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Insertion of a Synthetic Peptide into a Recombinant
Protein Framework: A Protein Biosensor
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The ability to insert synthetic peptides into recombinantly
expressed proteins would open powerful new avenues in protein
engineering and would complement existing approaches for
introducing unnatural amino acids and biophysical probes into
large proteing. One exciting application of such a technology

would be in the generation of fluorescence-based protein biosen-

sors for investigating molecular processes principle, an
appropriate fluorophore(s) could be selectively introduced into a

protein such that its fluorescence properties are dependent on the

“functional state” of a process under investigation. We report here
a general strategy for site specifically incorporating a synthetic
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Figure 1. Sequential ligation strategy. The first step involves native
chemical ligation of the synthetic peptide RGKIEGR-CK(Dns)G-

peptide sequence within the backbone of a target recombinantpropionamidethioestet! to the recombinant N-terminal Cys fragment,

protein. To illustrate this methodology, a synthetic tripeptide
containing the environmentally sensitive 5-(dimethylamino)-
naphthalene-1-sulfonamide (Dns) fluoropionas inserted be-
tween the recombinantly derived Src homology 3 (SH3) and SH2
domains of the Abelson nonreceptor protein tyrosine kinase (Abl).
The resulting semisynthetic construct was found to biosense for
high affinity bidentate interactions with the Abl-SH(32) domain
pair.

Recently we described an approach, expressed protein
ligation,'"k which allows synthetic peptides to be chemically
ligated via an amide bofdo the C-terminus of recombinant
protein®thioesters, themselves generated by chemically intercept-
ing a protein-splicing reaction. The biosynthetic strategy outlined
in Figure 1 extends this approach by allowing a peptide insert,
containing both an N-terminal cysteine residue andthioester

Abl-[C12SH2 12 After purification the pro-sequence RGKIEGR (Xa) is
removed from the ligation product by treatment with factor Xa. This
exposes a N-terminal cysteine residue which is then reacted with the
recombinant thioester fragment, Abl-J{§SH3-ethyfthioestert® in a
second native chemical ligation step.

a synthetic peptide model systérKey to this sequential ligation
process was the reversiblejgrotection of the cysteine residue

in the central peptide which allows the two ligation reactions to
be performed in a controlled, directed fashidhowever, the base-
labile 2-(methylsulfonyl)methyloxycarbonyl (Msc)yMrotecting
group used in these model studies was deemed to be incompatible
with the use of recombinant proteins due to the harsh conditions
required for its removal (pH 13, for-12 min). To resolve this
problem, a mild enzymatic Nprotection strategy was employed
which involved appending the short propeptide, RGKIEGR, to

moiety, to be inserted between two recombinant proteins contain- the N-terminal Cys of the central peptide. Model studies indicated
ing complementary reactive groups at their N- or C-termini. that this peptide-protecting group prevented self-ligation yet could
Previously, we demonstrated the feasibility of such a process usingbe cleanly removed at pH 7.5 by treatment with the protease factor
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Xa® Note, this enzymatic Mprotection strategy is compatible
with both the chemical synthesis and biosynthesis of peptides and
proteins.

The applicability of our biosynthetic insertion approach was
demonstrated by the regioselective incorporation of the fluorescent
peptide sequence, CK(Dns)G, between the SH3 and SH2 domains
of Abl (Figure 1). The two SH domains of Abl are adjacent in
the full length protein and are critical for its regulatibiwe
anticipated that introduction of the environmentally sensitive
dansyl group between these two regulatory domains would allow
any changes that occur in their relative motions upon ligand
binding to be monitored spectrofluorometrically (Figure Za).

In the first step of our insertion process, the protected synthetic
peptide insert, RGKIEGR-CK(Dns)G-propionantitteoester ),
was chemoselectively ligated to the N-terminal cysteine-containing
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Figure 2. (a) Anticipated change in the dansyl emission spectra of Abl-
SH3-CK(Dns)G-SH2 upon binding the consolidated ligand 3BP2-

2BP11617 Binding of the bidentate ligand constrains the interdomain

motions which is expected to perturb the microenvironment of the
fluorophore. (b) Fluorescence emission spectrum of the final ligation
product 6), indicating the presence of the dansyl group within the

construct. Excitation= 340 nm. (c) Change in the emission intensity

(background corrected) of the construct at 530 nm on addition of
increasing concentrations of the Abl-SH(32) consolidated ligand 3BP2-
2BP1. All experiments were conducted in 10 mM DTT, 150 mM GdmCl,

140 mM NaCl, 25 mM phosphate pH 7.2, with excitation at 340 nm.

recombinant protein, Abl-[EYSH2 (1).}? This was achieved by
simply stirring both reactants1i6 M GdmCI, 140 mM NacCl,
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peptide has been inserted between the two recombinant domains.

The purified, refolded insertion produdd® was used to
investigate whether ligands for Abl-SH(32) induce a significant
fluorescence change upon bindittgKnown peptide ligands for
Abl-SH2, Abl-SH3, and Abl-SH(32) were titrated against con-
struct5 and the fluorescence emission intensity was monitored
at 530 nm. As illustrated in Figure 2c, addition of the consolidated
ligand 3BP2-2BP1¢ a branched peptide which coordinates both
domains of Abl-SH(32}/ causes a sizable increase in the
fluorescence intensity. The data fits a two-state binding isotherm,
yielding aKy of 0.123+ 0.017uM, a value consistent with that
previously reported for recombinant Abl-SH(32)Ligands for
the individual SH2 and SH3 domains, 2BP1 and 3BP2 respec-
tively, also produced the expected binding isotherms (data not
shown), although the maximum fluorescence change was signifi-
cantly smaller 4% at saturation) as compared to the bidentate
ligand. The fluorescence data obtained using constBudcs
consistent with a model whereby the relative motions of the SH3
and SH2 domains are constrained when the protein is complexed
to the bidentate ligantf. Importantly, at low concentrations of
ligand (e.g., 0.5«M or below) the change in fluorescence is far
greater (at least-610-fold) for the bidentate interaction compared
to its monovalent counterparts. This ability to distinguish between
these different interactions at low ligand concentrations indicates
that the construdd is a specific protein-biosensor for high affinity
bidentate interactions with the SH(32) region of Abl. In future
studies this reagent will be used to identify novel high affinity
bidentate ligands for Abl-SH(32), through tirevitro screening
of combinatorial peptide libraries and to biochemically character-
ize protein-protein interactions which potentially regulate Abl
function.

The peptide-insertion strategy described above is expected to

200 mM phosphate buffer pH 7.2 containing 1.5% v/v of both be a generally applicable method for protein engineering, enabling
thiophenol and benzylmercaptan. After 96 h, the desired ligation a molecule to be subjected to a wide variety of specific
product RGKIEGR-CK(Dns)G-Abl-[&]SH2 (4) was purified biochemical transformations (including backbone mutations)
by reverse phase HPLC and concentrated into 0.03 M GdmCl, regardless of its size or primary sequence. All of the steps in the
100 mM NaCl, 5 mM phosphate buffer pH 7.5. The leader procedure are performed at ca. physiological pH and can be
sequence was then cleanly removed by overnight treatment withaccomplished under native conditions if the final product cannot
factor Xa at 25°C. The cleavage product, CK(Dns)G-Abl4d- be refolded from its denatured state. The development of the
SH2, thus contained the requisite free N-terminal cysteine residue“proteolytic cleavage” method of N-terminal protection means
necessary for the second ligation reaction. This final step was the insert can, in principle, be another recombinant fragment,
facilitated in situ by concentrating the factor Xa cleavage mix permitting the combinatorial recombination of numerous protein
into the ligation buffer (6 M GdmCI, 140 mM NacCl, 200 mM  domains. In this example the dansyl fluorophore was selectively
phosphate buffer pH 7.2 containing 1.5% thiophenol and ben- incorporated between the SH3 and SH2 domains of Abl to
zylmercaptan) and then directly adding this to a molar excess of generate a biosensor which reports bidentate interactions with this
purified recombinant Abl-(&9SH3-ethytthioester 8).1* After regulatory region of the protein. The ability of such reagents to
the mixture stirred for 4 days at room temperature, the desired report specific biological interactions may be extremely useful

insertion product, [Abl-(®9)SH3]-CK(Dns)G-[(CG)SH2] (5),

was purified by HPLC and characterized by fluorescence spec-

troscopy (Figure 2b) and electrospray mass spectrontetry.
Digestion of this protein with the enzyme Lys-C produced the
expected fragment corresponding to residues SH3{126)-CK-

(Dns)-SH2(121124) of the construct, confirming that the dansyl-

(20) (a) Walkup, G. K.; Imperiali, BJ. Am. Chem. S0d997, 119, 3443~
3450. (b) Marvin, J. S.; Hellinga, H. W. Am. Chem. Sod 99§ 120 7-11
and references therein.
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P.; Jones, A.; Alewood, D.; Kent, S. B. Ht. J. Pept. Protein Re4992 40,
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(12) The recombinant N-terminal cysteine protein AbF{SH2 was

generated by factor Xa treatment of a precursor GST fusion protein containing

the sequence lle-Glu-Gly-Arg-Cys immediately N-terminal to the SH2 domain
(see refs 1k and 8).

(13) Recombinant Abl-(89SH3-ethytthioester was produced by overnight
treatment of the corresponding Abl-SH3-Intein-CBD fusion protein with 3%
v/v ethanethiol in 200 mM NaCl and 200 mM phosphate buffer pH 6.0, and
the desired product was purified by HPLC. The C-terminal residtfé was
mutated to Gly to improve the kinetics of the ligation reaction (see ref 1k).

(14) Electrospray mass spectrometry; observed mdst604+ 0.9 Da,
expected (av isotope comps) 18602.9 Da. The overall yield for the two
ligation steps and factor Xa removal of thé-Nrotecting group was 28%.

for investigating molecular recognition processes hathitro
andin vivo.
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(15) The protein was refolded by rapid dilutiorr 10-fold) from 6 M
GdmCl with 10 mM DTT, 140 mM NacCl, 25 mM phosphate pH 7.2.

(16) Consolidated ligand 3BP2-2BP1 is the branched peptifiéBP2]-
€-[2BP1-(Gly)]-lysine; 3BP2 is PPAYPPPPVP; 2BP1 is PVY*ENV (¥
phosphotyrosine).

(17) The interaction of the consolidated ligand 3BP2-2BP1 with recom-
binant Abl-SH(32) has a reporteldy of 0.249 + 0.005uM, whereas the
individual components, 2BP1 and 3BP2, ha\gvalues of 2.35+ 0.34uM
and 10.7+ 0.3 uM, respectively: Cowburn, D.; Zheng, J.; Xu, Q.; Barany,
G. J. Biol. Chem 1995 270 26738-26741.

(18) Structural studies on fully recombinant Abl-SH(32) indicate that the
relative orientation of the SH2 and SH3 domains is not restricted in solution
(ref 4b).




