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The interaction between the a2f1 integrin and collagen plays a crucial role in the development of

pathological conditions, such as thrombus formation and cancer cell metastasis. Accordingly, the a231

integrin is a promising target for the development of new drug molecules to treat these diseases. Here,
we have designed, synthesized, and measured in vitro a set of novel drug-like compounds that block the
protein—protein interactions between a2$1 integrin and collagen. The obtained structure-activity

relationship reveals the key features that are required for successful inhibition of this integrin—collagen

interaction.

Introduction

The integrins mediate bidirectional signaling between the cell and
the extracellular matrix (ECM). The extracellular segment of the
a2B1 integrin interacts with different types of collagens in the
ECM, especially with collagen type I.'! In platelets, collagen
binding to the a2B1 integrin on activates the outside-in signaling
cascade and plays an important role in thrombus formation.>™*
Unlike some integrins, the collagen binding integrins do not
recognize the peptide sequence Arg-Gly—Asp (RGD). Instead,
several motifs from collagen type I (e.g. GFOGER)* and
collagen type III (e.g. GROGER and GLOGEN)® are recognized
by a2B1 via inserted domain in the o subunit (oI domain). Based
on structural analyses, collagen binds to the al domain of the
a2B1 integrin, causing significant conformational change.”®
Recent studies have also indicated that the interaction between
the a2B1 integrin and collagen may have a crucial role in the
development of thrombus® and cancer metastasis.'® For example,
prostate cancer metastasis has been shown to be mediated by the
a2B1 integrin-type I collagen interaction."’ Studies have also
indicated that integrin antagonists may have potentially thera-
peutic applications in the prevention of bone metastasis associ-
ated with prostate cancer.'? Other studies have proposed that the
a2B1 integrin—collagen interaction may be a therapeutic target
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for the treatment cancer,” as well as
rhabdomyosarcoma.'*

Competitive blockage of protein—protein interactions, such as
the a2fB1 integrin—collagen interaction, is typically difficult to
achieve even at the micromolar range.'® The binding affinity of
the protein—protein complex dictates the limitations of the
binding affinity of the small molecule. In the case of the a2p1
integrin—collagen interaction, a K4 value of 7.8 pM has been
assigned to the triple helical mimetic peptide of collagen.'® The
first peptide modulators that were derived from the snake venom
of the Brazilian viper (Bothrops jararaca)'™*® have a similar Ky as
the integrin ol domain of collagen peptide and an ICs, value of
1.2 uM.*® Previous study identified the binding sites of these
peptides and competitive antagonists® (Fig. 1: L3008; 1), and
subsequently they were used in the development of a sulfonamide
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Fig. 1 Previously published 21 integrin—collagen interaction modu-
lators contain both allosteric, e.g. 3, and competitive functioning
antagonist ligands (1'¢ and 27).
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compound with antithrombotic activity?® (Fig. 1: BTT-3016;2). 1
has an ICsy value of 7.5-12 pM at high concentrations. 1 is
shown to be toxic, thus, the ECs, has not been determined.'®'7 2,
a compound that was used as a starting point in this study, was de
novo designed into o2l domain by using visualization, and the
binding site was verified with the single point mutation Tyr285-
Phe that did not demolish the collagen binding, but abolished the
binding of 2 at the ECs, concentration.?* Numerous allosteric
modulator molecules have also been developed* > such as the
prolyl-2,3-diaminopropionic acid derivatives (DAPs in Fig. 1; 3).
Compounds similar to 3 likely bind to the I-like domain of the
Bl-subunit,®® which is known to be a target for structurally
similar compounds with other integrin a-subunits.?*?*

Recent studies suggest that it is possible to develop small-
molecule ligands that competitively block collagen binding to
blood platelets via the a2B1 integrin.'**® Elucidating the nature
of the «2f1 integrin—collagen interaction could shed light on the
importance of this integrin subunit for human health. With this
aim in mind, we have here accomplished the first SAR study of
o2B1 integrin competitive antagonist ligands, based on molecules
that we have identified by employing rational target based drug
design.* The earlier described compounds, 1 and 2, were
designed to compete with the binding of the triple helical collagen
mimetic peptide that coordinates to the Mg** ion via the
carboxylate group of glutamate.* Accordingly, although the
Mg?* coordination is not optimally achieved with a sulfonamide
compound, the combination of metal coordination with optimal
shape of the compound enables successful discovery of compet-
itive ligands for collagen binding into 21 integrin.

In this study we utilized a scaffold compound that we identi-
fied earlier®® (Fig. 1: 2) to develop a novel set of molecules.
Despite the efficiency of 2 (ECsq = 2 pM) the high lipophilicity
(log P: >5)* sets limitations for its usage in drug development
process. Thus, aim was to develop molecules with better solu-
bility though some potency might be lost. Analysis of the
structure—activity relationships of these «2f1 integrin antagonist
ligands indicated that fairly small ligands (M,, = 400 g mol™")
can block the binding of collagen to the o231 integrin. Therefore,
our findings demonstrate that it is possible to rationalize the
discovery of drug-like protein—protein interaction modulators, in
this case between the al-domain of «2B1 integrin and collagen.

Results and discussion
Molecular modeling

The 3D structure of the «l domain of the «2B1 integrin in its
closed conformation state (pdb-code: 1aox®) was used as a target
in the protein structure-based ligand discovery. Drawing on
previous studies,'** we defined plausible pharmacophore points
for efficient binding to the metal ion-dependent adhesion site of
the 2Bl integrin (Fig. 2A): (1) coordination with Mg**, (2)
favorable hydrophobic contacts with the side chains of Leu286
and Leu291, (3) a hydrogen bond with the hydroxyl group of
Tyr285, (4) a hydrogen bond with the main chain NH of Glu256,
and (5) a water-mediated hydrogen bond with the main chain
oxygen of Asp219. The significance of each pharmacophore
point was explored using a series of molecules in which the
structures of the ligands were changed one step at a time. To

X = 2,4-di-Cl, 3-Br,
3-CH,, 3L.H

Fig. 2 Successful competitive antagonism of «2B1 integrin—collagen
interaction requires both high shape complementarity and strong inter-
actions between the integrin surface and the modulator molecule. (A)
Pharmacophore for the ligand discovery derived from the binding site (1)
Mg?* (2) Leu286 and Leu291 (3) Tyr285 (4) Glu256 (5) Asp219. To fulfill
the pharmacophore, a novel set of compounds (B) was developed.

investigate whether the designed molecules satisfied the criteria
set by the pharmacophore, docking studies of their binding
capabilities were performed.

Based on de novo ligand discovery by using visualization the
molecules were Dbuilt up atom-by-atom, 2,4-dichlor-
obenzenesulfonyl was found to be a suitable sulfonyl moiety to
replace the biphenylsulfonyl fragment of the previously discov-
ered sulfonamide? (Fig. 2B: yellow and Table 1). Furthermore,
novel ligands based on 2,4-dichlorobenzenesulfonyl fragment
have considerably lower log P values compared to the compound
2 (4: 3.5; 2: >5). Docking of 4 (Fig. 3A) suggested that one of the
SO, oxygens could facilitate the coordination to Mg**. In addi-
tion, several other criteria of the pharmacophore (Fig. 2A) were
fulfilled: the phenyl ring of the benzophenone fragment exerted
hydrophobic effects on Leu286 and Leu291, the keto-oxygen
formed a hydrogen bond with the main chain NH of Glu256, and
the NH group formed a water-mediated (Fig. 3A-C: Wat3)
hydrogen bond with the main chain oxygen atom of Asp219
(Fig. 3A and Table 1). Docking predicted that chloro-substituent
at ortho position can form halogen bond® with main chain
oxygen of Asp219 (Fig. 3A and B). Additionally, ortho-chloro
substituent could interact with hydrogen of water 3 (Fig. 3A and
B). In addition, modeling suggested that the SO, of 4 accepts
a hydrogen bond from a water molecule (Fig. 3A: Watl) that is
coordinated with the Mg?* ion. The ECsy value of 4 (ECsg:
20 uM) indicates that 4 is a potent antagonist for «2B1 integrin.

The effect of structural isomerism was explored by changing
the 4-aminobenzophenone moiety of 4 to 3-aminobenzophenone
(compound 5; Fig. 3B and Table 1). Docking suggested that 5
could form very similar interactions with the integrin as 4. It
coordinated with Mg** via SO, and formed a hydrogen bond
with Mg**-coordinated water (Fig. 3B: Watl). The NH group
formed a water-mediated hydrogen bond with the main chain
oxygen of Asp219 (Fig. 3B, Wat3), the chloro in the ortho
position was oriented in the similar way as with 4, and the phenyl
ring of the benzophenone fragment was able to make hydro-
phobic contact with the side chains of Leu286 and Leu291. In
addition, modeling indicated that 5 could form a hydrogen bond
with the hydroxyl group of Tyr285 (Fig. 3B), in addition to
hydrogen bond with the main chain NH of Glu256 (4; Fig. 3A
and Table 1). However, this hydrogen bond is not geometrically
optimal and the distance is rather long (3.3 A). Based on the
docking results, 5 has optimal shape as it fills the binding pocket
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Table 1 Structures of the developed o231 integrin antagonist ligands, their biologically measured in vitro potencies and cytotoxicities”

Modeling” Experimental results
Mg** Leu286/291 Selectivity” Inhibition® (%)
ID Compound GLu256/Tyr285 Asp219  ECso/uM (a2 ECsy/alECsp) 50 uM «+ SEM Imax  Cyto-toxicit
p y p y
0 +
+
Cl Cl +
4 \@ . 20 1.5 82+1,82 (=) =20 uM
N
O//S\\/H
e]
cl cl 0 :
5 \C[ r - 17 3.0 69 + 4, 69 (=) =200 uM
o//s\\ W
[e]
cl cal o) +
+
H +
6 \C[ P '/ T 20 1.2 93+ 1,93 (=) =200 uM
o//s\\
o]
cl cl o) +
H +
7 N N Ni Nd 0, Nd Nd
~ W
o//S\\
o
0 —(+)
cl cl —(¥)
8 \©i _ Ni Nd 0, Nd Nd
> N
\Y
o7\
Cl Cl I o} -
9 \@ N - Ni Nd 8, Nd Nd
~ —_
o//s\\
[e]
Cl Cl | (e} -
10 \(;E _N ' - Ni Nd 0, Nd Nd
Zaviel
o]
0 —(+)
Cl Cl :(+)
1 \@ _ Ni Nd 0, Nd Nd
[o]
S0
0P
cl cl +
+
12 \@ _N ' + 19 0.8 70 + 19, 87 (=) =200 uM
23 w
=eve
o]
o _
13 ©\ /H - Ni Nd 4, Nd (=) =200 uM
o//S\\
o]
[e]
14 ©\ - Ni Nd 0, Nd (=) =200 uM
280N
o0\
o]
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Table 1 (Contd.)

Modeling”

Experimental results

Mg** Leu286/291

Selectivity? Inhibition® (%)

ID Compound GLu256/Tyr285 Asp219  ECso/uM (42 ECso/alECsg) 50 pM = SEM Imax  Cyto-toxicity’
o _
15 - Ni Nd 35+5,35 (=) =200 uM
AN
0
o _
16 \©\ N - Ni Nd 34+£9,34 (—) =200 M
o\ -
0
Br o} +
+
17 \©\ R + 16 2.2 92+ 1,9 (=) =200 uM
o//s\\ v
o
o _
Br _
18 \©\ O O - Ni Nd 34+ 4, 34 (=) =200 uM
#
o
o +
+
! +
19 \©\ O O +w 22 1.3 85+ 7,85 (=) =200 uM
SR
o]
] o +
+
20 \©\ H + 40 Nd 72+ 15,72 (=) =200 uM
-~ s +w
o0\
o
o +
cl +
OH +
21 O O + 11 2.8 86 + 4, 95 (=) =100 uM
—Q
¢ o//s\>J

“ Ni: no inhibition; Nd: not determined. ® Modeling results obtained from the docking simulations: + indicates that the interaction with that group is
present, note that in the case of Asp219 +w indicates that the interaction is water mediated.  ECs (concentration required for half maximal effect) in
CHO-02 adhesion to collagen I. ¢ Integrin o2 vs. a1 selectivity comparing ECs, values from CHO-a1 adhesion to collagen IV and CHO-02 to collagen I
(fold). ¢ Inhibition % at 50 pM + SEM (Standard error of measurement) and Imax (maximal inhibitory effect) at 100 uM in CHO-a2 adhesion to
collagen 1./ Cytotoxic effect on CHO wild type cells (—, not toxic). ECs and inhibition measurements were repeated 2—4 times as triplicate for each

compound.

effectively. The packing of benzophenone into the bottom of the
ligand-binding cavity between Glu256 and Leu286 is also more
efficient in 5 than in 4.

In both 4 and 5, the aromatic rings of benzophenone favor
a perpendicular orientation to each other. However, as previ-
ously shown with tetracycline 1' (Fig. 1), the cavity lined by
Glu256 and Leu286 and Leu291 is very narrow and could, thus,
favor a more planar ligand. Accordingly, benzophenone was
replaced with 9-fluorenone, a planar fragment, in molecule 6
(Table 1). Docking studies suggested that 6 could form similar
interactions with the ol domain of the «2B1 integrin as 4

(Table 1). In addition, as 6 is a more rigid ligand than 4, the
9-fluorenone moiety of 6 adheres more tightly against the
hydrophobic side chains of the amino acids Leu286 and Leu291
than the benzophenone of 4. In vitro measurements showed that
the ECso values of these ligands are quite similar (4: 20 pM,
5: 17 uM, and 6: 20 uM; Table 1). However, analysis of the
maximal inhibition of all of the molecules revealed that 6 is
slightly more efficient than 4 and 5 (Table 1).

To explore the importance of an additional pharmacophore
criterion—hydrophobic contacts with the side chains of Leu286
and Leu291—the benzophenone fragment was replaced with
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Fig. 3 Compounds 4 (A), 5 (B), 17 (C) and 21 (D) docked into the
collagen binding site of the al domain of the «2B1 integrin. The hydrogen
bonds are shown with orange dotted lines, favorable interaction between
the bromine and NH-group is shown with yellow dotted line, hydrogen
atoms are omitted for clarity. To illustrate the shape complementarity
between the bound ligand and the «l domain, the surface of the ol
domain is shown in the left panel, while the right panel shows in more
detail the interactions that take place.

a significantly smaller acetophenone fragment (7; Table 1). The
docking of 7 produced a highly similar conformation to that of 4
(data not shown), but the pharmacophore criterion was not
fulfilled. In vitro, 7 exhibited no antagonist activity; conse-
quently, hydrophobic contacts with Leu286 and Leu291 seem to
play an important role in successful antagonism of collagen
binding to the ol domain of the a2f1 integrin. Published crystal
structures of the “closed” (pdb-code: 1aox®) and “open” (pdb-
code: 1dzi”) I domains of the «2B1 integrin have shown that the
region containing Leu286 and Leu291 undergoes a significant

conformational change upon collagen binding. It is, therefore,
reasonable to speculate that the acetophenone in this region is
unable to stabilize the ol domain structure efficiently enough to
combat the conformational change induced by collagen binding.
Taken together, the modeling and biological analyses imply that
altering this region (Fig. 2B: green) so that it contains
3-substituted benzophenone rather than 4-substituted or so that
it has a more rigid 9-fluorenone has only minor consequences for
the antagonist activity of 2,4-dichlorosulfonamide derivatives.
They also suggest that a smaller substituent (7) fails to inhibit
collagen binding to the ol domain of the «2B1 integrin.

As noted above for 4 and 5 (Fig. 3A and B), modeling sug-
gested that the NH in the sulfonamide moiety donates
a hydrogen bond to the water molecule (Fig. 3: Wat3), which
donates a hydrogen bond to the main chain oxygen atom of
Asp219. This interaction, and, more generally the importance of
donor function of the sulfonamide moiety (Fig. 2B: red) was
explored with two modifications: (A) based on modeling,
N-methylation would be expected to displace the water molecule
(Fig. 3: Wat3), and the N-methyl would form an unfavourable
interaction with the main chain oxygen atom of Asp219. This
problem was clearly shown by the ligand docking results of these
compounds, with Mg>*" coordination occurring via keto-oxygen
(rather than SO,) and SO, forming a hydrogen bond with the
main chain NH of Glu256 (data not shown). (B) Similarly, when
sulfonamide was replaced with sulfonic ester (11), the modeling
indicated that the water molecule is between the two hydrogen
bond acceptors—ester oxygen of 11 and the main chain oxygen
atom of Asp219. Thus, this water molecule should simulta-
neously donate hydrogen bonds in two directions that are exactly
opposite that of the water molecule, which is impossible. In
common with 8, 11 adopted a docking conformation where Mg**
coordination was formed through keto-oxygen, rather than SO,
(data not shown). The in vitro results confirmed that all four
compounds lacking hydrogen bond donor function (8-11) are
functionally inactive (Table 1); thus, the hydrogen bond donor
plays a significant role in this set of molecules.

The docking results suggested that the keto-oxygen of mole-
cules 4-6 can form a hydrogen bond with the main chain NH of
Glu256 or the side chain OH of Tyr285. The replacement of
fluorenone (6) with fluorene (12) maintained the shape of the
molecule and enabled us to explore the significance of the C=0
group for a2B1 integrin antagonism. Surprisingly, the fluorene
derivative (12) docked to the binding site in a very similar manner
to that of 6, although it lacked one hydrogen bond acceptor and,
as a consequence, a possible hydrogen bond. As a result, 12 could
be expected to perform less efficiently than 6 in terms of blocking
the collagen binding. However, the in vitro measurements
showed that the ECs, values are practically the same for both
compounds (12: 19 uM; 6: 20 uM; Table 1). This finding may be
explained by a number of factors. (1) The removal of oxygen may
increase the lipophilicity of the molecule; thus, binding of 12 (log
P: 4.1) would be more entropy-driven than that of 6 (log P: 3.4).
(2) The CHj-group of the fluorene exhibits a slight positive
charge, enabling it to interact favorably with the hydroxyl-group
of Tyr285. (3) The main chain angles between Gly255 and
Glu256 can undergo conformational change, as seen in the
comparison of the closed® and open’ conformations of the al
domain of the «2B1 integrin (data not shown); as a result,
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fluorene can pack favourable against this conformationally
altered region.

Next, in addition to varying the amino end of the molecule
(4-12; Fig. 2B: green), we explored the effect of changes at the
sulfonyl site (Fig. 2B: yellow). The amino end was still system-
atically varied with both 3- and 4-aminobenzophenones (Fig. 2B:
green). The used pharmacophore (Fig. 2A) does not contain
features at the sulfonyl site (Fig. 2A and B: yellow). First, both
chlorides were removed, resulting in compounds 13 and 14.
Neither of these compounds antagonized the «2f1 integrin—
collagen interaction (Table 1). In contrast, the 4-methylbenzene
derivatives (15 and 16) exhibit weak a2f1 integrin antagonism as
both 3- and 4-benzophenone derivatives (maximum inhibition
35% and 34% for 15 and 16, respectively; Table 1).

Compounds 17 and 18 contain bromide at the 4-position.
Compared with the di-chloride compounds 4 and 5, both
4-bromobenzene derivatives would be expected to exhibit similar
activity. However, the 3-benzophenone derivative (17) is highly
potent antagonist (Table 1: ECsy: 16 uM; 92% inhibition at
50 uM concentration; and maximal inhibition 96%), while
compound 18 showed only weak inhibition at 50 uM concen-
tration (34%; Table 1). In addition, 17 has low log P value (3.1).
The surprisingly good antagonist activity of 17 may be attrib-
utable to the slight shift of the phenyl-ring orientation, in
contrast to 4 and 5, resulting in a favorable interaction between
the bromine of 17 and the side chain carbonyl oxygen of Asnl54
(Fig. 3C), while 18 is forced to point the bromine towards the
solvent rather than Asnl54. Thus, interactions formed by
halogen substituents of the sulfonyl moiety appear to be
important. In contrast to the bromo-derivatives, the compound
pair 19 and 20 with 4-iodobenzene at the sulfonyl end of the
molecule showed the opposite trend, with the 4-amino-
benzophenone derivative 19 being a 2-fold better antagonist
(ECsp: 22 uM) than the 3-aminobenzophenone derivative 20
(ECsg: 40 uM; Table 1). Docking of these molecules to the al
domain of the «2B1 integrin indicated that large iodo-substituent
makes 20 slightly too bulky to fit well into the binding cavity, and
in addition, the interaction with the Asn154 is not as favorable as
with bromine of 17. Also, the docking of 19 was not sterically
hindered as much as that of 20 (data not shown), thereby
explaining why 19 is a better antagonist than 20.

To further validate the proposed pharmacophore, we explored
the possibility to replace the water mediated interaction of
ligands with the main chain oxygen atom of Asp219 to the direct
hydrogen bonding interaction. The resulting molecule (21) fulfills
all set criteria to the successful binding, although the orientation
of the phenyl ring at the sulfonyl end of the molecule does not
remain optimal in terms of stacking with Tyr285 (Fig. 3D and
Table 1). However, the slight rotation of the phenyl ring allows
the 2-hydroxyl to form a hydrogen bond with the main chain
oxygen atom of the Asp219. Furthermore, the change in the
orientation of the phenyl also reflects into central core position,
and accordingly, the ester oxygen can accept a hydrogen bond
from the hydroxyl group of Thr221. This hydrogen bond is not
seen with bound sulfonamides (Fig. 3). It is notable that the
amino end of the molecule can still accept a hydrogen bond from
the main chain NH of Glu256. The favorability of the binding
can be also seen from the biological activity: ECsy (11 uM)
visualizes that 21 is nearly twice as potent as 4. Moreover, the log

Fig. 4 Subtype selective ligand-binding between 21 and a1B1 integrin
can be achieved by targeting the ligands into al domain. Superimposed oI
domains of a2B1 (pdb-code: laox;® blue cartoon representation) and
a1B1 integrin (pdb-code: 1pt6;*® green cartoon representation) with the
key differences at the binding site: Tyr285-Leu286 of a2 (white carbon
atoms) is replaced in ol by Ser284-Tyr285 (black carbon atoms).

P value of 21 (3.1) is lower than that of 4 (3.5). Although 21 has
instead of sulfonamide, a sulfonyl ester that was found to make
compound 11 inactive, the addition of 2-hydroxyl group
successfully replaces the required donor function of the NH
group.

The al domains of the collagen binding integrins are highly
conserved, making it difficult to achieve ligand selectivity
between different subtypes (Fig. 4).'”?” All of the compounds
were tested to explore their selectivity between the al domains of
a2B1 and alBl integrins. This was done because a1l domain
closely resembles that of o2, and is the key determinant for the
subtype selectivity, while other collagen-binding integrins with
B1 subunit have not shown activity for sulfonamides.?® At the
pharmacophore site, the oI domain ligand binding site of the a.1%®
integrin differs from «2® integrin in two positions, with Tyr285
and Leu286 in o2 being replaced by Ser284 and Tyr285 in al,
respectively (Fig. 4) Although some ligands show minor selec-
tivity to o2 over al no significant selectivity was achieved.
However, tested molecules can give some idea about selectivity
between o2 and al. For example, active compounds containing
keto-oxygen (4, 6, 17-20) exhibited slight a2 selectivity over ol
(Table 1). These results imply that the acceptor function of keto-
oxygen may have role in the creation of the o2 selective ligand. In
addition, the ligands based on the 3-aminobenzophenone frag-
ment (5, 17, 20) tend to be slightly more selective to a2 than al
compared with those based on 4-aminobenzophenone (4, 18, 19;
Table 1).

Conclusions

A set of novel a2B1 integrin ligands were designed, synthesized,
and measured in vitro to verify the key properties of integrin
antagonism. Analysis of the structure-activity relationship of
this molecular series verified the following: (1) the model used is
valid for the rational discovery of small molecules that can
inhibit the adhesion of a2B1 integrin to collagen. (2) The NH
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donor of sulfonamide is critical for successful a2B1 binding. (3)
The structural isomerism of benzophenone has no significant
effect on the binding potency of a2fB1, but it seems to have an
impact on the selectivity of the integrin subtype. (4) The keto-
oxygen of the amino moiety has a role in the selectivity of a2
compared to al. (5) The halogen substituent is important for
efficient ligand binding. Our results pinpoint the main features of
small, drug-like sulfonamide molecules that are able to block the
binding of collagen to the a2f1 integrin. Furthermore, we were
able to develop biologically molecules having significantly lower
log P values compared to ligands discovered earlier. Together,
these results provide a firm foundation for the development of
novel a2f1 integrin-mediated pharmaceutical agents for use in
the prevention of thrombus formation and cancer cell metastasis.
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