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a b s t r a c t

A bivalent tethered approach toward YopH inhibitor development is presented that joins aldehydes with
mixtures of bis-aminooxy-containing linkers using oxime coupling. The methodology is characterized by
its facility and ease of use and its ability to rapidly identify low micromolar affinity inhibitors. The gen-
erality of the approach may potentially make it amenable to the development of bivalent inhibitors direc-
ted against other phosphatases.

Published by Elsevier Ltd.

Protein-tyrosine phosphatases (PTPs) serve as important modu-
lators of normal tyrosine kinase signaling and facilitators of patho-
logical processes1–3 making the field of PTP inhibitor development
an established area of research.4,5 The highly active PTP, YopH, is re-
quired for the virulence of Yersinia pestis, the causative agent of pla-
gue. Several groups have sought to pharmacologically attenuate
YopH function through competitive inhibition.6,7 In theory, ‘tether-
ing’, a ‘fragment-based’ approach that joins two or more structures
via simple linkers,8–10 could be particularly amenable for the devel-
opment of PTP inhibitors, because the binding of substrate involves
both the recognition of phosphotyrosyl (pTyr) residues in well-
formed catalytic clefts and interaction with secondary features of
the enzyme outside the catalytic cleft. Indeed, tethered bidentate
inhibitors containing at least one phenylphosphate mimetic have
been previously reported for PTPs, including YopH.11–14

We were interested in examining tethered bidentate constructs
as potential YopH inhibitors, with a major focus on developing a
protocol that could allow the rapid generation and screening of
mixtures of inhibitors without purification of synthetic products.
Previous expedited assemblies of multi-dentate PTP inhibitor

libraries have used Huisgen [3+2] azide-alkyne cycloaddition ‘click’
chemistries.15–18 However, we were attracted to an alternate
methodology that relies on the tethering of aldehyde-containing
fragments by oxime bond formation with bis-aminooxy-contain-
ing linkers (Fig. 1).19–22 The approach is made especially attractive
by the fact that commercially available aldehyde building blocks
can be used without modification.

Mixtures of bivalent linked constructs were formed using a phe-
nylphosphate-mimicking aldehyde ‘A’ (5-formyl-2-hydroxybenzo-
ic acid), whose function was to interact within the pTyr-binding
pocket.7,23 Fragment A was joined by means of a homologous series
of tethering components ‘L’ to a library of aromatic aldehydes ‘B’,
whose function was to interact outside the catalytic site (Fig. 1).
The L components connecting A and B were derived from linear
polymethylene chains having bis-aminooxy groups at each termi-
nus.19–22 The synthetic protocol for assembling the bivalent
tethered constructs employed oxime coupling reactions. The syn-
theses were conducted in DMSO using AcOH as catalyst and reac-
tant ratios of (A:B:L:AcOH) = (1:1:1.1:2) to generate >90% tethered
products. Since the proximities and orientations of secondary bind-
ing sites outside the catalytic cleft were not known, the structural
composition of the B-fragment and the length of the tethering seg-
ment were optimized in parallel. To expedite this process, a two-
stage protocol was employed that involved first constructing and
then de-convoluting bivalent tethered fragment libraries. In the
first stage of library development, mixtures of linker components
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were used to join 20 aldehydes B (a–t, Fig. 2) to the phenylphos-
phate mimetic A. Two separate mixtures of linkers were used.
These were formed by combining equal molar quantities of
‘H2N–O–(CH2)n–O–NH2’, where n = 2–6 (L2–6) or n = 7–10 (L7–10).
This allowed the simultaneous evaluation of multiple linker
lengths. The predominant reaction products (1) resulting from
these reactions would be expected to be of the forms A–L–A; A–
L–B and B–L–B, as well as smaller quantities of partially reacted
mono-adducts (Scheme 1).

Without purification, the crude mixtures of oxime products (1)
synthesized as described above were screened directly in an
in vitro YopH assay at 100 lM and 10 lM concentrations.24 Uni-
formly poor inhibition was observed using the linker mixtures L
2–6. Higher potencies were obtained using L7–10 linker mixtures,

with the greatest inhibitory effects being observed for aldehydes
a, e, j, k, l, m, and q (Fig. 3A). It should be noted that since aldehyde
a is identical to fragment A, symmetrical constructs result when a
is used as the B component. Each of these latter aldehydes was
then reacted with the four individual linkers comprising the origi-
nal L7–10 mixture and the reaction products were evaluated against
YopH at 10 lM concentration (Fig. 3B). The greatest inhibitory po-
tency was obtained from aldehyde q (4-benzyloxybenzaldehyde)
using linker L10. Longer chain lengths were not examined. Purifica-
tion of this mixture yielded pure 2 (Fig. 4), which was shown to ex-
hibit an IC50 value of 2.4 lM.

In silico docking of 2 onto the catalytic cleft of YopH started with
our earlier X-ray crystal structure of YopH in complex with the pep-
tide Ac-Asp-Ala-Asp-Glu-F2Pmp-Leu-amide (PDB 1QZ0),25,26 where

Figure 1. Graphical representation of bivalent linked fragment protocol.
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Figure 2. Structures of aldehydes used in synthesis of linked bivalent constructs. [*Note that aldehyde ‘a’ is equivalent to phenylphosphate mimetic ‘A’.]
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‘F2Pmp’ represents the non-hydrolyzable pTyr mimetic, phosphom-
ethylphenylalanine (Fig. 5A).27,28 Comparing two of the best docking
poses of 2 with the binding orientation of the parent F2Pmp-contain-
ing peptide indicates that the positioning of the linker oxime meth-

ylene of 2 situated proximal to the catalytic cleft occurs in a
hydrophobic region identical to that occupied by the Leu side chain
of the peptide (Fig. 5B). Additionally, the overall alignments of the
methylene linkers were highly uniform for both docked poses of 2.

Differences in binding were observed mainly in the placement
of the terminal 4-benzyloxy group. Therefore, components of
inhibitors derived from fragment B, should not be assumed to bind
uniquely in defined, specific pockets. Rather, the overall inhibitory
potency of bivalent linked constructs may represent the combined
effects of interacting in multiple orientations/pockets. Addition-
ally, as shown in Figure 5, binding of 2 with the YopH protein in-
volves hydrophobic interactions extending over a considerable
distance. Disruption of these hydrophobic interactions by means
of surfactants could potentially reduce the binding affinity. Indeed,
addition of 0.01% of Triton X-100 to the binding assay did shift the
binding curve to the right. Such ‘detergent effects’ have been pre-
viously interpreted to potentially indicate inhibition by ‘promiscu-
ous’ mechanisms.29–31 However, given the extended hydrophobic
interactions between the long alkyl linker segment of 2 and the

O (CH2)n O NH2H2N
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+
O (CH2)n O NNX Y
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Scheme 1. Synthesis of bivalent linked constructs using the aldehydes R–CHO as indicated in Figure 1 and linkers L2–6 and L7–10 as described in the text.

Figure 3. Inhibition of pNPP hydrolysis in an in vitro YopH activity assay. (A)
100 lM of unpurified mixtures resulting from reaction of the indicated aldehydes
(Fig. 2) with a mixture of linkers, L7–10; (B) 10 lM of unpurified mixtures resulting
from reaction of the indicated aldehydes with linkers of defined length, L7–L10.
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Figure 4. Structure of bivalent construct 2.

Figure 5. Computer-generated docking of bivalent construct 2 into the catalytic
domain of YopH shown overlapped with the crystal structure of YopH complexed
with the peptide ‘Ac-Asp-Ala-Asp-Glu-F2Pmp-Leu-amide’ (in gold). (A) Two best
poses of 2 (shown in gray and magenta) demonstrating uniform overlap of the
extended linker chains showing that multiple binding orientations of the ‘B’
component are possible; (B) detailed view of the overlap of the proximal linker
segment of 2 with the Leu side chain of the peptide.

F. Liu et al. / Bioorg. Med. Chem. Lett. 20 (2010) 2813–2816 2815



Author's personal copy

protein surface, surfactant effects may reflect disruption of critical
protein-ligand interactions. Finally, the selectivities of the bivalent
linked constructs for YopH versus other PTPs were not evaluated.

The primary intent of the work was to develop a quick and facile
approach to the preparation of bivalent tethered inhibitors that
could be executed without purification of reaction products. For
a series of YopH-directed inhibitors, this was accomplished by gen-
eration and de-convolution of mixtures of linker segments using
oxime chemistries. The methodology presented is characterized
by its facility and ease of use and its ability to rapidly identify
low micromolar affinity inhibitors. The generality of the approach
may make it applicable to the development of bivalent inhibitors
directed against other phosphatases.
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