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Abstract: The avb6 integrin binds the RGD-containing
peptide of the foot and mouth disease virus with high
selectivity. In this study, the long binding helix of this ligand
was downsized to an enzymatically stable cyclic peptide
endowed with sub-nanomolar binding affinity toward the
avb6 receptor and remarkable selectivity against other integ-
rins. Computational studies were performed to disclose the
molecular bases underlying the high binding affinity and
receptor subtype selectivity of this peptide. Finally, the utility of
the ligand for use in biomedical studies was also demonstrated
here.

Helices are common binding motifs in protein–protein
interactions.[1] However, the helix motifs in peptides are
rarely used in medicinal chemistry because of their structural
and enzymatic instability. A common approach used to
overcome this problem is helix stabilization via “side-chain-
to-side-chain” cyclization (so-called “stapled peptides”).[2] In
addition, side-on binding of helices can also be mimicked by
b-sheet cyclic peptides, as demonstrated in the pioneering
work of Robinson et al. (Figure 1).[3]

The integrin receptor family comprises at least 24
members, which are responsible for cell–cell and cell–
extracellular matrix (ECM) interactions and adhesion pro-

cesses.[4] Among these members, eight (avb1, avb3, avb5,
avb6, avb8, aIIbb3, a5b1, and a8b1) recognize the tripeptide
Arg-Gly-Asp (RGD) motif in their ECM ligands. Com-
pounds that are endowed with high binding affinity and
selectivity toward a unique integrin subtype are the key
pharmacological tools for an unambiguous understanding of
the precise biological functions and cross-talk among differ-
ent integrins. This knowledge, in turn, is the basis for
personalized medicine. Although valuable inhibitors of
aIIbb3, avb3, and a5b1[5] have already been successfully
developed, selective and active ligands are still absent for
many other RGD-binding integrins.[6]

Recently, attention has been drawn to avb6 integrin
because it is a high-affinity receptor for many viruses,
including foot and mouth disease,[7] and is overexpressed in
multiple cancers[8] and fibrosis.[9] To date, only a limited
number of avb6-integrin tracers for cancer diagnosis have
been developed; these include linear 10- to 20-mer[10] and
“stapled” cystine peptides.[11] The design of avb6-specific
ligands began with the phage display-derived sequence
RXDLXXL, which has been assumed to bind as a helix
motif.[12]

In the present study, the pharmacophoric amino acids
from the avb6 binding helix were grafted onto a b-sheet
(Figure 1c), a secondary structure frequently found at natural
protein–protein interfaces and then cyclized using b-turn

Figure 1. a) a-Helix with amino acids X1 and X3 responsible for
protein–protein interactions. The helix is b) stabilized via “side-chain-
to-side-chain” cyclization, and c) mimicked by a b-sheet cyclic peptide.
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mimics. Subsequently, a library of enzymatically stable cyclic
peptides was generated from the switching and modification
of the amino acids. Binding affinity/selectivity studies of the
peptides library led to the discovery of a novel ligand for avb6
integrin, which has the lowest molecular weight of all avb6
ligands identified to date. Notably, this ligand is endowed with
sub-nanomolar binding affinity and remarkable selectivity for
the avb6 integrin subtype.

As a starting point, we used the cyclic decapeptides first
described by Robinson et al.,[3] i.e., those bearing the d-Pro-
l-Pro (pP) b-hairpin-inducing template, which were shown to
be structurally tolerant to the amino acid changes at other
positions of the b-sheet-like structure. Because the optimal
location of the RGDL or RTDL motif was not known a priori,
we decided to check all the putative positions of this motif
along the macrocycle. The position of the second leucine in
the DLXXL sequence was variable and in some cases
interrupted by the introduction of a pP hairpin-inducing
unit. Other amino acid residues were replaced with l-alanines
to explore the importance of the amino acidsÏ side chains. We
planned to optimize the chemical structures of these amino
acids in a later step.

As a result of the aforementioned process, 10 novel cyclic
peptides containing RGD (Table 1) or RTD (see the Sup-

porting Information, SI) were designed and synthesized using
Fmoc solid-phase peptide synthesis (SPPS) and cyclization in
solution.[13] In all cases, RTD-bearing peptides displayed
lower (5- to 107-fold) avb6 binding affinities than the
respective RGD-containing versions (see SI). Impressively,
the first three synthesized RGD peptides 1–3 (Table 1) were
able to bind to the avb6 integrin receptor in a low nanomolar
range (5.8 to 14.5 nm), which indicated the power of the
strategy used. Despite its relatively high avb3 binding affinity
(76.7 nm), peptide 2, which had the highest avb6 binding
affinity, was chosen as a new lead structure.

Surprisingly, in contrast to the situation in linear peptides,
the DLXXL motif was not essential for the avb6 activity of
our cyclic peptides.[10–12] Indeed, in peptide 3 the pP b-turn-
inducing moiety was introduced to break the DLXXL, and
this caused no drastic change in avb6 binding affinity. To
better clarify the importance of the LXXL motif in avb6

binding, we replaced the Leu residues at positions 5 and 8
with l-Ala (2 in Table 1). Intriguingly, the presence of Leu
next to RGD (peptide 4) was crucial for avb6 recognition,
whereas a substitution of the second Leu (peptide 5) led to
only a slight drop in binding affinity, which was in line with the
binding affinity of 3. Given this observation, we assumed that
deletion of one or several amino acids from the macrocycle
might be possible with the aim of further simplifying the
ligand structure. Indeed, the removal of one Ala residue
(peptide 6) led to an avb6 ligand with the same binding
affinity but reduced avb3 binding affinity (see SI). Further
removal of amino acids was inefficient and drastically lowered
the avb6 binding affinity (see SI).

Following a few unsuccessful attempts to improve ligand
avb6 binding affinity and selectivity via adjustment of amino
acid X6 (see SI), we postulated that this structural fragment
must be kept as small (i.e. alanine) as in previously reported
linear peptides, e.g., H2009.1, RGDLATLRQL, and
c(-CRGDLASLC-).[10–12]

The RGD flanking Leu appeared to be essential in the
nonapeptides, as in 10-mer peptides (see SI). Furthermore,
the second Leu could be easily replaced by other bulky amino
acids with a positive effect on binding affinity. Thus, the
Leu!Phe substitution led to a fivefold enhancement of
binding affinity toward avb6 integrin without any noticeable
impact on avb3 binding affinity (peptide 7). Remarkably, the
substitution of RGD flanking l-Ala with the sterically
demanding l-Phe (peptide 8) resulted in a considerable loss
of binding affinity for avb3 together with a slight improve-
ment in avb6 binding affinity. Similarly, l-Thr and l-Trp at
positions X1 and X8 also improved the ligand binding
properties; however, these improvements were inferior to
that observed with l-Phe (see SI).

Once the locations and nature of the key amino acids were
established, we decided to optimize the X9–X10 residues to
ensure they were suitable for functionalization of the com-
pound for applications such as molecular imaging and surface
coating.[15] N-Methylation is a well-known strategy for creat-
ing proline mimetics as well as a tool for improving the
properties of peptides, including stability, affinity, and bio-
availability.[16] Here, we substituted one of the prolines with
a NMe lysine whose side chain offered opportunities for
further functionalization. Interestingly, we found that only l-
Pro10 could be efficiently replaced with NMe-l-Lys, whereas
changing d-Pro9 into the respective NMe-d-Lys reduced both
binding affinity and subtype selectivity (see SI). Furthermore,
the NH2 group on the lysine side chain apparently did not
contribute to receptor binding because its acetylation did not
influence the IC50 of 10.

We also investigated a wider selectivity profile of the most
active peptides, 9 and 10. Our assays revealed that both
peptides possessed low binding affinity toward aIIbb3, avb3,
and avb5, but a residual binding affinity for a5b1 and avb8
integrins. However, as shown in Table 2, the affinity of 9 and
10 toward avb6 was always at least two orders of magnitude
higher than that of other RGD binding integrins. Thus, to the
best of our knowledge, 9 and 10 are currently the most potent
and selective cyclic peptides toward avb6 integrin described
in the literature.[17] For reducing the residual binding affinity

Table 1: Binding affinities of compounds 1–10 for avb6 and avb3 as
determined in a solid-phase binding assay using a previously established
protocol.[14]

Peptide Amino acid sequence
(X1–X10)

avb6,
IC50 [nm]

avb3,
IC50 [nm]

1 RGDLAALApP 14.5 –
2 ARGDLAALpP 8.3 76.7
3 LARGDLAApP 13.4 –
4 ARGDAAALpP 320 –
5 ARGDLAAApP 15.4 –
6 ARGDLA-LpP 3.0 106
7 ARGDLA-FpP 0.67 104
8 FRGDLA-LpP 1.25 >1000
9 FRGDLA-Fp(NMe)K 0.26 632
10 FRGDLA-Fp(NMe)K(Ac) 0.30 640
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for a5b1, a new approach, including the incorporation of an
N-alkylated arginine guanidine group was followed and
yielded an arginine NwEt derivative of 10. This compound
possesses the same binding affinity for avb6 (0.28 nm) while
being inactive towards a5b1 (> 10 mm).[18]

To reveal the molecular basis of the peptide binding
properties, we assessed the solution conformation of 10[19]

using NMR spectroscopy. A single set of 1H chemical shifts
was observed, which indicated a predominant conformation
on the NMR timescale. The NMR data suggested that peptide
10 assumes an antiparallel b-sheet structure (Figure 2). Thus,

the d-Pro8-NMe-l-Lys9 moiety acts as an analogue of the bII’-
turn-inducing d-Pro-l-Pro template; however, in this case,
there was a clearly evident inverse g-turn centered at l-NMe-
Lys9(Ac) with dihedral angles of f=¢82.488and y = 52.688 and
a hydrogen bond between Phe1-NH and d-Pro8-CO.[20] The
dihedral angles f= 56.288 and y =¢178.388 for d-Pro8, when
combined with those for l-NMe-Lys9(Ac), support a distorted
bII’ turn around the d-Pro8-l-NMe-Lys9(Ac), which is con-
sistent with the equilibrium of a g turn with a bII’ turn. The
structure revealed that the lipophilic chains of Phe1, Leu5, and
Phe7 are oriented to the same side of the plane of the cycle,
whereas RGD points in the opposite direction (Figure 2).

The NMR structure of 10 was then used to investigate the
peptide binding mode at the avb6 integrin by computational
studies. Here, standard docking methods were not feasible

since they cannot thoroughly sample the large conformational
space of small to medium-sized peptides like 10 upon binding.
For this reason, a manual docking of the averaged NMR
structure of 10 in the avb6 crystal structure[21] (PDB code:
4UM9) was performed; this was followed by a 100 ns MD
simulation of the resulting complex (see SI). Briefly, at the
beginning of the MD simulation, 10 slightly rearranged its
position and conformation (Figure 3), which was then con-

served for the remainder of the simulation (see SI). Interest-
ingly, the MD-generated binding mode was highly super-
imposable with that of the turn-helix motif of the trans-
forming growth factor b3 (TGF-b3), which is co-crystallized
with avb6 (Figure 3). Besides the well-known interactions of
the RGD motif with the surface of integrins, the Leu5 and
Phe7 side chains of 10 fit well into the wide lipophilic pocket
located below the specificity-determining loop (SDL) in the b

subunit,[21] interacting with (b6)-A117, (b6)-I174, and (b6)-
A208, and with (b6)-I174 and (b6)-I210, respectively. We note
that tight intramolecular hydrophobic packing involving the
Phe1, Leu5, and Phe7 side chains stabilized this interaction
pattern. Indeed, the side chains all project in the same
direction as the i, i + 4, and i + 7 residues in an a-helical motif
similar to that of TGF-b3. These outcomes explain why the
replacement of any of the latter three hydrophobic residues
decreases the peptide affinity toward avb6 (9–10 vs. 6–8).
Finally, according to the MD results, no specific interaction is
formed by Ala5, d-Pro8, or (NMe)Lys(Ac)9 of 10, which
suggests that these residues might play a structural role (i.e.,
stabilizing the peptide bioactive conformation) rather than
being directly involved in the binding to avb6. Interestingly,
the (NMe)Lys(Ac)9 side chain points toward the solvent; this
explains why the acylation of (NMe)Lys9 does not signifi-
cantly influence the peptideÏs affinity toward avb6. The
binding mode predicted for 10 at the avb6 integrin can also
help us to rationalize the molecular basis of its selectivity
against the other tested integrins, particularly avb3 and a5b1.
For instance, in avb3, the residues (b6)-A117, (b6)-K161,

Table 2: Binding affinities of cyclic peptides 9 and 10 toward avb6, avb3,
a5b1, avb8, aIIbb3, and avb5 integrins, and their selectivities for avb6,
determined in a solid-phase binding assay using a previously established
protocol.[14]

Peptide avb6,
IC50 [nm]

avb3,
IC50 [nm]

a5b1,
IC50 [nm]

avb8,
IC50 [nm]

aIIbb3,
IC50 [nm]

avb5,
IC50 [nm]

9 0.26 632
1:2431

72.9
1:280

23.6
1:91

>1000
–

>1000
–

10 0.30 640
1:2133

74.0
1:247

21.1
1:70

>1000
–

>1000
–

Figure 2. Stereoview of the NMR-derived conformation of peptide 10.
Nonpolar hydrogens have been omitted for clarity; hydrogen bonds
are shown as light blue dotted lines.

Figure 3. Binding mode of peptide 10 obtained through MD simula-
tions (left) and superposition of peptide 10 and TGF-b3 at the avb6
integrin (right). Peptide 10 (yellow) and TGF-b3 (green) are shown as
ribbons and sticks. The avb6 and b6 subunits are represented as light
red and blue surfaces, respectively. The metal ion at the MIDAS is
depicted as a purple sphere. Receptor amino acids important for
peptide binding are highlighted as sticks. The avb6 crystal structure
employed in the MD simulations was obtained from the protein
databank (PDB code: 4UM9). In (a) the white arrow indicates the
position of the functionalization with the fluorescence label.
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(b6)-A208, and (b6)-I210 are replaced by the bulkier residues
(b3)-Y122, (b3)-Y166, (b3)-R214, and (b3)-R216, respective-
ly.[17a] These residues generate large steric hindrance, prob-
ably preventing the peptide Leu5 and Phe7 side chains from
occupying the SDL region in avb3. This might in turn weaken
the binding of the peptide RGD motif, which could explain
why 10 binds this receptor with only a micromolar affinity. In
a5b1, the aforementioned avb6 residues are instead replaced
by (b1)-Y127, (b1)-S171, (b1)-G217, and (b1)-L219, respec-
tively.[22] Among these replacements, only (b1)-Y127 and
(b1)-L219 can establish favorable lipophilic interactions with
the peptide Leu5 and Phe7 side chains, whereas the substitu-
tion of the hydrophobic (b6)-I174 with the polar (b1)-E184
can further reduce the affinity of 10 toward a5b1 compared
with its affinity toward avb6.

Considering that the biological application of peptides is
often limited by their metabolic susceptibility, the stability of
the developed cyclic nonapeptides was assessed in human
blood plasma and compared with that of the linear nonapep-
tide RTDLDSLRT[12a] as a reference. In contrast to the linear
reference peptide, which degrades within 30 min by more
than 50% (see SI), the cyclic peptides 9 and 10 remained
unaltered for at least 3 h (i.e., the maximal time of observa-
tion in this study).

To demonstrate the biological use of the novel avb6
integrin selective ligands, we connected peptide 9 with Cy5.5
fluorescent dye via the Lys9 side chain. We chose the highly
aggressive and invasive human oral squamous carcinoma HN
cell line, which has a high level of avb6 expression, as
a model.[23] The human ovarian cancer cell line OVMZ6,
which has low expression of avb6 and high expression of
avb3, was used as a control.[24] Incubation of HN cells with 9-
Cy5.5 resulted in a strong and specific fluorescence signal,
restricted to the cell membrane of avb6-expressing carcinoma
cells. In contrast, the 9-Cy5.5 conjugate displayed no binding
to OVMZ6 cells or keratinocytes. (Figure 4 and Figure S4).

In conclusion, in this study, the RGD flanking binding
helix of the known avb6 ligands derived from FMDV was
downsized to an enzymatically stable cyclic peptide endowed
with sub-nanomolar binding affinity and remarkable selec-
tivity against other integrins. Together with computational
studies, the NMR structure of the peptide provides insights
into the molecular basis of its selectivity and binding affinity
profile. Preliminary bioimaging studies on a human oral
squamous carcinoma cell line strongly suggest feasible future
applications for the peptide in medicine (e.g. for cancer
diagnosis or therapy).
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