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Intense Blue Fluorescence in a Leucine Zipper Assembly

Hiroshi Tsutsumi,® 9 Seiichiro Abe,®® Tomoaki Mino,®® Wataru Nomura,” and Hirokazu Tamamura *@ !

Fluorescent probes are valuable molecular tools in chemical
biology, and various fluorescent probes for the detection of
small biological components have been developed and used
for fluorescence imaging in cells."" Ratiometric fluorescent
probes and fluorogenic probes are particularly useful because
they can suppress noise associated with background emis-
sion.”” Tag/probe pairs for the fluorescence imaging of proteins
have recently been developed,” but the number of fluorogeni-
cally active tag/probe pairs is still limited.

Green fluorescent protein (GFP) is a widely used biological
tool for the imaging of proteins in live cells.” Its fluorescence
is well controlled because the fluorophore unit is located in a
unique microenvironment inside a (3-barrel structure. We have
previously developed a new tag/probe pair with fluorogenic
activity—based on the unique characteristics of GFP—by use
of the leucine zipper assembly, the ZIP tag/probe.”’ The envi-
ronment surrounding the 4-nitrobenzo-2-oxa-1,3-diazole (NBD)
component of the probe peptide changes drastically from a
hydrophilic state to a hydrophobic state through the formation
of a 3a-helical leucine zipper structure between the tag and
the probe peptides, as a result of which the bright green fluo-
rescence of the NBD dye is induced. Use of other solvatochro-
mic fluorophores should enable us to develop fluorogenic ZIP
tag/probe pairs with other fluorescence colors. Here we
describe the use of 7-diethylaminocoumarin-3-carboxylic acid
(DEAQ) in the development of another ZIP tag/probe pair with
switchable blue fluorescence.

ZIP tag/probe pairs containing the DEAC dye were designed
as described in our previous report (Scheme 1).”! In a probe a-
helical peptide, a DEAC moiety was attached to the side chain
of L-0-2,3-diaminopropionic acid [Dap(DEAC)]. A Dap(DEAC)
residue is situated at the X-position in the probe peptide to
locate the DEAC dye in the hydrophobic region of the 3a-heli-
cal leucine zipper structure. In tag antiparallel 2a-helical pep-
tides, two Leu residues at the Z-positions in the L2 peptide are
residues complementary to the Dap(DEAC) residue of the
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probe peptide, and these residues are replaced by alanine (A2
peptide) or glycine (G2 peptide) so that hydrophobic spaces
can be formed when the tag peptides bind to the probe pep-
tide.

The fluorescence spectra of the DEAC probe peptide
showed a remarkable change as the concentration of the A2
peptide was increased. The emission maximum due to the
DEAC dye shifted from 482 to 470 nm as the emission intensity
increased (Figure 1B). A DEAC-B-alanine methyl ester (7)
showed emission maxima at 483 nm in HEPES buffer solution
and at 470 nm in MeOH (see the Supporting Information).
These results clearly suggest that through the formation of the
DEAC probe/A2 peptide complex, the DEAC moiety of the
probe peptide is moved from a hydrophilic environment in
bulk water to a hydrophobic environment inside the 3a-helical
bundle structure. The fluorescence intensity of the DEAC
probe peptide at 470 nm increased up to 10.5 times on addi-
tion of A2 in a typical saturation manner (Figure 2A, Table 1).

Table 1. Emission maxima, Al,,/l, values (in parentheses), and relative
fluorescent quantum yields of the probe peptide and tag/probe com-
plexes, the dissociation constants (K;) between the tag and the probe
peptides, and the a-helical contents of the probe, the tag peptides, and
their complexes (in parentheses).

Probe L2 A2 G2
Amax (Al pallo) 482 nm (=) 466 nm (3.4) 470 nm (10.5) 457 nm (51.7)
ol 1 5.56 17.7 39.2
K - 940 nM¥ 229 nm® 250 nm"?

a-helix content”  60% 81% (78%) 58% (76%)  19% (72%)

[a] Relative fluorescent quantum yield at 430 nm excitation. [b] Measure-
ment conditions: HEPES buffer solution [pH 7.2, 50 mm, NaCl (100 mm)],
25°C, [probe]l =0.5 um. [c] Measurement conditions: Tris-HC| buffer solu-
tion [pH 7.2, 50 mm, NaCl (100 mm)], 25°C, [tag], [probe], [tag/probe]=
1.0 pm. The a-helical contents were determined by a standard method.
[d]-[f] Determined from the fluorescent intensity changes at 466, 470, or
457 nm, respectively.

The fluorescent intensity of the DEAC probe/A2 peptide com-
plex at 470 nm is about eight times higher than that of com-
pound 7 in MeOH and the complex showed a similar fluores-
cent spectrum to that of compound 7 in acetone. These results
indicate that the microenvironment in the DEAC probe/A2
peptide complex might be more hydrophobic than MeOH. The
shift of the emission maximum of the L2 peptide, from 482 to
466 nm, was slightly larger than that of the DEAC probe/A2
peptide pair, but the fluorescence intensity change was lower
than that in the case of the A2 peptide (3.4 times at 466 nm;
Figure 1A, Table 1). This result implies that the small fluores-
cent change in the DEAC probe/L2 peptide complex might be
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Scheme 1. Structures and amino acid sequences of ZIP tag/probe pairs containing DEAC dye.
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Figure 1. Fluorescence spectral change of the DEAC probe peptide upon addition of A) L2, B) A2, and C) G2 at 25 °C in HEPES buffer [pH 7.2, 50 mm, NaCl

(100 mm)]: [probe] = 0.5 um, 4., =430 nm.

caused by a lack of space to accommodate the DEAC dye. In-
terestingly, the addition of the G2 peptide to the DEAC probe
peptide induced a significant blue shift, from 482 nm to
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5 O L2 (940 nm)
= 0 A2 (229 nw)
20 © G2 (250 nm)
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0 oL r b
0 1.0 20
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Figure 2. A) Fluorescence titration curves of the DEAC probe peptide with
L2, A2, and G2 at 466, 470, and 457 nm, respectively. / represents the fluores-
cent intensity at various concentrations of tag peptides and /, the initial fluo-
rescent intensity. B) Fluorescent photography of: i) the DEAC probe peptide,
ii) the DEAC probe peptide/L2 complex, ii)) the DEAC probe peptide/A2 com-
plex, and iv) the DEAC probe peptide/G2 complex. [Probe] =0.5 um,

[tag] = 2.0 pum.
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457 nm in the emission maximum and a substantial enhance-
ment of the fluorescent intensity at 457 nm (51.7 times; Fig-
ure 2A, Table 1). The fluorescent spectrum of the DEAC probe/
G2 peptide complex is similar to that of compound 7 in
dichloromethane (Figure S1 in the Supporting Information).
These results indicate that the DEAC dye is located in an ex-
tremely hydrophobic environment in the DEAC probe/G2 pep-
tide complex. The relative fluorescent quantum yields (¢,) of
the DEAC probe/A2 peptide pair and the DEAC probe/G2 pep-
tide pair relative to the probe peptide alone are 17.7 and 39.2,
respectively (Table 1). Although fluorescent quantum yields of
DEAC dye derivatives in aqueous media are low,® these re-
markable ¢, increases enable the naked eye to detect the fluo-
rescent change (Figure 2B).

In the circular dichroism (CD) study, the L2, A2, and DEAC
probe peptides showed CD spectral patterns typical of a-heli-
cal structures, with negative maxima at 208 and 222 nm,
whereas the G2 peptide, in contrast, showed a random coil
pattern (Figure 3). The a-helical contents of L2, A2, G2, and the
DEAC probe peptides were determined to be 81, 58, 19, and
60%, respectively, by a standard method (Table 1).” The a-heli-
cal content of the DEAC probe peptide/A2 complex is estimat-
ed as 76 %, which is higher than those of the DEAC probe pep-
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Figure 3. Circular dichroism spectra of tag and the DEAC probe peptides at 25°C in Tris-HCI buffer [pH 7.2, 50 mm, NaCl (100 mm)]. A) The DEAC probe pep-
tide (solid line), L2 (dashed line), and the complex of probe/L2 (bold solid line). B) The DEAC probe peptide (solid line), A2 (dashed line), and the complex of
probe/A2 (bold solid line). C) The DEAC probe peptide (solid line), G2 (dashed line), and the complex of probe/G2 (bold solid line).

tide or the A2 peptide alone, suggesting that more stable a-
helical structures are induced in the DEAC probe/A2 peptide
complex through the formation of the 3a-helical leucine
zipper structure. Enhancement of the a-helical structure of the
DEAC probe peptide was also observed in the DEAC probe/L2
peptide complex, with an a-helical content of 78%. Interest-
ingly, a similar enhancement of o-helical structure was ob-
served in the DEAC probe/G2 peptide complex (72%) but the
o-helical content of the G2 peptide was only 19%. The G2
peptide has two glycine residues, which destabilize a-helix
structures generally, and this is presumably the reason for its
lower a-helix content. On the other hand, the G2 peptide
might easily be folded into a stable a-helical structure by com-
plexation with the DEAC probe peptide in the induced fit
manner. This result clearly suggests that the DEAC probe/G2
peptide pair can also form a stable 3a-helical structure. The
shape of the hydrophobic space formed in the DEAC probe/G2
peptide complex might fit well to the DEAC dye and as a
result, the DEAC dye would be tightly fixed in the hydrophobic
space and the bright blue fluorescence would result.

The apparent dissociation constants (Ky) of the DEAC pep-
tide with the L2, A2, and G2 peptides were determined to be
93.9nMm, 2.29 nm, and 250 nm, respectively, by a nonlinear
least-squares curve fitting method based on a 1:1 stoichiome-
try model® (Table 1), and so the binding affinities of the L2
and A2 peptides for the DEAC probe peptide were higher than
that of the G2 peptide. The L2 and A2 peptides showed high
a-helix contents before complexation with the DEAC probe
peptide, but the G2 peptide, in contrast, showed a random
coil structure. These results suggest that the prefolded o-helix
structure of the L2 and A2 peptides is important for the high-
affinity binding to the DEAC probe peptide. However, the
binding affinity between the G2 peptide and the DEAC probe
peptide is thought to be sufficiently strong as a tag/probe pair
for protein labeling. In addition, a cross-linking strategy might
be useful to compensate the binding affinity of the G2 peptide
and the DEAC probe peptide. We have recently reported cross-
link-type ZIP tag/probe pairs based on covalent bond forma-
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tion that enhances the binding affinities and the complex sta-
bilities of tag probe pairs.™

In conclusion, we have developed leucine zipper tag/probe
pairs with blue fluorogenic activity. The weak fluorescence
seen in the DEAC probe peptide alone is greatly intensified
through binding with the A2 or G2 tag peptides. In particular,
the G2 peptide induces a greater than 50-fold fluorescence
enhancement of the DEAC probe peptide concurrently with a
large blue shift of the emission maximum. The G2 peptide
binds to the DEAC probe peptide in an induced fit manner,
which appears to be essential for the remarkable fluorescent
change. The fluorescence enhancement of the DEAC probe
peptide induced by the binding to the A2 and G2 peptides
can easily be detected by the naked eye. Pairs of the DEAC
probe peptide and the A2 or G2 peptides are thus new ZIP
tag/probe pairs with blue turn-on fluorescence.

Keywords: coumarin - fluorescence - imaging agents - leucine
Zipper - peptides
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Fluorescent-Responsive Synthetic C1b Domains of Protein Kinase Co as
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Nami Ohashi,” Wataru Nomura,*" Tetsuo Narumi,” Nancy E. Lewin,* Kyoko Itotani,” Peter M. Blumberg,* and

Hirokazu Tamamura*'

Department of Medicinal Chemistry, Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental University, 2-3-10
Kandasurugadai, Chiyoda-ku, Tokyo 101-0062, Japan, and Laboratory of Cancer Biology and Genetics, Center for Cancer
Research, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20892, United States. Received

September 18, 2010; Revised Manuscript Received December 3, 2010

Protein kinase C (PKC) is a critical cell signaling pathway involved in many disorders such as cancer and Alzheimer-
type dementia. To date, evaluation of PKC ligand binding affinity has been performed by competitive studies
against radiolabeled probes that are problematic for high-throughput screening. In the present study, we have
developed a fluorescent-based binding assay system for identifying ligands that target the PKC ligand binding
domain (C1 domain). An environmentally sensitive fluorescent dye (solvatochromic fluorophore), which has been
used in multiple applications to assess protein-binding interactions, was inserted in proximity to the binding pocket
of a novel PKCO C1b domain. These resultant fluorescent-labeled dC1b domain analogues underwent a significant
change in fluorescent intensity upon ligand binding, and we further demonstrate that the fluorescent O0C1b domain

analogues can be used to evaluate ligand binding affinity.

INTRODUCTION

Protein kinase C (PKC) is a family of serine/threonine protein
kinases comprising 11 isozymes divided into three subclasses,
termed conventional (c, By, ¥), novel (9, €, n, 6), and atypical
(&, A, 1). Their classification is based on their essential structures
and affinities for regulatory factors such as diacylglycerol (DAG)
and calcium that bind to the C1 and C2 domains, respectively,
of PKC. PKC plays a pivotal role in physiological responses to
growth factors, oxidative stress, and tumor promoters (phorbol
esters). These responses regulate numerous cellular processes
(1, 2), including proliferation (3), differentiation (4), migration
(5), and apoptosis (6, 7). The extensive involvement of PKC in
both normal physiology and in numerous disorders has caused
PKC to emerge as an important therapeutic target (8—10). Since
PKC activation is regulated through the binding of ligands to
its C1 domains, development of useful ligands targeted to the
C1 domains has been of intense interest for medicinal chemists.
Various synthetic PKC ligands based on y-lactone templates
have been developed and evaluated (/7—13). On the other hand,
since structures of many of the potent, naturally occurring PKC
ligands such as the phorbol esters are highly complex, it has
been difficult to extensively probe their structure—activity
relationships. Much opportunity therefore remains for the
development of ligands optimized for isozyme selectivity or
other properties. Fluorescent-based methods possess many
advantages for high-throughput screening. Especially, utilization
of environmentally sensitive fluorophores is suitable for high-
throughput techniques because washing steps are not generally
required. Fluorophores often respond to the environmental
changes in hydrophobic/hydrophilic states associated with the
conformational changes of proteins accompanying ligand bind-
ing. Several screening methods based on fluorescent-modified
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peptides, e.g., an IP; sensor, have been developed to date (/14-17).
In this study, fluorescent-labeled C1b domains of PKCo utilizing
a solvatochromic dye as a sensor of ligand binding were
designed and synthesized as efficient screening tools to evaluate
ligand binding and to explore novel PKC pharmacophores.

EXPERIMENTAL PROCEDURES

General Methods. For chromatography, Wakogel C-200
(Wako Pure Chemical Industries, Ltd.) was employed. 'H NMR
and '®C NMR spectra were recorded using a Bruker Ultrashield
Plus Avance 400 spectrometer. Relative chemical shifts were
reported in & (ppm) in DMSO-d; or in CDCI3 with tetrameth-
ylsilane as an internal standard. Low- and high-resolution mass
spectra were recorded on a JIMS-T1000LC AccuTOF and Bruker
Daltonics microTOF-2focus. RP-HPLC was performed with
linear gradients of acetonitrile and H>O containing 0.1% (v/v)
TFA (column: Cosmosil sC;g AR-II (4.6 x 250 mm) for
analytical runs, Cosmosil sC;3 AR-II (20 x 250 mm) for
preparative runs. UV absorbance spectra were recorded on a
Jasco V-650 spectrophotometer using a 1.0 cm path length
quartz cuvette. Fluorescent spectra were recorded on a Jasco
FP-6600 spectrofluorometer using a 1.0 cm path length quartz
cuvette. Measurements of fluorescent intensity on 96-well plates
were performed on a Wallac ARVO MX (Perkin-Elmer).

Peptide Synthesis. The protected peptide of 0C1b(247—281)
was manually constructed on a Novasyn TGR resin (0.25 mmol/
g) by standard Fmoc-based solid phase peptide synthesis (SPPS).
Fmoc-protected amino acid derivatives (5 equiv) were succes-
sively condensed using 1,3-diisopropylcarbodiimide (DIPCI) (5
equiv) in the presence of I-hydoxybenzotriazole*H,O
(HOBt-H,0) (5 equiv) in DMF (2 mL) (90 min treatment). The
following side-chain protecting groups were used: Boc for Lys;
Pbf for Arg; OBu' for Asp; Trt for Asn, Cys, and His; Bu' for
Ser, Thr, and Tyr. The Fmoc group was deprotected with 20%
(v/v) piperidine in DMF (2 mL) for 15 min. The resulting
protected peptide was cleaved from the resin and deprotected
with TFA-thioanisole-m-cresol-triisopropylsilane (TIS) (89:7.5:
2.5:1, v/iv) (90 min treatment). Deprotected peptides were

© 2011 American Chemical Society
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washed with cold Et,O three times. The product was then
purified by RP-HPLC. The protected peptides of dansyl-labeled
OC1b(221—246) were manually elongated on an Fmoc-His(Trt)-
Trt(2-Cl)-resin (0.42 mmol/g) by Fmoc-based SPPS as in the
synthesis of dC1b(247—281). The following side-chain protect-
ing groups were used: Boc for Lys; Pbf for Arg; OBu’ for Asp,
Glu; Trt for Asn, Cys, Gln, and His; Bu' for Ser, Thr, and Tyr.
At the dansyl-labeled position, Fmoc-Lys(DnsGly)-OH was
used. The resulting protected peptides were cleaved from the
resin with trifluoroethanol (TFE)-AcOH-DCM (1:1:3, v/iv) (2
h treatment), followed by thioesterification. Deprotection was
performed as in the synthesis of dC1b(247—281). The product
was then purified by RP-HPLC. Mass data and chemical yields
of these peptides are described in Supporting Information.

Thioesterification. Thioesterification was performed with
ethyl mercaptopropionate (20 equiv), HOBt-H,O (10 equiv),
and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDCI)+HCI
(10 equiv) in DMF (1 mL) (—20 °C, overnight). DMF was
removed by evaporation, and the crude products were washed
with H,0.

Native Chemical Ligation. Dansyl-labeled 6C1b(221—246)
(1.8 mg, 0.5 umol) and the 4C1b(247—-281) (1.9 mg, 0.5 gmol)
were dissolved in 500 L of 100 mM phosphate buffer (pH
8.5) containing 6 M guanidine hydrochloride (Gn+HCI) contain-
ing 2 mM EDTA and tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP-HCl) (1.4 mg, 5 gmol). Thiophenol (15 mL, 3%)
was then added to the mixture. The ligation reaction was
performed at 37 °C under an N, atmosphere. Progress of the
ligation reaction was monitored by RP-HPLC (gradient: 25—45%
of acetonitrile/0.1% TFA against H;0/0.1% TFA). The product
was subjected to gel filtration with Sephadex G-10 and then
purified by RP-HPLC. Mass data of these peptides are described
in Supporting Information.

Folding of dC1b Domains. Purified peptides were dissolved
in 50 mM Tris*HCI (pH 7.4) with 5 mM DTT, incubated for
15 min at 30 °C, and then stored at —20 °C with 20% glycerol.
The peptide solution was dialyzed against 50 mM Tris*HCI (pH
7.4) containing 150 mM NaCl, 1 mM DTT, and 0.1 mM ZnCl,
using a Slide-A-Lyzer Dialysis Cassette 2000 MWCO (Thermo
Scientific).

[*H]PDBu Binding Assay. [*H]PDBu binding to the 5C1b
domains was measured using the poly(ethylene glycol) precipi-
tation assay as described previously (18, /9) with minor
modifications. To determine the dissociation constants (Ky) and
numbers of binding sites (B for the dansyl-labeled 6Clb
domains, saturation curves with increasing concentrations of
[*HIPDBu were obtained in triplicate. 250 uL of the assay
mixture contained 50 mM Tris*HCl (pH 7.4), 1 mM ethyl-
enebis(oxyethylenenitrilo)tetraacetic acid (EGTA), 0.1 mg/mL
phosphatidylserine, 5 mg/mL bovine immunoglobulin G, vari-
able concentrations of [PH|PDBu, and, for those tubes used to
determine nonspecific binding, an excess of nonradioactive
PDBu. After addition of peptides stored in 0.015% Triton X-100,
binding was carried out at 18 °C for 10 min. Samples were
incubated on ice for 10 min. 200 4L of 35% poly(ethylene
glycol) in 50 mM Tris- HC1 (pH 7.4) was added, and the samples
were incubated on ice for an additional 10 min, The tubes were
centrifuged at 4 °C (12 200 rpm, 15 min), and a 100 4L aliquot
of each supernatant was then transferred to a scintillation vial
for determination of the amount of the free [*'H]PDBu. After
the remaining supernatant was aspirated off, the bottom of each
centrifuge tube was cut off just above the pellet and transferred
to a scintillation vial for the determination of the amount of the
total bound [*H]PDBu. Dissociation constants (Ky) were cal-
culated by Scatchard analysis.

CD Measurement. CD spectra were recorded on a Jasco
J-720 spectropolarimeter at 25 °C. The measurements were
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performed at 0.1 nm spectral resolution using a 0.5 cm path
length quartz cuvette. Each spectrum represents the average of
40 scans, and the scan rate was 100 nm/min. Measurements
were performed in a Tris+HCI (pH 7.4) buffer containing 1 mM
DTT and 150 mM NaCl.

Fluorescence Measurement. Ligand titration was performed
in 1 mL of dialysis buffer containing 0.5 #M dialyzed dansyl-
labeled 4C1b domain and 5 ug/mL phosphatidylserine at 25
°C. After each addition of ligands, the mixture was incubated
at the same temperature for 10 min. Fluorescent emission spectra
(Aex = 330 nm; slit width: 20 nm for excitation, 40 nm for
emission) were obtained throughout the addition of ligands. For
experiments using 96-cell plates, Dansyl-labeled 6C1b domain
solution (dialysis buffer containing 0.5 4M dialyzed peptides
and 5 ug/mL phosphatidylserine) was prepared and incubated
for 10 min at room temperature. Fluorescence of dansyl-labeled
O0C1b domain was measured using an excitation filter of 355
nm (half-width: 40 nm) and an emission filter of 460 nm (half-
width: 25 nm), respectively.

Molecular Modeling. Molecular modeling was performed
using Sybyl 7.1 (Tripos Inc., St. Louis, MO). Predictive models
of dansyl-labeled 0C1b domain analogues were built by
substitution of Lys(Dns-Gly) for residues Tyr238, Ser240, or
Thr242 that were contained in the crystal structure of dClb
domain (PDB 1PTR) (20). Energy-minimization was performed
on the Lys(Dns-Gly) moiety using the Tripos force field and
Gasteiger-Huckel charge parameters.

RESULTS AND DISCUSSION

Design of Fluorescent-Labeled PKCd Clb Domains.
Residues 221—281 of PKC0O forming the C1b domain represent
the starting sequence we used for modification. To identify the
optimal amino acid position for fluorescent labeling, Tyr238,
Ser240, and Thr242 were selected for evaluation. Our choice
was based on the following rationale: First, these residues are
located at the edge of the binding pocket of the C1b domain as
shown by the structure of dC1b-phorbol ester complex (20).
Second, site-directed mutagenesis had shown that Ser240 was
not necessary for the phorbol ester binding and that the dC1b
domain mutants T242G, T242S, and T242 V had only minimal
effects on the binding affinity of PDBu (2.1-, 1.1-, and 3.2-
fold, respectively) (21). Third, replacement of Tyr by Gly in
position 238 reduced binding affinity of [*H]PDBu by 60-fold,
but maintained nanomolar affinity (K3 = 48 £ 3.0 nM), which
might be sufficient for the detection of PKC ligands (21). A
chemically modified lysine was utilized for fluorescent labeling.
For this study, a dansyl group was adopted because of its small
molecular size and larger Stokes shift compared to NBD (22).
Since the flexibility of the dansyl moiety might contribute to
its sensitivity to ligand binding to the 6C1b domain, glycine
was incorporated between the e-amino group of lysine and the
dansyl moiety as a linker to construct Lys(Dns-Gly) (Supporting
Information Scheme S1). Three dC1b domain analogues, in
which Lys(Dns-Gly) was substituted for Tyr238, Ser240, or
Thr242, were designed and designated as Y238K(DnsG),
S240K(DnsG), and T242K(DnsG), respectively. Predictive
structural models of the dansyl-labeled dC1b domains were
constructed based on the crystal structure of the C1b domain
(PDB entry 1PTR) utilizing Sybyl 7.1 (Figure 1). The models
showed that the dansyl moieties of S240K(DnsG) and T242K(DnsG)
are located outside the binding pocket, whereas the dansyl
moiety of Y238K(DnsG) was located inside.

Synthesis of Dansyl-Labeled 4C1b Domain Analogues.
Fmoc-protected Lys(Dns-Gly) (4) was synthesized as described
in Supporting Information Scheme S1. 6C1b domain analogues
were synthesized based on the standard Fmoc solid-phase
peptide synthesis (SPPS) (23). For an efficient S)Zghesis of
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Figure 1. Structural models of dansyl-labeled 0C1b analogues. (A) Y238K(DnsG), (B) S240K(DnsG), and (C) T242K(DnsG). Space-filling models

indicate phorbol esters and zinc atoms.
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Figure 2. Schematic representation of construction of dansyl-labaled 0C1b. (i) 100 mM phosphate buffer (pH 8.5), 6 M Gn-HCI, 2 mM EDTA,
TCEP+HCI, thiophenol, N,, 37 °C; (ii) 50 mM Tris+HCI (pH 7.4), 150 mM NaCl, I mM DTT, 0.1 mM ZnCl,, 4 °C.

dansyl-labeled 0C1lb domain analogues, a native chemical
ligation (NCL) method was adopted (18, 24). Three N-terminal
peptide fragments (dansyl-labeled 6C1b(221—246)) and a
common C-terminal peptide fragment (6C1b(247—281)) were
separately synthesized. A purified 0C1b(247—281) and three
dansyl-labeled 0C1b(221—246) fragments were condensed by
an NCL method (Figure 2). The ligation reaction was performed
with 0.8 mM of each peptide fragment in 100 mM phosphate
buffer (pH 8.5) containing 6 M Gn+HCI, 2 mM EDTA, and
3% thiophenol at 37 °C. The progress of the ligation reaction
was monitored by HPLC (Supporting Information). The con-
densed 0C1b domains were identified by ESI-TOF-mass spectra
(Supporting Information Table S1). The purified peptides were
lyophilized and obtained as powders. Total yields of NCL were
38% for Y238K(DnsG), 48% for S240K(DnsG), and 41% for
T242K(DnsG). Folding of the synthetic 0Clb domain was
performed by dialysis against Zn*" containing buffer (50 mM
Tris«HCI (pH 7.4), 150 mM NaCl, | mM DTT, 0.1 mM ZnCl,)
at 4 °C.

Characterization of Synthetic dC1b Analogues. The ap-
parent [*H]JPDBu binding affinity of the dansyl-labeled 60C1b
domains was evaluated by the method described previously
(18, 19). S240K(DnsG) and T242K(DnsG) showed K4 values
comparable to that of the wild type. However, B ,.x values were
6% for S240K(DnsG) and 11% for T242K(DnsG) compared
to the wild type (Table 1). The results indicate that dansyl-
labeling might partly impair the efficiency of correct folding of
the synthetic 6C1b domain. Y238K(DnsG) did not possess
significant binding affinity for PDBu, consistent with the
predictions from the modeling. We conclude that the dansyl-
labeled OCIb domains maintain potent binding activity and
correct L{g{lding, at least for an appreciable proportion of the

Table 1. Binding Activity of the Synthetic 0C1b Analogues to
[*H]PDBu

peptides Ky (nM)¢ Buax (pmol/mg)”
wild type 0.34 + 0.08 38000
Y238K(DnsG) n.d.© 11
S240K(DnsG) 0.18 = 0.05 2100
T242K(DnsG) 0.35 + 0.04 3700

“ Dissociation constant for the synthetic C1b binding to [*H|PDBu.
Mean 4 SEM. ” Numbers of binding sites. < Not determined.

product, in those cases in which the dansyl group is located
outside the binding pocket.

To estimate the influence of dansyl-labeling on folding of
OClb domain, circular dichroism (CD) spectroscopy of
S240K(DnsG) and T242K(DnsG) was performed for com-
parison before and after dialysis (Figure 3). Since the CD
spectrum of the synthetic dC1b(231—281) is similar to that
of the recombinant dClb domain (/8), Y238K(DnsG)-
O0C1b(231—281) was used to evaluate the effects of dansyl-
labeling on folding of Y238K(DnsG) (Supporting Information
Figure S3). The addition of ZnCl, did not cause a significant
change of CD spectra of Y238K(DnsG)-6C1b(231—-281).
Thus, the introduction of a dansyl group into Tyr238 might
interfere correct folding. The CD spectra of both of the
dansyl-labeled dC1b domains before dialysis showed broad
minima around 205 nm, suggesting random coil structures
(25). CD spectra of the dialyzed dansyl-labeled 0C1b domains
exhibited decreases of negative cotton effects around 205
nm, which were similar to those of recombinant and synthetic
O0C1b domains (18, 25).

The apparent [*’H]PDBu binding affinities and CD spectra
of the dansyl-labeled 6Clb domains, S240K(DnsG) and
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Figure 4. Fluorescent spectra obtained by ligand titration experiments for dansyl-labeled C1b analogues. Panels A—C show titrations of PDBu,
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Dansyl-labeled dC1b analogue, 0.5 uM; buffer, 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, | mM DTT, 0.1 mM ZnCl,, 5 ug/mL phosphatidylserine;
ligand, 0.02, 0.06, 0.1, 0.14, 0.18, 0.22, 0.26, 0.3 equiv, A, = 330 nm.

T242K(DnsG), demonstrated that insertion of dansyl groups
at Ser 240 and at Thr 242 maintained correct folding and
strong ligand binding affinity comparable to that of the wild
type, although involving reduction of the stability of the
domains.

Titration of Ligands to Fluorescent-Labeled 4C1b Do-
main Analogues. To evaluate the fluorescent properties of
dansyl-labeled 6C1b domain, fluorescent emission spectra
were measured during ligand titration. As test ligands, the
phorbol esters PDBu (K; = 0.72 + 0.06 nM), phorbol 12-
myristate 13-acetate (PMA) (K; = 0.14 £ 0.04 nM), and
phorbol 12,13-diacetate (PDA) (K; = 68.9 + 5.9 nM), were
employed. Values of K; were determined by competitive
binding assays using [*H]PDBu (Supporting Information).
Fluorescent titration experiments showed that the spectra of
the dansyl-labeled 0C1b domain analogues changed according
to the ligand concentration. S240K(DnsG) showed 1.3-, 1.8-,
and 1.2-fold increases in fluorescent intensity and blue shifts
in the emission maxima upon additions of PDBu, PMA, and
PDA, respectively (Figures 4A—C). T242K(DnsG) showed
1.3-, 2.6-, and 1.1-fold increases in fluorescent intensity and
blue shifts in the emission maxima upon additions of PDBu,
PMA, and PDA, respectively (Figures 4D—F). The rank order
of increases in fluorescent intensity upon addition of the
above ligands to S240K(DnsG) and T242K(DnsG) thus
corresponded to that of their K; values.

Since dansyl-Gly showed stronger fluorescent intensity in
a hydrophobic environment than in a hydrophilic environment

(Supporting Information Figure S1), the increases in fluo-
rescence intensity upon ligand titration of S240K(DnsG) and
T242K(DnsG) suggested that the environment surrounding
the dansyl moiety was changed to become more hydrophobic
upon ligand binding (26-28). As predicted in the modeling
study, the dansyl group was not located in the binding pocket,
preventing binding. Even after ligand binding, the dansyl
group will still be located outside the binding pocket. Thus,
the binding of ligands to the binding pocket must make the
environment surrounding the dansyl more hydrophobic,
possibly due to interactions between dansyl and the long alkyl
chains of the ligands. In addition, T242K(DnsG) showed
stronger fluorescence intensity than did S240K(DnsG). This
phenomenon corresponds to their relative B,,, values ob-
served in the [*H]PDBu binding assay (Figures 1B, C, Table
1). A reason could be the hydrogen bonding network at the
binding site of phorbol ester on the dC1b domain. The C20
hydroxy group of the phorbol ester accepts a hydrogen bond
from the main-chain NH of T242 (20). Thus, the stronger
fluorescent intensity of T242K(DnsG) could be due to a closer
distance to the bound ligand. Furthermore, saturation of the
increase in fluorescent intensity was observed when the ligand
concentration reached 0.05—0.1 uM (10—20% of the peptide
concentration) (Figure 5). This result is consistent with the
Binax values of dansyl-labeled dC1b: 6—11% of the wild type.
The K, values based on titration of ligands to the dansyl-
labeled 0C1b domains were evaluated (Table 2). As a control
experiment, S240K(DnsG) dialyzed without Znifsdid not
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Table 2. K; Values of the Fluorescent-Labeled 4C1b Domain
Analogues Based on Titration of Ligands

S240K(DnsG) T242K(DnsG)
compound Ky (nM)* Ky (nM)*
PMA 20.6 121.6
PDBu 5.83 110
PDA Not convergent Not fitting

“ Dissociation constant for the fluorescent-labeled 6Clb domain
analogues to each compound was calculated.

show any significant increase in fluorescent intensity upon
the addition of PDBu (Supporting Information Figure S2),
suggesting that correct folding involving zinc-finger formation
is critical for ligand binding. The detection limit might be
the level of the fluorescent intensity of PDA. The results of
titration experiments indicate that, upon ligand binding to
correctly folded C1b domains, the site surrounding the ligand
binding pocket becomes more hydrophobic. Even if some
uncertainty remains about the relative contributions of the
mechanisms leading to this change in hydrophobicity, the
core finding is that ligand binding was detected by an increase
in fluorescent intensity, which corresponds to binding affinity.
The binding activity of ligands can be possibly evaluated by
increases in fluorescent intensity upon the consideration of
LogP values.

S$240K(DnsG) and T242K(DnsG) were employed in fluores-
cent experiments utilizing 96-well plates for initial assessment
of their suitability to high-throughput screening. Plots of changes
of fluorescent intensity against the ligand concentration showed
dose-dependent curves similar to those in titration experiments
(Figure 4@ The results indicate that the present fluorescent-

responsive C1b domains can be used for screening of novel
PKC pharmacophores.

CONCLUSIONS

In this study, three kinds of dansyl-labeled 6C1b domains,
Y238K(DnsG), $240K(DnsG), and T242K(DnsG), were syn-
thetically constructed in an efficient way by utilizing Fmoc-
SPPS and an NCL method. The results of CD measurements
and [*H]PDBu binding assays indicated that the position of
dansyl-labeling was critical for maintenance of native functions
including proper folding. The ligand titration of dansyl-labeled
OCl1b showed that the change of fluorescent spectra cor-
responded to the K; values of the ligands. Furthermore,
S240K(DnsG) and T242K(DnsG) were utilized for measure-
ments using a 96-well plate-based format, indicating that
evaluation of ligand binding could be performed in a high-
throughput fashion. The present fluorescent-responsive domains
were successfully utilized in vitro. However, through optimiza-
tion of the stability of the fluorescent-labeled 4C1b domain,
these domains might also be adapted for cell-based assays as
efficient DAG sensors.
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Abstract: To date, challenges in the design of bivalent ligands
for G protein-coupled receptors (GPCRs) have revealed difficul-
ties stemming from lack of knowledge of the state of oligomer-
ization of the GPCR. The synthetic bivalent ligands with rigid
linkers that are presented here can predict the dimer form of
CXCR4 and be applied to molecular probes in cancerous cells.
This “molecular ruler’ approach would be useful in elucidating
the details of CXCR4 oligomer formation.

The chemokine receptor CXCR4 is a membrane protein belong-
ing to the family of G protein-coupled receptors (GPCRs). In current
drugs, ~60% of drug target molecules are located at the cell surface,
and half of them are GPCRs.' Recent studies have indicated a
pivotal role for homo- and heterooligomerization of CXCR4 in
cancer metastasis, and the significance of oligomeric forms of GPCR
has been gaining acceptance.” However, the functional implications
proposed for these oligomers, which include signal transduction
and internalization, are poorly understood and require additional
studies.® Efforts to understand those correlations have used
photochemical analyses such as bioluminescence resonance energy
transfer (BRET) analysis,** but the elucidation of the native state
of CXCR4 in living cells is complicated by conformational or
functional changes resulting from mutations. Estimates of the
precise distance between ligand binding sites in the dimer form
would permit the development of bivalent ligands of CXCR4 having
improved binding affinity and specificity.” In spite of the enormous
effort devoted to the design of bivalent ligands, rational design of
such linkers has been difficult because of the lack of knowledge
concerning the dimeric form of GPCRs. Therefore, there is an
increasing demand for a novel strategy for the analysis of the precise
distance between ligand binding sites.®

In this study, we designed and synthesized novel CXCR4 bivalent
ligands consisting of two molecules of an FC13 17 analogue, [cyclo(-
D-Tyr-Arg-Arg-Nal-D-Cys-)] [Nal = L-3-(2-naphthyl)alanine, 1a],
connected by a poly(L-proline) or a PEGylated poly(L-proline)
linker. Poly(L-prolines) have been utilized as rigid linkers between
the two functional units, which require a predetermined separation
for activity.® Linkers consisting of poly(L-prolines) were expected
to maintain constant distances of 2—8 nm between the ligands. Our
bivalent ligands with linkers of various lengths were used to
determine the distance between two binding sites of ligands
consisting of CXCR4 dimers. Acetamide-capped FC131 (1b), in
which Gly is replaced by p-Cys and the thiol group of Cys is capped
with an acetamide group, was synthesized as a monomer unit of
the ligand (Figure 1). Although this substitution caused a 2-fold
decrease in binding to CXCR4, the binding affinity was still
adequate for analyses. Poly(L-proline) helices are known to maintain
a length of 0.9 nm per turn.” In this study, polyproline- and
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Figure 1. Design of bivalent ligands against chemokine receptor CXCR4.
As CXCR4 binding moieties, p-Cys FC131 (R = CH,SH, la) and
acetamide-capped FC131 (R = CH,SCH,CONH,, 1b) were prepared.
Poly(L-proline) (2a—h) and PEG-conjugated poly(L-proline) (3a—f) with
CXCR4 binding moieties on both ends were synthesized. As monomer
binding ligands with linkers, Acopro FC131 (4) and AcPEG FCI131 (§)
were synthesized. Tetramethylrhodamine (TAMRA)-labeled 2e (6) and 4
(7) were prepared for the imaging experiments.

PEGylated polyproline-type linkers with lengths of 2—8 nm were
synthesized.'” The synthetic linkers and their conjugated bivalent
ligands were characterized by high-resolution mass spectrometry
(HRMS) (Tables S3 and S5 in the Supporting Information), and
their CD spectra clearly showed the presence of a type-II polypro-
line helix (Figure S3 in the Supporting Information). As monomer
controls, FC131 analogues 4 and 5 with hexaproline and poly(eth-
ylene glycol) (PEG) linkers, respectively, that were acetylated at
the other end were also prepared.

The binding affinities of the synthetic ligands were evaluated in
a competitive binding assay against ['*’[]-SDF-1a., as reported
previously.”® The binding assay showed that the binding affinity
of our bivalent ligands is clearly dependent on the linker length.
Ligands of the poly(L-proline) type with the highest affinities were
2e and 2f. Among the PEGylated poly(L-proline)-type ligands, 3¢
and 3d showed the highest affinity. The linker-optimized bivalent
ligands, 2f and 3d, showed 7.3- and 21-fold increases in binding
affinity relative to 4 and 5, respectively (Table 1). These results
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Table 1. Summary of Binding Affinities of Synthetic Bivalent and
Monovalent Ligands Analyzed by ['%°I]-SDF-1a. Competition Assay

compd K (nM)@  linker length (nm) compd K (nM)@ linker length (nm)

FCI31 315 - 3a 87.2 38
1b 53.4 - 3b 45.6 47
2a 51.2 1.8 3¢ 17.8 5.6
2b 454 27 3d 13.9 6.5
2 64.4 3.6 3e 493 74
2d 59.5 4.5 3t 833 8.3
2e 132 5.4 4 7 —
2f 9.9 6 5 294 -
2g 225 6.9 7 19 -
2h 4538 8.1

“ K; values are the concentrations corresponding to 50% inhibition of
['#1]-SDF-1o binding to Jurkat cells.

indicate successful bivalent binding of the ligands, which has been
known to be responsible for an increase in binding affinity.”* It
should be noted that the maximum increase in binding affinity was
observed for ligands of the two linker types having similar lengths
(5.5—6.5 nm). In the dimer state of CXCR4, there are several forms
of assembly (head-to-head, tail-to-tail, and head-to-tail).”* These
forms have different distances between the binding sites of the
ligands. Molecular modeling studies of FC131 with CXCR4
suggested that amino acids in transmembrane (TM) 7 are important
for FC131 binding."' Through the use of the rhodopsin structure,
it was revealed that in the TM 4 and 5 assembly form, the linear
distance between ligand binding sites is 5.3 nm. In the other forms
of possible assembly, the linear distances were determined to be
3.5 and 3.9 nm for TM 1 and 2 assembly and the combination of
TM 1-4 and TM 2-5 assembly, respectively (Figure S4). The
changes in binding affinity were relatively moderate, and although
the existence of different assembly forms is possible, a majority of
the population should be in the TM 4 and 5 assembly form.

From the increased binding affinity of linker-optimized bivalent
ligands, a hypothesis was derived that such ligands could be applied
as probes specific to CXCR4 on the cell surface because the
receptors are overexpressed in several kinds of malignant cells'?
and that the dimer formation of the receptor should depend on the
expression level. Accordingly, compound 2e, which showed high
binding affinity, was chosen for labeling with tetramethylrhodamine
(TAMRA) and applied to the imaging of CXCR4. The TAMRA
moiety was conjugated to an N-teminal of the proline linker via
y-butyric acid. To confirm that the ligands specifically bind to
CXCR4, a CXCR4—EGFP fusion protein (EGFP = enhanced green
fluorescent protein) was transiently expressed in HeLa cells. The
increase in binding affinity of the bivalent ligand was clearly
reflected in the imaging of CXCR4, as a merged image of TAMRA-
labeled 2e (6) and EGFP-fused CXCR4 was observed (Figure 2).
When a control monomer, TAMRA-labeled 4 (7), was utilized for
detection, only a trace of binding was observed. Additionally,
binding to mock HeLa cells at the same concentration of ligands
was not observed for either ligand (Figure S5).

To further evaluate the binding specificity and dependence on
CXCR4 expression levels, fluorescence-activated cell sorting
(FACS) analyses utilizing Jurkat, K562, and HeLa cells were
performed (Figure 3). The cells were adopted on the basis of their
different levels of CXCR4 expression (Jurkat > HeLa > K562).'3
The binding was evaluated by changes in mean fluorescence
intensity (MFI) of the above cells in the presence and absence of
ligands. The bivalent ligand 6 showed intense binding to Jurkat
cells, which highly express CXCR4, as evidenced by the 2.3- and
3.3-fold increases in MFI at 25 and 250 nM, respectively. For
binding to HeLa cells, the MFI was increased 2.4-fold by binding
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Figure 2. Binding of TAMRA-labeled FC131-derived monovalent and
bivalent ligands to EGFP—CXCR4-transfected HeLa cells. Bivalent ligand
6 with an optimized linker length was utilized. The pictures show the binding
of (A) 6 (25 nM) and (B) 7 (50 nM). Each panel is divided into four sections
as follows: upper left, EGFP emission; upper right, differential interference
contrast (DIC) image; lower left, TAMRA emission conjugated to ligands;
lower right, merged image. Orange bars in the panels represent 50 um.
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Figure 3. FACS analysis to evaluate the dependence of ligand binding on
the levels of CXCR4 expression. The columns show the binding of (A) 6
and (B) 7 to Jurkat (white), HeLa (gray), and K562 (black) cells. The fold
increase values were calculated by dividing the MFIs of the above cells in
the presence of ligands by the corresponding values in the absence of ligands.
The results are means of three independent experiments; error bars indicate
standard errors of the mean.

of ligand 6 at 1 M, although no significant increase in MFI was
observed at 25 or 250 nM 6, which corresponds with the imaging
experiment (Figure S5). Meanwhile, the monovalent ligand 7 at 2
uM showed similar binding to Jurkat and HeLa cells, involving
1.1- and 1.4-fold increases in MFI, respectively. These results
suggest that it is difficult to distinguish the expression level of
CXCR4 by molecular imaging using the monovalent ligand. On
the other hand, it is of special interest that the bivalent ligand
showed distinguishability of the differences in CXCR4 expression
levels. Furthermore, the binding of our CXCR4 ligands would be
responsive to CXCR4, as no binding of either ligand to K562 cells,
which express a trace of CXCR4, was observed. These results
provide evidence in support of the hypothesis that the bivalent ligand
binds preferentially to the constitutive dimer of CXCR4. Molecular
imaging of CXCR4 on the cell surface by specific antibodies, such
as ¢8352'* or the monomer ligand T140,"> has been previously
reported. In the present system, however, it is possible that the
bivalent ligands could distinguish the density of CXCR4 on the
cell surface.

To further assess whether our bivalent ligand could distinguish
between cancerous and normal cells by the imaging method, A549
and Human Umbilical Vein Endothelial Cells (HUVEC) were
employed for staining as adhesive cell lines. A549 cells are human
lung adenocarcinomic human alveolar basal epithelial cells, which
are known to possess high CXCR4 expression levels.'® HUVEC
were chosen as a normal cell line without CXCR4 expression. It
has been reported that the expression of CXCR4 on HUVEC is
induced by fibroblast growth factor (FGF), which is highly
expressed in the embryonic stage.'” Thus, HUVEC was cultured
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Figure 4. Imaging of CXCR4 by TAMRA-labeled FC131-derived monov-
alent and bivalent ligands on cancerous and normal primary cells. The panels
show the binding of (A) 6 (1 «M) and (b) 7 (2 uM) to A549 cells and (C)
6 (250 nM) and (D) 7 (500 nM) to HUVEC cells. Each panel is divided
into four sections as follows: upper left, TAMRA emission image; upper
right; DIC image; lower left, merged image; lower right, focused image.
Orange bars in the panels represent 50 zm.

in the absence of FGF. Ligand 6 showed clear binding to A549
cells (Figure 4A) but not to HUVEC (Figure 4C) at concentrations
of 1 uM and 250 nM, respectively. On the other hand, monomer
ligand 7 showed a trace of binding to each cell line (Figure 4B.D).
Bivalent ligand 6 showed binding to HUVEC cultured with FGF
at 250 nM (Figure S7). Thus, the bivalent ligands can detect
cancerous cells that are in a state of high CXCR4 expression in a
specific manner.

In summary, we have presented experimental results concerning
the elucidation of the native state of the CXCR4 dimer utilizing
bivalent ligands. These lead to a more precise understanding of
the oligomerization state. Such a “molecular ruler” approach could
be utilized in the design of bivalent ligands for any GPCR. It has
been suggested that several GPCRs also exist as heterodimer forms,
and CXCR4 has been hypothesized to form heterodimers with
CCR2,'® CCR5," CXCR7,* and the d-opioid receptor.” Although
the biological significance of GPCRs in homo- or heterooligomer-
ization is still unclear and controversial, the approach described
here involving rigid linkers conjugated to ligands specific to each
GPCR would lead to elucidation of these issues. Furthermore,
through the avidity shown as the specific binding affinity for the
dimeric form of CXCR4, the fluorescent-labeled bivalent ligands
have been shown to be powerful tools for cancer diagnosis on the
basis of their ability to distinguish the density of CXCR4 on the
cell surface. Our approach has the advantages that the ligand can
directly capture dimeric forms of GPCRs and that the linkers can
be applied to virtually any known GPCR.
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ABSTRACT:
Useful methods of protein labeling via functional peptide
tags have been developed in the field of proteome and
chemical biology. New tag-probe pairs based on leucine
zipper peptides for labeling target proteins are described.
These consist of an a-helical probe peptide with an
environmental-sensitive fluorescent dye and two
antiparallel a-helical tag peptides, and may be
crosslinked, from the Cys residue of the tag peptide to the
N*-chloroacetyl group of the probe peptide. Binding of
the probe peptide to the tag peptides results in movement
of the fluorophore from a hydrophilic to a hydrophobic
environment inside the leucine zipper structure, causing a
dramatic fluorescent change, mediated by the binding of
the two peptides. As a spacer between the N™-chloroacetyl
group and the original probe sequence, a single Gly
residue was the most suitable among 0-2 Gly residues.
Crosslinking leads to superior fluorescence response,
binding affinity, and chemical stability. These ZIP
tag-probe pairs are useful for labeling and fluorescent
imaging of proteins. © 2010 Wiley Periodicals, Inc.
Biopolymers (Pept Sci) 94: 843-852, 2010.
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INTRODUCTION
n the post-genome era, artificial peptide tools have been
used in the field of proteome and chemical biology. In
the fluorescent imaging of proteins in living systems, sev-
eral pairs of peptide tags and their complementary
probes have been found to be useful tools. Short peptides
which include an oligohistidine tag (His tag) can be incorpo-
rated into target proteins and then applied to the purification
of recombinant proteins and immobilization of proteins on
plates with their complementary molecules, such as the
Ni(II)-nitrilotriacetic acid complex (Ni(II)-NTA)."* A His
tag has been utilized for fluorescent imaging of proteins in
cells using Ni(IT)-NTA derivatives with an appended fluoro-
phore.” In addition, pairs of tetracysteine motif peptides
and biarsenical molecular probes, which specifically bind to a
tetracysteine sequence, are useful in the real-time fluorescent

imaging of cellular proteins.®’

Other pairs of short tag pep-
tides and their specific ligands have also been reported.*”"" A
variety of engineered protein tags such as the SNAP tag and
the Halo tag have been also reported to be useful in the fluo-
rescent imaging of proteins,' > '” but in these cases a washing
step to remove excess probe molecules, which do not bind to
the tag, is required to avoid their background emission. The
binding of probes to target proteins via their complementary
tags is accompanied by a drastic shift of fluorescent wave-
length and/or an increase of fluorescence intensity, facilitat-
ing distinction of the labeled proteins and the free probes.
Thus, further development of such novel fluorogenic tag-
probe pairs is useful and desirable.

Leucine zipper peptides involving three a-helical antipar-
allel strands have been utilized as tags for the affinity purifi-
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FIGURE 1
based on the artificial leucine zipper peptides, designated as ZIP

Formation of tag-probe pairs with fluorogenic activity

tag-probe pairs, and their application to the fluorescent imaging of
ZIP tag-fused proteins.

cation of recombinant proteins'® and as anchors for the
immobilization of proteins on micro plates.'” Complemen-
tary selectivity and strong binding affinity have prompted
application of new tag-probe pairs to the bio-imaging of pro-
teins. Since hydrophobic cores of leucine zipper peptides can
be adjusted to form hydrophobic pockets in which small
molecules can bind,'®'” selective binding of environmentally
sensitive fluorescent dyes to these pockets inside the leucine
zipper assembly might lead to colorimetric changes and
enhance their fluorescence intensity. Accordingly, we have
developed new tag-probe pairs with fluorogenic activity
based on the artificial leucine zipper peptides, designated as
ZIP tag-probe pairs, and applied them to the fluorescent
imaging of ZIP tag-fused protein on the surface of living cells
(see Figure 1).%

The design of ZIP tag-probe pairs was based on the crystal
structure of an antiparallel coiled-coil trimer of a GCN4 mu-
tant shown in Figure 2.' A probe peptide consists of an
s-helical peptide in which 4-nitrobenzo-2-oxa-1,3-diazole
(NBD), an environmentally sensitive fluorescent dye is
imbedded. The NBD is attached to the side chain of the

L-%-2,3-diaminopropionic acid residue (Dap(NBD)) at posi-
tion 13 on the hydrophobic site of the leucine zipper struc-
ture. A tag peptide consists of antiparallel 2 «-helical peptides
linked via a Gly-Gly-Cys-Gly-Gly loop sequence. Two Leu
residues in the tag peptide, located at the positions comple-
mentary to the Dap(NBD) residue of the probe peptide, are
replaced by Ala so that an adequate hydrophobic pocket is
formed when the tag peptide binds to the probe peptide.

In fluorescent titration analysis, the change in the fluores-
cence spectra of the probe peptide depends largely on the con-
centration of the tag peptide. The emission spectra derived
from NBD showed a 17-fold increase in emission intensity
with a concomitant blue shift of the emission maximum from
535 nm to 505 nm (see Figure 3). This spectral change shows
that the NBD moiety of the probe peptide is located in the
hydrophobic environment inside the 3a-helical peptide bundle
structure. The dissociation constant of the probe peptide to-
ward the tag peptide, was estimated by analysis of the fluores-
cent titration curve with a nonlinear least-squares curve fitting
method™ at 18 nM. The tag-probe pair was also applied to the
fluorescent imaging of the tag-fused CXCR4 by the probe pep-
tide in the living cells. CXCR4 is a member of a chemokine re-
ceptor family, involving seven transmembrane G-protein
coupled receptor (7TM-GPCR) families.”*** The tag-fused
CXCR4, in which the tag is genetically fused to the extracellular
N-terminus region of CXCR4, is transiently expressed on the
surface of CHO-K1 cells. Sequential labeling experiments of
the tag-fused CXCR4 using the probe peptide with the NBD
dye and a fluorescent CXCR4 antagonist were performed. In
the presence of the excess probe peptide, the labeling of tag-
fused CXCR4 using the probe peptide with NBD produced
bright green fluorescence on the surface of the cells (see
Figure 4).” Subsequently, the tag-fused CXCR4 was stained in
a red color by the CXCR4 antagonist, tetramethylrhodamine
(TAMRA)-appended T140. In this way, a membrane protein
CXCR4 can be successfully visualized using the ZIP tag-probe
system which this is shown to be a useful fluorescent imaging
tool for proteins in living cells. The tag-probe complex consist-

tag peptide
A ALEKELE ALEKEXE ALEKELA-NHz
GGCGG—————-————_)
B Ac-WG-ALKKELE AXKKELE ALKKELA

X =lLeutoAla

probe peptide

C Ac-GG-ALKKKLE ALKKKZE ALKKKLA -NH:z

FIGURE 2 Design and structure of ZIP tag-probe pairs.
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FIGURE 3 Fluorescence spectral change of the probe peptide
upon the addition of the tag peptide at 25 C in 50 mM HEPES
buffer (pH 7.2, 100 mM NaCl): [probe] = 0.5 uM, [tag] = 0 to
2.0 uM.

o

ing of the antiparallel 3a-helical peptide bundle structure is
formed as a result of the affinity of the tag peptide and the
probe peptide. Since this interaction involves noncovalent
bonds, introduction of crosslink by a covalent bond might
increase chemical and biological stability. Thus, we developed
tag-probe pairs, crosslinked by covalent bonds (see Figure 5).

RESULTS AND DISCUSSTION

Crosslinking Reaction of the Tag Peptide With

the Probe Peptide

To investigate the optimum length of crosslinkers, three types
of probe peptides with linkers of different lengths were syn-
thesized. The original tag peptide has a side-chain thiol
group in the Gly-Gly-Cys-Gly-Gly loop structure between

tag
probe
13
j 1Y
a2 ™ B - -
// specific labeling ///
’ with fluorogenic
activity

CXCR4

Development of Crosslink-Type Tag-Probe Pairs 845

antiparallel 2a-helical peptides. At the N-terminus of each
probe peptide, 0, 1, or 2 Gly residues were attached as a
spacer and an N”-chloroacetyl group as a functional group
for coupling with the Cys thiol group (see Figure 6). The
probe peptides having 0, 1, and 2 Gly residues were desig-
nated probe 1, 2, and 3. As control probe peptides, probe
peptide 4, which has no chloroacetyl group, and 5, which has
N*-chloroacetyl-Lys at the C-terminus, both possessing N*-
acetyl-Gly, were also prepared. Probe peptides 1-5 were pre-
pared by Fmoc-based solid-phase peptide synthesis.”® The

755
I of

tag peptide was prepared by native chemical ligation
the synthetic C-terminal thioester fragment A and the N-ter-
minal cysteine fragment B, which were divided at the cysteine
residue of the loop sequence.”” Using the probe peptides 1-3,
the crosslinking reactions with the tag peptide, monitored by
HPLC,” were performed by addition of the tag peptide to
the probe peptide (1:1, final 1 M each) in 50 mM HEPES
buffer, pH 7.2 containing 100 mM NaCl at room tempera-
ture. The time course of the crosslinking reaction of the
probe peptide 2 is shown in Figures 7 and 8a. Peak areas of
the tag peptide and the probe peptide 2 with the retention
times of ~ 18 min and 32 min, respectively, decreased in a
time-dependent manner, while that of the product of cross-
link, the tag-probe 2 complex, with retention time of 28 min,
increased. Completion of this reaction was the fastest of the
crosslinking reactions, requiring approximately 20 min
(Figure 8b). The order of the reaction rate of the probe pep-
tides was 2, 1, 3, and 5 (Figures 8b and 9). Reactions of 1 and
3 were mostly complete in 30 min, and the crosslinking reac-
tion of the tag peptide with the probe peptide 5 failed (see
Figure 9). These results suggest that a Gly residue at position
1 is the most suitable spacer and that the chloroacetyl group
of the probe peptide and the thiol group of the tag peptide
react in a structure-specific manner. In the use of the probe
peptides 1-3 to form the tag-probe pairs, the chloroacetyl
and thiol groups approach one another prior to the cross-

—~

TAMRA-T140 i
82

specific labeling
with CXCR4
anatgonist

FIGURE 4 Sequential labeling of the tag-fused CXCR4 on the cell surface by the TAMRA-
appended CXCR4 antagonist T140 after the labeling by the probe peptide.
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FIGURE 5 Crosslink-type ZIP tag-probe pairs with fluorogenic activity: formation of tag-probe
pairs and the subsequent crosslink by a covalent bond.

linking reaction. In the case of the probe peptide 5, when the
tag-probe pair is formed the chloroacetyl and thiol groups
are located quite separately on opposite sides and can not
interact. All of the crosslink products were purified by RP-
HPLC and characterized by ESI-MS.

Fluorescent Titration Analysis

In the fluorescent titration analysis of the addition of the tag
peptide to the probe peptide 2, the fluorescence spectra of 2
changed remarkably, depending on the concentration of the
tag peptide. The emission maximum due to the NBD dye
showed a significant blue shift from 537 nm to 504 nm with
a 22-fold increase in the emission intensity (see Figure 10).
Such a spectral change clearly suggests that the NBD moiety
of the probe peptide is located in the hydrophobic environ-
ment inside the 3z-helical peptide bundle structure, as in
noncovalent type formation of the ZIP tag-probe pair.”’
Comparison with the other probe peptides in the fluorescent

A LS ¢

ta\f plrche
tag fragment A ALEKELE ALEKEAE ALEKELA
L ——g6Cige——x—
tag fragment B ALKKELE AAKKELE ALKKELA J

probe1 CICH:CO ALKKKLE ALKKKZE ALKKKLA
probe2 CICH2C0G ALKKKLE ALKKKZE ALKKKLA
probe3 CICH:COGGALKKKLE ALKKKZE ALKKKLA
probe 4 CH3COG ALKKKLE ALKKKZE ALKKKLA
probe 5 CH:COG ALKKKLE ALKKKZE ALKKKLAK(COCH:CI})

Z =Dap(NBD)

FIGURE 6 Design and structure of crosslink-type ZIP tag-probe
pairs. Probe peptides 1-3 have an N”-chloroacetyl group at the N-termi-
nus. Probe peptides 4 and 5 have an N”-acetyl group at the N-terminus.
Probe peptide 5 has N-chloroacetyl-Lys at the C-terminus.
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titration analysis is shown in Figure 10b and Table L. In the
use of all of the probe peptides, a similar blue shift of the
emission maximum due to the NBD dye from 534-537 nm
to 504 nm was observed. The increase of emission intensity,
most remarkable in the case of probe peptide 2, was in the
order 2, 1, 3, 4, and 5. This suggests that tag-probe 2 pair is
most suitable for analytical purposes.

The dissociation constants of the probe peptides 1, 2, 3, 4,
and 5 toward the tag peptide were estimated by analysis
using nonlinear least-squares curve fitting” as 6.2 nM,
6.5 nM, 9.0 nM, 22 nM, and 12 nM, respectively (Table I).
Thus, in terms of dissociation constant, the probe peptide 1
is comparable to 2, indicating similar binding affinities, but
the hydrophobic environment formed by the interaction of
the tag peptide with the probe peptide 2 would appear to be
more suitable for the fluorescence emission of the NBD dye.

probe 2 tag-probe 2 pair

\
l L———/\ 0 min

tag

absorption (220 nm)

J “ l : b~ 1min
4\
}1 I .

| .

| A~ 20min

1 A" 5min
M 10min
“ ._A__..,/\SOmin

A " 15min

retention time (min)

FIGURE 7 HPLC monitoring of the crosslinking reaction of the
tag peptide with the probe peptide 2. The reaction was performed
by addition of the tag peptide to the probe peptide 2 (1:1, final
1 M each) in 50 mM HEPES buffer, pH 7.2 containing 100 mM
NaCl at room temperature.
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FIGURE 8 The time course of the crosslinking reaction of the tag peptide with the probe pep-
tides. (a) The time course of HPLC peak areas of tag, probe 2 and tag-probe 2 pair, (b) the time
course of concentrations of resulting tag-probe 1-3 pairs.

Compared with the noncovalent tag-probe 4 pair, whose dis-
sociation constant is 22 nM, the affinities of the covalent type
tag-probe 1, 2, and 3 pairs are remarkably higher, suggesting
that crosslink of tag and probe peptides underlies the
increase in affinity. In the tag-probe 5 pair, a similar spectral
change was observed, indicating that the NBD dye was
located in the hydrophobic pocket, although a covalent bond
for crosslink of tag and probe peptides was apparently absent
(see Figure 11).

Fluorescence Job’s Titration

Fluorescent Job’s titration, recording the intensity at 505 nm,
was performed to assess the stoichiometry of the tag-probe 2
complex (see Figure 12). The total concentration of the probe
peptide 2 and the tag peptide was fixed at 1.0 uM. The con-
centrations of the tag peptide were 0, 0.2, 0.4, 0.5, 0.6, 0.8, and
1.0 puM. This fluorescence Job’s titration experiment clearly
indicates that the probe peptide 2 binds to the tag peptide

a) probe§  tag
f \.I N\
0 min

absorption { 220 nm)
: 3
5 3
peak area of HPLC (%)

L Y T
=T 8 S 5 R

retention time (min)

FIGURE 9

with 1:1 stoichiometry. The result suggests that the tag peptide
and the probe peptides 1-3 form a stable 3x-helical leucine
zipper structure by binding with 1:1 stoichiometry.

Investigation of Chemical Stability by Fluorescence
Analysis

The chemical stability to thermal denaturation of the tag-
probe complexes was investigated. Using the complexes of the
tag peptide and the probe peptides 1-5, changes of fluores-
cence intensity were monitored. The aqueous solution of 1
(1M tag-probe complex in 50 mM HEPES buffer, pH 7.2 con-
taining 100 mM NaCl was prepared, and then the temperature
of the solution was gradually increased to 100 C. Fluorescence
spectral changes of the tag-probe peptide 2 and 4 pairs, repre-
sentatives of crosslink pairs and noncrosslink pairs, are shown
in Figure 13. In Figure 14 changes of fluorescence intensity of
the tag-probe peptide 1-5 pairs are shown. In each of the com-
plexes of the tag peptide with probe peptides 1-5, a gradual

b)
100+
-e tag
80+ -& probe 5
—& tag-probe 5 pair
60+
40
204
R ¥ 4 * *
0 10 20 30
time (min)

(a) HPLC monitoring of the crosslinking reaction of the tag peptide with the probe

peptide 5. The reaction was performed by addition of 1 M tag peptide to 1 uM probe peptide 5 in
50 mM HEPES buffer, pH 7.2 containing 100 mM NaCl at room temperature. (b) The time course
of HPLC peak areas of tag, probe 5 and tag-probe 5 pair.
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(a) Fluorescence spectral change of the probe peptide 2 upon the addition of the tag

peptide at 25 C in 50 mM HEPES buffer (pH 7.2, 100 mM NaCl): [probe] = 0.5 M, [tag] = 0 to
2.0 uM. (b) Change of fluorescence intensity of the probe peptides 1-5 upon the addition of the tag
peptide for calculation of dissociation constants of tag-probe pairs.

decrease in fluorescence intensity was observed in proportion
to the increase of temperature. The complexes of the tag pep-
tide and the probe peptides 1-3 were more stable than those of
4 and 5, which were completely denatured at 100 C, but the
complexes using 1-3 were not denatured, possibly due to the
crosslinking. The melting temperatures of the complexes using
1-3 were above 69°C, whereas those of the complexes involv-
ing 4 and 5 were below 56 C.

The possibility that this thermal denaturation is reversible
was next investigated. The pairs of tag-probe 2 and tag-probe 4
were adopted as representative of crosslink pairs and non-cross-
link pairs, respectively. After denaturing the tag-probe 2 pair at
100 C, the temperature of the solution was gradually decreased
(Figure 15a). In proportion to the decrease of temperature, a
gradual increase in fluorescence intensity of probe 2 was
observed, resulting finally in complete recovery of the original
fluorescence intensity. In contrast, while a gradual increase in
fluorescence intensity, proportionate to a decrease in tempera-
ture, was also observed after the thermal denaturation at 100 C
of tag-probe pair 4, the fluorescence intensity recovered only to

Table I Results of Fluorescence Titration of Tag-Probe Pairs

Fluorescence Wavelength

of Emission Ina/ly  Dissociation
Maximum (nm)  (Fold)  Constant (nM)"
Tag-probe 1 pair 537-504 19 6.2
Tag-probe 2 pair 537-504 73 6.5
Tag-probe 3 pair 535-504 17 9.0
Tag-probe 4 pair 534-504 15 22
Tag-probe 5 pair 534-504 11 12

* Measurement conditions: 50 mM HEPES buffer solution (pH 7.2,
100 mM NaCl), at 25 C, [probe| = 0.5 M.
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approximately half of its original level (Figure 15b). These
results suggest that the crosslinking of tag and probe peptides is
critical for complete reversibility of the fluorescence emission.

Investigation of Chemical Stability by Circular
Dichroism

The chemical stability of the tag-probe complexes to thermal
denaturation was investigated by circular dichroism (CD).
The CD spectra showed that all of the tag-probe 1-4 com-
plexes form a-helical structures. The CD spectrum of the tag-
probe 2 complex had the strongest double minima at 207
and 222 nm, while the spectrum of the non-covalent type
tag-probe 4 complex showed the weakest double minima
among the four complexes (see Figure 16). This result sug-

no crosslink

crosslink

FIGURE 11 Formation of tag-probe 5 pair without crosslinking.
When tag-probe 5 pair is formed, the chloroacetyl and thiol groups
are separated, located on opposite sides and no covalent bond can
form between them.
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FIGURE 12 Fluorescence Job’s titration between the probe pep-
tide 2 and the tag peptide, [probe 2| + [tag] = 1.0 uM, in 50 mM
HEPES buffer (pH 7.2, 100 mM NaCl) at 25 C.

gests that crosslinking of the tag and probe peptides is essen-
tial for the a-helical structures. Changes in [0] at 222 nm in
aqueous solution of 1 M tag-probe pair in 50 mM Tris-HCl
buffer, pH 7.2 containing 100 mM NaCl were monitored,
and the temperature of the solution was gradually increased
to 94 C (Figure 17a). In all the tag-probe 1-4 pairs, a gradual
increase in values of [0] at 222 nm was observed in propor-
tion to the increase in temperature. Tag-probe 4 pair, in par-
ticular, showed a remarkable increase in values of [()] at 222
nm, suggesting that the x-helical structures were largely col-
lapsed. Judging by the changes of [0] at 222 nm, the «-helical
structures of tag-probe 1-3 pairs survived better than those
of tag-probe 4 pair, possibly due to the crosslinking. Next,
whether the above o-helical structures can be reversibly
recovered was investigated (Figure 17b). The pairs of the tag
peptide and the probe peptides 2 and 4 were adopted as rep-
resentatives of crosslink pairs and noncrosslink pairs, respec-
tively. After denaturing the tag-probe 2 and 4 pairs at 94°C,
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FIGURE 14 Change of fluorescence intensity of tag-probe 1-5

pairs from 4 C to 100" C in 50 mM HEPES buffer (pH 7.2, 100 mM
NaCl): [tag-probe pair] = 0.5 uM. Values of melting temperature
(T.,) of tag-probe peptide 1-5 pairs are shown.

the temperature of the solution was gradually decreased.,
Gradual decreases in values of [f] at 222 nm in proportion
to the decrease of temperature were observed with both pairs.
In the case of the tag-probe 2 pair the value of [0] at 222 nm
was finally nearly completely recovered but with the tag-
probe 4 pair [0] was not reduced to its original value, sug-
gesting that the crosslink of tag and probe peptides is indis-
pensable for complete reversibility of the x-helical structures.

CONCLUSION

The novel tag-probe pairs based on leucine zipper peptides, in
which the thiol group of the Cys residue of the tag peptide and
the chloroacetyl group of the probe peptide were crosslinked,
have been studied. They were found to have significant fluoro-
genic activity, mediated by the binding of the tag peptide to
the probe peptide as the noncrosslink-type pairs. Compared
with noncrosslinked tag-probe pairs, those that are crosslinked
were shown to have some advantages in terms of fluorescence
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FIGURE 13 Fluorescence spectral change of tag-probe pairs from 4°C to 100°C in 50 mM
HEPES buffer (pH7.2, 100 mM NaCl): [tag-probe pair] = 0.5 uM. (a) tag-probe 2 pair, (b) tag-

probe 4 pair.
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