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ABSTRACT: We have engineered the substrate specificity of
chymotrypsin to cleave after Asn by high-throughput
screening of large libraries created by comprehensive
remodeling of the substrate binding pocket. The engineered
variant (chymotrypsiN, ChyB-Asn) demonstrated an altered
substrate specificity with an expanded preference for Asn-
containing substrates. We confirmed that protein engineering
did not compromise the stability of the enzyme by biophysical
characterization. Comparison of wild-type ChyB and ChyB-
Asn in profiling lysates of HEK293 cells demonstrated both
qualitative and quantitative differences in the nature of the
peptides and proteins identified by liquid chromatography and
tandem mass spectrometry. ChyB-Asn enabled the identi-
fication of partially glycosylated Asn sites within a model
glycoprotein and in the extracellular proteome of Jurkat T
cells. ChymotrypsiN is a valuable addition to the toolkit of
proteases to aid the mapping of N-linked glycosylation sites within proteins and proteomes.

Despite advances in high-throughput sequencing of DNA
and RNA, detailed maps of the human proteome with

direct measurements of proteins and their modifications are
just starting to emerge.1,2 Comprehensive characterization of
biological systems enabled by quantitative differences in
protein expression and abundance, cell-type specific and
temporal expression patterns, protein−protein interactions,
and post-translational modifications (PTMs) is best accom-
plished using mass spectrometry (MS) proteomics.1,3 The
complexity of the proteome is a formidable barrier when
accounting for all modifications; it is estimated that there are
>100 000 proteins encoded by the ∼20 000 genes and that the
relative abundances of these proteins can vary across 10 orders
of magnitude.3

MS is the most comprehensive and versatile tool for
proteomics, and two major approaches have been developed:
shotgun proteomics, suited for discovery, including PTMs; and
selected reaction monitoring, suited for targeted quantifica-
tions and comparisons.4,5 Both of these methods utilize
proteolytic digestion to generate peptide fragments that are
then detected using MS. In a typical shotgun proteomics
experiment, the proteomic sample is digested with trypsins,
fractionated, and subjected to liquid chromatography and
tandem mass spectrometry (LC−MS/MS). Trypsin and the
trypsin family of enzymes, including chymotrypsin, are widely
used as the workhorse proteases of mass spectrometry-based

proteomics.6,7 This is primarily due to the ability of these
enzymes to cleave protein mixtures yielding peptides of mass in
the preferred mass range for MS and with defined substrate
specificity, thus providing readily interpretable and reprodu-
cible fragmentation spectra. Furthermore, these enzymes are
fairly stable and can function in the presence of denaturants
like urea that assist in the unfolding the target proteins that
need to be proteolyzed prior to detection. There are, however,
limitations to the nearly exclusive use of these enzymes in
proteomics. (a) Any single protease covers only certain regions
of the proteome through the library of peptides it generates,
and (b) proteolytic efficiency is variable across different
proteins within complex mixtures.7,8 It is clear that the
availability of proteases with orthogonal cleavage specificities
will dramatically alter the coverage of the human proteome,
including the annotation of the PTMs.7,8

Protein glycosylation is among the most abundant PTMs
found in all domains of life. Despite their considerable
compositional and structural diversity, glycosylation plays
essential roles from protein folding to cellular homeostasis,
and not surprisingly aberrant glycosylation is well-recognized
in a number of diseases, including cancer.9,10 N-Linked
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glycosylation represents one of the best-characterized forms of
glycosylation in eukaryotes with the glycans being attached to
the amide group of asparagine (Asn) residues within proteins.
Comprehensive annotation of the N-glycans of proteins
requires quantitative identification of (a) the Asn residues
that are modified, (b) N-glycan microheterogeneity, the
diversity of the glycans that are attached to these Asn residues,
and (c) N-glycan macroheterogeneity, the substoichiometric
glycosylation of Asn residues.11 For any given protein, the
annotation of all of the Asn residues that are modified by
glycans represents a fundamental first step to N-glycan analysis.
Engineering proteolytic specificity to enable detection of

modified amino acids provides a direct route to the annotation
of PTMs in proteomic experiments. Aided by advances in
combinatorial screening, impressive successes have been
reported in the systematic engineering of the substrate
specificity of a wide range of microbial proteases.12−21 Despite
these advances in engineering, including proteases that target
PTMs, none of the engineered proteases have been
demonstrated to work in proteomic experiments. Recently,
the substrate specificity of trypsin was expanded via engineer-
ing to also include citrulline, and proof-of-concept mapping
experiments with a model protein were performed.22 We
report here the engineering and comprehensive character-
ization of the expanded substrate specificity of an engineered
variant, chymotrypsiN, to recognize and cleave after
unmodified Asn residues in proteins. We demonstrate that
the engineered chymotrypsiN can be used to identify
glycosylation sites and partially glycosylated Asn residues in

proteins. We envision that this protease not only can be used
for mapping N-linked glycosylation sites but also can be added
to the toolkit of proteases for proteomics to enable wider
coverage of the proteome.

■ RESULTS AND DISCUSSION
High-Throughput Assay for Tracking the Activity of

Recombinant Chymotrypsin Libraries in Escherichia
coli. We identified three challenges to the high-throughput
engineering of the substrate specificity of proteases in E. coli:
(i) display of the protease on the surface, (ii) an appropriate
screening method for reporting proteolytic activity, and (iii)
toxicity. Because proteases like chymotrypsin are toxic to the E.
coli cells that express them, the gene encoding the variant had
to be recovered from cells after sorting but without culturing.
Surface display of proteases ensures that the proteolytic

activity can be assayed against any exogenous substrate,
including synthetic peptide substrates containing PTMs. To
facilitate surface display, we first constructed mature
chymotrypsin B (mChyB) that contained only chains B and
C. Within this construct, we introduced two additional
mutations, Tyr164Ala and Cys140Ser. The Tyr164Ala
mutation reduced (but did not abolish) the need for
autoproteolytic processing, and the Cys140Ser mutation
eliminated an unpaired Cys to minimize chances of misfolding
(Figure S1). This engineered mChyB, containing a C-terminal
FLAG epitope tag, was displayed on the surface of E. coli by
fusion of the C-terminus to the E. coli autotransporter, Antigen
43 (Figure 1A).23 This design ensured a free N-terminus of the

Figure 1. Flow cytometric assay for the screening of recombinant chymotrypsin with expanded specificity for Asn. (A) The mature form of
chymotrypsin (mChyB) is displayed on the surface of E. coli cells via fusion to the autotransporter, Ag43. A FLAG epitope tag is inserted C-
terminal to the mchyB gene to enable monitoring of protein expression. (B) High-throughput, flow cytometric, single-cell screening assay. E. coli
cells expressing mChyB variants were incubated with Asn-sub (selection) and Tyr-sub (counterselection) peptide sequences. E. coli cells expressing
proteases with the desired specificity label with the Asn-sub show minimal labeling with Tyr-sub and are isolated using flow cytometry. To
eliminate issues associated with protease-induced toxicity, plasmids were directly isolated from cells after FACS and re-transformed into fresh E. coli
competent cells, which were subjected to further rounds of sorting. The FLAG epitope tag was used to normalize protease expression. (C)
Sequences of the Asn-sub and Tyr-sub peptide substrates used for flow cytometry. The intact substrates have a +2 charge at pH 7. Proteolysis
generates a free N-terminus [denoted by the (+)], and this causes the cleaved fragment to have a +3 charge. The arrow denotes the putative site of
proteolysis.
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mChyB, essential for proteolytic activity. The expression of
full-length chymotrypsin on the cell surface was confirmed
using an antibody specific for the FLAG tag (Figure S2).
To report the proteolytic activity of the individual cells

expressing mChyB, we utilized a Förster resonance energy
transfer (FRET)-based multiplexed assay (Figure 1B,C).24 The
peptide substrates contain a positively charged Arg tail and the
amino acid sequence (AAPXGS, where X = Asn or Tyr) in the
linker region sandwiched between the FRET pair (Figure 1C).
Proteolysis of the substrate by the surface-displayed enzyme
generates two fragments. The C-terminal fragment contains
the Arg tail, the fluorescent tag, and the newly generated free
N-terminus. This fragment now has an overall +3 charge and is
captured locally on the bacterial cell surface due to electrostatic
interactions. This provides a link between proteolytic activity
and cellular fluorescence and thus enables the identification of
cellular populations by fluorescence-activated cell sorting
(FACS). By utilizing substrates tagged with different
fluorescent tags, individual E. coli cells displaying mChyB
that have high Asn and low Tyr activities are isolated using
FACS while wild-type (WT)-like and nonspecific variants are
rejected (Figure 1B). We specifically chose to counterselect
against Tyr peptide substrates because the WT enzyme has
high activity toward Tyr peptides. On the basis of other
proteases that can cleave after Asn residues, we hypothesized
that the steric hindrance provided by the sugar modification at
Asn would block proteolysis by chymotrypsin variants.25,26

Accordingly, we deemed counterselection against the sugar-
modified Asn unnecessary.
Lastly, because the expression of mChyB significantly

impacts the viability of E. coli, we directly isolated plasmids
from sorted cells and re-transformed them into electro-
competent cells, thus circumventing the toxicity issue.27

Collectively, these established a method for the high-
throughput screening of chymotrypsin variants in E. coli cells.

Chymotrypsin Variant with Improved Activity toward
P1 Asn Identified by Iterative Mutagenesis and FACS.
Having established the screening method, we next focused on
the construction of a suitable library. Within the chymotrypsin-
fold serine proteases, loops 185−192 and 215−226 have been
identified as key determinants of substrate specificity based on
their significance in evolutionary divergence.28 These same
loops have also been targeted in all of the previous protein
engineering efforts to modify the P1 specificity of trypsin and
chymotrypsin.29−32 Because structural analyses suggested that
residues 185−188 were farthest from the substrate, these were
immediately excluded. Next, we posited that amino acid
residues that are critical for the catalytic activity and structural
stability are likely conserved across the protease family and
hence should not be targeted for randomization. Accordingly,
we utilized MUSCLE33 to perform multiple-sequence align-
ment of amino acid sequences of 17 different proteases with
comparable tertiary structures but having divergent substrate
specificities. This analysis identified that residues 190, 191,
215, 220, and 225 were highly conserved (Figure S3).
Excluding these amino acids gave us our list of 11 residues
targeted for randomization: 189, 192, 216−219, 221−224, and
226. Independently, we used the crystal structure [Protein
Data Bank (PDB) entry 1DLK] of δ-chymotrypsin bound to a
peptidyl chloromethyl ketone (substrate analogue)34 as input
to the web-based server, Hotspot wizard,35 to identify key
residues for randomization (Figure S4). Because the same 11
amino acids listed above were identified, we targeted these for
diversification.
We constructed a partial saturation library by utilizing

degenerate NNS (N = T, A, G, or C; S = G or C)

Figure 2. Isolation of chymotrypsin variants with altered specificity for Asn substrates. (A−D) Substrate preferences of populations of E. coli
MC1061 cells displaying either WT-mChyB or mChyB variants isolated after sequential sorting. The variant at the end of the active site library was
used as a template for the shuffled library, and the variant at the end of the shuffled library was used as a template for the error-prone library to yield
the final variant, designated mChyB-Asn. (E) Amino acid changes in the mChyB-Asn variants in comparison to WT-mChyB. The average
hydropathy index (HI), reflective of the hydrophobic character of the protein, is also reported for each of these proteins. The net HI of the amino
acids that are being compared is also listed in parentheses for comparison.
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oligonucleotides targeting these 11 amino acids. Cloning and
subsequent transformation into E. coli MC1061 cells yielded
107 transformants. These 107 transformants represent only a
very small subfraction of the entire sequence space comprising
randomization at these 11 amino acids (theoretically 2011 ∼ 2
× 1014), but it served as a starting point for exploration of
enzyme variants with altered specificities. The expression of
mChyB was induced by the addition of arabinose, and the
library of cells was screened using 20 nM Asn-sub and 20 nM
Tyr-sub peptides (Figure 1C). Cells displaying high Atto633
fluorescence (Asn proteolysis) and low BODIPY fluorescence
(Tyr proteolysis) were isolated after six rounds of sorting. Ten
randomly picked clones from this population were found to
contain identical mutations in the mChyB gene. This variant
labeled mChyB-Asn-v1 yielded 1.5-fold increased fluorescence
with Asn-sub and 3.9-fold decreased fluorescence with Tyr-
sub, in comparison to that of WT mChyB (Figure 2A,B). Of
the 11 positions targeted in the library, mChyB-Asn-v1 had
mutations at 10 of them, Gly216 being the exception.
To remove any undesired mutations necessary for the

observed change in substrate specificity, a second library was
constructed by backcrossing the DNA encoding mChyB-Asn-
v1 with WT-mChyB. The resulting library of 106 transformants
was screened using 20 nM Asn-sub and 20 nM Tyr-sub.
During sorting of this library, we decreased the stringency of
counterselection, i.e., allowed sorting of clones that displayed
slightly higher activity toward Tyr-sub in comparison to the
sort gate used for the initial library. We reasoned that some
residual WT-like activity is essential for functional activation of
mChyB (and mChyB variants) leading to active enzyme
formation. After four rounds of FACS sorting, DNA
sequencing of 10 random clones demonstrated that five
amino acids (Ser189, Arg192, Arg218, Trp224, and Gly226)
were conserved across all of the different clones tested,
suggesting that they were essential for the altered specificity.
mChyB-Asn-v2 that showed the highest fluorescence with Asn-

sub had two mutations (Met189 and Val217) that reverted
back to Ser, as in WT mChyB. E. coli cells expressing mChyB-
Asn-v2 displayed a 2.4-fold increased fluorescence with the
Asn-sub in comparison to WT-mChyB (Figure 2C).
Consistent with the relaxed counterselection, the activity of
mChyB-Asn-v2 toward Tyr-sub also increased, although it was
still 1.8-fold lower in comparison to that of WT-mChyB.
To identify beneficial mutations outside the 11 positions

targeted, we constructed an error-prone library using the DNA
sequence of mChyB-Asn-v2 as the template. The library of
∼107 transformants was again screened using 20 nM Asn-sub
and 20 nM Tyr-sub. After four rounds of sorting, mChyB-Asn
with an additional mutation, Val99Met, showed the highest
fluorescence with Asn-sub [3.4-fold in comparison to that of
WT-mChyB (Figure 2D)]. After three complete cycles of
diversification, screening, and rescreening, we had established
mChyB-Asn as the lead candidate enzyme that had the desired
Asn proteolytic activity but diminished Tyr proteolytic activity.
At the molecular level, we observed a positive correlation

between the polarity of the active site, quantified using the
GRAVY36 (grand average of hydropathy) score, and
engineered activity toward the P1 asparagine residue (Figure
2E). Inspection of the mutations introduced into mChyB-Asn
identified Arg192 (positive charge) and ion pair residues
(Arg218 and Glu219) at key substrate binding pocket residues
(Figure 2E). This change to a more positively charged
substrate binding pocket (Figure S5) is consistent with the
recognition of Asn as a substrate within other proteolytic
enzymes.37

Characterization of Purified Chymotrypsin with
Peptide Substrates. To characterize the enzymes in a
purified, soluble form, we recloned the WT-mChyB and
mChyB-Asn constructs into a mammalian pcDNA3.4
expression vector, as the zymogen form. These constructs
included (1) the native leader peptide of chymotrypsinogen to
facilitate secretion of the protease into the supernatants, (2)

Figure 3. Kinetic and biophysical characterization of rChyB-Asn. (A) Kinetic characterization of purified, soluble WT-rChyB and rChyB-Asn with
aminomethyl coumarin (AMC) fluorogenic substrates. Comparative assessments of the stability of proteases (B) to undergo autoproteolysis or (C)
to function in the presence of urea. The relative activities are measured using the cognate AMC substrates. Error bars in all panels represent the
standard deviation from at least triplicate measurements.

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.9b00506
ACS Chem. Biol. 2019, 14, 2616−2628

2619

http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00506/suppl_file/cb9b00506_si_001.pdf
http://dx.doi.org/10.1021/acschembio.9b00506


chain A from WT-mChyB that contains the trypsin activation
site, and (3) the C-terminal His6 tag for protein purification
(Figure S6). This strategy yielded the recombinant zymogen of
these proteins, WT-rChyB, and rChyB-Asn that could be
activated by trypsin.
We transfected these plasmids into HEK293F cells. The

supernatant containing the secreted protein was harvested and
purified by His-tag affinity and cation exchange chromatog-
raphy to >95% purity (as determined by sodium dodecyl
sulfate−polyacrylamide gel electrophoresis). Immediately prior
to use, the proteases were activated by brief incubation with
trypsin, and the trypsin was inactivated using a TLCK
inhibitor. Reverse phase high-performance liquid chromatog-
raphy (HPLC) analysis of the Asn-sub substrate (1 μM)
digested with trypsin-activated rChyB-Asn (50 nM) showed
one extra peak in addition to the substrate. LC−MS analysis
confirmed that it was the C-terminal peptide fragment upon
proteolysis after Asn (Figure S7). By contrast, we detected the
intact Asn-sub substrate only when Asn-sub was co-incubated
with trypsin-activated WT-rChyB (up to 250 nM) even after
24 h (Figure S7). These results provided direct confirmation
that mChyB-Asn was capable of proteolysis after Asn residues.
Next, we measured the kinetics of WT-rChyB and rChyB-

Asn using fluorogenic peptide substrates containing Tyr
(LLVY-AMC), Asn (AAPN-AMC), or GlcNAc-linked Asn
(AAPN[GlcNAc]-AMC) at the P1 position. WT-rChyB
showed very fast kinetics toward LLVY-AMC even at low
enzyme concentrations (1 nM). By comparison, at an identical
Tyr substrate concentration of 50 μM, rChyB-Asn even at a
50-fold higher enzyme concentration demonstrated a decrease
in the rate of product generation by 20-fold (Figure 3A),
confirming that Tyr activity was efficiently decreased with the
aid of counterselection during library screening. The catalytic
efficiency (kcat/KM) of LLVY-AMC proteolysis by WT-rChyB
was (3 ± 2) × 107 M−1 min−1, whereas the cleavage of AAPN-
AMC by WT-rChyB was not detectable (Figure S8). The
catalytic efficiency of AAPN-AMC cleavage by rChyB-Asn was
(3 ± 2) × 104 M−1 min−1 whereas the catalytic efficiency of
LLVY-AMC proteolysis was determined to be (8 ± 7) × 103

M−1 min−1. Proteolysis of the sugar-modified Asn substrate,
AAPN(GlcNAc)-AMC, by rChyB-Asn was undetectable
(Figure S8). Collectively, these kinetic data established that
the engineered variant demonstrated an increase in Asn
specific proteolysis and a >3000-fold reduction in Tyr specific
proteolysis in comparison to that of WT-rChyB. These results
also validated our hypothesis that the engineered variant was
specific for unmodified Asn and could thus be utilized for
proteomic experiments.
Because proteomic experiments routinely require digestion

for extended periods of time, 12−48 h, and the protease has to
function in the presence of protein denaturants like urea, we
next evaluated these biophysical properties of the engineered
variant in comparison to those of the WT enzyme. rChyB-Asn
displayed enhanced resistance to autoproteolysis with a half-life
of 67 h, in comparison to that of WT-rChyB that had a half-life
of 8 h (Figure 3B). In the presence of 0.5 M urea, both
enzymes demonstrated only modest decreases in activity,
although at urea concentrations of >1 M both enzymes
demonstrated <50% activity and the reduction in activity was
larger for rChyB-Asn (Figure 3C). In aggregate, engineered
chymotrypsiN demonstrated altered selectivity while demon-
strating excellent stability.

Expanded Substrate Specificity of Engineered Chy-
motrypsin. To derive a more comprehensive map of the
altered specificity of rChyB-Asn and to test its utility in a
proteomic context, we applied a mass spectrometry-based
approach to profile the selectivity of rChyB-Asn. We harvested
and concentrated the secreted protein (secretome) fraction
from HEK293F cells. This secretome was digested separately
with activated WT-rChyB or rChyB-Asn or trypsin (as a
control) and subjected to LC−MS/MS. To analyze the
resulting proteomic data, we took advantage of the known
substrate specificity of trypsin ([RK]|Not Pro) and chymo-
trypsin ([YWFLMN]|Not Pro). All peptides identified at a
false discovery rate of ≤1% were mapped to the human
proteome to yield 176 unique proteins within the secretome
fraction (Table ST1). These 176 proteins comprised the
custom database of proteins identified within the HEK293F

Figure 4. Substrate specificity of WT-rChyB and rChyB-Asn profiled using HEK293F cell lysates, represented as a heat map.
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secretome in our experiments. Next, to identify the substrate
specificity of WT-rChyB and rChyB-Asn in an unbiased
manner, we performed nonspecific searches to match spectra
to peptides within this custom database. We identified the P2−
P2′ positions in protein substrates cleaved by WT-rChyB (n =
405) or rChyB-Asn (n = 338) (Tables ST2 and ST3) and
generated a heat map representation of the substrate specificity
of the proteases using IceLogo38 (Figure 4A). Not surprisingly,
WT-rChyB preferred hydrophobic amino acids at the P1
position. Unlike WT-rChyB, rChyB-Asn preferred Asn at
position P1 in addition to the hydrophobic amino acids. We
next inspected the specificity at the other subsites (P1′, P2, and
P2′) specifically focusing on whether any specific amino acids
were strongly disfavored as a result of the engineering. rChyB-
Asn did not proteolyze substrates containing Cys at P1′, but
this is not surprising because the Cys is expected to be
alkylated during sample preparation. The rest of the subsite
preferences were largely similar to those of WT-chyB (Figure
4A). Thus, our enzyme engineering efforts resulted in
expanding the natural substrate preference of chymotrypsin
to include Asn at P1 and did not alter subsite preferences at
other sites.
One of the advantages of using proteases with orthogonal

specificity for mass spectrometry-based proteomics is the
generation of unique peptides in a proteomic sample that
either increases the coverage of a single protein or increases the
number of unique proteins identified.39 Consistent with the
expanded specificity of rChyB-Asn, when we annotated the
proteins identified in the HEK293F secretome digested with
either WT-rChyB or rChyB-Asn, we observed qualitative
differences in the nature of pathways (Tables ST1−ST3).

These results suggested that the coverage of protein mixtures
was increased by the use of engineered rChyB-Asn.

Partially Glycosylated Asn Identified in a Model
Protein Using Chymotrypsin. Glycan macroheterogeneity,
defined as the heterogeneity due to substoichiometric
glycosylation, is significant in physiological phenomena such
as glycoprotein hormonal regulation and is relevant to quality
control of recombinant glycobiologics produced.40 We
hypothesized that rChyB-Asn can be used to identify partially
occupied N-glycosites as it would generate two signature
peptides: (i) a nonglycosylated peptide with Asn residue in the
C-terminus and (ii) a glycopeptide. We used the Saccharomyces
cerevisiae invertase (Suc2) as the model protein to test this
hypothesis because it contains 14 potential glycosylation sites
(based on the NXS/T sequons, where X is any amino acid)
that have been mapped previously.41 This would allow us to
test the utility of rChyB-Asn to detect incomplete or partial
glycosylation, before using it for studying glycan macro-
heterogeneity in a proteomic sample.
The heterogeneity in glycan composition at any amino acid

(microheterogeneity) presents a challenge for mapping in
silico-generated peptides to spectra. Typically, a peptide-
spectrum match (PSM) scoring function analyzes peptide
and spectrum pairs (P, S) to assign a confidence value that the
fragmentation of peptide P is observed in the experimental
spectrum S. In matching these (P, S) pairs, the diversity of
glycans results in low confidence values.
To address this issue, we digested Suc2 with the

endoglycosidase H (Endo H) enzyme that trims glycans to
leave only the N-acetylglucosamine (GlcNAc) moiety attached
to the Asn residue. This eliminates microheterogeneity and
ensures that the resulting peptide can harbor only two kinds of

Figure 5. Mass spectrometric analysis of S. cerevisiae invertase (Suc2) digested using rChyB-Asn. Purified invertase was denatured, treated with the
glycosidase EndoH, digested with mChyB-Asn, and characterized using LC−MS/MS. The combined mass spectrometry results from three
independent digests with the protease were used to map the detected glycosylation patterns. The consensus NXS/T motif is underlined, and all Asn
residues are shown in bold. Red denotes parts of the protein sequence detected by mass spectrometry, and green indicates Asn residues that were
identified as being partially glycosylated. Asterisks identify sites of HexNAc modification. A representative example of the MS/MS spectra obtained
is shown, which illustrates that the AEPILNISN peptide contains two Asn residues, of which only one is glycosylated. Note that rChyB-Asn did not
cut after the glycosylated Asn but was able to mediate proteolysis after the unmodified Asn.
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Asn: unmodified Asn (no glycosylation) or Asn-GlcNAc
(glycosylated). Subsequent to EndoH treatment, Suc2 was
digested with rChyB-Asn for 72 h and the digested peptides
were subjected to LC−MS/MS. We utilized a nonspecific PSM
search against the invertase sequence with the criterion that
addition of GlcNAc to Asn could be present as a variable
modification, and all of the peptides (nascent and glycosy-
lated) were identified (Table ST4).
To specifically focus on glycan macroheterogeneity, we

analyzed the subset of peptides containing the NXS/T sequon
(Table 1). Of the 14 sequons, two of them (2 and 11) were in
a region of the protein not mapped by MS/MS, and hence, no
assignment of glycosylation could be made (Figure 5A and
Table 1). For five sequons (1, 3, 4, 6, and 7), we identified only
the glycosylated peptide, suggesting complete glycosylation;
for sequon 5, we detected only the nonmodified proteolyzed
peptide, suggesting no glycosylation. Closely spaced, even
overlapping, NXS/T sequons frequently occur, and often, at
least one of them remains unglycosylated due to site skipping
by the oligosaccharyltransferase complex.42 In the invertase

sequence, sequons 4 and 5 overlap and only sequon 4 is
glycosylated. This feature was correctly resolved using rChyB-
Asn as proteolysis was observed at the C-terminus of Asn112
in sequon 5. Sequons 10, 12, and 14 displayed the dual
signature characteristic wherein both the unproteolyzed but
modified and proteolyzed but unmodified peptides were
detected and were thus correctly identified as partially
occupied glycosites. These mapping results were consistent
with the previously reported glycosylation at these sites.
Mapping with rChyB-Asn also demonstrated some differ-

ences. For both sequons 8 and 9 (Asn266 and Asn275), we
observed only the glycopeptide but not the nonglycosylated
peptide, even though their occupancy frequency was measured
previously to be only 10%. Second, although sequon 13 is
predicted to be almost fully glycosylated, we detected only the
unglycosylated peptide. This detection of the unglycosylated
peptide suggests that this site cannot be completely
glycosylated. In aggregate, these results collectively show that
the engineered substrate specificity of rChyB-Asn can be
exploited for glycoproteomic analyses of candidate proteins.

Figure 6. Detection of proteins and N-glycan sites within the Jurkat secretome. (A) Pathway analyses of the 2676 unique proteins identified using
mass spectrometric LC−MS/MS analyses of the Jurkat cell secretome digested with rChyB-Asn. Pathway and protein function classification was
performed using PantherDB (www.pantherdb.org). MS/MS spectra of proteins (B) CALM-1, (C) FAM3B, and (D) aGPCR F5, which illustrate
putative N-glycan macroheterogeneity.
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Large-Scale Analysis of N-Linked Glycosylation in the
Jurkat Secretome. We next examined the utility of ChyB-
Asn for analyzing the extracellular proteome of the human
Jurkat T cell line and to identify glycan macroheterogeneity
within this compartment. The cell-free supernatant fraction
from cells grown in serum-free medium was first digested with
rChyB-Asn, subsequently with peptide-N-glycosidase
(PNGase) F, and then subjected to LC−MS/MS. A semi-
specific database search with a false discovery rate (FDR) of
1% identified 4379 peptides mapped to 2676 extracellular
proteins (Figure 6A and Figure S9). The number of proteins
identified by our engineered enzyme compares favorably with
other independent studies of Jurkat extracellular proteins
profiled using trypsin (Figure S10).43,44 Within these peptides,
19% (808) were identified on the basis of the proteolysis at
Asn, further confirming the modified specificity of the
engineered enzyme (Table ST5).
To identify glycan macroheterogeneity, we analyzed the data

set in two ways. First, within the peptides that were identified
to arise from Asn proteolysis, we identified a set of 78 peptides
that were (1) part of the NXS/T sequon and (2) annotated to
be a glycosite by machine learning algorithms implemented
within UniProt.45 These 78 peptides represent annotated
glycosites that have been detected in our experiments not to
have sugar modifications and to have been proteolyzed. This,
in turn, implies that these sites within these proteins are
completely unmodified or have glycan macroheterogenity. As
an example, RTPENFPCKN318, which resulted from cleavage
at Asn308 of human plasminogen (Figure S11), is known to
display glycan macroheterogeneity. The presence or absence of
sugar at Asn308 of human plasminogen can affect the rate of
activation by tissue plasminogen activator and the binding
affinity for cell surface receptors, ultimately affecting the rate of
fibrinolysis of blood clots.46

Second, within all of the peptides, we identified the subset of
48 peptides with the Asn [N + 1] modification signature
associated with PNGase F deglycosylation (Figure S9).
Comparison of the 48 peptides, to the 808 Asn-cleaved
peptides, led to the identification of three unique protein sites
wherein we detected both the modified and unmodified
peptides: Asn120 of FAM3B (UniProt ID P58499), Asn61 of
calmodulin-1 (UniProt ID P0DP23), and Asn315 of adhesion
G-protein-coupled receptor F5 (UniProt ID Q8IZF2) (Figure
6B−D). In summary, our proof-of-concept experiments with
the engineered chymotrypsiN enabled the identification of
glycosites that are either unglycosylated or substoichiometri-
cally glycosylated within proteomic mixtures.

■ DISCUSSION
Protease engineering has fascinated biochemists for decades.
Most proteases have defined substrate binding pockets that
help them differentiate the many different chemical properties
of the amino acid side chains.47 Trypsin and chymotrypsin, for
example, have very similar tertiary structures and almost
superimposable substrate binding pocket architecture (layout
of the backbone).47,48 Despite this similarity, site-directed
mutational swapping of selected residues within the binding
pocket of trypsin did not endow chymotrypsin-like reactivity49

and required the grafting of extended loops outside the
substrate binding pocket to bring about the change in substrate
specificity.29 Aided by advances in combinatorial screening,
impressive successes have been reported in the systematic
engineering of the substrate specificity of a wide range of

microbial proteases.12−21 By contrast, engineering the
specificity of mammalian proteases remains a formidable
barrier with few reports of successful engineering. Compre-
hensive engineering of mammalian protease substrate specific-
ity is a challenging task due to (1) structural complexity
requiring disulfide bonds, (2) the need for zymogen activation,
and (3) the capacity of proteases to cleave host proteins,
resulting in cell death, or to cleave themselves leading to
autoproteolysis. We have utilized a two-step strategy to
engineer the substrate specificity of chyB to cleave after Asn
and demonstrate its utility for proteomic and Asn-N-linked
glycan mapping experiments.
We screened libraries of mChyB via fusion to the E. coli

autotransporter Ag43 and utilized a high-throughput selection/
counterselection system. After three complete cycles of
diversification and screening assisted by flow cytometry, we
isolated a variant, chymotrypsiN, that contained nine
mutations and that demonstrated both increased activity
toward Asn-containing substrates and decreased activity
toward Tyr-containing substrates. At the molecular level,
chymotrypsiN displayed an increased positive charge within
the substrate binding pocket, and this is consistent with the
recognition of Asn substrates in other proteases.37 We profiled
the proteolytic activity of purified rChyB-Asn variant using
standard AMC substrates, and mass spectrometry confirmed
that the variant affected site specific cleavage after Asn.
One of the challenges in engineering proteases for

proteomics applications is that the activity of proteases toward
small peptide sequences, either natural or synthetically derived,
does not always translate to cleavage of the same sequences in
full-length proteins.19,50 We specifically chose chyB as a
starting scaffold for our engineering efforts because it is well-
documented that this family of proteases has the ability to
cleave full-length proteins at their cognate recognition sites. To
ensure that the engineered variants could be utilized for
proteomics digestions, we performed biophysical experiments
to confirm that rChyB-Asn had the ability to function in the
presence of the commonly used denaturant, urea, and had
enhanced autostability in comparison to WT-rChyB. Next, we
evaluated the secretome of HEK293F cells subsequent to
proteolytic digestion with either WT-rChyB or rChyB-Asn.
These experiments allowed us to map the specificity of rChyB-
Asn by surveying cleavage across a vast sequence landscape
and demonstrated that rChyB-Asn had expanded substrate
specificity to cleave after Asn.
The availability of proteases with distinct specificities makes

it likely that different peptides are generated for mass
spectrometry, and therefore, subjecting the same proteome
or proteins to proteolysis by these orthogonal proteases
increases the likelihood that complementary parts are
sequenced leading to enhanced coverage of sequence
space.7,8 This parallel digestion approach using multiple
proteases in parallel reactions has been utilized for the
quantification of proteomes obtained from mammalian cells
and viruses and leads to the increased frequency of
identification of PTMs.7,8 In this context, comparative profiling
of the proteins identified by either WT-rChyB or rChyB-Asn
showed qualitative differences in the peptides and proteins
identified. We thus envision that rChyB-Asn can be added to
the toolbox of proteases available for parallel digestion
reactions.
To test the utility of mChyB-Asn in mapping N-linked

glycosylation sites, we chose the well-studied glycoprotein
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invertase because it harbors 14 sequons and up to 50% of the
proteins’ mass is contributed by complex sugars.51,52 Our
results mapping the glycosylation of invertase using chymo-
trypsiN were largely consistent with known mapping experi-
ments, but there were also differences. According to our
results, sequon 14 (Asn512) is partially glycosylated because
we detected both peptides, but prior results have claimed both
partial and complete glycosylation.52,53

Next, we validated the application of chymotrypsiN to
proteomic studies of glycosylation by undertaking the mapping
of the extracellular proteome of Jurkat T cells. The number of
proteins identified by the aid of chymotrypsin is similar to the
proteins identified using trypsin. More importantly, we
identified 78 proteins that are either substoichiometrically
glycosylated or nonglycosylated at putative N-linked glyco-
sylation sites. For three of these proteins, we identified both
the glycopeptide and the unmodified peptide confirming N-
glycan macroheterogeneity. Although we have demonstrated
the detection of candidate glycopeptides, these likely have
some false positives because it has been previously
demonstrated that spontaneous deamidation of Asn can
happen independently of PNGase activity in MS/MS experi-
ments.54 To overcome this limitation, a more thorough
annotation of N-glycan sites can be undertaken by the direct
detection of glycopeptides as illustrated in a number of recent
studies.55,56

There are a wide range of PTMs that are currently sub-
optimally annotated, and thus, engineering proteases specific
for PTM offers a route to continuously expanding the set of
proteases available for proteome-wide mapping. Although here
we have demonstrated specificity for the unmodified parent
amino acid as a mechanism for detecting PTM, PTMs like
phosphorylation, due to the substoichiometric modification
and labile nature, will likely require that the engineered
proteases directly detect and cleave after the PTM. We have
established proof-of-concept studies to demonstrate the utility
of the engineered variant. More comprehensive studies will
have to be undertaken to reliably map glycan macro-
heterogeneity within complex proteomes. Second, our kinetic
data demonstrate that while the engineered rChyB-Asn
demonstrated the requisite specificity in distinguishing
modified and unmodified Asn (Figure S8), the overall catalytic
efficiency of the enzyme can be substantially improved, in
comparison to that of WT-rChyB. While we have employed
chyB as the scaffold for the current studies because trypsin is
the most commonly used protease for proteomics experiments
and typically leads to detection of larger numbers of peptides
and/or proteins, we are also exploring the engineering of more
commonly utilized trypsins for detecting PTMs. Because the
engineering of trypsin has also been recently reported, we are
optimistic that this is a scalable problem.22

In summary, as demonstrated by our studies, we envision
that chymotrypsiN can serve as a proteomic tool for mapping
glycosylation. In broader terms, with the aid of our screening
methodology, and surface display, other proteases like trypsin
can be engineered to directly detect PTMs, including
phosphorylation. This, in turn, will ensure more comprehen-
sive coverage of the proteomes of living organisms leading to
more fundamental discoveries.

■ METHODS
Construction of Chymotrypsin Libraries. We constructed a

target library randomizing residues 189, 192, 216−219, 221−224, and

226 of chymotrypsin B (Rattus norvegicus, UniProt ID P07388). We
performed polymerase chain reaction (PCR) using primers 1 and 2
(Table ST5) and pBAD_AChy_70023 as a template to obtain
fragment 1 encoding amino acids 206−245 of chymotrypsin B with a
C-terminal FLAG tag and a KpnI site for efficient restriction digestion.
Fragment 1 was gel-purified and used as template in a PCR with
primers 2 and 3 such that the region encoding amino acids 193−206
is added to its 5′ end. This step was repeated using primers 2 and 4 to
obtain fragment 2 encoding amino acids 183−245 with all of the
desired positions randomized with the NNS codon. Fragment 3
containing the SacI restriction site with an additional overhang, Shine-
Dalgarno sequence, and gene encoding the Ag43 signal peptide and
amino acids 16−188 of chymotrypsin B was obtained using
pBAD_AChy_700 as a template and primers 5 and 6. One hundred
femtomoles of gel-purified fragments 2 and 3 were first assembled
together by 10 cycles of PCR and then amplified by primers 2 and 5
for the next 20 cycles. All primers were purchased from Integrated
DNA Technologies (IDT) and are listed in Table ST6. After
assembly, the gene library was gel-purified, digested with SacI-HF and
KpnI-HF at 37 °C for 1 h, and ligated into digested pBAD_700. The
ligated plasmid was dialyzed against water for 1 h and transformed
into E. coli MC1061 cells by electroporation. The resulting
transformants were recovered with SOC medium (∼4 × 107) and
directly grown in 100 mL of 2xYT medium supplemented with 0.5%
glucose and 25 μg mL−1 chloramphenicol at 37 °C for 10 h. The cells
were lysed, and their plasmid DNA isolated using a QIAGEN
miniprep kit was stored at −20 °C; 300 μL aliquots of cells (OD600 ∼
2) in 20% (v/v) glycerol were frozen using liquid nitrogen and stored
at −80 °C.

To create the backcross library, primers 7 and 8 with mixed bases
were used. The procedure described above was repeated with primers
1 and 4 replaced by 8 and 7, respectively. Because more than one
mixed base was used for randomization, the resulting library members
also contained amino acids other than those that correspond to
mChyB or mChyB-Asn-v1 in positions (Table ST6). For random
mutagenesis of mChyB-Asn-v2, error-prone PCR was performed
using the GeneMorph II kit (Agilent Technologies) with the mChyB-
Asn-v2 gene as a template and primers 2 and 9. Assembly with the
gene fragment encoding the Ag43 signal peptide obtained using
primers 5 and 10, cloning into digested pBAD_700, transformation,
and cell recovery was performed as described previously.6 For all of
the libraries, plasmid DNA isolated from 10 randomly picked clones
was sequenced (SeqWright Genomic Services) to assess the genetic
diversity and the mutation rate for the library created using error-
prone PCR was estimated to be 0.65%.

Synthesis of FRET Peptide Substrates. We resuspended the
lyophilized peptide (KAAPNGSCGRGR, N-terminally acetylated and
C-terminally amidated, >70% pure, Genscript) and dyes, Atto-633
maleimide (Atto-TEC GmbH, Singen, Germany) and QSY21
carboxylic acid succinimidyl ester (Life Technologies), in anhydrous
N,N-dimethylformamide (DMF) to concentrations of 10 μg μL−1

(peptide) and 10 mM (dyes). Twenty microliters of a 1 M NaHCO3
solution was mixed with 50 μL of a peptide solution. Excess salt was
pelleted to transfer the supernatant to a fresh tube, and 50 μL of Atto-
633 maleimide was added to the reaction mixture. After incubation at
25 °C for 1 h, an aliquot was analyzed on a C18 column (catalog no.
00G-4041-E0, Phenomenex) with water/acetonitrile mobile phases
containing 1% acetic acid at a flow rate of 1 mL min−1 by measuring
absorbance at wavelengths of 630 and 670 nm via HPLC (Shimadzu
scientific). For the second reaction, the peptide/Atto-633 reaction
mixture was added to a tube containing 100 μL of 1 M 4-
dimethylamino pyridine (DMAP) (Sigma-Aldrich) and 50 μL of a
QSY 21 solution. The reaction mixture was diluted with 4.5 mL of
water containing 10% (v/v) acetic acid and loaded onto the column
using a 5 mL sample loop. The chemical identity of the synthesized
substrate was verified using ESI-MS (Rice University, Houston, TX).
The desired fractions were pooled together and lyophilized overnight.
After reconstitution in 100 μL of water, the substrate (Asn-AtQ21)
concentration was estimated by measuring the absorbance of dilutions
in an Infinite 200 PRO plate reader (Tecan, Man̈nedorf, Switzerland).
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Screening of Chymotrypsin Libraries Using FACS. A 3 mL LB
culture was inoculated using a glycerol stock of the library to a starting
OD600 of 0.02 and grown to an OD600 of 0.5. We induced protein
expression by the addition of 100 μM arabinose at 37 °C for 2 h. The
induced cells were washed with a 1% (w/v) sucrose solution and
resuspended to an OD600 of 1. The washed cells were incubated with
20 nM Tyr-BQ7 and 20 nM Asn-AtQ21 at an OD600 of 0.01 in a 1%
(w/v) sucrose solution containing 2 mM Tris (pH 7.5) for 10 min at
25 °C. The labeled cells were analyzed using a BD Biosciences
FACSJazz cell sorter at an event rate of 7000 s−1. Sorting was
performed in the labeling time window of 10−25 min because with a
longer incubation, cells could become labeled nonspecifically. For all
of the libraries, the number of cells screened was at least 3-fold higher
than their genetic diversity estimated on the basis of transformation
efficiency. We recovered the plasmid DNA from the sorted cells using
a Zymo miniprep kit (Zymo Research) and transformed into
electrocompetent E. coli cells as described previously.7 Ten colonies
were randomly picked from the sorted population for clonal
characterization using flow cytometry with Tyr-BQ7 and Asn-
AtQ21 substrates. Mutations in chymotrypsin B corresponding to
the clones that showed the desired phenotype on the cell sorter were
identified by standard Sanger sequencing (SeqWright Inc.).
Enzyme Expression and Purification. We use the notations

mChyB and rChyB to refer to the surface display form and the soluble
form of the enzymes, respectively. The pcDNA 3.4-based plasmid
vector, used for the expression of chymotrypsinogens in human
embryonic kidney (HEK293F) cells, was a kind gift from the
Georgiou lab (The University of Texas at Austin, Austin, TX). A gene
fragment encoding rChyB-Asn with a His6 tag and containing the
Kozak sequence (GCCACC) and sequences overlapping with the 5′
and 3′ ends of the AgeI-HF/Bsu36I-digested vector for subsequent
cloning by Gibson assembly was commercially purchased (IDT). The
wild-type chymotrypsinogen gene (rChyB) was generated by overlap-
extension PCR of DNA fragments obtained using rChyB-Asn and
mChyB as templates. After verifying the cloned plasmids by DNA
sequencing, we inoculated a 100 mL 2xYT culture supplemented with
200 μg mL−1 ampicillin with cells harboring rChyB or rChyB-Asn. The
culture was grown overnight at 37 °C, and plasmid DNA was isolated
using the QIAGEN plasmid maxi kit and QIAvac 24 plus vacuum
manifold (Qiagen Inc.); 100 mL of HEK293F cells grown to a density
of 2.5 × 106 cells mL−1 after three passages in a suspension medium
culture at 37 °C and 5% CO2 was transiently transfected with 100 μg
of plasmid DNA using 80 μL of Expifectamine transfection reagent
(Life Technologies). Transfection enhancers provided in the kit were
then added 16 h following transfection. The culture was grown for a
period of 4−5 days to allow for protein secretion in the supernatant.
Subsequently, we centrifuged the cells at 4000g for 20 min at 4 °C to
collect the supernatant. We confirmed the presence of chymotrypsi-
nogen in the supernatant by Western blotting using the rabbit anti-
His antibody (300 ng mL−1, GenScript), the goat anti-rabbit antibody
conjugated to HRP (40 ng mL−1, Jackson ImmunoResearch), and the
chemiluminescent HRP substrate (SuperSignal West Pico, Thermo
Scientific); 100 μL of the supernatant was activated with 1 unit of
proteomics-grade trypsin (Sigma-Aldrich) at 25 °C for 1 h. One
microliter of a 5 μg μL−1 casein-FITC (50−100 μg of FITC/mg of
solid, Sigma-Aldrich) solution was added to monitor proteolytic
activation by measuring fluorescence (excitation at 488 nm, emission
at 530 nm, and cutoff at 515 nm) at 25 °C using a SpectraMAX
Gemini EM plate reader (Molecular Devices).
After ascertaining the presence of chymotrypsinogen, we performed

purification using an AKTA FPLC system (GE Healthcare Bio-
Sciences) at 4 °C. The filtered (0.22 μm) supernatant was loaded
onto the column, and 12 mL of phosphate buffer was passed to elute
any nonspecifically bound proteins. Elution was performed by
increasing the imidazole concentration from 0 to 150 mM in a linear
gradient in 16 min to collect 5 mL fractions.
An aliquot of the fractions expected to contain the desired protein

was exchanged with Tris buffer [50 mM Tris and 10 mM CaCl2 (pH
7.5)] using Zeba spin columns in a 96-well plate format (Thermo-
fisher Scientific), and protease activity was confirmed using a casein-

FITC substrate after activation. The pooled samples were further
purified by cation exchange chromatography. One milliliter of
concentrated protein was loaded onto a column packed with 0.8
mL of resin (GE Healthcare Bio-Sciences) by injection. The purity of
fractions (1 mL volume) expected to contain a majority of the protein
was estimated by running samples denatured using sodium dodecyl
sulfate (SDS) and β-mercaptoethanol, in a 4 to 20% polyacrylamide
gel (Lonza Houston Inc.) and subsequent Coomassie blue staining.
Prior to any functional characterization, zymogens were activated
using trypsin (1:100 enzyme:chymotrypsinogen ratio) at 25 °C for 1
h and subsequently treated with 500 μM tosyl-L-lysine chloromethyl
ketone hydrochloride (TLCK, Sigma-Aldrich) to inhibit trypsin.

HPLC Characterization. Asn-sub, at a concentration of 1 μM, was
incubated with activated chymotrypsin variants in Tris buffer (pH
7.5) at 37 °C for ∼1 h. To estimate the degree of proteolysis, an
aliquot of the reaction mixture was analyzed on a C18 column by
measuring the absorbance at 630 and 670 nm corresponding to the
Atto633 fluorophore and the QSY21 quencher, respectively, using the
same gradient method that was previously used during substrate
synthesis. To validate the identity of the peaks observed in the
chromatogram, aliquots were also characterized by LC−MS (Mass
Spectrometry Laboratory, Department of Chemistry, University of
Houston).

Measurement of Kinetic Parameters. The concentration of
total proteins was estimated by a bicinchoninic acid (BCA)
colorimetric assay (Thermo Scientific) where the calibration curve
was generated by measuring dilutions of the albumin standard (1 mg
mL−1, Sigma-Aldrich). The concentration of functional chymotrypsin
after zymogen activation was determined by active site titration
against 4-methylumbelliferyl p-trimethylammoniocinnamate chloride
(MUTMAC, Sigma-Aldrich). Conversion of relative fluorescence
units (RFU) measured at 380 and 445 nm (excitation and emission
wavelengths, respectively) to molarity was achieved by calibrating
with different concentrations (0−5 μM) of the fluorophore, 4-
methylumbelliferone, in the presence of 50 μM MUTMAC, and the
rChyB zymogen incubated with TLCK-treated trypsin was used as a
negative control. Kinetics of rChyB and rChyB-Asn toward suc-Ala-
Ala-Pro-Asn-AMC (custom synthesized, Anaspec), suc-Ala-Ala-Pro-
Asn(GlcNAc)-AMC (custom synthesized, Anaspec), suc-Ala-Ala-Pro-
Phe-AMC (EMD Millipore), and suc-Leu-Leu-Val-Tyr-AMC (Sigma-
Aldrich) were measured. AMC fluorescence, measured at 380 and 460
nm, was calibrated with dilutions of an unconjugated AMC stock
solution. Depending on the kinetics, the enzyme concentration was in
the range of 2.5−50 nM and substrate concentrations were varied
from 20 to 500 μM. For the suc-LLVY-AMC substrate, the highest
concentration was limited to 50 μM due to poor solubility. The
enzyme concentration for AAPN(GlcNAc)-AMC ranged from 0 to
560 μM, and no proteolysis was observed at any of the enzyme
substrate concentrations tested. kcat and KM were determined by
fitting the kinetic data to standard Michaelis−Menten or Line-
weaver−Burk plots.

Protease Stability Experiments. Protease activity was assessed
by incubating the suc-Ala-Ala-Pro-Phe-AMC substrate in activity
buffer (50 mM Tris and 10 mM CaCl2) with either active WT rChyB
or rChyB-Asn and measuring the increase in fluorescence with time
using excitation at 380 nm and emission at 460 nm. To assess the
stability in urea, 80 nM WT rChyB or 600 nM rChyB-Asn was
incubated at the indicated concentrations at 25 °C for 20 min. For
studying autoproteolysis, WT rChyB and rChyB-Asn were incubated
at 37 °C at various intervals and aliquots were removed and stored at
4 °C. The cleavage activity of 80 nM WT rChyB and 400 nM rChyB-
Asn at time points of 0, 2, 8, 25, and 50 h was measured.

Digestion of the Secretome of HEK293F Cells. HEK293F cells
were cultured in Freestyle 293 serum-free medium (Thermo
Scientific) and passaged three times. Cells were then seeded at a
density of 0.9 × 106 cells mL−1 in 200 mL of fresh medium; the
supernatant was harvested after 24 h and lyophilized, and the protein
sample was dissolved in 0.5% (w/v) SDS. N-Linked glycosylation was
trimmed by EndoH (New England Biolabs) treatment following the
manufacturer’s instructions. Then, the sample was reduced with 4
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mM tris(2-carboxyethyl)phosphine (TCEP) at 37 °C for 15 min and
alkylated with 4 mM iodoacetamide (IAA) for 30 min in the dark at
room temperature (RT). The sample was purified by chloroform/
methanol precipitation and resuspended in 25 μL of 6 M urea. The
protein concentration was measured with a Nanodrop A280
instrument. Five microliters (65 μg) of the sample was digested
with engineered chymotrypsin, wild-type chymotrypsin, and trypsin in
100 mM ammonium bicarbonate buffer at 37 °C for 72 h. The
reaction was stopped by adding formic acid to a final concentration of
1%.
Digestion of the Jurkat Secretome. Jurkat cells were cultured

in RPMI 1640 containing 10% fetal bovine serum and supplemented
with 50 μg mL−1 gentamicin and an insulin-transferrin-selenium
supplement (Thermofisher Scientific) until a cell number of 6 × 107

was reached. Cells were resuspended in 100 mL of serum-starved
RPMI1640, and the supernatant was harvested after 24 h. Secreted
proteins were concentrated using an Amicon 10 kDa column, and
protein content was measured using a BCA assay.
Eight milligrams of Jurkat secretome was reduced with 10 mM

dithiothreitol (DTT) at 56 °C for 1 h and alkylated with 20 mM IAA
at RT in the dark for 1 h. The proteins were subsequently washed
thrice with 50 mM ammonium bicarbonate. Trypsin-activated rChyB-
Asn was added to the Jurkat secretome at a 1:1 ratio at 37 °C for 3
days. Again, the peptides were washed with 100 μL of 50 mM
ammonium bicarbonate twice and lyophilized.
Glycopeptide enrichment was performed using the Protein Extract

Glycopeptide Enrichment kit (Sigma-Aldrich) following the manu-
facturer’s instructions. Enriched and depleted (peptides that did not
bind to the glycocapture resin) samples were treated with PNGase F
at a 1:50 ratio overnight at 37 °C. PNGase F-treated proteins were
washed with ammonium bicarbonate lyophilized and resuspended in
0.1% formic acid prior to LC−MS/MS analysis.
Mass Spectrometry of the HEK293F Cell Secretome. Liquid

chromatography and tandem mass spectrometry (LC−MS/MS) was
performed on a ThermoFinnigan LTQ instrument equipped with an
Agilent 1290 Infinity UPLC system using solvent A [water and 0.1%
(v/v) formic acid] and solvent B (methanol and 0.1% formic acid).
Five microliters (8 μg) of the sample was injected for each mass
spectrometry analysis. The peptides were separated in a home-packed
500 μm × 6 cm C18 reversed phase column by a 30 min linear
gradient of 20% (v/v) to 100% (v/v) solvent B with a flow rate of 30
μL min−1. The electrospray voltage was set to 3.78 kV with a sweep,
auxiliary, and sheath gas set to 0 on a standard IonMax ESI Source.
The capillary temperature was set to 250 °C, and the mass
spectrometer was set for dynamic exclusion data-dependent MS/MS
with the three highest-intensity masses observed in the MS scan
targeted for MS/MS fragmentation. The RAW data files were
converted to MGF format using the MSConvert utility program from
the ProteoWizard program suite (http://proteowizard.sourceforge.
net). The data were first analyzed using an X! tandem advanced
search against the human protein database using the following criteria:
specific cleavage site [YWFLMN]|Not Pro for engineered and wild-
type chymotrypsin, [RK]|Not Pro for trypsin, one missed cleavage
allowed, precursor mass tolerances of +3 and −1 Da, product mass
tolerance of 0.4 Da, carbamidomethyl cysteine as fixed modification,
and other parameters at the default settings.
For the nonspecific search, peak lists obtained from MS/MS

spectra were identified using OMSSA version 2.1.9 and X!Tandem
version X! Tandem Sledgehammer (2013.09.01.1).57,58 The search
was conducted using SearchGUI59 against the custom database of
proteins identified (176 sequences) from the previous specific search.
Protein identification was conducted against a concatenated target/
decoy version of the custom database. The decoy sequences were
created by reversing the target sequences in SearchGUI. The
identification settings were as follows: no cleavage specificity; 3.0
Da as MS1 and 0.5 Da as MS2 tolerances; fixed modifications,
carbamidomethylation of C (+57.021464 Da); variable modifications,
oxidation of M (+15.994915 Da); fixed modifications during the
refinement procedure, carbamidomethylation of C (+57.021464 Da);
variable modifications during the refinement procedure, acetylation of

the protein N-terminus (+42.010565 Da), Pyrolidone from E
(−18.010565 Da), Pyrolidone from Q (−17.026549 Da), Pyrolidone
from carbamidomethylated C (−17.026549 Da). Peptides and
proteins were inferred from the spectrum identification results using
PeptideShaker version 1.16.12.60 Peptide Spectrum Matches (PSMs),
peptides, and proteins were validated at a 1.0% false discovery rate
(FDR) estimated using the decoy hit distribution.

Mass Spectrometry of the Jurkat Secretome. Mass spectrom-
etry analysis of the Jurkat secretome was performed commercially.
Digested peptides from the Jurkat secretome were analyzed using
Nanoflow UPLC: Easy nLC1000 (Thermofisher Scientific) coupled
to Orbitrap Q Exactive mass spectrometry (Thermofisher Scientific)
using mobile phases A (0.1% formic acid in water) and B [0.1% (v/v)
formic acid in acetonitrile]. The peptide mixture was separated in a
home-packed 100 μm × 10 cm column with a reverse phase ReproSil-
Pur C18-AQ resin (3 μm, 120 Å) with a flow rate of 600 nL min−1 by
applying a linear gradient from 6 to 30% B for 38 min, from 30 to 42%
B for 10 min, 42 to 90% B for 6 min, and constant 90% to complete
the 60 min program. The eluted peptides were electrosprayed at a
voltage of 2.2 kV with a capillary temperature of 270 °C. Full MS
scans were acquired in the Orbitrap with a resolution of 70000 at m/z
400. In each Orbitrap survey scan, a full scan spectrum was acquired
in the mass range of m/z 300−1650, followed by fragmentation on
the 15 most intense peptide ions from the preview scan in the
Orbitrap.

The MS raw data of rChyB-Asn were analyzed and searched against
a database of human-related proteins using Byonic version 2.15.7.
Similarly to HEK293F analysis, protein identification was conducted
against a target/decoy database with an estimated FDR of ≤1%. A
semispecific enzymatic search against YWFLMN was set with a
maximum number of missed cleavages of two and a peptide molecular
weight tolerance of 10 ppm. The MS/MS tolerances of 0.5 Da were
allowed. The sole fixed modification parameter was carbamidome-
thylation (C), and the variable modification parameters were
oxidation (O) and deamination (D) and the glycan modifications
HexNAc(1), HexNAc(2), HexNAc(1)Fuc(1), and HexNAc(2)-
Fuc(1). The peptide list from enriched and depleted fractions was
combined and narrowed to proteins with a taxonomy of Homo sapiens.
A total of 4380 peptides belonging to 2678 proteins are annotated as
secreted by either (1) the Gene Ontology (GO) cellular component
as either extracellular region (GO: 0005576), extracellular matrix
(GO: 0031012), extracellular space (GO: 0005615), extracellular
exosome (GO: 0070062), cell surface (GO: 0009986), external side
of plasma membrane (GO: 0009897), or protein secretion (GO:
0009306), (2) proteins predicted to contain a signal peptide
according to SecretomeP 2.0 or SignalP 4.1 servers, or (3) proteins
classified as secreted by a nonclassical pathway with a SecretomeP 2.0
score exceeding 0.6.

Invertase Digestion. The invertase (Sigma-Aldrich) sample was
treated with EndoH to remove all glycosylation except for the core
GlcNAc. Then, invertase (0.6 μg) was digested with engineered
chymotrypsin at 1:1 ratio in 100 mM ammonium bicarbonate buffer
and incubated at 37 °C for ≤72 h. The reaction was stopped by
adding 10% (v/v) formic acid to a final concentration of 1%. Four
microliters of digested peptides (70 or 130 ng) was analyzed by
Bruker MicrOTOF-Q mass spectrometry as described previously.61

The data were searched against the invertase protein sequence
database created in OMSSA using the following search criteria: no
enzyme, two missed cleavages allowed, precursor mass tolerance of 1
Da, product mass tolerance of 0.4 Da, Asn HexNAc, Asn
dHexHexNAc, deamidation of N and Q as variable modifications,
and E value threshold set to 1.000e+000.
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