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ABSTRACT: The important roles that protein glycosylation plays in modulating the activities and efficacies of protein therapeutics
have motivated the development of synthetic glycosylation systems in living bacteria and in vitro. A key challenge is the lack of
glycosyltransferases that can efficiently and site-specifically glycosylate desired target proteins without the need to alter primary
amino acid sequences at the acceptor site. Here, we report an efficient and systematic method to screen a library of
glycosyltransferases capable of modifying comprehensive sets of acceptor peptide sequences in parallel. This approach is enabled by
cell-free protein synthesis and mass spectrometry of self-assembled monolayers and is used to engineer a recently discovered
prokaryotic N-glycosyltransferase (NGT). We screened 26 pools of site-saturated NGT libraries to identify relevant residues that
determine polypeptide specificity and then characterized 122 NGT mutants, using 1052 unique peptides and 52,894 unique reaction
conditions. We define a panel of 14 NGTs that can modify 93% of all sequences within the canonical X_;-N-X,;-S/T eukaryotic
glycosylation sequences as well as another panel for many noncanonical sequences (with 10 of 17 non-S/T amino acids at the X,,
position). We then successfully applied our panel of NGTs to increase the efficiency of glycosylation for three protein therapeutics.
Our work promises to significantly expand the substrates amenable to in vitro and bacterial glycoengineering.

KEYWORDS: cell-free protein synthesis, synthetic biology, high-throughput, glycosyltransferase, glycosylation, therapeutics

B INTRODUCTION Among these synthetic glycosylation systems, a class of
bacterial cytoplasmic enzymes known as N-glycosyltransferases
(NGTs) are important for glycoengineering because they can
efficiently transfer a single glucose residue from a uracil-
diphosphate-glucose (UDP-Glc) sugar donor onto certain
native eukaryotic sequences.'”*’ This glucose residue can then
be extended into a full-length glycan using glycosyltrans-
ferases”' or endoglycosidase chemoenzymatic glycan remodel-
ing.”>* Rigorous analyses of NGT specificities have shown
that NGT's can only modify a fraction of all possible eukaryotic
N-glycosylation sequences.'”>* Because there is a continuously
expanding set of potential therapeutic protein targets that
could be optimized by glycoengineering—including proteins
lacking the canonical N-X-S/T glycosylation sequences—there
is a clear need to engineer or discover NGTs that enable the

N-Linked protein glycosylation is the modification of
asparagine side chains with oligosaccharides and is among
the most common and complex post-translational modification
found in nature.' In eukaryotes, N-glycans are installed at the
canonical sequence motif N-X-S/T (where X # P).” The
majority of protein therapeutics are N-glycosylated® and
differences in glycosylation patterns are known to have strong
effects on bioactivity,”* protein stability,” and serum half-life.”
The introduction of additional N-glycosylation sites into
therapeutic proteins has also been shown to improve
therapeutic properties, including prolonged serum halflife.*”
While the use of mammalian cell lines with endogenous N-
glycosylation pathways is the most common method to
produce glycoprotein therapeutics, these constitutive systems
limit the diversity of glycan structures that can be

constructed'”'" and often suffer from heterogeneity of the Received: December 22, 2023
glycoprotein products.”'>'* These limitations have motivated Revised:  February 29, 2024
the development of synthetic glycosylation systems in Accepted: March 1, 2024
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Escherichia coli or in vitro to instal or remode
defined glycans to precisely control the structures and
properties of glycoproteins.
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Figure 1. Peptide library screening to identify ApQ residues that determine acceptor peptide specificity. (a) Binding pocket of ApNGT (PDB ID:
3Q3H*") with 26 potential peptide binding residues (highlighted in red). The donor UDP is marked in yellow. (b) An SSVL containing equal
amounts of all 19 nonwildtype amino acids was synthesized as linear DNA template for each residue (A469 as an example). These SSVLs were
amplified by PCR to generate LETs and expressed in CFPS to produce protein SSVLs. The protein SSVLs were then used to modify a library of
peptide substrates with the motif X_,-N-X, ,-TRC and analyzed via SAMDI-MS. A heatmap of peptide modification is shown (bottom-right), with
the same descending order of average modification for amino acids at the X_; and X, positions, respectively, as ApQ. A new heatmap of —In(1 —
Y) (bottom-left), where Y is the peptide modification, was generated. Because we use the concentration of peptides much lower than Ky, the
average k,,/Ky of each SSVL can be calculated using the average —In(1 — Y), yellow highlighted in heatmap, with the equation k/Ky = —In(1 —
Y)/c/t. The average k,,/Ky relative to ApQ is shown in (c). All SSVLs show decreased average k ,/Ky. (d) Average value of —In(1 — Y) in each
row of X_; amino acid, and each column of X,; amino acid for each SSVL, is compared to that of ApQ, which chooses to have the same value of
average —In(1 — Y) of the entire library as the SSVL, to show the percentage difference using the equation 2 X |Ave(X) — Ave(ApQ)I/(Ave(X) +
Ave(ApQ)). Mean percentage difference of the X_; (left) and X, (right) positions are presented using the average of the percentage differences for
all rows and columns, respectively. Values higher than 20 and 30% are highlighted in blue and red bars, respectively. Given the focus on a rapid

screen, all experiments were completed with n = 1.

modification of an expanded set of acceptor sequences. The
broad goal of this work is to develop a synthetic biology
workflow to discover and identify a repertoire of NGTs
capable of glycosylating any sequence of interest, alleviating the
need to alter the primary amino acid sequences of target
proteins for naturally occurring glycosylation sites or
introducing new glycosylation sites.

Approaches based on traditional directed evolution are
effective for engineering enzyme activity toward a single
substrate but are not yet suited to developing enzymes that
display multiple functions (i.e., distinct peptide specificities).
Wells and collaborators addressed this limitation by developing
a method to engineer peptide ligases by identifying modified
substrates from the E. coli proteome using a liquid-
chromatography tandem mass spectrometry (LC-MS/MS)
proteomics approach.”* While proteomic identification works
well for ligases and proteases,” it is difficult to apply to
glycosylation enzymes because enrichment methods for
glycopeptides are not generalizable and differences in substrate
peptide length strongly affect glycosylation efficiency."”
Furthermore, proteomic identification provides some informa-
tion on substrate preferences but does not directly measure

activity. We have developed a general and versatile assay based
on self-assembled monolayers for matrix-assisted laser
desorption/ionization mass spectrometry (SAMDI-MS),
which can rapidly and quantitatively measure enzymatic
specificities and activities on a large number of substrates
without the need to purify enzymes or substrates.'”***” We
have combined this method with cell-free protein synthesis
(CFPS)*® of enzymes to create the GlycoSCORES workflow,
which we used to analyze the specificity of several NGTs.'”**

Here, we report the use of the GlycoSCORES workflow with
high-throughput CFPS reactions from PCR-derived linear
expression templates (LET-CFPS)***° to develop a panel of
NGTs that expands the range of sequences that can be directly
glycosylated. Our parallel workflow to develop this panel relies
on two key steps. First, we screened acceptor sequence
specificity on pools of 26 site-saturated variant libraries
(SSVLs) of the parent NGT. Each of the SSVLs is comprised
of 19 mutants at a specific residue that was targeted for
mutagenesis based on inspection of the NGT crystal structure
and expected interactions with the substrate peptide. By
screening these SSVLs on substrate peptide libraries, we
separately identified residues that determine specificity at the
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X_, X_y, X,1, X5, and X, positions of the substrate peptide,
relative to the glycosylated asparagine. Second, we generated
and rigorously characterized precise, single or double mutants
that collectively expand the set of canonical (N-X-S/T where X
# P) and noncanonical (N-X-Z where X # P and Z # S/T)
peptide sequences that can be efficiently modified compared to
the parent NGT alone. We discovered 13 NGT mutants, in
addition to the parent NGT, which significantly increase the
fraction of all X_; and X, canonical sequence combinations
(684 in total) that can be modified with high efficiency—in
yields of approximately 45—65%. Another panel of NGTs
allow for modification of a variety of sequences with the X,,
positions besides S/T (10 of 17 amino acids, e.g, Ala, Asp,
Met and Val). Moreover, we demonstrated the utility of our
NGT mutant panel by increasing the modification efficiency of
approved therapeutic proteins, compared to the parent NGT,
without modifying their amino acid sequences. We expect that
this method will be helpful in the development of additional
enzymes with altered specificities, and we anticipate that the
NGT mutants discovered here will significantly expand the
application areas for bacterial and in vitro glycoengineering.

B RESULTS

Identifying Specificity-Determining Residues by Site-
Saturated Library Screening. To develop a panel of mutant
NGT enzymes capable of efficiently modifying a broad range
of defined protein glycosylation sites, we first set out to identify
the residues that directly determine substrate specificity. While
a crystal structure of the NGT complex with the substrate
could provide this information, the known crystal structure of
NGT*' from Actinobacillus pleuropneumoniae (ApNGT) does
not provide the location of the acceptor peptide, only showing
the uracil diphosphate (UDP) portion of the UDP-Glc sugar
donor. Therefore, it was necessary for us to first identify
residues that determine specificity by directly screening
enzyme mutants. To that end, we selected 26 residues
surrounding the UDP-binding pocket of ApNGT for muta-
genesis (Figure 1a). We then ordered fully saturated libraries
for each of these residues as linear DNA, using a previously
reported Q469A mutant of ApNGT (we refer to this parent
mutant as ApQ)**>*” as a starting point because it has much
higher activity than wildtype ApNGT for its peptide substrates.
Each of these SSVLs contained DNA encoding enzymes with
an approximately equal mixture of the 19 non-wildtype amino
acids (indicated by an “X”) at one of the 26 targeted residues.
In this way, we test each library as a pool, rather than
individual clones, to identify residues having the greatest
impact on activity and peptide specificity.

We performed PCR on each of these SSVLs and directly
used the resulting linear expression templates (LETs) to drive
expression of protein SSVLs in CFPS (Figure 1b). All 26
SSVLs were expressed at similar levels compared to ApQ
(Supplementary Figure 1). All 26 protein SSVLs as well as the
parent ApQ were used directly in glycosylation assays of each
peptide in a 361-member substrate library with the motif X_;-
N-X,;-TRC where X_, and X, are one of the 19 amino acids
(Cys excluded). After in vitro glycosylation (IVG), peptides
and glycopeptides were covalently pulled down onto
maleimide-functionalized self-assembled monolayers by reac-
tion with the C-terminal cysteine and then analyzed with
SAMDI-MS for peptide modification (modification heatmaps
shown in Supplementary Figure 2).

To compare the differences between ApQ and each of the
SSVLs, we first calculated the average activity across the entire
peptide library. We used concentrations of peptide substrates
that were generally 10-fold lower than the Ky for most peptide
and NGT combinations'”” and were therefore able to
compare the approximate k_./Ky; of each reaction using the
equation —In(1 — Y) = k,/(Ky*c*t), where ¢ is enzyme
concentration, ¢ is reaction time, and Y is yield of modification.
We converted each modification data point within each
heatmap for the 26 protein SSVLs to generate heatmaps
showing —In(1 — Y) (Figure 1b) and then obtained an
approximated average k./Ky value for each SSVL across all
361 peptides. While this quantification method does not
provide an exact k./Ky; value for each enzyme—substrate
combination (doing so would require tens of separate
measurements for each substrate), it did allow us to present
and compare one approximate value of average k,/Ky; for
each SSVL based on 361 data points for each peptide substrate
in the library. To enable comparison, the average k_./Ky of
each SSVL was then normalized to that of ApQ (Figure 1c, see
Online Methods for more details). As might be expected, no
SSVL showed greater activity—measured as an average across
all 361 peptides—than the parent ApQ. We observed that the
R177X, D215X, R281X, and M440X SSVLs had the poorest
average activities (less than 2% relative to ApQ), indicating
that no individual mutant in these SSVLs provides activity
close to that of ApQ_and that these residues may likely be
important to catalysis or substrate (peptide receptor or sugar
donor) binding of ApQ.

Next, to identify the residues that strongly influence
specificity at each position of the substrate peptide, we
quantitatively compared the differences in substrate specificity
for each of the SSVLs with that of ApQ. We began by
measuring the modification of our X_;-N-X,-TRC peptide
library at different concentrations of ApQ in order to generate
a series of heatmaps for ApQ with various levels of average
—In(1 — Y). In this way, we could select the appropriate
heatmap in order to compare the peptide selectivity difference
of ApQ and each of the 26 protein SSVLs using heatmaps with
the same value of average —In(1 — Y) (Supplementary Figure
3). We then calculated the percentage difference of each X_;
amino acid (each row of the heatmap) for each SSVL
compared to ApQ from the average —In(1 — Y) value for all 19
peptides within that X_; amino acid, using the equation 2 * |
Ave(X) — Ave(ApQ)I/(Ave(X) + Ave (ApQ)), where Ave(X)
and Ave(ApQ) are the average —In(1 — Y) for each SSVL and
ApQ, respectively. The average of all 19 percentage differences
in X_; amino acid rows gave the mean percentage difference
for the X_; position (Figure 1d). We performed a similar
analysis to determine the mean percentage difference for the
X, position for each SSVL (Figure 1d). The mean percentage
difference heatmap of ApQ and all SSVLs compared to each
other is shown in Supplementary Figure 4. Based on these
data, we concluded that the residues playing the strongest role
in determining specificity of the enzyme for the X_, position of
the acceptor peptide are, in order from strongest to weakest:
T438, A469, Y498, H214, and 1279. Similarly, we found that,
for the X, position, residues A469, H214, R177, H219, and
T438 have the greatest impact on specificity. We found that
residue 469 plays a relatively strong role in determining
enzyme specificity for both the X_; and X, positions, as well
as the UDP sugar donor as reported previously.’**
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Figure 2. Screening individual ApQ mutants with unique specificities for the X_;and X, acceptor peptide positions. (a) Relative average k,./Ky; of
individual mutants, from T438, A469, and H219, compared to ApQ against the X_-N-X,,-TRC peptide library. Only T438S shows a slight
increase in relative activity (1.1-fold), while T438D/E/K/R/W and H219R show poor activities that are less than 0.001-fold of ApQ (H219R was
not screened with entire library and T438D/E/K/R/W were screened but showed poor modification, see Supplementary Figure 9). (b) Mean
percentage differences of X_; (upper), X,, (middle), and entire library (lower) for each mutant compared to ApQ. The mean percentage difference
of the entire library is the average of the value of X_; and X,,. A value higher than 75% is highlighted in red bars. (c) Heatmap of the relative
selectivity for amino acids at the X_; and X, positions of ApQ and all individual mutants of the three selected residues (T438, A469, and H219).
Relative specificity is defined as the ratio of the average —In(1 — Y) at each amino acid lane to the maximum value of all 19 X_, or X,, lanes. The
amino acids at the X_; and X, positions are organized in the same order as modification heatmaps, and the order of individual mutants at each
residue is the same as (a) and (b). The heatmap with numerical values is also shown in Supplementary Figure 12. These data show that T438
mutants exhibit large specificity differences for the X_, position, H219F/W for X, ,, and A469 mutants for both X_, and X, ,. All experiments were
completed with n = 1.

Having identified the residues that play the strongest roles in
determining the polypeptide specificity of ApQ for the X_; and
X,, positions of the acceptor peptide, we next pursued
analogous experiments to identify residues that affect
specificity for the X,,, X_,, and X,; positions. Here, we
chose six representative X_-N-X,-TRC peptide sequences

preferred by ApQ and produced new peptide libraries that
substituted the Thr with the other 18 amino acids at the X,
position, adding 19 X_, amino acids, or inserting 19 X, ; amino
acids (again, with Cys excluded in all peptides), respectively.
We then screened the specificity of select SSVLs for each
position that the earlier experiments suggested to have an
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Figure 3. Expanded set of peptide sequences eligible for glycosylation by engineered NGTs. (a, b) Modification heatmaps of the peptide libraries
X_;-N-X,;-T (a) or X_;-N-X,,-S (b) for ApQ (left) and the maximum modification from 14 selected NGTs (ApQ, H219F, H219W, T438S,
T439E, A469G, A4691, H495D, H219F-T438S, H219F-H495D, H219W-T438S, H219W-H495D, A469G-H495D, and A4691-H495D) (right). All
NGTs were tested using the same condition: 0.545 uM NGT produced in LET-CEPS, 30 °C for 3 h. There are improvements for the peptides
inefficiently modified by ApQ. Specifically, peptides with Asn, Asp at the X, position, and Lys, Arg at X_; are modified at higher efficiencies by the
panel of 14 NGTs compared to ApQ alone. Heatmaps annotated with numerical values and the optimal NGT for each peptide substrate are shown
in Supplementary Figure 19. All experiments were completed with n = 1. (¢, d) Comparison of all peptide substrates within the canonical
glycosylation motif (X_,-N-X,,;-T, X,, # P in (c)) or X_;-N-X,,-S (X, # P in (d)) modified with more than 80% efficiency in (a) and (b) by ApQ
(left) and the maximum value from 14 selected NGTs (right). The percentage of peptides with more than 80% modification (highlighted in blue)
increased from 56 to 80% for the X_;-N-X_-T library and from 33 to 51% for the X_,-N-X,,-S library.

important role in specificity. We found that D215 and R177
were important in determining specificity for the X,, position,
H277 for X_,, and H214 for X,; (Supplementary Figures S—
7). These observations identify those residues that interact
with and determine specificity for the acceptor peptide (shown
in Supplementary Figure 8); however, they do not rigorously
establish that the interactions are direct. Of note, position 215
was recently identified as important for glycosylating non-
canonical sequons in an investigation into the -catalytic
mechanism of ApNGT.”

Screening Individual NGT Mutants with Unique
Substrate Specificities. After identifying the specificity-
determining residues, we sought to screen the individual
mutants at these residues to understand which peptide
sequences were preferred as substrates. Based on our analyses,
we decided to deconvolute the activities of each mutant within
three of the 26 SSVLs—H219, T438, and A469—using the
X_;-N-X,;-TRC peptide library (Supplementary Figures 9—
11). We first isolated individual mutants from the SSVLs by
circularization of the linear DNA and transformation of the
resulting plasmids (see Online Methods). We found that each
individual variant was expressed at similar levels (Supple-
mentary Figure 1). Only T438S showed an increase in average
glycosylation activity over ApQ (Figure 2a), while T438D/E/
K/R/W and H219R had the poorest activity (less than 0.1%
relative to ApQ). The activities of mutants at T438, likely an
important residue for peptide binding according to our screen,
varied significantly over the 19 mutants. We also analyzed the

peptide selectivity for these individual mutants (Figure 2b).
Most of T438 mutants exhibited altered specificities for the
X_, position, with little effect on the X, position; however,
T438H showed altered X, specificity and small changes in X_,
specificity. Most A469 mutants showed different preferences
for both the X_; and X, positions. Mutations of A469 to F/
H/P/R/Y had a stronger effect on X_; specificity while to G/
I/N/S had a stronger effect on X, ;. Of the H219 mutants, only
H219F/W strongly affected the peptide selectivity at the X,
position.

The differential selectivity of each mutant on amino acids at
the X_; or X,, position allows them to be used for unique
purposes (e.g, site-specific modification) (Figure 2c). For
example, most of the T438 mutants preferred Met or Gly over
ApQ-preferred Pro and Ala at X_;; most A469 mutants
preferred other amino acids, like Val, Ala, His, over ApQ-
preferred Ile and Met at X,,;; H219F and H219W had very
similar peptide specificities and exhibited significant increases
in their preference for peptides with Asn and Asp at X, ;, which
is not preferred by ApQ. We also performed a pairwise
comparison of the specificity differences between all individual
NGT mutants at each residue and found that many mutants
possess unique preferences (Supplementary Figure 13).

Expanding the Set of Sequences Eligible for
Glycosylation by Selected NGT Mutants. To identify a
panel of mutant NGTSs that can modify comprehensive sets of
acceptor sequences, we first selected six NGTs (T438S,
A469G, A4691, H219F and H219W, as well as the parent
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Figure 4. Selected NGT mutants enabling superior modification of therapeutic proteins. (a) Peptides with the sequences from approved
therapeutic proteins are confirmed to have greater modification when glycosylated by purified mutants compared to ApQ. Folds of modification to
ApQ are presented for each peptide. All experiments were completed with n = 3 IVG reactions. Experimental conditions: 1 uM (for TNYS), 0.05
uM (for LNLS), or 0.2 uM (for YNST) purified NGT, 30 °C for 3 h. (b) Purified approved therapeutic proteins exhibit enhanced modifications
when glycosylated by selected mutants compared to ApQ. Folds of modification to ApQ_are presented for each protein glycosylation site. After
IVG, the solutions were dialyzed, trypsinized, and analyzed with LC-qTOF. ApQ showed no detectable modification of IFNy (marked as “ND”).
All experiments were completed with n = 2 or n = 3 individual IVG reactions (as indicated in graph). Experimental condition: S yM purified NGT,
S mM UDP-GIc, 30 °C for 12 h. (c) Fc showed increased modification for H495D over ApQ in CFPS expression. Folds of modification to ApQ are
presented. Fc, with a 6xHis tag, was expressed by LET-CFPS supplemented with purified NGT and UDP-Glc. After the CFPS reaction, Fc was
purified with magnetic beads, dialyzed, trypsinized, and analyzed with LC-qTOF. All experiments were completed with #n = 3 individual CFPS
reactions. Experimental condition: 2 uM purified NGT, S mM UDP-GlIc, 30 °C LET-CFPS for 6 h. All protein modification efficiencies can be

found in Supplementary Table 7. All p values were from the two-tailed t-test with p < 0.01 (**) or p < 0.001 (***).

ApQ) arising from our initial screens. This panel of NGTs
combined to provide the highest activity for the broadest range
of peptides in the initial X_;-N-X,,-TRC substrate library
(based on the calculated appropriate k,/Ky for each peptide-
NGT combination). We then screened the activities of these
NGTs under identical conditions (0.545 uM NGT for 3 h at
30 °C) across a total of 684 peptide sequences of the form
X_;-N-X,;-TRC and X_;-N-X,;-SRC (Supplementary Figures
14 and 15). These six NGTs all displayed less activity with Ser
than with Thr at the X,, position. The five ApQ mutants
added to the panel significantly expanded the set of sequences
within the X_|-N-X,;-S/T motif that can be efficiently
glycosylated (where the modification was greater than 80%)
by 17% (118 of 684 peptides).

However, we noticed that even with these five additional
ApQ mutants, the glycosylation of peptide substrates with Lys
or Arg at the X_; position remained challenging. To address
this gap and further expand the permissible substrate scope, we
tested enzymes with mutations to residues that are nearby the
hypothesized X_, interaction site (Supplementary Figure 8)
and exhibited high activity in SSVL screens—T439, H495, and
P497 (details described in Supplementary Figure 16). We
found that T439E and some individual H49S mutants
(particularly H495D) showed significantly increased prefer-
ences for peptides with Lys or Arg at the X_; position
(heatmaps in modification of the full X_;-N-X,;-TRC substrate
library by representative mutants are shown in Supplementary
Figure 17). To further expand the set of preferred sequences,
we also generated and screened double mutants that combined
two single mutations identified above. Specifically, we
combined H495D with mutations that provided unique
specificities at the X, position (A469G, A469], and H219F/
W). We also combined the H219F/W with mutations that

provided unique specificities at X_; (T438S and H495D)
(Supplementary Figure 18).

Finally, we assembled and tested a panel of 14 selected
NGTs (ApQ, H219F, H219W, T438S, T439E, A469G, A469],
H495D, H219F-T438S, H219F-H495D, H219W-T438S,
H219W-H495D, A469G-H49SD, and A4691-H495D) with
the entire or partial X_|-N-X,;-TRC and X_,-N-X,,-SRC
peptide libraries under identical reaction conditions (Supple-
mentary Figures 14—16, 18). Our goal was to demonstrate that
this NGT panel could enable the glycosylation of a diverse
range of peptides. We observed that these enzymes did
significantly increase the maximum modification efficiency for
260 of the 684 canonical X_;-N-X,,-S/T glycosylation
sequences over ApQ alone (Figure 3a,b and Supplementary
Tables S and 6). Specifically, we increased the percentage of
peptides with modification greater than 80% from the 45 to
66% (Figure 3c,d) and the percentage of peptides with
modification greater than 5% from 80 to 93% (Supplementary
Figure 19).

Glycosylation of Approved Therapeutic Proteins
Using NGT Mutants. As a proof of principle, we next
demonstrated the utility of specific mutants from the NGT
mutant panel developed above to glycosylate three model
therapeutic proteins: interferon-gamma (IFNy), granulocyte—
macrophage colony-stimulating factor (GM-CSF), and the
constant region (Fc) of a human immunoglobulin antibody
(IgG1). At the peptide level, we found that the purified A4691
mutant glycosylated the sequence TNYS found in IFNy more
efficiently than did ApQ (Figure 4a). Similarly, T438S
glycosylated the LNLS sequence from GM-CSF more
efficiently than did ApQ, and H495D glycosylated the YNST
sequence from Fc more efficiently than did ApQ (Figure 4a).
We then confirmed these relative activities at the protein level
using purified IFNy and GM-CSF as substrates. After

https://doi.org/10.1021/acssynbio.3c00769
ACS Synth. Biol. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00769?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00769?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00769?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00769/suppl_file/sb3c00769_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00769?fig=fig4&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.3c00769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology pubs.acs.org/synthbio Research Article
a COQWLOI _X 1SZo 00> ><d0wunLO0T_X1SZz0oa0xneE>33 >
oEEEEEREERERRECRERER 2ot nEboElbass
O ™ ™ ™ ™ T T T T T T T T T T ONANNNNNNNNNNNNNNNNNN
YA AKX XXXOOOOOONN0BO000A83388 5
— A -
G
K
M
Q
R
W
H
D
E
X+2 N
P
v
1
L
F
Y
T || || || L
LS 0.0
b COQWLOI_XJISZ2000EF>3>C0wuLOI_X15Z20a0xnkE >3 >
ORRKRRKRRKRRKRRKRRRRRRRRKRRRRRRR2222220200002002002200020222
O™ ™ " " " " T T T T T T T T T e NANNNNNNNNNNNNNNNNNN
P r XA IEEEEEEOOOOOOOOOOONAAAAAAA 10
— A _ﬁ' D
G
K
M [ |
Q
R | |
w
H
D [ | [ |
E
X+2 N u
P | [ | [ |
Y || |
L
F
Y
T L
L s || 0.0

Figure 5. Screening NGT mutants for expanded specificity at the X,, position. (a) Average —In(1 — Y) heatmap for non-S/T amino acids at X,,
with all R177 and D215 individual mutants (values for T/S shown below). Six X_;-N-X,|-T peptide sequences preferred by ApQ were substituted
with 18 amino acids (Cys excluded) at X,, and screened against all individual R177 and D21S mutants. All heatmaps show results from n = 1
experiment. All reactions were performed with 0.545 M NGTs produced in LET-CFPS, 30 °C for 12 h. X,, amino acid lanes are arranged in the
same descending order as ApQ shown in Supplementary Figure 5. The modification heatmaps for X,, with ApQ and all individual mutants are
shown in Supplementary Figure 22. (b) Relative amino acid selectivity of X,, based on data in (a), divided by the maximum value of all X,, (except
S/T) for each mutant. The relative selectivity for S/T is also shown below over the same maximum value and may be higher than 100%. When Asn
is present at X,,, the modification may come from the second Asn at NRC, rather than N-X-N if the modification for W-N-I/V-N-RC is more

preferred than A-N-I/V-N-RC.

glycosylation, the target protein was digested with trypsin and
analyzed by liquid chromatography-quadrupole time-of-flight
(LC-qTOF) mass spectrometry (Figure 4b). The relative
modification, using the percent area of integrated extracted ion
chromatograms, showed that the NGT mutant achieved more
efficient glycosylation than did ApQ_(Figure 4b). We also used
MS? to confirm the identity of the targeted peptides
(Supplementary Figure 20). Notably, the glycosylation of
sequences within folded intact proteins is less efficient than
that of the corresponding sequences as free peptides. Using Fc
as an example, we showed that the modification of proteins
could be improved by supplementing NGTs at the beginning
of the CFPS reaction to simultaneously express and glycosylate
substrate proteins prior to folding. By adding 2 yuM ApQ
before rather than after the Fc expression in the CFPS reaction,
we found that the glycosylation efficiency of Fc was increased
from 15 to 46% (Supplementary Figure 21 and Table 7).
Supplementing with the H495SD mutant (2 yM) rather than
ApQ pre-CFPS increased the modification of Fc to 60%, a 30%
improvement (Figure 4c and Supplementary Table 7). By
supplementing with a larger amount of of H495D (S M), 80%

modification of Fc could be achieved (Supplementary Figure
21). Taken together, our data show that native amino acid
sequences having the canonical glycosylation sequence N-X-S/
T can be modified more efficiently with the mutant NGTs
identified using our high-throughput experimentation.
Expanding X,, Selectivity beyond Canonical Glyco-
sylation Motifs. Thus far, the enzymatic N-glycosylation of a
target protein has required a canonical N-X-S/T glycosylation
motif that is either naturally present or introduced by altering
primary amino acid sequences. This requirement for a Ser or
Thr residue presents a significant constraint to generalize
enzymes for protein glycosylation. However, the introduction
of new glycosylation sites without modifying primary amino
acid sequences could also be enabled by engineered NGTs
having a preference for sequences beyond the canonical
glycosylation motif N-X-S/T. Therefore, the development of
NGTs that do not require Ser or Thr at the X,, position would
expand the range of sequences and proteins eligible for
glycosylation. Based on our previous specificity screens and
hypothesized peptide-interaction residues (Supplementary
Figures S and 8), R177 and D21S were identified as the
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specificity-determining residues for the X,, position. We then
sought to discover mutants that can glycosylate peptides
without Ser or Thr at the X,, position by screening all
individual mutants of R177 and D215 across the peptide
library of the form (X_;NX,;)X,,RC (Supplementary Figure
22). As expected and also recently reported,” we found that
most mutants tolerated S/T at the X,, position. However, we
also found that R177 individual mutants tolerated A/R/P/V,
D215 individual mutants tolerated A/D/E/V/I/L, and ApQ
tolerated A/G at the X,, position (Figure S5a). D21SG
exhibited the broadest promiscuity for X,, amino acids and
could modify sequences with A/M/D/V/I/L at relatively high
efficiency, as well as G/Q/W/E/N/F/Y at medium efficiency.
Interestingly, we found that D21SF/I/L/V lost their
preference for peptides with S/T at X,, (Figure Sb). These
findings can be used to guide the choice of an NGT mutant to
target a sequence with a given X,, amino acid (Figure 5a) or to
selectively target sequences with one X,, amino acid over
another (Figure Sb).

Finally, we sought to explore which noncanonical sequences
might be targeted with our newly discovered R177 and D215
mutants that exhibited expanded specificity at the X, position.
In our previous SSVL screens, D215X exhibited little change in
X_, and X, specificity. Therefore, the X_;-N-X,;-TRC screen
of D215X (Supplementary Figure 2) can be used to
approximate the specificity of all D215 mutants for X_; and
X,, combinations. However, we also observed that R177X
significantly altered the enzyme selectivity for the X_; position.
Therefore, we screened all R177 mutants with X_;-N-X,;-TRC
to determine which X_; and X,; combinations could be used
with non-S/T amino acids at the X,, position (Supplementary
Figure 23). Overall, we found that 10 non-S/T amino acids
(A/G/M/R/D/E/P/V/I/L) at the X,, position can be
modified at relatively high efficiency on the peptide level
However, we note that the modification of noncanonical
sequences remains less efficient than that of the canonical
sequences. Further engineering or evolution of NGT' targeting
noncanonical peptide sequences will be required to achieve
highly efficient modification of noncanonical sequences in
therapeutic proteins.

B DISCUSSION

In this work, we present a systematic method to build enzymes
for synthetic glycosylation pathways. We identify enzyme
residues that determine specificity for each amino acid position
of peptide substrates, and we use these sites as a starting point
to develop a panel of specificity-distinct NGTs capable of
modifying unique sets of substrate sequences. Our high-
throughput GlycoSCORES characterization technique enabled
the screening of 123 individual NGTs through 52,894
independent reactions. To our knowledge, this is the most
detailed glycosyltransferase engineering and characterization
effort completed to date, surpassing the state-of-the-art'” by
nearly 4-fold. With minor adaptations to the workflow, this
method of developing an enzymatic repertoire for modification
of an entire substrate library should be applicable to other
glycosgfltransferases,19 proteases,”® phosphatases,” deacety-
lases,” and other enzymes.**’

Two key features make this work important. First, the
rigorous characterization enabled the development of a panel
of 14 NGTs that significantly expand the set of sequences
available for glycosylation by bacterial enzymes. Of the 684
peptides within the canonical eukaryotic glycosylation motif

(X_-N-X,;-S/T where X,; # P) that we surveyed, 260
peptides were found to be modified with significantly higher
efficiency by one of the 13 NGT mutants compared to ApQ_
(Supplementary Tables S and 6). These variants increase the
percentage of sequences that can be glycosylated by NGTs
with good efficiency (more than 80% modification with ~0.5
UM NGT and 3 h reaction) from 45 to 66%. This expanded
panel of NGTs advances the rational glycosylation of a
sequence of interest by identifying the optimal NGT from the
heatmap reported in Supplementary Figure 19. We also note
the prospect for developing double (or greater) mutants that
have tailored specificities. We generally observed that double
mutants have specificities that are consistent with those of each
of the corresponding single mutants and therefore are more
specific than the single mutants. Taking the T438H-A469H
double mutant as an example, both T438H and A469H prefer
Pro, Ala, Ser, and Gly at the X-1 position and we find a similar
preference for the double mutant; similarly, Lys, Arg, Asp, Glu,
and Ile decrease activity in the single mutants and the double
mutant. For the X+1 position, Ile, Met promote activity for all
three mutants; Pro, Asp, Lys, Trp decrease activity for all three
mutants (Supplementary Figure 24).

Our strategy was applied to increase the modification of the
therapeutic proteins IFNy, GM-CSF, and Fc using the A469],
T438S, and H495D mutants of ApQ, respectively. We also
developed NGTs that can glycosylate, or even prefer,
sequences outside of the canonical N-X-S/T motif with non-
S/T amino acids at the X,, position. This discovery widens the
scope of glycoengineering, allowing researchers to investigate
how glycans can be used to improve the properties of a more
diverse set of proteins without the need to modify their native
amino acid sequences. Notably, many of the mutants
discovered in this work possess quite distinct substrate
specificities, which may enable the site-specific control of
glycosylation structures at multiple sequences within a single
protein by sequential modification®” to enable the precise
engineering of synergistic glycan interactions.

Second, this work is important because it highlights the
benefits of high-throughput experimentation. While typical-
directed evolution workflows lead to enzymes capable of
performing a single reaction, our approach can be used to
develop enzymes having multiple properties. Indeed, the
parallel approach to activity monitoring enabled by Glyco-
SCORES (combination of CFPS and SAMDI-MS) results in
variants having unique specificities—which enable a pattern of
activity on many different substrates—and affords new
possibilities for glycoengineering.

While this work focuses on the initiation step of
glycosylation, many enzymatic and chemoenzymatic technol-
ogies have been developed to elaborate the monosaccharide
installed by NGTSs into human-like or otherwise useful glycans.
For example, chemoenzymatic methods using endoglycosi-
dases and chemically synthesized oxazoline donors can be used
to install full-length human glycans.””*’ These full-length
human glycans may provide increased serum half-life for
proteins”® or provide routes to tune other therapeutic effects
through the installation of a homogeneous N-glycan on the Fc
region of human IgG."'” Biosynthetic approaches to extend
the glucose installed by NGTs to diverse and useful glycans,
including polysialic acid, have also been developed.”' Notably,
the reducing end sugar of human N-glycans is N-acetylglucos-
amine (GIcNAc), rather than the glucose installed by NGTs.
The effect of this difference on glycoprotein immunogenicity
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and other properties is unknown and will need to be assessed
for each application. A two-step method using ApQ to install
N-glucosamine (GlcN) and the acetyltransferase GlmA has
already been developed,” and we are currently working on
discovering NGT mutants that can more efficiently transfer
GIcN and even GlcNAc. For example, we found that A4691
and T438S can modify some peptides with GIcN more
efficiently than ApQ (Supplementary Figure 25). Several other
highly active mutants discovered in this work can also modify
peptides with GIcN (Supplementary Figure 25).

Despite increasing the range of sequences that can be
glycosylated, we do recognize that the protein structure
surrounding a targeted glycosylation sequence can affect the
efficiency of modification. NGTs normally act post-transla-
tionally on folded proteins and therefore sites that are buried
or conformationally locked into secondary or tertiary structure
may not be available for modification by NGTs. Thus, some
targets may require the use of other existing glycosylation
methods that employ oligosaccharyltransferases (OSTs). While
OSTs are complex integral membrane proteins and require
lipid-linked oligosaccharide (LLO) substrates, they are capable
of cotranslational modification on unfolded sites.””~*" Despite
recent efforts to engineer or discover OSTs with expanded
specificities,"" it is often still necessary to install a
glycosylation tag (GlycTag) by extending or otherwise altering
the primary amino acid sequence of the target protein in order
to achieve glycosylation.'”** Therefore, a comprehensive
engineering of OST's similar to the work performed here for
NGTs is also urgently needed to expand the set of sequences
permissible to modification with OSTs.

In summary, we demonstrate the application of a high-
throughput experimentation strategy to engineer glycosyl-
transferases by using LET-CFPS and SAMDI-MS for
parallelized generation and characterization of many enzyme
mutants on a broad range of substrates. Using this method, we
have developed a panel of rigorously characterized, readily
expressed, fully soluble N-glycosylation enzymes with unique
activities that will serve as a valuable resource for the
glycoengineering community. We expect that this panel of
NGTs will be especially useful in the bacterial or in vitro
glycoengineering of protein therapeutics because it alleviates
the need to alter primary amino acid sequences to achieve
glycosylation for many protein therapeutics. Ultimately, our
approach is poised to facilitate basic understanding in
glycoscience and enable new applications in glycoengineering.

B METHODS

Peptide Library Synthesis and SAMDI Screening. All
peptide libraries were synthesized with N-acetyl and C-amide,
as described previously.'” The average concentration of each
peptide library was also determined as before,” as well as the
calculation of average relative ionization factors (RIFs).
SAMDI plates were also prepared and used for peptide
screening as before."”

For peptide screening, 50 uM peptide was reacted with the
indicated concentration of NGT, purified or produced in LET-
CFPS, and 2.5 mM UDP-Glc in 100 mM HEPES (pH 8.0)
and 500 mM NacCl at 30 °C for indicated time. Screenings for
UDP-GIcN modification of peptides were completed similarly
using S0 uM peptide with the 1.09 yuM NGT produced in
LET-CFPS and 2.5 mM UDP-GIcN (custom synthesized at
Chemily Glycoscience) in 100 mM HEPES (pH 8.0) and 500
mM NaCl at 30 °C for 12 h. After the IVG reaction, TCEP-

resin (Pierce) was added and incubated at 37 °C for 1 h. Two
microliter solutions of these reduced IVGs were added to the
islands of a 384-well maleimide-functionalized SAMDI plate
and incubated at room temperature for 0.5 h. Because the
reaction is not quenched during the 1 h TCEP reduction and
0.5 h SAMDI incubation steps, we approximated this time as
an additional 1 h of reaction for approximate k../Ky
calculations. The SAMDI plate was then washed with water,
ethanol, water, and ethanol before being dried with nitrogen
flow. Ten mg/mL 2',4',6'-trihydroxyacetophenone monohy-
drate (THAP; Sigma-Aldrich) in acetone was applied onto
SAMDI plate as the matrix. The plate was then analyzed with a
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry using an AB SCIEX 5800
TOF/TOF instrument. Spectra was processed with Applied
Biosystems SciEx Time of Flight Series Explorer Software
version 4.1.0. All peptide library screenings were completed
with n = 1. Modification efficiencies were determined using
spectral peak ratios adjusted by RIF'® (Supplementary Table
3) except the data for UDP-GIcN, which show the relative
intensity of glycopeptide (product peak) to all peptides
(substrate and product peaks).

Synthesis of Linear and Plasmid SSVLs. Linear DNA
for 26 SSVLs of ApQ were synthesized by Twist Bioscience
within a linearized form of the pJL1 cell-free expression
backbone™ opened within the kanamycin resistance gene such
that recircularization with Sapl restriction enzyme sites
installed at the 5’ and 3’ ends would result in pJL1.ApQ_
(Supplementary Note 1). Plasmid forms of SSVLs were
generated by circularizing these linear libraries using the
Golden Gate assembly method with the Sapl restriction
enzyme.46 Thirty nanograms (6 uL) of each linear library was
incubated with 1 uL each of 10,000 U/mL Sapl restriction
enzyme, 10 mM ATP, 10X CutSmart buffer, and 2,000,000 T4
ligase (all products from New England Biolabs). Circulariza-
tion reactions were carried out with 30 cycles of 1 min at 37 °C
and 1 min at 16 °C followed by S min at 65 °C. Completed
circularization reactions were then transformed into DHSa
electrocompetent cells and plated on LB (KAN+). All plates
produced more than 100 colonies (ensuring S-fold coverage of
the library). After overnight growth, these LB (KAN+) plates
were washed with § mL of LB media and miniprepped to
generate plasmid libraries.

Isolating Individual NGT Mutants from SSVLs. The
plasmid SSVLs of selected residues, R177, D215, H219, T438,
A469 and H495, were transformed into DHSa high efliciency
chemically competent cells (New England Biolabs) by heat
shock followed by incubation on LB agar plate (KAN+). More
than 50 clones were picked from each SSVL transformation,
cultured in LB (KAN+) media, miniprepped, and sequenced to
isolate all 19 individual mutants.

Construction of Single and Double Mutants. Single
mutants of ApQ were generated using single-site PCR
mutagenesis of a pJL1.ApQ template, as previously reported.”’
Briefly, 25 L PCR reactions were performed which contained
12.5 puL QS hot start high-fidelity 2X master mix (New
England Biolabs), 1 ng template, 500 nM primer pair. The
primers and Tm temperatures for these PCRs are listed in
Supplementary Table 8. The PCR was initiated at 98 °C for 30
s; followed by 15 cycles of 98 °C for 10 s, Tm, for 30 s and 72
°C for 2 min; finished at Tm, for 1 min and 72 °C for 4 min.
After the PCR, 2.5 yL 10X CutSmart buffer and 0.5 4L Dpnl
(New England Biolabs) was added and incubated at 37 °C for
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2 h. Agarose gel electrophoresis was used to confirm the
production of full-length PCR product (~3.5 kb). The PCR
solutions (after Dpnl treatment) were transformed in DHSa
high efficiency chemically competent cells by heat shock and
applied on LB agar plate (KAN+). Two clones for each plate
were picked, cultured, miniprepped, and sequenced. Double
mutants were generated similarly except single mutants were
used as the initial plasmid template.

LET-CFPS. CFPS reactions were performed using crude
lysate derived from E. coli strain BL21 Star (DE3), as described
previously””*”**™>" using linear DNA expression templates
produced by PCR rather than plasmids.”” Crude lysates for
CFPS were prepared by growth, harvest, and lysis of BL21 Star
(DE3) E. coli cells, as described previously™® using a total
energy input of 640 J for lysis of 1 mL cell suspensions. LET-
CEFPS reactions were performed at 50 4L in 2.0 mL centrifuge
tubes containing 1.2 mM ATP (pH 7.2), 0.85 mM GTP, UTP,
and CTP (pH 7.2); 34 ug/mL folinic acid; 171 pg/mL of E.
coli tRNA mixture; 2 mM of 20 standard amino acids; 0.33
mM nicotinamide adenine dinucleotide (NAD); 0.27 mM
coenzyme-A (CoA); 1.5 mM spermidine; 1 mM putrescine; 4
mM sodium oxalate; 130 mM potassium glutamate; 10 mM
ammonium glutamate; 8 mM magnesium glutamate; 57 mM
HEPES (pH 7.2); 33 mM phosphoenolpyruvate (PEP, pH 7);
20% v/v NGT linear template; and 27% v/v of BL21 crude
extracts.” ~>> NGT linear template was generated in a PCR
reaction and used directly without purification. The 60 uL
PCR reactions contained 30 pL QS hot start high-fidelity 2X
master mix, 1.2 ng template (linear SSVLs synthesized by
Twist or individual mutant plasmids), and S00 nM primer pair
(ccacctctgacttgagegtec and geagtttcatttgatgctcgatg). The PCR
was initiated at 98 °C for 30 s; followed by 36 circles of 98 °C
for 10 s, 65 °C for 30 s, and 72 °C for 1 min; and finished at 72
°C for 2 min. All reagents used in CFPS were purchased in
Sigma-Aldrich except E. coli total tRNA mixture from strain
MREG600 and PEP (Roche Applied Science). All CFPS
reactions were carried out at 22 °C for 20 h. After the
reaction, 1:1 v/v of 2X Roche complete protease inhibitor
cocktail and S mM EDTA were added to the CFPS solutions,
and the solutions were flash-frozen in liquid nitrogen and
stocked at —80 °C for future use.

Approximate k_./Ky, Calculation for Peptide Library
X_1-N-X,;1-TRC. According to previous studies, the Ky of
optimized peptides of the form X_,-X_;-N-X,;-T-X,3-RC for
ApNGT are greater than 0.5 mM," and longer peptide
substrates generally exhibit lower Ky, values than shorter
peptides.”® Previous reports have also found that the Ky of
ApQ differs by approximately 1.5-fold compared to ApNGT.*
Based on these findings, we used a concentration of peptides
(50 uM) that is much smaller than the Ky for the NGT
variants used in this study. Thus, we use equation k_./Ky =
—In(1 — Y)/c/t to approximate the value of k_,/Ky in which Y
is the modification for peptides, ¢ is the concentration of
enzyme used, and t is the reaction time for glycosylation. Heat
maps showing values of —In(1 — Y), which is in direct
proportion to k./Ky of the peptides, c((NGT), and ¢, were
generated from modification heat maps.

While approximate, this calculation allowed us to compare
the activity of all peptide-enzyme combinations with more than
10-fold fewer reactions than would have been required to
rigorously determine k_,./Ky; values. We also note that average
k../Ky; values from a complete library of 361 conditions will
be much more accurate than individual k,/Ky; approxima-

tions. We used the average k., /Ky to compare the activity
between each mutant or SSVLs across different enzyme
concentrations and reaction times. Because the apparent
average k../Ky was affected by the value of average —In(1
— Y) (Supplementary Figure 3), the relative average k,./Ky of
mutants were compared to an ApQ_ screen that yielded the
same value of average —In(1 — Y). The optimal NGTs chosen
for glycosylation of the whole set of canonical eukaryotic
glycosylation sequences (X_;-N-X,;-T/S-RC) (Supplementary
Figures 14 and 15) were determined by calculating the
approximate k./Ky, for each peptide-NGT combination and
choosing the NGT mutant that provided the highest value.
The selected NGTs (including ApQ) were screened with the
same conditions. Specifically, 0.545 yM NGT was produced in
LET-CFPS and combined with 2.5 mM UDP-Glc and 50 yuM
peptide before incubation at 30 °C for 3 h.

Analysis of the Mean Percentage Differences
between SSVLs or Single Mutants and ApQ. To serve
as references to compare the specificities of SSVLs or single
mutants to the specificity of ApQ, several X_;-N-X,,-TRC
heatmaps were analyzed after IVGs with various amounts of
ApQ, yielding heatmaps with various averages of —In(1 — Y),
where Y is modification. Using linear interpolation between
two of these ApQ_reference heatmaps, a theoretical ApQ
heatmap with the same average —In(1 — Y) as the measured
heatmap for a given SSVL or single mutant was generated
(reference ApQ heatmaps and description of calculation
process found in Supplementary Figure 3). We then calculated
the percentage difference between the average of the —In(1 —
Y) values for all 19 peptides with a given X_, amino acid lane
in the theoretical ApQ heatmap (defined as Ave(ApQ)) and
the average of the —In(1 — Y) values for all 19 peptides with a
given X_; amino acid lane in the measured mutant heatmap
(defined as Ave(X)) using the equation 2*lAve(X) —
Ave(ApQ)I/(Ave(X) + Ave(ApQ)). The average of percentage
differences for all 19 X_, amino acid rows gives the mean
percentage difference of X_;. The X,; mean percentage
difference values were calculated similarly. The mean
percentage difference for the whole X_-N-X,,-TRC library is
the average of the mean percentage differences for all X_; and
X, lanes. This calculation method was used to generate mean
percentage differences shown in Figures 1 and 2 and
Supplementary Figure 3.

Combinatorial Comparison of SSVL and Single
Mutant Specificities by Mean Percentage Differences.
To compare the specificities between individual mutants or
SSVLs to each other, we calculated the mean percentage
difference between any two mutants from mean percentage
differences of each one to ApQ. The numeric value, not the
absolute value, of 2*(Ave(X) — Ave(ApQ))/(Ave(X) +
Ave(ApQ)) for each X_; or X,; lane was calculated as above
for each mutant and defined as PD, for mutant 1 and PD, for
mutant 2. The percentage difference between mutant 1 and 2
at each X_, or X,, lane was then calculated using the equation |
PD, — PD,l/(1 — PD,*PD,). Using this method, we
calculated the mean percentage differences between all
SSVLs or isolated mutants at each residue for X_;, X, or
the entire library, respectively. This calculation is based on the
assumption that the percentage difference for each X_; and X,
lane between two NGT's remains unchanged when determined
from heatmaps with different average values of —In(1 — Y).
This calculation method was used to generate mean percentage
differences in Supplementary Figures 4 and 13.
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ApQ and Mutant Plasmid Construction, Expression in
E. coli, and Purification. ApQ mutant constructs were
generated in the pET21b vector for in vivo expression and
purification. Mutagenesis was performed the same way as
described previously for in vitro constructs in the pJL1 vector.
Primers and Tm used are listed in Supplementary Table 8.
NGTs were Ipuriﬁed as described previously with minor
modifications.”” Briefly, BL21 Star (DE3) chemically com-
petent cells were transformed with pET21b.ApQ or mutant
plasmids by heat shock. An overnight culture was inoculated in
LB (CARB+) media. Fresh LB (CARB+) was inoculated at
initial OD600 = 0.08, and the cells were grown at 37 °C at 250
rpm to 0.6—0.8 OD and induced with 1 mM isopropyl S-d-1-
thiogalactopyranoside (IPTG) for 6 h at 30 °C. The cells were
pelleted by centrifugation at 5000Xg for 10 min at 4 °C,
resuspended in Buffer 3 (20 mM Tris—HCIl and 250 mM
NaCl, pH 8.0), pelleted again by centrifugation at 8000xg for
10 min at 4 °C, and flash frozen at —80 °C. The pellets were
then thawed and resuspended in S mL Buffer 3 per gram wet
pellet weight and supplemented with 1 mg/mL lysozyme
(Sigma), 1 uL benzonase (Millipore), and 1x Halt protease
inhibitor (Thermo Fisher Scientific). Cells were then lysed by
single-pass homogenization at 21,000 psig (Avestin) and
centrifuged at 13,000Xg for 20 min at 4 °C. Imidazole was
added to the supernatant to a final concentration of 20 mM.
The supernatant was applied to 1 mL Ni-NTA agarose resin
(Qiagen) equilibrated with Buffer 3 with 20 mM imidazole.
Following a 1 h incubation, the resin was washed once with
five column volumes of Buffer 3 with 20 mM imidazole,
washed twice with five column volumes of Buffer 3 with 30
mM imidazole, and once with five column volumes of Buffer 3
with 40 mM imidazole. The protein was eluted in one column
volume of Buffer 3 with 500 mM Imidazole. The elution was
dialyzed against 50 mM HEPES, 200 mM NaCl, pH 7.0, and
flash frozen at —80 °C. Protein concentration was quantified
with a NanoDrop UV-—vis spectrophotometer (Thermo
Fisher) using the following parameters, molecular weight:
71,502.50 Da, Extinction coefficient: 63,260 M™* cm™.

In Vitro Protein Glycosylation and LC-qTOF Analysis
of Tryptic Glycopeptides. Ten micrometers IFNy (Milli-
pore) or GM-CSF (R&D Systems) was reacted with 5 yM
purified ApQ _or mutants and S mM UDP-Glc in Buffer 1, S0
mM NaH,PO, (pH 8) and 300 mM NaCl. The reactions were
carried out at 30 °C for 12 h. After the reaction, 10 uL
solutions were diluted to 30 uL and dialyzed with Pierce 96-
well microdialysis plate (3.5k MWCO) against 1:4 diluted
Buffer 1 for 8 h at room temperature. Dialyzed solutions were
added with 1 4L 0.5 mg/mL Trypsin (Pierce) in 1 mM HCI
and incubated at 37 °C for 16 h. One microliter of 0.25 mM
DTT was added to the reaction before resting it on ice for 1 h.
The tryptic glycopeptides were analyzed as described
previously.”™ Briefly, 5S—10 uL of trypsinized samples were
injected into a Bruker Elute UPLC system equipped with an
ACQUITY UPLC Peptide BEH C18 Column, 300 A, 1.7 ym,
2.1 mm X 100 mm (186003686 from Waters Corporation)
with a 10 mm guard column (186004629 Waters Corporation)
coupled to an Impact-I. UHR TOF Mass Spectrometer
(Bruker Daltonics, Inc.). The chromatographic separation
method used 100% water with 0.1% formic acid as solvent A
and 100% acetonitrile with 0.1% formic acid as solvent B.
Chromatography was completed using 100% A for 1 min and a
gradient of 0—50% B for 4 min. The flow rate was kept at 0.5
mL/min. Mass spectra in a range of 100—3000 Da were

collected in 8 Hz. External calibration was performed for all
spectra. We used MS/MS to monitor the target peptides and
glycopeptides with collision energy of S0 eV (spectra shown in
Supplementary Figure 20). Bruker Compass Data Analysis
software version 4.1 was used to analyze the data. The targeted
peaks in extracted ion chromatograms of targeted peptide and
glycopeptide masses were integrated to calculate the
modification using %Area, Area(P)/(Area(S) + Area(P)).
Results are listed in Supplementary Table 7.

LET-CFPS Protein Expression and Glycosylation.
pJL1.Fc was expressed in LET-CFPS the same way as NGTs
(see above) with the addition of 2 or § yM purified ApQ or
H495D mutant and S mM UDP-Glc. After 6 h CFPS
incubation at 30 °C, 70 uL Buffer 1 with 5§ mM imidazole was
added into 50 uL CFPS solutions. The reactions were
centrifuged with 12,000Xg for 15 min at 4 °C, and
supernatants were mixed with 30 uL His Dynabeads
(Invitrogen) for a 10 min incubation. The beads were washed
thrice with 120 uL Buffer 1 with S mM imidazole and eluted
with 80 yL Buffer 1 with 500 mM imidazole. Elution solutions
were dialyzed with Pierce 96-well microdialysis plate (3.Sk
MWCO) against 1:4 diluted Buffer 1 for 8 h at room
temperature. One microliter of 0.5 mg/mL Trypsin (Pierce) in
1 mM HCl was added for 40 pL dialyzed solutions and
incubated at 37 °C for 16 h. One microliter of 0.25 mM DTT
was added to the reaction before resting it on ice for 1 h. LC-
qTOF analysis was performed as described previously.

When noted that the glycosylation of Fc was completed after
CFPS (postfolding), Fc was expressed in LET-CFPS for 30 °C
and 20 h incubation, then centrifuged and supplemented with
2 yuM purified ApQ and S mM UDP-Glc. This IVG reaction
was then incubated at 30 °C for 6 h. The purification, dialysis,
trypsinization, and LC-qTOF analysis of these reactions were
performed as above.

t-Test and Data Analysis. Two-tailed Student’s t-tests and
resulting p values were calculated in Microsoft Excel 2016. For
all peptide library screens, only n = 1 experiment was used. For
peptide IVGs of target protein sequences, n = 3 independent
reactions were performed. For therapeutic protein modifica-
tions, n = 2 or n = 3 independent reactions were carried out as
noted in dot plots. In the data analysis of n > 1, the average is
presented, and standard deviations (s.d.) are shown as error
bars. All heatmaps were generated in Microsoft Excel 2016.
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