 h. C18 é %@/ §é

peptide cleanup spin columns (Agilent) were then used to O> % i

clean up the samples following manufacturer’s instructions. é

After elution, samples were completely evaporated in a vacuum : g . 23 5 o

evaporator and resuspended in 25 pL of nuclease-free water. 2 g é o s g % - ° %g $

Samples were spun at 21,000g at 4 °C for 10 min before being = g SEGESEZE g E 2Eh E 2

loaded into HPLC vials. Five yL of sample was injected on a = e S - R
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1290 Infinity II UHPLC System (Agilent Technologies Inc.,
Santa Clara, California, USA) onto a Poroshell 120 EC-C18
column (1.9 pm, 50X 2.1 mm) (Agilent Technologies Inc.,
Santa Clara, California, USA) for C-18 chromatography, which
was maintained at 40 °C with a constant flow rate at 0.400 ml/
min, using a gradient of mobile phase A (water, 0.1% formic
acid) and mobile phase B (100% acetonitrile, 0.1% formic
acid). The gradient program was as follows: 0 — 1 min, S%B; 1
— 8 min, 5 — 100%B; 8 — 10 min, hold 100%B; 10 — 10.10
min, 100 — 5%B; 10.10 — 1S min, hold $%B. “MS-Only”
positive ion mode acquisition was conducted on the samples
on an Agilent 6545 quadrupole time-of-flight mass spectrom-
eter equipped with a JetStream ionization source. The source
conditions were as follows: gas temperature, 300 °C; drying
gas flow, 12 L/min; nebulizer, 60 psi; sheath gas temperature,
400 °C; sheath gas flow, 11 L/min; VCap, 3500 V; fragmentor,
170 V; skimmer, 65 V; and Oct 1 RF, 750 V. The acquisition
rate in MS-Only mode was 2 spectra/s, from m/z 100 to 1700
m/z range and utilizing m/z 121.05087300 and m/z
922.00979800 as reference masses. The liquid chromatography
method for the MS/MS fragmentation was identical to that
above. Both the + 4 and + 3 charge states of the aglycosylated
and GlcNAcylated peptides were targeted (911.669, 1215.223,
962.439, and 1282.916) for fragmentation with a ramped
collision energy with a slope that was 3.6 with an offset of
—3.8. Other MS parameters remained identical with those
described above.

Sample files were imported to Agilent MassHunter B10.0
Qualitative Analysis B10.0. The N-GlcNAcylation efficiency
was calculated by taking the ratio of the area under the curve of
the EIC for the + 4 charge state corresponding to the mass to
charge ratio of the GlcNAcylated species to the total area
under the curve of the EIC for both the aglycosylated and
GlcNAcylated species. Similarly, the relative abundances of the
trisaccharide species were calculated by taking the ratio of the
area under the curve of the EIC for the designated species to
the sum of the areas under the curve of all the species.

Definitive Screening Design Setup. Definitive screening
design experiments were designed in JMP Pro 17 by using the
definitive screening design tab. No blocks were used, and 4
extra runs were used for both experiments to improve power.
The run order was randomized by the software. After data
collection, data were analyzed using the fit definitive screening
tab in the software.

Western Blotting. Samples were loaded on a 4—12% Bis-
Tris gel and run with MES SDS running buffer for 45 min at
200 V. Samples were then transferred to Immobilon-P-
poly(vinylidene difluoride) (PVDF) 0.45 um membranes for
45 min at 80 mA per blot using a semidry transfer cell
Following transfer, the membranes were blocked for 30 min at
RT in intercept blocking buffer. Following blocking, the
membranes were then probed for 1 h at RT using an FITC-
conjugated anti-FLAG tag antibody (Abcam Ab2492) at
1:7500 dilution in intercept blocking buffer supplemented
with 0.2% Tween20. Following primary antibody incubation,
the blots were then washed five times for $ min with 1 X PBST
at RT. After washing, a fluorescent goat, anti-rabbit GAR-
680RD (LI-COR 926—68071) antibody was used as the
secondary antibody at a dilution of 1:10,000 in intercept
blocking buffer supplemented with 0.2% Tween20 and 0.001%
SDS. Following a 1-h incubation at RT in the secondary
antibody, the blots were again washed five times for 5 min with
1 X PBST followed by one wash for S min in 1 X PBS. Blots
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were imaged using an Odyssey Fc Imager (LI-COR) and
images were analyzed by densitometry using Licor Image
Studio.
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