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Phenothiazine-Biaryl-Containing Fluorescent RGD Peptides
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Abstract: Cyclic RGD peptides are well-known ligands of in-
tegrins. The integrins aVb3 and a5b1 are involved in angio-

genesis, and integrin aVb3 is abundantly present on cancer
cells, thus representing a therapeutic target. Hence, synthet-

ic and biophysical studies continuously are being directed
towards the understanding of ligand-integrin interaction. In

this context, the development of versatile synthetic strate-

gies to obtain fluorescent building blocks that can add mo-
lecular diversity and modular spectral characteristics while

not compromising binding affinity or selectivity is a relevant
task. An on-resin intramolecular Suzuki–Miyaura cross-cou-

pling (SMC) between l- or d-7-bromotryptophan (7BrTrp)
and a phenothiazine (Ptz) boronic acid affords fluorescent

cyclic RGD pseudopeptides, c(RGD(W/w)Ptz). Ring closure by
SMC establishes a phenothiazine–indole moiety with axial

chirality. An array of eight novel compounds has been syn-
thesized, among them one fluorescent compound with

good affinity to integrin aVb3. The fluorescence properties of

the analogues can be efficiently tuned depending on the
substituents in Ptz moiety even for fluorescence emission in

the visible (red) spectral range.

Introduction

Integrins are heterodimeric transmembrane glycoproteins,
which mediate cell adhesion and migration phenomena.[1] Sev-

eral integrins recognize the sequence -Arg-Gly-Asp- in their li-

gands of the extracellular matrix. Peptides containing the RGD
sequence have been shown to selectively bind to different in-

tegrins,[2, 3] especially aVb3 and a5b1, among others. In particular,
aVb3 is overexpressed in cancer cells, thus playing a pivotal

role in controlling tumor angiogenesis and metastasis.[4] There-
fore, targeting aVb3 has been showing promise to treat

cancer.[5–8] The cyclization of RGD peptides was proven to be

an efficient way of increasing their activity and selectivity to-
wards different integrins by restricting their conformational
space.[9, 10] Cyclization also is an amenable strategy to improve
metabolic stability.[11–16] Cilengitide c(RGDf(NMe)V), a small RGD
containing cyclic peptide ligand has been the most successful
example so far. Although Cilengitide failed in the first phase III

trial for the treatment of glioblastoma, it is currently in phase II
for treatment of other cancer types.[17, 18] Noteworthy, Cilengi-

tide shows promise when conjugated to radiopharmaceuti-
cals.[19] Proteins with RGD motif also show potential for selec-

tive integrin targeting.[20, 21] Despite the relevance of the RGD
sequence in cancer research, its mechanism of interaction with

integrins is not fully understood. Therefore, synthetic as well as

biophysical efforts are being directed towards the develop-
ment of functional analogues. Fluorophor modification, while

retaining bioactivity would allow their use in vitro and in
vivo.[22–26] In this regard, different fluorescent moieties have

been incorporated in the cyclic RGD-peptides as lateral chains
such as derivatives of fluorescein (FITC),[27] rhodamine (Cys5.5)

and carbocyanine (cypate).[28, 29] The use of fluorescent a-amino

acids like Trp is a general strategy for incorporation of a fluo-
rescent probe in a peptide backbone, but its implementation
is restricted owing to its low fluorescence emission intensi-
ty.[30–32] We recently disclosed the synthesis of different Boc-
protected aryl tryptophan derivatives by Suzuki–Miyaura cross-
coupling in solution,[33] and styryl tryptophan derivatives utiliz-

ing Mizoroki–Heck cross-coupling.[34] The use of an intramolec-
ular Suzuki–Miyaura reaction performed on-resin to form Trp-
Trp cyclic peptides showed the potential to improve biological

properties by extending the p-system.[35] Moreover, Suzuki–
Miyaura cross-coupling resulted in a side chain-to-tail-cyclized

RGD peptides with biaryl moieties, providing a new dimension
of structure–activity relationships.[36] We additionally envisaged

exploring the use of intramolecular Suzuki–Miyaura cross-cou-

pling on resin between 7-bromotryptophan and phenothiazine
(Ptz) boronic acids to build novel bioactive and fluorescent

cyclic RGD derivatives, c(RGD(W/w)(7-3-Ptz)) (Scheme 1).
This approach would considerably increase the p-system

forming a Trp-Ptz biaryl. Ptz has been previously applied in
biochemistry as a marker for proteins, DNA, or other biomole-
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cules.[37] Since there are different reactive positions in pheno-
thiazine (3, 7, S, -NH), they can be easily functionalized with

different substituents, which are also compatible with Fmoc
solid-phase synthesis.[38–44] Therefore, the tuning of the fluores-

cent and binding properties of the novel cyclic RGD pseudo-
peptides would be possible on demand. Ptz boronic acids

were incorporated at the N-terminus of the RGD sequence,

while the l- or d-7-BrTrp residues were placed at the C-termi-
nus. Upon intramolecular Suzuki–Miyaura cross-coupling on

the resin a series of cyclic fluorescent (RGD(W/w)(7-3-Ptz)) pep-
tides was obtained. Their binding to integrins aVb3 and a5b1

was studied in vitro to elucidate the influence of the Trp-Ptz
fluorescent probe on the activity of the RGD peptides.

Results and Discussion

First, three new phenothiazine boronic acid derivatives (Ptz1,
Ptz2, and Ptz3) were synthesized by borylation with B2Pin2

(Scheme 2).[45] The spacer length between the phenothiazine

nitrogen and amide can be varied to influence the overall con-
formation and, hence, was expected to modulate the affinity

of the cyclic RGD-peptides to the integrins. For that purpose,
one methylene unit (Ptz1) or five methylene units (Ptz2) were

introduced. In the case of compound 7, the order of the reac-
tion steps was reversed because otherwise decarboxylation

was observed during the borylation reaction. In all cases the
reaction started from 3-bromo-10H-phenothiazine 1. Com-

pounds 2 and 5 were synthesized by nucleophilic substitution
of bromide in 6-bromohexanenitrile or ethyl bromoacetate, re-
spectively, by 1. Hydrolysis of the nitrile or the ester group,

resp. , under basic conditions afforded the corresponding acids
3, 7, and 9.[46]

The formyl phenothiazine derivative (Ptz3, 10) was synthe-
sized by Vilsmeier–Haack reaction using POCl3 and DMF.[32] The

incorporation of the aldehyde group in position 10 of the phe-

nothiazine moiety would allow enlarging the conjugated p-
system, for example, by a Knoevenagel condensation causing a

distinct bathochromic shift. Therefore, we expect that such de-
rivatives could be used in vivo experiments.

The l- and d-7-bromotryptophan derivatives were regiose-
lectively obtained by enzymatic halogenation using immobi-

lized cross-linked enzyme aggregates (combiCLEAs) containing

a FAD-dependent tryptophan 7-halogenase, as described previ-
ously.[47] After Fmoc protection of 7-bromotryptophan, it was

loaded as the first amino acid on the Rink amide resin followed
by assembly of the R(Pbf)GD(OtBu) sequence by SPPS using

Fmoc chemistry and TBTU as the coupling reagent. Coupling
of the corresponding phenothiazine derivatives was accom-

plished using in situ activation with Oxyma and DIC. The mix-
ture was added to the resin in DMF and TMP and was shaken
overnight, providing the linear peptides on the resin (11 a–g).

In addition to the unmodified l- and d-7-bromotryptophan de-
rivatives, the N-methyl derivatives were incorporated, too, pro-

viding further structural diversity (Scheme 3).
The intramolecular Suzuki–Miyaura cross-coupling was per-

formed in a mixture of EtOH/DME/MPW (9:9:1), which was de-
gassed in freeze–pump–thaw cycles. Pd(dba)3 (20 mol %) to-
gether with sSphos (sodium 2’-dicyclohexylphosphino-2,6-di-

methoxy-1,1’-biphenyl-3-sulfonate hydrate, 40 mol %) was used
as catalyst, while KF was selected as the base. The reaction

was activated by microwave at 120 8C by adaptation of a litera-
ture protocol (Scheme 3).[48] Malononitrile and ammonium ace-

Scheme 1. Proposed synthetic building block to obtained novel fluorescent
(RGD(W/w)(7-3-Ptz)) derivatives through intramolecular C@C Suzuki–Miyaura
cross-coupling.

Scheme 2. Reagents and conditions for the synthesis of Ptz1, Ptz2 and Ptz3 :
(i) 6-bromohexanenitrile, KOH, NaI, DMF, 50 8C, 48 h, 71 %; (ii) Ethyl bromo-
acetate, KOH, NaI, DMF, 50 8C, 48 h, 46 %; (iii) MeOH/EtOH/KOH (4 m), reflux,
72 h, 72 %; (iv) & (v) B2Pin2 (2.2 equiv), PdCl2(PPh3)2 (0.02 equiv), KOAc
(5 equiv), dry toluene (40 mL), 110 8C, Ar, 18 h, 70 %; (vi) MeOH/EtOH/KOH
(eq) (4 m), 60 8C, 30 min, 33 %; (vii) DMF (1.1 equiv), 1,2-DCE, POCl3

(1.2 equiv), 90 8C, 48 h, 46 %;[42] (viii) MeOH/EtOH/KOH (4 m), reflux, 72 h,
29 %; (ix) B2Pin2 (2.2 equiv), PdCl2(PPh3)2 (0.02 equiv), KOAc (5 equiv), dry
toluene (40 mL), 110 8C, Ar, 18 h, 93 %.
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tate were added to accomplish the on resin-Knoevenagel con-
densation providing 12 g (Scheme 4).

In the 2D-NMR characterization, we detected that for some

derivatives particular conformations in the (RGD(W/w)(7-3-Ptz)

cycle were stabilized. Previously, Hoveyda et al. have shown
that cyclopeptides with indole-aryl moiety lead to atropisomer-

ism, P and M, in the strained macrocycle, which reduces the ro-
tation around the single bond of the biaryl moiety.[49]

Although it is a difficult task which depends on conforma-
tional stability, the atropisomers could be identified by NMR. In

this work the P-isomers could be successfully isolated as major
atropisomers in the case of 12 c–f and characterized by NOESY
experiments. The chemical shifts below 5 ppm of the a-proton

of tryptophan in the rigid cyclopeptides 12 c–f suggest a P-
biaryl isomer (Figure 1 and Supporting Information).[49] NOE
proximities were found between the NH1 and H2 of indole and
both the a-proton of aspartic acid and the amide proton of

tryptophan, suggesting a more constrained cycle with the
indole ring facing inside. It seems that the rigidity of the struc-

ture in the smaller cyclopeptides 12 c,d and those with N-

methylated tryptophan 12 e,f confers the observed conforma-
tional stability. On the other hand, for compounds 12 a,b con-

taining a longer and more flexible linker, separate signals for
the atropisomers were not observed.

In summary, among eight new cyclopeptides were synthe-
tized. The derivatives 12 a–c were obtained in moderate yields

(44–58 %). Lower yields (29–32 %) were observed for the N-

methyl derivatives 12 e,f, where N-methylation of tryptophan
was performed on resin,[47] presumably because of the lower

reactivity of the secondary amine. In some cases (12 c–f) good
diastereoselectivity was observed (dr: 85:15–92.5:7.5, Table 1)

and the corresponding P-atropisomers were isolated.

Scheme 3. Peptide cyclization through Suzuki–Miyaura cross-coupling.

Scheme 4. Synthesis of cyclopeptide 12 g with an additional electron-with-
drawing moiety by sequential on resin Suzuki/Knoevenagel reactions.

Figure 1. Major atropisomers of compounds 12 c, 12 d, according to 2D NMR
(ROESY).
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Finally, we explored the effect of the sulfoxide group in the

binding properties to integrin.[50] For that purpose, the P-cyclo-

peptide 12 c was oxidized with 5 % hydrogen peroxide solution
(1 mg mL@1) at room temperature obtaining 12 h a mixture 1:1

of diastereomeric sulfoxides (R and S) (Scheme 5).
The binding affinities of the new cyclopeptides 12 a–h to

the integrins avb3 and a5b1 were evaluated in a homogenous
ELISA-like solid-phase binding assay as previously described,

using Cilengitide as the positive control.[51] In all cases the

binding affinity to avb3 was higher than to a5b1 (Table 1). The
highest affinity was obtained for cyclopeptide 12 h as a mix-

ture of the R and S diastereomers (IC50 = 52 nm) with a good
selectivity towards the integrin aVb3 (&110-fold). The ana-

logues with a shorter spacer Ptz1 12 c,d had similar affinities as
the ones with the longer spacer Ptz2 12 a,b, respectively. Ac-
cording to the docking the spacer was placed toward the out-

side of the binding pocket and so it could not have an effect

on affinity and it just influenced the rigidity of the compounds.
The N-methyl tryptophan derivatives 12 e,f displayed a 15–20-

fold decrease in the affinities compared to their unmethylated
analogues 12 a–c (Table 1). Methyl substitution affects the pep-

tide backbone conformation and hydrogen bonding ability,
presumably leading to a less favorable orientation in the bind-
ing site. Interestingly, the l-Trp derivatives 12 a–c have a 2-fold
higher binding affinity than the d-Trp derivatives 12 b–d.

To rationalize the difference in binding affinity of the new

derivatives in comparison to Cilengitide, and the effect of the
oxidized derivative 12 h in comparison to its precursor 12 c, we
performed docking and modeling studies.[50, 51] Docking of Cil-
engitide to aVb3 was performed and the resulting complex was

similar to the Cilengitide-aVb3 X-ray single-crystal structure
(Figure 2 A, PDB: 1l5g, Figure S51A).

When Cilengitide binds to aVb3 (Figure 2 A), binding occurs

at the interface between subunits aV and b3.[51, 52] While the Arg
and Asp side chains point into opposite directions making con-

tacts with aV and b3, resp. , the glycine residue lies at the inter-
face between both subunits. In the Cilengitide-aVb3 complex,

the Arg side chain is located in a narrow groove at the top of
the propeller domain of the aV chain, where the guanidinium

group is being held in place by a bidentate salt bridge to

Asp218 and Asp150. On the other hand, the Asp group is com-
pletely buried in the complex.

Asp interacts with the b3 subunit through a hydrogen bond
with the amide backbone of Tyr122 and Asn215 and contacts

the aliphatic portion of Arg214. Additional contacts involve the
hydrophobic portion of the Asp side chain and Cb of Asn215.

The glycine moiety makes several hydrophobic interactions

with the aV subunit ; the most critical one is the contact with
the amide oxygen of Arg216.[23, 53]

Docking of P-atropisomers 12 h (oxidized) and 12 c (non-oxi-
dized) revealed that both compounds bind at the same site as

Cilengitide (Figure 2, and Figure S51), but the poses and the
contacts with the receptor are different, which might explain

the decreased affinity. The Arg moiety in R-12 h is rotated to-

wards the b-subunit having an interaction with Tyr166 and
Arg216 while the oxygen of the sulfoxide group interacts with
Arg214. Trp is oriented towards the a-subunit and interacts
with Asp218 and Ala218.

In the case of the non-oxidized 12 c, only two interactions
were detected; one between the Arg moiety and Tyr178 of the

a-subunit, while the second between the Asp and Arg216 in
the b-subunit (Figure 2 C).

Docking of 12 f that displays low affinity to integrins,

showed only one contact with Asn215 that is in agreement
with the higher IC50 values (Table 1 and Figure SI52). As a con-

clusion, the sulfoxide group in R-12 h favors the interaction of
Ptz and Trp residues with the receptor. These stabilizing con-

tacts increase the binding affinity towards aVb3 integrin in the

same pocket but through different interactions compared to
Cilengitide.

Finally, the spectral characteristics of 12 h, its precursor 12 c,
and the derivative 12 g were evaluated in DMSO because of

the low solubility of synthesized compounds in water.
(Figure 3). As expected, the absorption of Ptz-RGD derivatives

Table 1. Sequences, yields and IC50 values of the cyclic RGD-peptides.

Cyclopeptide Yield (dr) IC50 (aVb3)[a]

[mm]
IC50 (a5b1)[a]

[mm]

c(RGDW(7-3Ptz2)) 12 a 58 % (–) 0.33:0.04 n.d.
c(RGDw(7-3Ptz2)) 12 b 55 % (–) 0.60:0.11 5.68:1.28
c(RGDW(7-3Ptz1)) 12 c 47 %

(92.5:7.5)
0.31:0.08 2.22:1.04

c(RGDw(7-3Ptz1)) 12 d 44 %
(91.5:8.5)

0.78:0.17 >10

c(RGD(NMe)W(7-3Ptz2))
12 e

32 %
(92.5:7.5)

6.55:0.76 n.d.

c(RGD(NMe)W(7-3Ptz1))
12 f

29 % (85:15) 4.52:0.53 >10

c(RGDw(7-3Ptz2(CH(CN)2))
12 g

18 % (–) 0.961:0.05 >10

c(RGDW(7-3Ptz1(O))) 12 h 16 % (–) 0.052:0.009 5.93:0.89
c(RGDf(NMe)V) (Cilengi-
tide)

– 0.0005:0.0002 0.0154:004

[a] Experimentally obtained by Elisa test (see Supporting Information).
n.d: not determined

Scheme 5. Oxidation of cyclopeptide c(RGDW(7-3Ptz2)) 12 c to give the sulf-
oxide 12 h.
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strongly depends on the substitution pattern. Compound 12 h
with the oxidized Ptz (sulfoxide) gives rise to two intense ab-

sorptions at 286 and 308 nm while the UV spectrum of 12 c
has a maximum at 262 nm and a second, weaker absorption

band at 308 nm. Compound 12 g, which has an extended p-

system in position 10 of the Ptz shows two absorption bands
at 268 and 318 nm, together with a new absorption band at
486 nm (Figure 3 A).

The three compounds displayed interesting fluorescent
properties (Figure 3 B). Importantly, 12 g emits in the red

region (693 nm) upon excitation at 489 nm, while excitation of
12 c and 12 h at around 310 nm leads to fluorescence emission

at 424 and 454 nm, respectively (Figure 3 B). These experiments
demonstrate that RGD peptides containing the Ptz-Trp moiety
are suitable compounds to be used in spectroscopic experi-

ments in the visible region and, more importantly, show prom-
ise for applications in in vivo imaging in the case of compound

12 g.

Figure 2. Model for the interaction between integrin avb3 and Cilengiti-
de (A), R-12 h (B), and 12 c (C) P-atropisomers. The subunits are represented
as follows: a- subunit (pink) and b-subunit (light blue). All the inhibitors in-
teract in the RGD-binding pocket at the interface between a-and b-subunits.
In the case of Cilengitide, the model of the crystal structure is presented.
The corresponding Yasara homology model for Cilengitide interaction, as
well as the superimposition between structures, are shown in the Fig-
ure S51.

Figure 3. Spectral evaluation of cyclopeptides 12 c, 12 h, and 12 g in di-
methyl sulfoxide. A) Normalized UV/Vis absorption spectra. B) Normalized
fluorescence emission intensity spectra. All compounds were measured
under the same experimental conditions with varying their excitation wave-
length as follows: 12 c (lex = 311 nm); 12 h (lex = 312 nm), and 12 g
(lex = 489 nm).
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Conclusions

We have synthesized and characterized novel bioactive fluores-
cent RGD cyclopeptides by incorporating phenothiazine and 7-

bromotryptophan. They display good to moderate affinity to
integrin avb3, and intriguing fluorescence properties. The affini-
ty towards the avb3 integrin is higher than to a5b1 with moder-
ate to good selectivity. The two diastereoisomers of the sulfox-
ide-containing inhibitor 12 h gave a 52 nm IC50 value for bind-
ing to integrin avb3. Based on the in silico docking results, R-
12 h involves the sulfoxide oxygen in binding to the integrin.
Extending the p-system of the phenothiazine moiety provides
a bioactive RGD peptide with a fluorescence emission at

693 nm (lex = 486 nm) that may be suitable for in vivo imag-
ing.
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