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Abstract: The four-component Ugi reaction was utilized to prepare a library of dipeptidic compounds in order to
explore the binding requirements of the key cell cycle phosphatase, Cdc25. Several phosphate surrogates were
incorporated into the Ugi product to mimic either the mono- or bis-phosphorylated substrate. © 1999 Elsevier Science

Ltd. All rights reserved.

The dual specificity phosphatase, Cdc25, is an essential activator of the cell cycle at either the G1/S' or
G2/M? transition of the cell cycle. Cdc25 regulates these checkpoints by controlling the dephosphorylation of
adjacent pTpY residues on complementary CDK-cyclin complexes.3 1t is believed that inhibitors of Cdc2S have
antitumor properties.4

Protein tyrosine phosphatases are characterized by a large regulatory N-terminal domain and a small C-
terminal domain that contains the catalytic core. Recently, the X-ray crystal structure of the catalytic domain of
human Cdc25A was solved to 2.5 A resolution.” Other than the signature HC-X5-R phosphate binding loop,
which shields the catalytically important Cys430 in the active site, the overall structure of this enzyme is distinct
from other known PTPases. In particular, the active site of Cdc25 is notable for its shallow substrate binding
pocket. This may be necessary for the dual specific phosphatases6 to accomodate phosphorylated tyrosine as well
as serine/threonine residues in the active site. The shallow binding groove may also explain the dearth of
information available concerning the substrate specificity of Cdc25, since phosphorylated Cdc2 fragments as well
as synthetic phosphopeptides are known to be extremely poor substrates for this cnzyme.7

We were interested in designing mechanism-based active site inhibitors of Cdc25. To gain a better
understanding of the structural requirements for small molecule binding in the active site, we designed a library of
small molecules which would probe the phosphate binding site of the enzyme. In this paper we report the
application of the Ugi four-component condensation reaction to prepare libraries containing known phosphate
mimics to explore the interactions in the active site.
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The Ugi reaction is a four-component condensation reaction that has been widely used to prepare
combinatorial libraries in either solid or solution phasc:.8 While the Ugi protocol has been used previously to
prepare PTP1B inhibitors,” we envisioned the use of phosphate analogs such as phosphonates and malonates to
anchor these molecules in the active site of the enzyme. The remaining components of the Ugi reaction would
then be used to probe the binding interactions in the vicinity of the active site. By incorporating the phosphate
mimics into either the acid or aldehyde components of the Ugi reaction, these surrogates could be positioned at
either the amino terminal or the central portion of the dipeptide product to probe different regions of the active site
(Figure 1). An additional feature of this strategy is that utilization of phosphate mimics in both the acid and
aldehyde components would lead to the synthesis of "bis-phosphorylated products” that would have the potential
to mimic the bisphosphate binding motif inherent in the natural substrate. We envisioned that these libraries
would not only probe the sidechain interactions that are important for Cdc25 binding, but would also provide
insight into the design of nonhydrolyzable phosphate surtogates.

Figure 2. Phosphate mimic components of Ugi reaction.
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Components for the Ugi reaction were selected to probe both the steric and electronic requirements of the
active site (Figure 2). For example, monomers 1-3 were chosen to explore the chain length connecting the
phosphate mimic to the aromatic ring. Conversely, 4 retains the positioning of the phosphonate moiety from the
aromatic ring but increases the distance between the aromatic ring and the peptide backbone, while 5 explores the
effect of an aliphatic phosphonate. Finally, 6 was prepared based on Burke's report of the effective use of
malonates as phosphate replacements in PTP1B inhibitors.'® The synthesis of these carboxylic acid components
is shown in Figure 3. The corresponding aldehydes 1b, 5b, and 6b were prepared from the carboxylic acids
using known methods,'' while aldehyde 2b was prepared from 4-fluorobenzaldehyde using the same procedure
as that used for the acid.”” All the products were prepared as -butyl esters of carboxylic and phosphonic acids to
facilitate the Ugi reaction and were deprotected with TFA/CHCIj; prior to biochemical analysis.

A small set of diverse reagents was chosen for preparation of the Ugi library based on reactivity, and steric
and electronic factors (Table 1). Three different libraries were prepared using either the phosphoacid mimic, the
phosphoaldehyde component, or both the phosphoacid and aldehyde fragments. The phosphoacid library
contained 2400 members: six phosphate mimics, ten amines, eight aldehydes, and five isonitriles. The
phosphoaldehyde library contained 1280 analogs: four phosphate mimics, ten amines, eight acids, and four
isonitriles. Finally, the library containing two mimics numbered 640 compounds: four phosphoacid mimics, ten
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amines, four phosphoaldehyde mimcs, and four isonitriles. The aldehydes and acids shown in Table 1 were used
in the phosphoacid and phosphoaldehyde mimic libraries, respectively, while the amines and isonitriles were
common to all libraries."

Figure 3. Synthesis of monomers for Ugi Reaction
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The crude libraries were initially only screened for inhibition of Cdc25,"* while the resynthesized actives
were also assayed against VHR" (a dual specificity phosphatase) and PTP1B'® (a tyrosine phosphatase). The
initial screening of these Ugi products revealed certain structural motifs that were conserved in all three libraries.
Some of the favorable side-chain interactions include aromatic groups at the acid position, R1, bicyclic aromatics
such as indole and methylenedioxyphenyl at the amino position, R2, and aromatic and extended hydrophobic
groups at the aldehyde position, R3. Consistent with the X-ray crystal structure of the catalytic site, these results
would suggest that the active site of Cdc25A is quite lipophilic with the exception of the essential phosphate
binding site. The most active compounds were resynthesized, purified, and their mode of inhibition was
characterized. Some of the more potent analogs and their biological activity against Cdc25A, VHR, and PTP1B
are shown in Table 2. 7

The results shown indicate that some of these compounds indeed inhibit Cdc25A in the low micromolar
range. In some cases encouraging levels of selectivity against VHR and PTP1B were also observed.
Surprisingly, the presentation of the phosphate mimics in the context of the Ugi product (i.e., N-terminal or
central) does not seem to be particularly important. However, we were encouraged that compounds 13-15, which
mimic the bisphosphorylated motif of the natural substrate seem, to be better inhibitors of the enzyme.
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Table 1. Components of the Ugi Library.
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Mechanistic analysis of these compounds revealed a noncompetitive mode of inhibition, suggesting that
these compounds are not interacting at the active site of the enzyme. Lack of active site interaction is also
supported by compounds such as 16, which is devoid of a phosphate surrogate, and 17, which is an analog of 8
containing an ot,oc-diﬂuoromethylenephosphonate18 moiety. Both displayed equivalent activity [16 (15 pM) and
17 (27 uM)] and mode of inhibition to other members of our library against Cdc25A despite the apparent lack of
a critical binding element in one case and the addition of a unit that has historically led to improved binding over
methylenephosphonat'és19 in the other.

In light of these results, it is somewhat surprising that the bis-mimic compounds were the most potent
inhibitors. Examination of the published X-ray crystal structure of Cdc25A reveals a number of exposed basic
residues on the surface of the protein, which could account for sequestration of these highly charged inhibitors.
In particular, a hydrophobic pocket 18.5 A from the active site, which contains two non-ion paired guanidino

sidechains pertaining to Arg-445 and Arg-449, is one possible candidate for a binding site.
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Table 2. Activity (LM) for resynthesized hits from Ugi libraries.
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In summary, we have prepared three Ugi libraries that incorporate phosphate mimics in either the amino

terminal, central, or both terminal and middle portions of the dipeptidic product. Our premise was that the

phosphate mimic would be sufficient to anchor these compounds in the active site of the enzyme. Thus, we would
be able to probe binding determinants in the vicinity of the active site and gain a better understanding of the

elements critical for inhibitor design. While our initial hypothesis of finding active site directed competitive

inhibitors of Cdc25A was not realized, since all of these compounds displayed a noncompetitive mode of

inhibiton, we have discovered a novel class of potent non-competitive phosphatase inhibitors. Current efforts to

map the binding site of these non-competitive inhibitors will be reported in due course.
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