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Short Communication

A chemoenzymatic approach enables the
site-specific conjugation of recombinant
proteins
Many biotechniques including protein microarray, drug screening, biosensors rely on the
immobilization of recombinant proteins on the solid supports. It is well known that random orientation of the immobilized proteins could impair their biologic functions. Thus,
it is very important to develop new site-specific immobilization approach. In this study,
we presented a chemoenzymatic approach for site-specific conjugation of recombinant
proteins onto solid support. In this strategy, the affinity tag on recombinant protein was
enzymatically cleaved to expose the N-terminal serine, which was oxidized to carry an
aldehyde group and was then covalently coupled to hydrazide resin through hydrazone
ligation. As this approach takes advantage of the most frequently used TEV protease, it
requires no further sequence design on recombinant protein. This method was validated
by site specific coupling of a synthetic peptide and a recombinant protein onto solid supports. It was found that the site specific immobilized SH2 domain is functional and could
be used to enrich tyrosine phosphorylated peptides.
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Additional supporting information may be found online in the Supporting Information section at the end of the article.

Many biotechniques including protein microarray, drug
screening, biosensors rely on the immobilization of active
biomolecules, in most cases recombinant proteins, on the
solid supports [1]. The functional groups on proteins such as
primary amino groups on N-termini and lysine side chains
are often used for protein immobilization. However, protein
function could be impaired because of random orientation
of the immobilized proteins [2, 3]. Controlling orientation
and coupling chemistry of proteins on surfaces is critical
for optimal functioning. Recombinant proteins could be site
specifically immobilized onto solid supports by exploiting the
affinity interactions between biomolecules. For example, Histag containing proteins could be easily immobilized onto the
solid supports functionalized with metal ions in a site-specific
way. However, such noncovalent immobilization is not stable and not suitable for long term usage. A few site-specific,
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covalent immobilization approaches are also available. Recombinant proteins could be immobilized by the introduction of an unnatural amino acid with orthogonal chemical
reactivity to the position to be immobilized [4, 5]. However,
such methods need strong expertise on molecular biology
operation and protein engineering. Another type of method
is the enzyme mediated approach. For example, Sortase A
mediated ligation enabled covalent immobilization of recombinant proteins onto the solid supports through the ligation
reaction between a substrate motif (LPXTG) and oligoglycine
nucleophiles. Such chemoenzymatic approaches are easy to
perform and have gained popular recently [6–8]. However,
the relatively low catalytic efficiency and reversibility of the
ligation reaction limit its potential applications [9]. In this
study, we presented a chemoenzymatic approach to enable
covalent immobilization of recombinant proteins on the solid
supports through its N-termini.
Affinity tags on recombinant proteins enable their purification from total cell lysate. However, presence of an affinity
tag may lead to the change of protein conformation and its
function. To avoid this problem, the tag could be cleaved after purification. The tobacco etch virus (TEV) protease is a
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Figure 1. Site-specific conjugation of recombinant proteins by enzymatically release
of affinity tag followed by mild
oxidation of N-terminal serine,
and hydrazone ligation with
hydrazide resin.

popular tag cleavage enzyme, which is a highly specific proteolytic enzyme that recognizes the seven-amino-acid sequence
EXXYXQ(G/S) (where X can be any amino acid) and cleavages
between glutamine and glycine or serine. The chemoenzymatic approach presented in this study allows the removal of
affinity tag and, in the meantime, enables the site-specific, covalent immobilization of recombinant proteins on the solid
supports. As shown in Fig. 1, the TEV protease recognizing tag EXXYXQS is placed between the affinity tag and the
sequence for the protein of interest. After the protein is expressed, it could be purified by the affinity tag. And then
the TEV protease is used to cleave the seven-amino-acid sequence which allowed the removal of the affinity tag. Thus,
the resulting recombinant protein has an N-terminal Ser. It
is known that the 1, 2-amino alcohol structure at N-terminal
serine can be oxidized by sodium periodate into the aldehyde
group [10, 11], which is similar with the oxidation of cis-diol
structure in glycoprotein / peptides for glycoproteomics analysis [12, 13]. This oxidation condition is mild and does not
result in obvious side reaction. This method can be even
used to oxidize glycans on the cell surface of living cells for
the study of cell surface proteome [14]. After the oxidation,
an aldehyde group is generated on the N-termini of the recombinant protein. When this protein is incubated with the
solid phase supports functionalized with hydrazine group, it
will be conjugated to the support surface via its N-termini. In
this way, site-specific, covalent conjugation of recombinant
proteins could be achieved.
This method was first validated by using a synthetic
peptide (P1, ENLYFQSKETAAAKFER) containing the sevenamino-acid sequence recognized by TEV protease. This peptide has a molecular weight of 2032.24 Da (Fig. 2A). After
incubating the peptide with TEV protease, two peptide fragments with m/z of 812.88 (P2, ENLYFQ) and 1237.38 (P3,
SKETAAAKFER) were observed (Fig. 2B), indicating the peptide bond between the residues of Q and S was cleaved as
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expected. The original peptide was not observed, indicating
the enzymatically digestion was quite complete. After this
step, a peptide with N-terminal serine (P3) was generated.
We then investigated if P3 could be oxidized to carry an aldehyde group on the N-termini. For comparison, the original
peptide (P1) and the product (P3) were oxidized with sodium
periodate. The decreasing of 31.06 Da of oxidized peptide (P4,
␣-oxo-aldehyde-KETAAAKFER) corresponding to the formation of an aldehyde group was only observed on P3. Since P3
is a C-terminal fragment of P1, all the side chains of P3 are
also present on P1. The only difference is that P3 has the 1,
2-amino alcohol structure at N-termini due to the presence
of terminal serine. Thus, the aldehyde group must be formed
on the N-termini of P3. It can be seen from Fig. 2C that P3
was not observed in the spectra after oxidation indicating the
oxidation was complete. This experiment indicated that TEV
protease digestion followed with sodium periodate oxidation
can cleave the peptide at designed position and enable the formation of the aldehyde group on the N-termini of the yielded
C-terminal fragment which makes the site-specific coupling
of the fragment to hydrazide beads possible.
This method was further validated by using a special designed recombinant protein. As shown in Fig. 1, it has two
affinity tags, i.e. His tag and GST tag, on the N-termini and
a mutant SH2 domain on the C-termini. In the between,
there is the seven-amino-acid sequence recognized by TEV
protease. To express this protein, E. coli with pETM-30 vector
containing the protein sequence were cultured. After lysed
with sonification, the recombinant protein was captured by
Ni-Sepharose beads via the His tag and then eluted by 500 mM
imidazole. The resulting solution was desalted by Sephadex
column and then subjected to TEV protease digestion. We
investigated cleavage efficiency with various enzyme to substrate ratios and digestion times (Supporting Information
Fig. S2a). It was found that the recombinant protein (MW
41 kDa) could be completed cleaved at ratio of 50:1(w/w,
www.electrophoresis-journal.com
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Figure 2. Validation of the approach by using a synthetic
peptide (A) MS spectra of the
synthetic peptide; (B) cleavage with TEV protease; (C)
uncleaved peptide was oxidized by sodium periodate; (D)
cleaved peptide was oxidized
by sodium periodate.

substrate: enzyme) for 3 h (Supporting Information Fig. S2b,
lane 3). After cleavage, the SH2 domain protein was purified
by size exclusion chromatography and oxidized by sodium
periodate. It was found that the mobility of oxidized SH2
domain protein in the gel was decreased compared with the
unoxidized form which could be partially attributed to the
hydrophobicity change (Supporting Information Fig. S2b,
lane 4) [15]. We then tested if the oxidized proteins could
be coupled onto hydrazide resins. The oxidized proteins were
incubated with hydrazide resins and the remaining solution
was analyzed by SDS-PAGE (Supporting Information Fig.
S2b, lane 5). This protein band was not observed, which indicated the high coupling efficiency.
Above example indicated that the affinity tags could be
efficiently cleaved and the SH2 domain protein could be efficiently coupled onto the hydrazide resins. However, the
procedure is quite tedious. We then investigate if we can
skip the desalting and chromatographyic purification steps
by performing on beads cleavage. Firstly, the Ni-Sepharose
beads were saturated with the recombinant His/GST-tagged
protein. On-beads cleavage was processed by adding TEV
protease to beads slurry and rotated in an end-to-end manner. The flowthrough containing N-terminal serine residual
SH2 domain was directly oxidized by sodium periodate and
analyzed by SDS-PAGE. The results were found to be consistent with the theoretical molecular weight that the fusion
protein GST-SH2 is about 41k Da while the digested and
the oxidized SH2 are about 15k Da (Supporting Information Fig. S1). The coupling efficiency was evaluated by both
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SDS-PAGE analysis and the concentration of desalted SH2
before and after conjugation. When staining by Coomassie
blue, the remnant SH2 after coupling was hardly detectable
as the in-solution method (Supporting Information Figs. S1
and S2b) while the coupling efficiency was determined to
be about 70% according to the concentration changes after
conjugation.
After the protein was site-specific coupled to solid phase
supports, another key issue is whether the protein preserves its bioactivity. The SH2 domain is the reader to recognize the tyrosine phosphorylation on proteins. The mutant SH2 domain used in this study was obtained by introducing three mutations into the phosphorylated tyrosine
(pTyr)-binding pocket of the wild type Src SH2 domain,
which significantly enhanced its affinity to tyrosine phosphorylation [16, 17]. For this reason, this domain is termed
as SH2 superbinder. To evaluate its bioactivity, the immobilized SH2 superbinder was applied to capture the pTyr
peptides from complex peptide mixture (Fig. 3). The lysate
of Jurkat cells was digested by trypsin and the phosphopeptides in the digest were enriched with immobilized titanium (IV) ion affinity chromatography (Ti4+ -IMAC) [18].
The obtained phosphopeptides were subjected to LC-MS/MS
analysis, which resulted in identification of 5152 phosphopeptides. Among these phosphopeptides, only 8.25% (425)
had pTyr sites. Clearly majority of phosphopeptides in this
mixture were pSer/pThr. This phosphopeptide mixture was
incubated with the SH2 superbinder conjugated-hydrazide
beads, the captured peptides were eluted by formic acid
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