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ABSTRACT: Chemoenzymatic modification of proteins
is an attractive option to create highly specific conjugates
for therapeutics, diagnostics, or materials under gentle
biological conditions. However, these methods often suffer
from expensive specialized substrates, bulky fusion tags,
low yields, and extra purification steps to achieve the
desired conjugate. Staphylococcus aureus sortase A and its
engineered variants are used to attach oligoglycine
derivatives to the C-terminus of proteins expressed with
a minimal LPXTG tag. This strategy has been used
extensively for bioconjugation in vitro and for protein—
protein conjugation in living cells. Here we show that an
enzyme variant recently engineered for higher activity on
oligoglycine has promiscuous activity that allows proteins
to be tagged using a diverse array of small, commercially
available amines, including several bioorthogonal func-
tional groups. This technique can also be carried out in
living Escherichia coli, enabling simple, inexpensive
production of chemically functionalized proteins with no

additional purification steps.

S ite-specific modification of proteins is an essential

technique in many scientific fields."” As an example, the
efficacy of antibody—drug conjugates, a therapeutic approach to
cancer treatment, is enhanced by the inherent uniformity that
stems from site-specific attachment of small-molecule chemo-
therapeutics.” Other in vitro protein conjugates for use in
materials,* imaging,” diagnostics,’ catalysis,” or devices® can
similarly benefit from the homogeneity of site-specific
conjugation. Chemical methods for modifying proteins have
historically relied on the different reactivities of specific amino
acids, e.g., lysine, cysteine, and tyrosine; however, in recent
years significant advances have been made to modify unique
sites such as N-terminal residues,” C-terminal residues,’® or
glycosylated residues.'!

In vivo tagging of proteins, though challenging, can be used
to illuminate protein localization, function, and intermolecular
interactions or to allow modified protein production in fewer
steps than other approaches.'” Amber stop codon suppression
using unnatural amino acids (UAAs), one of the most heavily
used methods for in vivo protein labeling, can install a
multitude of different functional groups in a wide variety of cell
types; however, this method can be prone to decreased protein
yield, truncation, and misincorporation."® Enzyme fusions that
employ mechanistic-based protein labeling such as SNAP,
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CLIP, TMP, and Halo tags feature exquisite specificity but are
limited by their molecular size and expensive substrates.'*
Numerous other chemoenzymatic methods developed to ligate
orthogonal functional group adaptors allow for smaller size and
greater versatility of tags. A host of natural and engineered
enzymes, such as 4’-phosphopantetheinyl transferase (Sfp),"
glutathione-S-transferase (GST),** transglutaminase,17 tubulin
tyrosine ligase,"® and phosphocholine transferase,'” are used to
attach functional groups in vitro. Alternatively, the enzymes N-
myristoyl transferase,” biotin ligase,”" lipoic acid ligase,” and
formylglycine generating enzyme” have been coexpressed with
a protein of interest fused to a recognition sequence so that
they attach a unique functional group in the cytoplasm.
Another widely used chemoenzymatic bioconjugation
approach utilizes the transpeptidase sortase A from Staph-
ylococcus aureus to label the N- or C-terminus.”* This enzymatic
approach is popular because of its versatility, only requiring an
LPXTG recognition sequence (the “C-peptide”)”> and an
oligoglycine nucleophile (the “N-peptide”) (see Figure
1A).***” By means of this scheme, proteins have been attached
to lipids,zg nucleic acids,” polyrners,30 drugs,31 inorganic
materials,”* surfaces,®® thioesters,”* depsipeptides,35and other
proteins.”® Because of the peptidic nature of the substrates, this
approach has been largely limited to in vitro or cell-surface
labeling, though non-natural protein—protein ligations have

R = bioorthogonal functional group

Figure 1. C-terminal transpeptidation of proteins using sortase A. (A)
Classic sortase reaction. The enzyme recognizes an LPXTG motif on
the protein of interest (POI) and replaces the terminal glycine with
tagged oligoglycine 1. (B) New sortase activity in which oligoglycine is
replaced by an inexpensive amine containing a cell-permeable,
bioorthogonal chemical handle.
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been demonstrated in both live mammalian®” and E. coli*® cells.
Central to this latter bacterial example were two sets of
mutations engineered into the sortase enzyme (termed 7M).
One set, [P94R/D160N/D165A/K190E/K196T],** dramati-
cally increases the activity of the enzyme. Another set, [E105K/
E108A], confers calcium independence to the enzymatic
activity."” These previous studies highlight the vast potential
of sortase, but the requirement of synthetic peptide substrates
limits the majority of applications to lab-scale in vitro labeling
in research groups or organizations with the resources to
custom-make the desired substrates. An inexpensive, cell-
permeable, commercially available bioorthogonal adaptor
would greatly extend the potential of sortase for producing
large-scale and/or in vivo conjugates.

Here we describe the use of the engineered sortase variant
7M (SrtA7M) to create bioorthogonally tagged proteins
directly from E. coli culture. By simply coexpressing the sortase
variant with the protein of interest and adding commercially
available substrate mimics, such as 3-azido-1-propanamine
(Azp) or propargylamine (Figure 1B), we can produce large
quantities of labeled protein with no extra purification steps.
Additionally, we show that this method works in vivo on a
variety of protein substrates.

Wild-type sortase enzymes have been used to install non-
glycine nucleophiles such as aminohexoses,*' lysine-containing
sequences,”” some amines,””**** and hydrazines."”” We
hypothesized that the engineered sortase variant SrtA7M
would more efficiently activate LPETG sequences with little
specificity for the nucleophile. We incubated purified SrtA7M
with the peptide LPETGSW and several potentially useful
amines and analyzed the reactions by LC/MS to determine
which could act as nucleophiles in the transpeptidation
reaction. Six of the eight amines tested, in addition to triglycine,
showed significant conversion in just 2 h (Figure 2). The
reaction was tolerant of the bioorthogonally reactive groups on
Azp 2, propargylamine (3) (but not pL-propargylglycine (4)),
and tetrazine amine S in addition to charged ethylenediamine
(6) and bulky aminoethylbenzenesulfonamide (7). Interest-
ingly, the enzyme was able to act on histamine (8) but not
histidine (9). The two amines that did not participate in the
transpeptidation, 4 and 9, are branched at the a-carbon,
suggesting that the 7M variant maintains the wild-type
enzyme’s preference for the unbranched primary amine of
oligoglycine. In the absence of a suitable amine, ammonia from
the ammonium bicarbonate buffer was also able to add to the
peptide (Figure 2). Curiously, the enzyme was more active in
this buffer; however, significant activity was also seen in Tris
buffer (Supplementary Figure S1). Minimal enzymatic activity
was seen in phosphate buffer. We also tested the pH sensitivity
of the reaction with propargylamine in Tris buffer and found it
to work significantly better above pH 7.5 (Supplementary
Figure S2). Wild-type SrtA was only able to catalyze the
reaction when 15-fold more enzyme was added and incubated
for 20 h, resulting in modest conversion (Supplementary Figure
S3). These data show that the enzymatic activity, but not
substrate specificity, has been altered with SrtA7M compared
with wild-type sortase.

We next determined the ability of SrtA7M to modify purified
proteins. We incubated several proteins containing a C-terminal
LPETGG sequence (srt) with 10 M enzyme and either 100
mM Azp or propargylamine, followed by quenching with
formic acid. Figure 3 shows complete conversion of maltose
binding protein (MBP-srt), anti-HER2 nanobody 5f7 (5f7-His-
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Figure 2. Transpeptidation of peptides using SrtA7M. Peptide
LPETGSW (1 mM, dashed blue line) was incubated with SrtA7M
(20 M) and amines 1—9 (10 mM) at 37 °C for 2 h in ammonium
bicarbonate buffer (pH 7.8), diluted 10-fold with 0.2% formic acid, and
analyzed by LC/quadrupole MS. The negative-mode base-peak
chromatograms show significant conversion to the desired conjugates
(indicated by green asterisks). Ammoniolysis (dashed red line) occurs
in the absence of unbranched primary amines.
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Figure 3. Transpeptidation of purified proteins. Purified proteins
expressed with a C-terminal LPETGG sequence were incubated with
10 uM SrtA7M for 8 h at 37 °C along with the desired amine. Proteins
were then diluted 10-fold with 0.2% formic acid and analyzed by ESI-
TOF LC/MS. (A) Maltose binding protein, (B) 5f7 nanobody, and
(C) fibronectin Fnl0 all show 80—100% conversion to the desired
conjugate.

srt),* and the engineered fibronectin domain Fn10 (Fn10-His-
srt).”” Additionally, little to no conversion was observed with
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the superfolder GFP (His-sfGFP-srt) under the same
conditions until the 6xHis tag was positioned as a spacer,
allowing the enzyme access to the LPETGG sequence (sfGFP-
His-srt) (Supplementary Figure S6). To define the effective
range of reaction conditions, we tested the conjugation of
MBP-srt with Azp at different time points and substrate
concentrations. These experiments suggested that relatively
high concentrations of the amine are needed but that efficient
conjugation takes place in less than 1 h (Supplementary Figures
S4 and SS).

As sortase has only rarely been used in living systems, we
next determined whether SrtA7M is able to install useful
functional groups to proteins as they were expressed in E. coli.
SrtA7M, under a rhamnose-inducible promoter, was coex-
pressed in BL21(DE3) cells with the protein GST-His-srt,
thioredoxin-fused nanobody (Trx-5f7-His-srt), or stGFP-His-srt
under T7-inducible promoters in the presence of Azp (Figure
4). The azide-tagged proteins were then labeled with Cy3-
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Figure 4. Modification of proteins in living E. coli cells. SrtA7M and
each protein of interest were coexpressed, and amine (25 mM) was
added to the culture medium. Clarified lysate was then incubated with
Cy3-DBCO. (A) Cy3 fluorescence and (B) Coomassie-stained SDS-
PAGE gels show high levels of modification of stGFP, GST, Trx-5{7
nanobody (before and after Ni**/NTA purification), and MBP. (C)
Mass spectra of the superfolder GFP expressed alone or with SrtA7M
and Azp or propargylamine and purified by Ni**/NTA chromatog-
raphy, showing complete conversion to the desired conjugates. (D)
Flow cytometry with Trx-5f7-Cy3. Trx-5f7 was conjguated to Azp in
vivo, labeled with Cy3-DBCO on the Ni**/NTA column, and bound
to HER2 molecules on SK-BR-3 cells. Blocked cells were incubated
with 100-fold excess unlabeled Trx-5f7 to discern nonspecific Cy3
binding to the cell surface.

dibenzocyclooctyne (Cy3-DBCO) in cell lysate and assayed by
SDS-PAGE with fluorescence and Coomassie staining (Figure
4A,B). The LPETGG-tagged proteins were specifically
conjugated only when SrtA7M was coexpressed. Trx-5f7-His-
srt was only modestly expressed in E. coli, but subsequent
purification showed that the protein was also effectively labeled
with Cy3-DBCO (Figure 4A,B). The RefSeq protein database
includes 24 proteins containing an LPXTG sequence in the E.
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coli BL21(DE3) proteome;*® however, incubating lysate of
SrtA7M-expressing cells with Cy3-DBCO (Figure 4A) or with
biotin alkyne (Supplementary Figure S7) revealed minimal off-
target protein conjugation with azide above background. This
indicates high specificity of the sortase reaction to the protein
substrate. Increased expression of sortase did not result in
higher levels of protein conjugation (Supplementary Figure
S8).

Additionally, we coexpressed MBP-srt with SrtA7M under
rhamnose- and IPTG-inducible promoters in DHSa cells
(Figure 4A,B). Protein labeling with Cy3-DBCO was also
successful under these conditions, indicating that the sortase
reaction is not dependent on cell or plasmid type.

To quantify the reaction in more detail, sfGFP-His-srt was
conjugated in vivo with several different substrates and purified.
At the time of induction we added 25 mM Gly;, Azp, or
propargylamine to the cultures and incubated the mixtures for
24 h at 30 °C. After expression and conjugation, the proteins
were purified with Ni**/NTA resin and analyzed by LC/MS.
Incubation with Gly; resulted in partial conjugation of the
LPETGG tag, while incubation with Azp or propargylamine
resulted in complete conjugation of the protein (Figure 4C and
Supplementary Figure S9). In the absence of amine, several
other uncharacterized peaks were present in the purified
protein, suggesting that SrtA7M is able to conjugate intra-
cellular E. coli metabolites or medium components in addition
to hydrolysis at threonine (Supplementary Figure S9).

Finally, we demonstrated the utility of our simple labeling
method by making a Cy3-tagged HER2-binding imaging agent
in a single expression and purification step. After expression and
Azp conjugation, Trx-5f7 was bound to Ni**/NTA resin and
labeled on-column with Cy3-DBCO. This probe was effective
in detecting HER2 expression on SK-BR-3 breast cancer cells
(Figure 4D).

Site-specific modification with alternate nucleophiles has
been demonstrated in other sortase-mediated protein labeling
experiments, but only in specialized cases. Similar thioester-
trapping techniques have been developed using intein
domains®™ and butelase,® but not in living cells. Here we
have shown for the first time a general, high-yielding protein
modification strategy that uses inexpensive bioorthogonal
reagents. In addition, we have shown that this strategy is
effective in living E. coli cells, paving the way for further
engineering of specific highly active enzymes for in vivo protein
experiments. Future engineering of sortase to repress
proteolytic activity and activity on other cellular amines will
improve the performance and specificity for amine nucleo-

philes.
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