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ABSTRACT: High-affinity, selective ligands are sought for a
variety of biomolecules but are particularly difficult to generate
in the protein−protein interaction space. Rhodium(II)
conjugates provide a structure-based approach to improved
affinity and specificity for targeting protein−protein inter-
actions such as SH3 domains. In this study of small-molecule−
rhodium conjugates, we report a potent ligand 4b (Kd of 27
nM) for the Lyn SH3 domain, based on an aminoquinoline
fragment. The results demonstrate robust affinity gains possible
from even modest small-molecule leads through cooperative
inorganic−organic binding, based on specific histidine interactions. A docking study sheds light on the structural basis of
binding and supports a previously proposed binding model.
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Protein−protein interactions (PPIs) are ubiquitous in living
systems and are important in a wide range of disease-

relevant pathways. Significant and increasing efforts over many
years have been made to “drug” PPIs, but PPI targets are
especially challenging, and successes have been quite
limited.1−6 Typically lacking the deep, well-defined binding
pocket that characterizes traditional drug targets, PPIs often
occur at relatively flat, exposed binding surfaces. The total
interacting surface area can be quite large, and the hydro-
phobicity of these interfaces is often lower than would be
expected for a deep pocket that binds small molecules. All this
combines to make potent and selective inhibition difficult.
New fundamental concepts may be important to address the

vexing problems presented by PPIs. The potency of small
molecule ligands is inherently limited by the weak noncovalent
and H-bonding interactions that contribute to the binding
energy. Furthermore, ligand specificity among similar members
of a protein family is a significant additional challenge.
In a new approach to selective ligands for PPIs, we

introduced the concept of rhodium−small molecule conjugates
as hybrid organic−inorganic inhibitors (Figure 1). Concep-
tually, the approach aims to improve the binding energetics of
a known SH3 ligand through metal bonding to specific Lewis-
basic residue(s) that flank the binding pocket. Among the

benefits of this approach, metal−ligand coordination is
reasonably tolerant of functional group positioning and so
may be more amenable to structure-driven ligand design. We
initially demonstrated a proof-of-concept for this idea using
peptide−rhodium conjugates to achieve improvements in
binding potency as high as 75-fold.7 Among the potential
benefits of this approach, rhodium interactions with coordinat-
ing side chains (histidine, methionine)8 are energetically much
stronger (∼7 kcal/mol)9 than typical nonbonding or aqueous
H-bonding interactions (≤1 kcal/mol)7 and thus could deliver
much larger gains in potency. Furthermore, targeting a unique
peripheral Lewis-basic residue provides a new and comple-
mentary approach to binding specificity among members of a
protein family. For example, a metallopeptide ligand for CALP
could be designed on the basis of a unique histidine residue
that is not found in the homologous protein NHERF1, which
often binds natural ligands much more tightly than CALP.7,10

In this study, we wanted to assess whether these concepts
could be extended from metal−peptide conjugates to metal−
small-molecule conjugates, in part to avoid cell entry and in
vivo stability concerns. Metallodrugs containing rhodium,11−14

iridium,14−17 and other metals18−22 have been shown to
effectively target a variety of systems, including PPIs.23 We
recently demonstrated that some small-molecule−rhodium
conjugates are cell permeable and have half-lives greater than 1
h in cells.24 Additionally, metalation with dirhodium is
relatively facile, allowing flexibility and creativity in conjugate
design.25−27 We chose SH3 domains of the Src family kinases
as a case study for this purpose. Src family proteins are a large
family of multidomain proteins with important applications to
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Figure 1. Conceptual depiction of cooperative binding of a hybrid
organic−inorganic ligand to a protein/peptide binding site.
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human disease. Src family kinases have traditionally been
targeted by ATP-competitive ligands, which bind the kinase
domain with high potency but often low selectivity. The
selectivity problem is particularly troublesome within the Src
family due to the exceptional sequence and structure homology
among its members.28 In fact, even determining each member’s
precise role in various signaling processes has been difficult
because of overlapping substrate scope, promiscuous inhib-
itors, and complex regulation pathways.29,30 Src family SH3
domains are protein-binding domains that interact with
specific proline-rich sequences, recognizing natural substrates
and regulating activity.28 These SH3 domains are highly
conserved among the Src family (Figure 2a), and modulating

the function of these domains with selective ligands has been
challenging.31 However, several medically relevant SH3
domains do contain unique metal-binding residues near the
SH3 binding pocket that might serve as an anchor point for a
hybrid organic−inorganic ligand approach.32−34 For example,
Figure 2b shows a canonical SH3 fold, with Src family kinase
histidine residues shown explicitly. In theory, each unique site
could be selectively targeted with proper design of a hybrid
inhibitor, and peptide-based ligands have demonstrated that a
rhodium conjugate approach could produce unique and
specific inhibitors for multiple members of the homologous
Src family of SH3 domains.32

We decided to build rhodium-containing analogues of an
SH3-binding scaffold to test questions of potency and

selectivity. However, few examples of well-characterized small
molecule ligands for Src family SH3 domains have been
reported, reflecting the challenge of targeting SH3 do-
mains.35−37 One study demonstrated that simple 2-amino-
quinolines (Figure 3a) have useful (micromolar) affinity for

the Tec SH3 domain.37 Although Tec is part of a separate SH3
family, it seemed reasonable to suppose that 2-aminoquino-
lines might interact with members of other SH3 families.
Subsequent SAR studies effectively delineated permissive sites
on the 2-aminoquinolines structure, providing useful informa-
tion about where rhodium conjugation might be tolerated.38,39

We imagined preparing a series of rhodium-aminoquinoline
conjugates, with varying linker lengths (Figure 3b) to assess
the potential for cooperative binding and to understand the
importance of the linker structure.
Pyke and co-workers synthesized variants of 2-aminoquino-

lines by coupling a bromoquinoline with various amines at the
6-position.40 As a common intermediate for the synthesis of
the 2,6-diaminated quinolines desired, dihalide 8 was prepared
according to Scheme 1, adapted from this previous report. 4-
Bromoaniline was treated with cinnamoyl chloride to give
cinnamamide 6, which undergoes an interesting cyclization
with loss of benzene41 in the presence of aluminum chloride,
providing quinolinone 7. Finally dehydrative chlorination in

Figure 2. Protein sequence and 3D structure are highly conserved
among Src family kinases. (a) The peptide backbones align with high
similarity. (b) Locations of histidine residues vary within the Src
family sequences. Backbone ribbon of Src shown in yellow. Central
tryptophan (see Figure 3b) shown in blue. Histidine side chains
displayed: Src (orange), Fyn (magenta), Hck (green), Lck (red), Lyn
(cyan). PDB entries 4rtz, 4eik, 1bu1, 2iim, 1w1f.

Figure 3. (a) Small molecules featuring a functionalized 2-
aminoquinoline scaffold bind Tec SH3.40 (b) Metalloconjugates
consisting of a 2-aminoquinoline connected via a variable linker to a
dirhodium(II) center.

Scheme 1. Synthesis of Key Intermediate Dihalidea

aReagents and conditions: (a) cinnamoyl chloride, K2CO3, H2O/
acetone, 99%; (b) (i) AlCl3, PhCl, (ii) H2O, 55%; (c) (i) POCl3,
reflux, (ii) H2O, 100%.
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neat phosphoryl chloride42 gave 6-bromo-2-chloroquinoline
(8) in 54% overall yield.
Palladium-catalyzed amination of intermediate 8 occurs first

at the more reactive 6-position.40 For example, mono-N-Boc-
piperazine reacts cleanly to give a 6-amino-2-chloro product 9
in 44% yield with the bulky ligand, cataCXium A.40 Palladium-
catalyzed installation of the key amino group was best
performed with LiHMDS as an ammonia surrogate43 to give
the Boc-protected product 10. From there, a series of esters
(12a−c) were formed via three-step elaboration to give
carboxylic acids 13a−c (Scheme 2). Finally, the designed

rhodium conjugates 4a−c were prepared by metalation under
buffered aqueous conditions with the heteroleptic rhodium
species, Rh2(OAc)3(tfa) (Scheme 3). We developed these

metalation conditions to prepare peptide−rhodium conjugates,
but they are equally useful here, as traditional methods to
prepare rhodium(II) carboxylates in organic solvent were
incompatible with the other functional groups present in
complex 4.44,45 The rhodium conjugates 4a−c were purified by
reverse-phase HPLC, isolated, and characterized by NMR and
mass spectrometry.
We examined affinity for two different Src-family SH3

domains. First, Lyn is a prototypical Src family SH3 domain
with two prominent histidine residues near the binding pocket,

at least one of which (His96) is completely unique within the
family and is well situated to interact with the rhodium
complex when bound according to a reasonable binding model
(see below, Figure 5 and surrounding discussion). Separately
we examined binding to Fyn. Fyn is another Src-family protein
with significant structural and sequence similarity to Lyn.
Indeed, most traditional peptide and small-molecule ligands
exhibit overlapping activity for binding these two proteins. Fyn
also has a histidine near the binding pocket (His104, ∼1.4 nm
from the key Asp100 in the binding pocket) but is not well
positioned to interact with rhodium in the putative bound
structure. Isothermal titration calorimetry (ITC) was used to
assess the binding affinity of the rhodium conjugates (Figure 4

and Table 1). The original Tec-binding lead compound 3
bound the SH3 domain of a Src-family protein (Lyn SH3
domain) with Kd = 37 μM. This affinity is within 2-fold of that
reported for Tec binding, and this instance of indiscriminate
binding reflects the severe challenges of developing truly
selective SH3 small-molecule ligands.
Rhodium conjugates 4a−c were then assayed. The methyl

ester of the six-carbon linker, 12c, and Rh2(OAc)4 were each
tested as negative controls, and both exhibited minimal
binding. Each of the rhodium−aminoquinoline conjugates
exhibited strong nanomolar binding to Lyn SH3. In contrast,
all three compounds showed much weaker binding to Fyn,
consistent with that expected of the aminoquinoline scaffold
without enhancement due to metal coordination to a nearby

Scheme 2. Synthesis of Aminoquinoline−Carboxylic Acidsa

aReagents and conditions: (a) Boc-piperazine, Pd(OAc)2, cataCXium
A, NaOtBu, toluene, 120 °C, 44%; (b) LiHMDS, Pd2(dba)3,
DavePhos,43 dioxane, 100 °C, 73%; (c) TFA, CH2Cl2, 97%; (d) Br-
(CH2)n-CO2R, K2CO3, DMF; (e) R = tBu:TFA/CH2Cl2, 13a: 89%
over two steps; 13b: 30% over two steps; (f) R = Me:LiOH, MeOH/
THF/H2O; 13c: 8% over two steps.

Scheme 3. Synthesis of Dirhodium Conjugatesa

aReagents and conditions: (a) Rh2(OAc)3(tfa), MES buffer, 4a: 86%;
4b: 98%; 4c: 95%.

Figure 4. ITC curves acquired by titration of medium-length
metalloligand 4b (275 μM) into Lyn SH3 and Fyn SH3 (18 μM).
Raw data with baseline corrected (top) and injection peak integrals
(bottom).

Table 1. Binding Affinities of Selected Compounds to Lyn
SH3 and Fyn SH3

Kd (μM)

Compound Lyn SH3 Fyn SH3

3 37 ± 22 127 ± 75
4a 0.066 ± 0.023 ---
4b 0.027 ± 0.012 9.6 ± 1.1
4c 0.140 ± 0.032 12.0 ± 1.8
12c 55 ± 17 7.2 ± 1.1
Rh2(OAc)4 >10 ---
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Lewis base. An improvement in Kd of roughly 3 orders of
magnitude strongly suggests the success of the cooperativity
concept. While it might be expected that increasing linker
length would lead to increasing affinity due to nonspecific
hydrophobic interactions, in fact we found that the
intermediate linker length (n = 3, 4b) was a “sweet spot”
with optimal affinity. This finding also suggests a specific
interaction responsible for affinity gains.
Original reports of aminoquinoline SH3 ligands proposed an

interesting binding model involving specific interactions of the
cationic aminoquinoline core through π−π stacking with a
conserved tryptophan residue (Lyn Trp99) and charge−charge
interaction with a neighboring carboxylate side chain (Lyn
Asp81, Figure 5a).38,39 We wanted to understand the extent to

which rhodium conjugates fit within that binding model, and
to that end we computationally docked the rhodium conjugate
4b with the Lyn SH3 domain (GOLD program, CCDC, www.
ccdc.cam.ac.uk/). We did indeed find many bound states with
intimate quinoline−tryptophan contacts. The most commonly
occurring bound state found the aminoquinoline occupying a
shallow hydrophobic cleft above the tryptophan (Figure 5b),
which orients the rhodium(II) core directly toward a proximal
surface-exposed histidine. Docking programs do not correctly
model rhodium interactions, yet we wanted to develop a useful
model for two-point binding to the SH3 domain. Manual
rotation of C−C bonds of the flexible alkyl linker allowed the
dirhodium core to be positioned in an ideal geometry for
histidine coordination (His96) without disturbing the amino-
quinoline binding. The docking studies support the previous
binding model, and the near-perfect fit of the best linker length
(4b) may be solid evidence of the predictive value of this
binding model.
We designed, synthesized, and evaluated a series of novel

rhodium−aminoquinoline conjugates as SH3-binding mole-

cules. We are not aware of any nonpeptidic ligands with
comparable affinity for SH3 domains. Introduction of the
rhodium center improved the Kd for Lyn binding over 1000-
fold, and varying the length of the linker between it and the
organic moiety allowed some tuning of binding affinity.
Docking experiments support a binding model for 2-amino-
quinolines to an SH3 fold and provide a structural predictive
framework for further optimization or for extending similar
fragment-based ideas to other SH3 domains. This work
describes an alternative approach to simultaneously achieving
potency and selectivity with small-molecule ligands for SH3
domains and for PPI interactions more generally. The
metalloligands reported here overcome the limitations typical
of small-molecule SH3 ligands by exploiting organic−inorganic
cooperativity afforded by the dirhodium core. This coopera-
tivity is available for use in binding any protein surface with a
nearby Lewis basic side chain. Future work in this program will
extend these preliminary results to other members of the Src
family and will examine how these or related molecules might
be used to alter function in living cells.
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Docking studies were performed in GOLD (CCDC). The amino-
quinoline core was then locked and a reasonable binding model built
through bond rotation of the flexible alkyl linker.
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