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We have developed a small-molecular probe, consisting of
cyclic RGD pentapeptide bearing a nitrobenzoxadiazole
fluorophore at the 4’-residue that detects integrin ayf;
activity in terms of fluorescence intensity decrease due to
quenching of the fluorophore by interaction with tyrosine-122
at the binding site of the protein. This probe appears to be
suitable for a practical, high-throughput fluorescence assay to
screen small-molecular modulators of integrin activity.

Integrins are a family of proteins that transfer environmental
signals into cells!'!. So far, 24 integrin heterodimers have been
identified in mammalian cells !, and most of them function by
binding to extracellular matrix proteins such as fibronectin or
collagens to mediate proliferative and migratory signals.
Downstream signaling is partly common with that of growth
factor receptors”™, and mis-regulated activation of integrins
usually leads to uncontrollable cell growth and migration. For
example, increased activity of integrins is often observed in
metastatic cancer cell lines!™¥. Therefore, small molecules that
modulate integrin functions would be useful both for basic
studies of cell adhesion and as anticancer drug candidates™*.
Integrins have active and inactive forms that cycle in response to
intracellular signalling, so the existence of integrin protein does
not necessarily imply activity®>.  Therefore, a method for
selective evaluation of integrin activity is required. One possible
approach would be to use small-molecular probes that mimic the
structure of extracellular proteins that binds only to the active
form of integrins!®. However, currently available probes require
special detection methods such as fluorescence polarization assay
or surface plasmon resonance measurement.

In this study, we have developed a small-molecular fluorescent
probe that binds to active integrins and shows a fluorescence
signal change in response to the binding, thereby enabling rapid
and reliable detection of the target protein (Figure 1a). A small-
molecular fluorescent probe for integrin activity based on the
aggregation-induced emission enhancement (AIEE) mechanism
was recently reported ). However, although it could
successfully visualize active integrins, the mechanism of
fluorescence activation is based on the detection of a hydrophobic
protein surface, so that the signal change is not specific to the
binding site of integrins, and non-specific protein binding is an

issue. In contrast, we set out to design a probe that would

specifically sense the microenvironment of the integrin binding
site through interaction of the fluorophore with an amino acid
so residue at the binding site. It has been reported that electron-rich
amino acid side chains can quench fluorescence via the
photoinduced electron transfer (PeT) mechanism®®. Here, we
aimed to utilize quenching of the fluorescence of
nitrobenzoxadiazole (NBD) fluorophore by the hydroxyphenyl
ss group of tyrosine-122 at the integrin o35 binding site. Integrin
oayfB; has functions in angiogenesis and metastasis, so our
fluorescent probe would be a useful tool to study mechanisms of
integrin action and in screening assays for integrin modulators.
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Figure 1. (a) Design strategy for integrin activity-based probe.
(b) Possible fluorophore attachment site on c(RGDfV) peptide to
so sense the active site microenvironment.

Cyclic RGD peptides, such as cyclic-Arg'-Gly* -Asp® -D-
Phe*-Val® (c(RGDfV)) and cyclic-Arg'-Gly*-Asp® -D-Tyr* -
Lys® (c(RGDyK)) peptides, selectively bind to active integrin
oyPs Pl yia interaction of the side chain of the amino acid residue

ssat the 4’ position with Tyr'?? of integrin PsI'”. Since the
hydroxyphenyl group of tyrosine is expected to act as a
fluorescence quencher via the PeT mechanism!'"), we designed a
fluorescent probe for integrin o3 based on cyclic RGD peptide
bearing a fluorophore at the 4’ position (Figure 1b), anticipating
90 that the fluorescence would be quenched upon binding to integrin.
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The side chain of the 5’-residue of cyclic RGD peptide is
directed outside the active site in the complex with integrin o33,
and many peptidyl probes based on modification at the 5’-residue
have been developed“"”. On the other hand, a bulky substituent

s at the 4’-residue may affect binding of RGD, and there has been
no report so far of a fluorescent probe with 4’ modification.
Therefore, we focused on the NBD fluorophore, which is small
compared to other commonly used protein-labelling fluorophores,
such as fluorescein, BODIPY, rhodamine, and cyanine dyes

10 (Figure S, Further, the electron density of NBD fluorophore
is low due to the nitro group, so that efficient fluorescence
quenching by PeT could be expected (Figure S2)!'!). Indeed, a
Stern-Volmer plot for mixtures of the fluorophore with Tyr
analogue p-cresol suggested that the fluorophore would be

15 quenched in close proximity to tyrosine (Figure S3).

The designed probe bearing Ng-NBD-modified D-2,3-
diaminopropionic acid (Dap) at the 4° position (cyclic-Arg' -
Gly*-Asp® -D-Dap(NBD)*-Lys’") was synthesized by the Fmoc
solid-phase method and cyclized with HATU (Scheme S1). For

20 comparison, we also synthesized an RGD probe with Alexa594 at
the 5’-position. 5’-Modification with a fluorophore via a lysine
linker is known to have little effect on the K, value of cyclic
RGD peptidest®).  We then compared the 4’-modified probe
cRGD-NBD with the 5’-modified probe (Figure 2a, 2c).

25 Surprisingly, the two probes showed quite similar Ky values (10
nM for cRGD-Alexa 594, 34 nM for cRGD-NBD; Figure S4).
This was likely due to the small size of the NBD fluorophore. A
dramatic fluorescence decrease was observed only with the NBD
probe (monitored in terms of fluorescence intensity (FI)), though

30 both probes bound to the protein (monitored in terms of
fluorescence polarization (FP)) (Figure 2b, 2d). The signal
decrease of cRGD-NBD in the presence of integrin ayf; was
blocked by addition of active-site-binding cyclic RGD peptide or
depletion of secondary ions (Figure S5), which suggested that the

35 change occurred at the integrin binding site. Therefore, this
dramatic fluorescence intensity change enables detection of
integrin based on its activity.

Then, we examined whether the quenching indeed occurs via
PeT from Tyr'?? to NBD. We observed only a slight change of

40 NBD absorbance upon binding with integrins (Figure 3a, 3b).
PeT occurs in the excited state of the fluorophore, while other
possible quenching mechanisms such as stacking or aggregation
operate in the ground state, and would be accompanied with a
change in absorbance!' ", Therefore, the observation of a slight

4s absorbance change may suggest some contribution of a
mechanism(s) other than PeT. One possibility would be m-n
stacking between the fluorophore and hydroxyphenyl group of
Tyr'?2. A docking study by means of molecular mechanic
calculation (Merck molecular force field; MMFF94x) based on

so the co-crystal structure of ¢c(RGDfV) and integrin ayf; (PDB:
1L5G)"! confirmed that NBD and Tyr'** should be in
sufficiently close proximity (less than 10 angstroms apart) for

intramolecular electron transfer or for stacking (Figure 3c).
We further tested the importance of proximity of NBD

ss fluorophore to Tyr'** for the fluorescence quenching by (1)
preparing cRGD peptide-based probe with NBD modification at
the 5’-residue, and (2) binding assay with a control protein.
Integrin-binding assay of cyclic-Arg"-Gly*-Asp®-D-Tyr*-D-

Dap(NBD)* did not show fluorescence quenching, so the

6 quenching is specific to the 4’-modified probe (Figure S6).
Binding assay with bovine serum albumin (BSA), a control
protein, did not cause fluorescence decrease (Figure S7).
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Figure 2. Fluorescence change of cRGD-NBD on binding with
integrin oyPs;. (a) Expected binding mode of conventional 5’-
modified probe. (b) Result of binding assay of cRGD-Alexa594
(10 nM) with soluble integrin o3 (100 nM) in PBS (pH 7.4)
containing 1 mM MgCl,, 2 mM CaCl, and 1% CHAPS. Pyoung
(expected binding % of probe calculated from Ky; see Methods) =
90%. c(RGDfV) concentration: 1000 nM. Fluorescence intensity
(FI) and fluorescence polarization (FP) are shown. n = 4. Error
bar represents S.D. (c) Expected binding mode of 4’-modified
cRGD-NBD (d) Result of binding assay of cRGD-NBD (10 nM)
os with soluble integrin o3 (100 nM). Pyyng = 73%. n=4.
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Thus, the 4’-NBD-modified probe, cRGD-NBD, should be
suitable for specific, rapid (mix and read), high-throughput
screening assay for of integrin modulators. Indeed, we could
detect the concentration-dependent inhibitory effect of c((RGDfV),
a model inhibitor, simply by monitoring the change of
fluorescence intensity (Figure 4).

10

3

Conclusion

We have developed an integrin activity-reporting small-
10s molecular fluorescent probe that selectively shows a fluorescence
decrease upon binding to integrin oyf3, owing to interaction of
the NBD fluorophore with the hydroxyphenyl group of tyrosine-
122. Fluorometric assay with this probe should be useful for
screening small-molecular modulators of integrin activity. A
similar design strategy might be applicable to other protein-small
molecule interactions, since data on protein binding with small
molecules are available in protein structure databases!'®!.
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Figure 3. (a) Absorption spectra of cRGD-NBD (20 uM) in PBS
25 (pH 7.4) containing 1 mM MgCl,, 2 mM CaCl, after addition of
soluble integrin of; (20 uM) with or without ¢(RGDfV) (2.5
UM).  Ppoung = 96%. Background absorbance of integrin owf3;
was subtracted from the absorbance of samples including
integrins. (b) Fluorescence spectra of cRGD-NBD (2 pM) in
30 PBS (pH 7.4) containing 1 mM MgCl,, 2 mM CaCl, and 1%
CHAPS after addition of soluble integrin ayf; (2 uM) with or
without c¢(RGDfV) (250 uM). Puoua = 88%.  Excitation
wavelength: 470 nm. (c) Molecular-mechanical calculation of
lowest energy binding of cRGD-NBD at the active site of
35 integrins, based on PDB1LSG.
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Figure 4. Fluorescence intensity of cRGD-NBD (10 nM) with
soluble integrin awf; (100 nM) in PBS (pH 7.4) containing 1 mM
MgCl,, 2 mM CaCl,, 1% CHAPS, and indicated concentrations

of c(RGD1V). Pyoung = 73%. Aey, =485 nm, A, =500 nm. n=6.

ss Error bar represents S. D.. Z’ value was calculated to be 0.51: Z°
=1-3x(S.D.; +S.D.y)/(Mean, - Mean,).
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