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In this Letter, we report the natural products salvianolic acid A, salvianolic acid B, and caftaric acid as
inhibitors of the protein-protein interactions mediated by the SH2 domains of the Src-family kinases
Src and Lck, two established disease targets. Moreover, we propose a binding mode for the inhibitors
based on molecular modeling, which will facilitate chemical optimization efforts of these important lead
structures for drug discovery.

© 2009 Elsevier Ltd. All rights reserved.

Protein—protein interactions form the basis for virtually all as-
pects of molecular signaling.! The development or discovery of
highly potent and selective antagonists of protein-protein interac-
tions,>> some of which are even undergoing clinical trials,*> has
impressively demonstrated the principal feasibility of targeting
protein-protein interactions.®® Although rational approaches
starting from native peptide sequences have yielded excellent
inhibitors of protein-protein interactions in some cases,®"!2 there
is a general lack of drug-like lead structures for inhibitors of pro-
tein-protein interactions. This is particularly the case for intracel-
lular protein-protein interactions which are mediated by
phosphorylated amino acids, such as the interactions between
phosphotyrosine-containing sequences and Src homology (SH) 2
domains or phosphotyrosine binding (PTB) domains,'? or between
phosphoserine/phosphothreonine-containing motifs and 14-3-3
proteins, WW domains, FHA domains, WD40 repeats, or polo-box
domains (PBD).'* Rationally designed inhibitors against such inter-
actions which bear the side chain of the respective phosphorylated
amino acid tend to display unfavorable activity and stability pro-
files in tissue culture, presumably due to poor cellular uptake
across the hydrophobic cell membrane, and poor intracellular sta-
bility due to cleavage of the phosphate group by intracellular phos-
phatases. Non-cleavable and/or non-ionic phosphate mimetics
tend to display significantly lower affinities for their targets than
their natural counterparts. Therefore, small-molecule lead struc-
tures which target protein-protein interactions mediated by phos-
phorylated amino acids are highly sought after.

In view of the vast size of chemical space, natural products have
been suggested as biologically privileged starting points for drug
discovery efforts.’>!® Unfortunately, only a limited number of nat-
ural products have been reported as inhibitors of protein-protein
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interactions to date.'”"!® Natural product inhibitors of phosphory-
lation-dependent protein-protein interactions are particularly
rare. Examples include thymoquinone as an inhibitor of several
interactions mediated by phosphotyrosine, phosphoserine and
phosphothreonine;?° 8-0-methylsclerotiorinamine,?! the RNA
polymerase inhibitor actinomycin D and its derivatives actinomy-
cin C2 and VII,?%?3 as well as asterriquinones®* as antagonists of
the Grb2-SH2 domain; and finally, rosmarinic acid, which has been
reported to inhibit the interaction between the SH2 domain of the
Src-family tyrosine kinase Lck and proteins bearing a pYEEI-mo-
tif.2>-28 Since Lck is a crucial mediator of signaling in immune cells,
this biological activity provides one possible rationale for the
experimental use of rosmarinic acid as an immunosuppressive
agent.?”-293% Rosmarinic acid has also been reported to inhibit
the SH2 domain of Src itself,?” which has been the focus of numer-
ous drug discovery efforts as a consequence of its role as target for
cancer therapy.>! Several highly potent antagonists of the SH2 do-
mains of Src and Lck derived from the proteins’ shared phosphoty-
rosine binding motif have been developed in the recent past.32-3°

In an effort to discover additional natural products which inhi-
bit protein-protein interactions mediated by SH2 domains, we
tested compounds which bear similarity to rosmarinic acid (1)
against a small panel of SH2 domains in fluorescence polarization
assays.%=4? Rosmarinic acid (1) inhibited the interaction between
the SH2 domain of Lck and the peptide 5-carboxyfluorescein-
GpYEEIP with an ICsg of 55 +2 uM (Table 1 and Fig. 1A). Binding
of the SH2 domain of c-Src to the same phosphotyrosine-contain-
ing peptide was inhibited more potently (ICso = 26 + 2 uM). In con-
trast, the SH2 domains of the STAT family members STAT1, STAT3,
and STAT5b were inhibited only at significantly higher concentra-
tions. Salvianolic acid A (2) turned out to be a more potent antag-
onist of the Lck SH2 domain (ICsp = 23.5 £ 0.4 M) than rosmarinic
acid. Similarly to rosmarinic acid, it also inhibited the Src SH2 do-
main (ICsg = 36.2 £ 0.9 uM), and, to a much lesser extent, the STAT
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Table 1
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Activities of compounds 1-7 against the function of the SH2 domains of Lck, Src, STAT1, STAT3, and STAT5b

Compound

Structure

Lck apparent
ICso (1M) or
inhibition? (%)

Src apparent
ICs0” (M) or
inhibition® (%)

STAT1 apparent
ICs0” (M) or
inhibition® (%)

STAT3 apparent
ICs0 (UM) or
inhibition® (%)

STAT5b apparent
ICs0? (M) or
inhibition® (%)

OH
Ho,, 0
HO™ ;

HO,,.

HO

O,

OH
OH

OH
OH

{..
:

235204

118 +16

9 + 4% inhibition
at 200 pM

12 + 4% inhibition
at 200 pM

12 £ 3% inhibition
at 200 pM

36.2+0.9

90+ 27

12 + 3% inhibition
at 200 pM

3 + 2% inhibition
at 200 uM

7 + 1% inhibition
at 200 uM

38.0 + 0.6% inhibition
at 200 pM

41 £ 1% inhibition
at 200 pM

15 £ 5% inhibition
at 200 uM

19 + 2% inhibition
at 200 pM

0 £ 1% inhibition
at 200 pM

—3 + 1% inhibition
at 200 pM

4 + 1% inhibition
at 200 uM

34 + 1% inhibition
at 200 pM

32 + 2% inhibition
at 200 pM

19 £ 3% inhibition
at 200 pM

30 + 3% inhibition
at 200 pM

12 + 1% inhibition
at 200 pM

5 + 2% inhibition
at 200 pM

7 + 4% inhibition
at 200 uM

32.6 + 0.6% inhibition
at 200 pM

30.2 £ 0.6% inhibition
at 200 pM

3.6 £ 0.5% inhibition
at 200 pM

31.2 £ 0.7% inhibition
at 200 pM

11 £ 1% inhibition
at 200 pM

—1 £ 1% inhibition
at 200 pM

—1 £ 2% inhibition
at 200 pM

The carboxylic acid moiety which is considered to be the phosphate mimetic as indicated by the docking studies is depicted in green. The chemical entities depicted in red are
assumed to be the underlying cause for the inactivity of compounds 5-7 as indicated by the docking experiments. The ICsq values of the positive control peptide GpYEEIP
against Lck and Src are 257 + 14 nM and 1626 + 65 nM, respectively.

@ Values are means of three experiments + standard error of the mean.
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Figure 1. Activity profiles of compounds 1-4 against the function of the SH2 domains of Lck, Src, STAT1, STAT3, and STAT5b.

SH2 domains (Table 1 and Fig. 1B). The activity of salvianolic acid B
(3) against the Lck SH2 domain (ICso =41 + 2 uM) was somewhat
lower than that of salvianolic acid A, but still higher than that of
rosmarinic acid (Table 1 and Fig. 1C). With ICsq values of 118 uM
and 74 uM against the SH2 domains of Lck and Src, respectively,
caftaric acid (4) displays 2-3-fold lower activity than rosmarinic
acid (Table 1 and Fig. 1D). In contrast to compounds 1-4, cichoric
acid (5), chlorogenic acid (6), and cynarin (7) did not show signif-
icant activities against any of the investigated SH2 domains.

In order to rationalize the activity of rosmarinic acid, we per-
formed molecular modeling studies based on the published crystal
structure of the Lck SH2 domain bound to the peptide motif
PYEEL*® Its phosphotyrosine residue makes key interactions with
the Lck amino acids Arg134, Arg154, Glu157, Ser158, and Lys182
(Fig. 2A). Two of the oxygen atoms of the phosphate group form
bidentate interactions with the guanidinium group of Argl54.
One of these oxygens also interacts with Argl134; the other one
forms an additional hydrogen bond with the main chain amide
proton of Glu157. The third oxygen forms a hydrogen bond with
the hydroxyl group of Ser158. The aromatic ring of the phosphoty-
rosine interacts with the side chains of Lck Arg134 and Lys182. The
amide group of glutamate at the pY+1 position forms a strong
interaction with the carbonyl oxygen of His180, and the side chain
of glutamate at the pY+2 position is located in the vicinity of
Arg184. The isoleucine in the pY+3 position is located in a binding
pocket in part formed by Arg196.

Molecular modeling predicted that the carboxylic acid moiety
of rosmarinic acid forms hydrogen bonds with Arg154, Ser164,
and Lys182 (Fig. 2B). The carboxyl group involved in the linkage
between the two caffeic acid subunits may bind to Argl34,
depending on the conformational state of Arg134 (the X-ray struc-
ture of the pYEEI-bound Lck SH2 domain shows two conforma-
tional states for Arg134).*> However, it is more likely that one of
the catechol subunits forms hydrogen bonds with Argl134 and

Glu157 (Fig. 2B and Supplementary Fig. S1); the other catechol is
predicted to interact with Arg184. Thus, rosmarinic acid is likely
to bind to the Lck SH2 domain by forming interactions which are
critically important for binding of the preferred binding motif
pYEEL

In order to test the validity of the binding pose, we subjected
the rosmarinic acid-derived natural products 2-7 to the docking
experiments. Both salvianolic acids A (2) and B (3), which share
the core structure of rosmarinic acid (1), were predicted to bind
to the Lck SH2 domain based on the same interactions as rosmari-
nic acid, only with additional hydrophobic and hydrophilic con-
tacts providing increased affinity. One of the hydroxyl groups of
the additional catechol unit present in salvianolic acid A (2) can
form a hydrogen bond with Lys179 of Lck (Fig. 2C). Salvianolic acid
B can additionally interact with Glu174. However, these surface-
exposed hydrophilic interactions do not necessarily increase the
binding affinity. Furthermore, the large number of additional rotat-
able bonds in salvianolic acid B leads to an increased entropy pen-
alty upon binding to Lck (Fig. 2D).** While both salvianolic acids A
and B address additional solvent-exposed hydrophilic interactions
compared to rosmarinic acid, our modeling revealed that neither of
them fill the hydrophobic pocket usually occupied by the isoleu-
cine side chain of the pYEEI motif, suggesting the possibility of
improvement of compound activities by chemical modification.
The additional carboxylate of caftaric acid is tightly coordinated
to Argl134, Ser156, and Ser158, which partially compensates for
the missing interactions conferred by one of the additional cate-
chol groups in rosmarinic acid (Fig. 2E and Supplementary Fig. S1).

Molecular modeling suggested that the natural products cichor-
ic acid (5), chlorogenic acid (6), and cynarin (7), which were found
to be inactive in the fluorescence polarization assay (Table 1), are
unable to bind to the phosphate binding pocket without either
causing significant distortions of the protein structure [in case of
cichoric acid (5)] or forming geometrically sub-optimal hydrogen
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Figure 2. Model for binding of organic ligands to the Lck SH2 domain. (A) pYEEI (taken from PBD entry 1LKK;*® (B) predicted binding mode of rosmarinic acid (1); (C)
salvianolic acid A (2); (D) salvianolic acid B (3); and (E) caftaric acid (4). The figure was generated using PyMOL.*°

STAGS loop

Figure 3. Binding of cichoric acid (5) to the Lck SH2 domain as predicted by
molecular modeling would require a significant shift of the loop formed by amino
acids 158-162 (the STAGS loop). The conformation of the STAGS loop of Lck when
bound to various ligands is depicted in the following color code: cyan: Lck bound to
PYEEI; green: Lck bound to rosmarinic acid (1) or caftaric acid (4); gold: Lck bound
to cichoric acid (5). Cichoric acid itself is shown in silver. The other ligands are not
depicted for clarity. The figure was generated using PyMOL.*®

bonds [in case of chlorogenic acid (6) and cynarin (7)]. For exam-
ple, while the flexibility of the phosphate binding pocket allows
for an accommodation of cichoric acid (5), this would require a
shift of the '>8)STAGS'®? motif (STAGS loop) covering the pocket
by 1.4-1.6 A as compared to pYEE], rosmarinic acid (1), and caftaric
acid (4) (Fig. 3). This distortion of the structure leads to imperfect
protein-ligand hydrogen bonding as indicated by the hydrogen
bonding interaction energies (MAB force field)*® of —168.1,
—70.6, —65.1, and —36.4 for pYEEI, rosmarinic acid, caftaric acid,
and cichoric acid, respectively. This decrease in interaction ener-
gies cannot be attributed solely to the differences in the number
of hydrogen bond donors and acceptors between the ligands: for
example, cichoric acid (5) clearly has more hydrogen bonding pos-
sibilities than rosmarinic acid (1), but is not able to exploit this po-
tential due to its steric demand.

In summary, we have discovered three natural product inhibi-
tors of protein-protein interaction relevant for human diseases.
Salvianolic acid A, salvianolic acid B, and to a lesser extent, caftaric
acid, were demonstrated to inhibit binding between the SH2 do-
mains of Lck and Src and their phosphotyrosine-containing binding
motif. Rosmarinic acid and salvianolic acids A and B are compo-
nents of the roots of Salvia miltiorrhiza (Danshen), extracts of which
have long documented use in Asian countries for the treatment of
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cardiovascular and cerebrovascular diseases.*®%” Since inhibition
of the Lck SH2 domain has been suggested as a possible underlying
molecular cause for the immunosuppressant activity of rosmarinic
acid,?” and salvianolic acid A is at least twofold more active than
rosmarinic acid against this target, it could also be tested for its
suitability as an immunosuppressive agent.?>3° However, it should
be noted that despite the increased activity of salvianolic acid A (2)
against Lck as compared to rosmarinic acid (1), the ligand binding
efficiencies of the compounds are approximately equal because of
the higher molecular weight of salvianolic acid A.*® Moreover, we
have proposed a potential binding model for the inhibitor-drug
interaction which is consistent with the observed structure-activ-
ity relationships, and which therefore will be instrumental for the
development of more potent natural product-inspired lead com-
pounds against Src-family SH2 domains.
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