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ABSTRACT
Phosphotyrosyl (pTyr) residues play important roles in cellular
signal transduction by facilitating recognition and binding neces-
sary for critical protein-protein interactions, and for this reason
pTyr motifs represent attractive starting points in the development
of signaling antagonists. Although the pTyr phosphoryl moiety is
central in these phenomena, its incorporation into signaling
inhibitors is contraindicated due to enzymatic lability and limited
bioavailabilty associated with phosphate esters. To address these
limiations, an entire field of study has arisen devoted to the design
and utilization of pTyr mimetics. This Account provides a perspec-
tive on the roles of pTyr residues in signal transduction and
approaches to pTyr mimetic development.

Introduction
The cytoplasmic domains of many cytokine and growth
factor receptors are protein-tyrosine kinases (PTKs) that
function by phosphorylating intracellular substrates in
response to extracellular ligand binding (Figure 1).1 This
occurs by direct transfer of γ-phosphate from ATP to
tyrosyl 4′-hydroxyls, resulting in the creation of phospho-
tyrosyl residues (pTyr 1) within the substrate proteins
(Figure 2A). Once formed, pTyr residues can have pro-
found physiological effects that include alteration of
enzyme activity and presentation of critical functionality
needed for recognition/association by pTyr-binding mod-
ules that lead to the formation of multiprotein complexes,
which results in further signal propagation. Among these
latter pTyr-binding proteins are Src homology 2 (SH2)
domains and phosphotyrosyl-binding (PTB) domains
(Figure 1).2-4 The third leg of this “PTK signaling triad” is
served by protein-tyrosine phosphatases (PTPs) that
remove pTyr phosphoryl groups and return tyrosyl resi-
dues to their nonphosphorylated states (Figure 1). Al-
though PTPs often function as down-regulators of PTK-
dependent pathways, they can serve in positive signaling

roles by neutralizing inhibitory pTyr residues,5 and their
inappropriate activation can contribute to a variety of
diseases, including several cancers.6 Accordingly, develop-
ment of PTK-dependent signaling antagonists has been
an important area of investigation.7-9

Efforts to develop intracellular PTK-dependent signal-
ing inhibitors can be categorized into three distinct
categories that are predicated on the signaling triad
outlined above: (1) PTK-catalytic site-directed inhibitors;
(2) antagonists of pTyr-dependent binding phenomena,
and (3) inhibitors of PTP activity. The central and defining
roles that pTyr residues play in PTK-dependent signaling
make the structure of pTyr itself a starting point for design
of inhibitors directed at all three branches of the PTK
signaling triad.10-12 Since the roles served by pTyr residues
are distinct for each of the three signaling branches, the
importance of “pTyr motifs” and the manner in which
they can be utilized for inhibitor development vary.
Primarily utilizing work from our own laboratory, this
Account will point out aspects of the pTyr structure that
are important for its physiological actions and highlight
ways in which these have been utilized for inhibitor
design.

PTK Catalytic Site-Directed Agents
PTK-catalyzed transfer of phosphate is bisubstrate, with
ATP serving as phosphoryl donor to Tyr-containing pep-
tide acceptors. Accordingly, “pTyr residues” are end
products and not substrates. Therefore, the utility of pTyr
motifs in PTK catalytic site-directed inhibitor design is
diminished relative to SH2/PTB domains and PTPs, where
pTyr residues provide critical elements of ligand or
substrate recognition. In fact, the most successful tyrosine
kinase inhibitors have proven to be ATP-competitive in
nature.13,14 However, efforts to develop PTK catalytic site-
directed inhibitors that incorporate phosphoryl elements
onto tyrosyl-like structures have also been reported. As
seen in Figure 2B, such inhibitors may mimic various
points in the catalytic process of phosphoryl transfer.
Analogues, such as 2 having formal ATP-like moieties
tethered to Tyr equivalents,15 are intended as bisubstrate
inhibitors. Others containing abbreviated phosphoryl-
mimicking groups, such as 3,16 4,17 and 5,18 may be viewed
either as transition-state analogues or as end-product
inhibitors. Although some of these are highly potent in
extracellular kinase assays,16 the use of pTyr mimetics in
the design PTK catalytic site-directed inhibitors has not
been extensively pursued.19,20

Structural Features of pTyr Residues Related
to Mimetic Design
In contrast, pTyr-motifs have been central in the develop-
ment of antagonists directed at other components of
PTK signaling, where pTyr residues afford a rich variety
of features for potential inhibitor design. Importantly,
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pTyr residues present a defining phosphoryl group that
provides an array of geometrically spaced heteroatoms
bearing a net (-2) charge at physiological pH (Figure 2).
Binding affinity is also dependent on other features of the
pTyr residue as well as amino acid residues surrounding
the pTyr residue. It is the combination of a pTyr residue
within the proper peptide sequence that can achieve high
affinity. The availability of X-ray crystal structures of SH2
domains, PTB domains, and PTPs in complex with pTyr-
bearing peptides has clarified the roles these various
structural features play in binding interactions.

pTyr-SH2 Domain Interactions
SH2 domains represent a collection of modular signaling
proteins that can be broadly classified into four major
groups,21 all of which share a high degree of structural
homology. Subtle variations among subfamilies of SH2
domains result in differential affinity for pTyr-containing
ligands, depending on the amino acid sequence proximal
to the pTyr residue.22 Although SH2 domains mediate
protein-protein interactions, small pTyr-containing pep-
tides based on the proximal amino acid sequences sur-
rounding target pTyr residues found in full-length proteins

FIGURE 1. The role of pTyr residues in PTK-dependent signaling. (A) Binding of growth factors/cytokines to PTK extracellular receptors; (B)
generation of intracellular pTyr residues in response to extracellular ligand binding; (C) pTyr-dependent assembly of multicomponent signaling
complexes resulting in signal propagation; (D) an example of a PTP serving a positive signaling role by hydrolysis of an inhibitory tyrosyl
phosphate.

FIGURE 2. (A) PTK-mediated phosphoryl transfer between ATP and a tyrosyl residue with release of a pTyr-containing product. (B) Examples
of PTK catalytic site-directed inhibitors that contain phosphate-mimicking functionality.
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are able to effectively bind to SH2 domains and block their
interactions with cognate pTyr-containing proteins. For
this reason, short pTyr-containing peptides can serve as
starting points for inhibitor development. Crystal struc-
tures of SH2 domains, including SH2 domains in complex
with pTyr-containing peptides, were available early on,
and a general system of nomenclature was devised to
describe the common topographical features of SH2
domains (Figure 3A).23 Binding of pTyr-containing ligands
normally occurs with the pTyr residue held in a pocket
bounded by the RA helix, the three antiparallel âB-âD
sheets and the BC loop where the pTyr phosphoryl group
interacts with two positively charged Arg residues, RA2
and âB5. The Arg RA2 residue is situated above the plane

of the pTyr aryl ring where it serves a dual role by partially
stabilizing the phosphoryl negative charge and undergoing
aryl π-cation stabilization24 as well as interacting with
functionality originating from the pTyr R-amino group.
Proximal to the pTyr-binding pocket in an area normally
situated between the EF and BG loops are regions of the
SH2 domain that interact with ligand residues C-terminal
to the pTyr residue. (A notable exception is found with
Grb2 SH2 domains.25) The principal function of these sites
is to discriminate ligands On the basis of amino acid side
chain functionality C-proximal to the pTyr residue. Over
50% of the free energy of the highest affinity interaction
is derived from the pTyr residue itself, with approximately
25% of this being attributable to at least one negative

FIGURE 3. Comparison of three pTyr-binding proteins in complex with pTyr-containing ligands. (A) The p56lck SH2 domain;23 (B) the Shc PTB
domain;34 (C) a PTP-1B in its Cys215Ser form.38 The right side of each panel highlights the pTyr binding pocket.
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charge on the phosphoryl group.26 However, secondary
binding interactions provided by residues other than pTyr
are critical, since monomeric pTyr exhibits extremely poor
affinity.27 Therefore, development of SH2 domain signaling
antagonists has focused both on high-affinity pTyr mi-
metics as well as suitable display platforms.28-30

pTyr-PTB Domain Interactions
PTB domains differ from SH2 domains by recognizing
ligands according to amino acid sequence on the N-
terminal side of the pTyr residue, rather than the C-
terminal side.31-33 As exemplified by the NMR solution
structure of the Shc PTB domain in complex with a NPQpY
ligand,34 binding of pTyr-containing ligand occurs in a
â-bend conformation that is facilitated by its pY-2 Pro
residue (Figure 3B). The pTyr “binding pocket” contains
two Arg residues (Arg67 and Arg175) that correspond to
the ArgRA and Arg âB of SH2 domains,34 similar to what
is observed for SH2 domains.35

pTyr-PTP Interactions
In addition to SH2 domains and PTB domains, PTPs are
a third category of signaling protein that recognize and
bind peptides in pTyr-dependent fashion. Although the
principal interaction of most PTPs with pTyr-containing
polypeptides is through catalytic domains in which they
are recognized as substrates rather than ligands, PTPs are
capable of binding pTyr-containing peptides as ligands.
This could occur either through inactive catalytic domains
such as “STYX” domains,36 or through other special pTyr-
binding domains as exemplified by the N-terminal region
of the Yersinia pestis PTP (YopH) that interacts with pTyr-
containing peptides in a manner somewhat similar to SH2
domains.37 However, the principal approach toward PTP
inhibitor development is through agents directed at the
catalytic site, which is defined by the “signature motif”
sequence (H/V)C(X5)R(S/T) that forms a semicircular
structure about the tyrosyl phosphate group (Figure 3C).38

This arrangement allows precise positioning and stabiliza-
tion of the negatively charged phosphoryl group both by
a network of hydrogen bonds and by a formal ionic bond
to the signature motif Arg residue. Nucleophilic attack
onto the phosphoryl moiety by the signature motif Cys
thiolate anion results in formation of a thiophosphoryl
intermediate and release of free tyrosyl product. Water-
catalyzed hydrolysis of the thiophosphate species regener-
ates the active enzyme. The highly specialized manner in
which pTyr residues are recognized by PTPs has rendered
pTyr mimetics of particular value in development of PTP
inhibitors.12,39,40

Phosphorus-Containing Phosphoryl
Replacements
The importance of phosphoryl functionality in pTyr-
dependent signaling is derived from its ability to present
a system of suitably charged heteroatoms (oxygens) within
a three-dimensional geometry that is appropriate for

interaction with both Arg residues and hydrogen bond
donor/acceptor side chains of acceptor proteins. Phos-
phoryl groups are potentially unsuitable for use in inhibi-
tors due to (1) hydrolytic lability of the phosphate ester
bond in the presence of cellular phosphatases and (2)
hindrance of cell membrane transit caused by a (-2)
charge. While the first drawback has been readily ad-
dressed by phosphonate-based species, the second area
has been less satisfactorily overcome. In the current
Account, presentation of phosphoryl mimetics will be
categorized into phosphorus-based and carboxy-based
analogues. Due to space constraints, the Account will not
cover phosphoryl mimetics based on other heteroatoms;
nor will it cover partial pTyr mimetics (that could more
aptly be described as “phenyl phosphate” surrogates).

The most direct way to prevent phosphoryl hydrolysis
is through replacement of the phosphate ester linkage by
an enzymatically stable isostere. Preparation of phosphono-
methyl phenylalanine (Pmp, 6),41 which has the bridging
oxygen unit replaced by a methylene, in a form bearing
bis-(tert-butyl) phosphonate and N-Fmoc protection (7),42

allowed its incorporation into an PI-3 kinase C-terminal
SH2 domain-directed peptide.43 While being stable to
phosphatases, the resulting peptide exhibited an ap-
proximate 5-fold reduction in SH2 domain-binding affinity
relative to the parent pTyr-containing peptide.44 This loss
of affinity was attributed to a combination of elevated
phosphonate pKa resulting in a net reduction in formal
negative charge (approximately -1.5 at pH 7) relative to
the (-2) charge of the parent phosphate and loss of
hydrogen bonding interactions normally afforded by the
phosphoryl ester oxygen atom. It was known that incor-
poration of R-fluorines onto aliphatic phosphonates en-
hances phosphate-mimicking efficacy.45,46 Therefore, a
synthetic approach to benzylic R,R-difluorophosphonates
was developed using (diethylamino)sulfur trifluoride
(DAST)-mediated fluorination of ketophosphonates,47 and
this was applied to the synthesis of R,R-difluoroPmp (F2-
Pmp, 8) in a form bearing tert-butyl and Fmoc protection
of phosphonate and amino functionality, respectively (9).48

Similarly protected analogues bearing monofluoro (FPmp,
10) and hydroxyl (HPmp, 11) were also prepared and
incorporated in peptides directed at Src, PI-3 kinase, and
Grb2 SH2 domains.48 Against the C-terminal PI-3 kinase
SH2 domain, the FPmp-containing peptide regained ap-
proximately 50% of the loss in affinity originally observed
in replacing pTyr with Pmp, while the F2Pmp-containing
peptide regained all lost affinity and was equal in potency
to parent pTyr.49 These results supported the contention
that pKa values are important for SH2 domain-binding
potency, since model studies using benzylic phosphonates
indicated that pKa2 values were lowered by approximately
1 unit per R-fluorine added,47 with the F2Pmp being
completely ionized at pH 7 in a manner similar to pTyr.
It was also observed that effects of fluorination on binding
varied among SH2 domains, with F2Pmp being equipotent
to pTyr against the C-terminal PI-3 kinase SH2 domain,
of greater potency against the Src SH2 domain, and of
reduced potency against the Grb2 SH2 domain.49 This
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demonstrated for the first time that interactions within
the pTyr-binding pocket afforded by structural variations
in pTyr mimetics could potentially afford a means of
enhancing selectivity among SH2 domain families.

The ability of R-fluoro substituents to enhance binding
potency of Pmp-containing peptides is observed for pTyr-
binding proteins other than SH2 domains. Substitution
of pTyr with Pmp in a Shc PTB-directed peptide sequence
resulted in a 25-fold loss of binding affinity, while sub-
stitution with F2Pmp provided a binding affinity equivalent
to the parent pTyr-containing peptide.50 Alternatively, the
insulin receptor substrate-1 (IRS-1) PTB domain exhibited
only poor affinity for F2Pmp-containing peptide, which
was attributed to the loss of hydrogen bonding interac-
tions with the difluoromethylene unit that would normally
be present with the pTyr phosphate ester oxygen.50 This
provides another example where alterations in the pTyr
mimetic can affect binding selectivity.

In the above SH2 domain and PTB domain examples,
F2Pmp serves as a phosphatase-stable pTyr replacement
that provides from 5-fold to 25-fold binding enhancement
relative to Pmp. For PTPs, where pTyr residues also
provide key elements of binding affinity, F2Pmp can
exhibit an approximate 1000-fold enhancement in affinity
relative to Pmp.51 The basis for the exceptional increase
in PTP affinity is not fully understood, although kinetic
studies have shown that it is most probably not due to
phosphonate pKa effects.52 X-ray crystal structures of
naphthyl diflouromethylphosphonic acids bound to PTP-
1B have indicated a potential role for H-bonding interac-
tions of the protein with one specific fluorine atom of the
CF2 unit.53,54 In support of the hypothesis that binding
enhancement is due preferentially to interactions of one
fluorine atom, model studies with enantiopure aryl mono-
fluoromethylphosphonic acids have indicated a 10-fold
difference in affinity depending on chirality at the R-fluo-
romethylene center.55 The exceptional affinity of F2Pmp
when used as a pTyr mimetic and of aryl difluorometh-
ylphosphonic acids in general has led to their widespread
use as structural motifs in PTP and SH2 domain antagonist
development.12,39 As a result, several synthesis of F2Pmp
have been reported in both its racemic48,56 and L-forms.57-60

SH2 domain binding of pTyr phosphoryl groups have
been shown by X-ray crystallography to involve important
interactions between the two anionic acidic oxygen atoms
as well as by the ester oxygen which bridges the phos-
phorus to the aryl ring. The ester oxygen both positions
the phosphate group at a distance from the aryl ring
appropriate for interaction with these Arg residues as well
as engaging in hydrogen bonding interactions itself. For
these reasons, considerable effort has been devoted to its
suitable replacement. However, complete deletion of
bridging functionality by direct attachment of the phos-
phorus to the aryl ring provides compound 12 (Figure 4),
which maintains good SH2 domain-binding affinity.61 In
a similar fashion, removal of one anionic acidic hydroxyl
to give analogues such as 13 has been achieved without
significant loss of binding potency.62 In this latter example,
loss of binding interactions normally provided by the

second acidic oxygen species is theoretically compensated
for by new aromatic-cation interactions between the
added phenyl ring and the RA2 Arg residue. In contrast
to these examples, where removal of oxygen functionality
has been examined, highly potent SH2 domain-binding
ligands have also been prepared from pTyr mimetics
through appendage of additional oxygen-containing groups.
These include analogues 1463 and 15,64 which introduce
substituents at the Phe 3-position, and analogue 16.65

Carboxy-Based Phosphoryl Replacements
While phosphonic acid-based pTyr mimetics adequately
address the issue of lability to phosphatases, issues of
membrane transport still remain (Figure 5). Prodrug
approaches to both Pmp66 and F2Pmp61 have been exam-
ined as potential solutions to this latter problem. An
alternative approach has been development of non-phos-
phorus-containing pTyr mimetics that utilize carboxylic
acid groups to replicate phosphate functionality. Among
early examples of this are 17 (OMT)67,68 and 18 (FOMT)69

that contain two geminal carboxylic acids intended to
replicate the dianionic arrangement of parent pTyr. While
17 and 18 exhibit good binding to both SH2 domains and
PTPs, selective enhancement of SH2 domain binding
affinity relative to PTP affinity is achieved with 19,70 which
is derived from OMT (17) by deletion of the ether
oxygen.71,72 Translocation of one carboxyl of OMT (17)
from the geminal position to the aryl 3-position gave
analogue 20,73 which exhibits potent affinity against
PTP-1B73,74 and the Grb2 SH2 domain.75 Addition of a
3-aryl carboxyl group with maintenance of the original
bis-geminal carboxyl arrangement of 19 provided tri-
carboxylic-based 21, which displayed high SH2 domain-
binding affinity.76 Alternatively, reduction in the number
of carboxyl groups by removing one carboxyl from OMT
(17) to provide 22 resulted in poor affinity in both PTP73

and SH2 domain-binding systems.77 However, elimination
of the ether oxygen from 22 gives carboxymethyl phen-
ylalanine 23, which shows good SH2 domain-binding
affinity.78 The enhanced SH2 domain-binding affinity of

FIGURE 4. Structures of phosphorus-containing pTyr mimetics.
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23 relative to 21 can be understood based on a closer
overlap in 23 of the carboxylic functionality with the pTyr
phosphate oxygens than is observed with 22,78 where the
ether oxygen extends the carboxylic group too far from
the phenyl ring.77 Addition of a hydroxyl group onto the
R-methylene of 23 to provide 24 enhances SH2 domain-
binding affinity;79 however, introduction of fluorines at this
center80 (compound 25) reduces affinity.77 Finally, as
described previously, the relative affinities of pTyr mi-
metics are highly dependent on the binding protein. In
the case of monocarboxy pTyr mimetics where good
affinity can be obtained in SH2 domain-binding systems,
poor inhibition has been observed when examined against
PTP-1B.72

Conformational Constraint in the Design of
pTyr Mimetics
The importance of phosphoryl functionality to pTyr-
dependent binding is reflected in its contribution to the
enthalpy term in the free energy equation for binding
(Figure 6).26 This has resulted in a majority of pTyr
mimetic-directed research being devoted to phosphoryl
replacements. However, the free energy equation for

binding also includes an adverse entropy component that
arises when the highly flexible pTyr side chain goes from
solution to bound conformations. One means of poten-
tially reducing such penalties is to induce side chain
conformational constraint in the pTyr residue. Monomeric
ring-constrained pTyr mimetics 26,81 27,82 and 28,81 as well
as a Grb2 SH2 domain-directed peptide (29) that contains
a conformationally constrained pipecolic acid-based pTyr
mimetic, were ineffective at enhancing SH2 domain
affinity. Th recently reported Src SH2 domain-directed
peptide 30 that contains a cyclopropyl-based pTyr mi-
metic83 successfully reduced entropy binding penalties
relative to parent pTyr-containing peptide; however, this
was matched by a reduction in enthalpy, so that net
binding affinity was largely unchanged.84 Overall, induc-
tion of conformational constraint at the level of the pTyr
residue has not proven to be a significant factor in pTyr
mimetic mimetic development.

Conclusions
Tyrosine kinase-depenent signal is highly dependent on
the recognition and utilization of the phosphotyrosyl
pharmacophore. Because of this, as outlined in this
account, the structure of pTyr provides a starting point
for development of diverse signaling antagonists that may
lead to new generations of therapeutic agents.
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