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Abstract—Starting from the tetrapeptide Ac-pYEEI-NHMe and using a structure-based approach, we have designed and synthe-
sised a peptidomimetic ligand for p56lck SH2 domain containing a conformationally restricted replacement for the two glutamate
residues. We have explored replacments for the isoleucine residue in the pY+3 pocket and thus identified 1-(R)-amino-3-(S)-indane-
acetic acid as the most potent replacement. We also report the X-ray crystal structures of two of the antagonists. # 2002 Elsevier
Science Ltd. All rights reserved.

p56lck is a key non-receptor tyrosine kinase involved in
signal transduction through the T-cell receptor (TcR) in
T-helper (TH) cells. This signal is essential for the acti-
vation and proliferation of TH cells. p56lck consists of a
kinase domain which is responsible for phosphorylating
tyrosine-containing proteins, an SH3 domain which
binds proline-rich peptide motifs and an SH2 domain
which binds phosphotyrosine-containing proteins. As
part of our autoimmune disease programme, we are
interested in preventing TH cell proliferation by design-
ing p56lck SH2 domain antagonists.

SH2 domains are modules of approximately 100 amino
acids. They bind phosphotyrosine containing sequences
with high affinity and specificity. The optimum binding
sequence for p56lck SH2 domain was determined to be
pTyr-Glu-Glu-Ile from a phosphopeptide library
screen.1 The crystal structure of p56lck SH2 domain
bound to a peptide (hamster middle-T antigen 1) con-
taining this sequence has been determined and this was

our starting point for the design of p56lck SH2 domain
antagonists.2,3 The hamster middle-T antigen 1 is an
11-mer peptide and the structure revealed that of the 11
amino acids only four made hydrogen bond contact
with the SH2 domain. These contacts were bounded by
the backbone amide carbonyl C-terminal to the pY and
the backbone amide carbonyl C-terminal to the iso-
leucine at pY+3. A truncation analysis (Table 1) using
a series of peptides capped at the N-terminus with an
acetyl group and capped at the C-terminus with a
methylamide group indicated that the tetrapeptide 4,
which was only 5-fold less potent than the HmT anti-
gen, was the optimal length to be used as a lead for the
design of a p56lck SH2 antagonist. A crystal structure of
the related tetrapeptide with a carboxylic acid at the
C-terminus has now been reported4 and this binds in a
similar conformation to the corresponding part of the
middle-T antigen.

The design of a therapeutically useful compound which
could reach its target inside TH cells requires four prin-
cipal issues to be addressed: (1) the peptidic nature of
the compounds resulting in their instability to proteo-
lysis, (2) an improvement in the affinity of the com-
pound for the SH2 domain, (3) the propensity of the
phenylphosphate group to undergo hydrolysis, (4) the
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low likelihood of cell penetration due to the charged
nature of the phosphotyrosine containing peptides. In
this paper, we describe the identification of an
uncharged replacement for the doubly charged Glu-Glu
sequence and the preparation of compounds containing
potent replacements for the isoleucine substituent in the
pY+3 pocket.6

A search was carried out of internal angles in
N–C(C¼O)–N–C–C¼O substructures found in the
Cambridge crystallographic database, which identified
the 9-aminopyridazinodiazepine carboxamide 67 as a
potential Glu-Glu mimetic. This substructure is shown
overlaid on the tetrapeptide in Figure 2. It can be seen
that both of the b carbon atoms of the glutamic acid
side-chains are overlaid by ring carbons of the 9-amino-
pyridazinodiazepine. Synthesis of the tetrapeptide
mimetic containing the bicycle 7 confirmed it was a
suitable replacement for the Glu-Glu linker since 7 was
essentially equipotent with the tetrapeptide (Fig. 1). We
obtained co-crystals of 7 bound to lck SH2 domain
(Fig. 3).8 This structure shows that the tyrosine phos-
phate adopts a similar conformation to that of the pep-
tide structure reported by Eck2, and indeed the
hydrogen bond contacts for the acetamide and the
phosphotyrosine side-chain correspond to those
observed in the Eck structure. However, the 9-amino-
pyridazinodiazepine is considerably displaced from the
peptide backbone in Eck’s structure and as a result the
isoleucine does not penetrate as deeply into the pY+3
pocket. 1H NMR experiments showed that the side-
chain of isoleucine was relatively mobile in the pY+3
pocket. The bicyclic ring system makes a number of
contacts with the SH2 domain. There is a hydrogen
bond from the side-chain NH of Lys 57 to the C6 car-
bonyl of the 9-aminopyridazinodiazepine. The C8 and
C9 carbons of the 9-aminopyridazinodiazepine make
Van der Waals contacts with the aromatic ring of tyr-
osine 59, which may explain why the isoleucine does not
penetrate the pY+3 pocket very deeply, or it may be
due to crystal packing effects. There are water mediated
hydrogen bonds from the carbonyl of the acetamide to
the backbone NH of histidine 58 and from the C10
carbonyl of the 9-aminopyridazinodiazepine to the
backbone NH of lysine 60. More detailed analysis of
this structure will be published shortly.

We subsequently turned our attention towards improv-
ing the activity of the lead series by finding improved
ligands for the pY+3 pocket. The pocket is bounded
predominantly by hydrophobic residues with a tyrosine
located at the bottom of the pocket and also a water

molecule close to the base of the pocket. Our initial
strategy was to more completely occupy the pocket by
incorporating replacements for isoleucine methylamide
into the structure.

The hmT antigen was prepared by Fmoc-SPPS on a
Milligen 9050 peptide synthesiser using the solid-phase

Table 1. Truncation analysis on hamster middle-T antigen

Compd Amino acid sequence IC50 (mM)a

1 EPQpYEEIPIYL 0.36
2 AcpYENHMe 350
3 AcpYEENHMe 17
4 AcpYEEINHMe 2.0
5 AcpYEEIPNHMe 1.6

aCompounds were tested using a scintillation proximity assay.5

Figure 1. Conformational restriction of the Glu-Glu linker with
9-aminopyridazinodiazepine.

Figure 2. Molecular modelling showing the the 9-aminopyr-
idazinodiazepine 6 (magenta) overlaid on the peptide backbone of the
hmT antigen (multicolour) from Eck’s structure.2

Figure 3. Comparison of the crystal structures of lck SH2/iso-
leucinemethylamide 7 (multicolour) and lck SH2/adamantylmethyl-
amide 31 (magenta).
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phosphorylation protocol described by Kitas et al.9

Peptides (2–5) were prepared by sequentially coupling
methylamine, the appropriate N-BOC amino acid and
either N-BOC–Tyr–(PO3Bn)–OH (for the tetra and
pentapeptides) or Ac–Tyr–(PO3Bn)–OH (for the di and
tripeptides) from C- to N-terminus using isobutyl-
chloroformate as the coupling agent. Removal of the N-
BOC protective group was effected with 4 N HCl in
ethyl acetate. Removal of the N-BOC protective group
from phosphotyrosine containing peptides was effected
with HCl in acetic acid or formic acid. Acetylation of
the N-terminus was effected with acetylchloride and N-
methylmorpholine. Finally, hydrogenation of the pro-
tecting groups with 10% Pd/C in either methanol or
formic acid afforded the desired peptides.

Target compounds were prepared as described in
Scheme 1. The dibenzylphosphotyrosine 8 was coupled
to the 9-aminopyridazinodiazepine 9 using a mixed
anhydride procedure to give products 10. The tert-
butylester was removed using TFA and the resulting
acid was coupled to the appropriate amine using the
mixed anhydride procedure. Deprotection of the di-
benzyl phosphate and tert-butyl or benzyl esters present
on the amine was carried out with either TFA or by
catalytic hydrogenation using 10% Pd/C to afford tar-
get compounds 7 and 20–39. Mixtures of diastereo-
isomers were separated by RP-HPLC.

Amines were commercially available except for the
benzyl ester of 3-aminoindan-1-carboxylate 16 and the
tert-butyl ester of 3-aminoindan-1-acetic acid 19. The
synthesis of compound 16 is described in Scheme 2.
Phenylsuccinic anhydride 11 was treated with AlCl3 to
give 3-oxoindan-1-acetic acid which was protected as a
benzyl ester to give compound 12. Treatment with
hydroxylamine hydrochloride and base afforded the
oxime 13. Treatment of 13 with diphenylchloro phos-
phine gave the iminophosphine oxide 14 which was
reduced to the aminophosphine oxide 15 with NaBH4.
Treatment of 15 with HCl in dioxan gave the benzyl
ester of 3-aminoindan-1-carboxylic acid 16 as a mixture
of all four diastereomers. Compound 19 was prepared
as summarised in Scheme 3. 3-Oxoindan-1-acetic acid
17 was treated with N,N,-diisopropyl-O-t-butylisourea
followed by hydroxylamine hydrochloride and base to
afford the oxime 18. Catalytic hydrogenation of 18 gave
the tert-butylester of 3-aminoindan-1-acetic acid 19 as a
mixture of the two cis diastereoisomers.

Inspection of the crystal structure of 7 showed that the
C-terminal methylamide did not make any hydrogen
bond contacts with the SH2 domain. In support of this,
incorporation of (S)-2-methylbutylamine into the struc-
ture afforded 27 which was actually slightly more active
than the parent amino acid derivative. Hence, the first
series of replacements targeted were commercially
available amines which might occupy the pocket more
fully. However, neither benzylamine (20, 1.5 mM) nor
cyclohexylmethylamine (29, 1.6 mM) showed any
improvement in activity compared to the isobutyl
group. A wide range of substituted benzylamines were
incorporated (a selection of these replacements are
shown in Table 2) which had very similar activity to the
benzylamide. One exception was the p-chloro-
benzylamide (21, 0.4 mM) which was 4-fold more active
than the benzylamide. In fact most of the replacements
(Table 2) showed an activity of between 1 and 10 mM.
Even the adamantylmethyl group (30, 1.1 mM) was of
roughly equal potency to the methylbutylamide. A
crystal structure was obtained for 30 which showed the
adamantyl group bound to the mouth of the pocket,
and the 9-aminopyridazinodiazepine displaced even
further from the peptide backbone of Eck’s structure.10

Inspection of the crystal structures shows there are a
number of water mediated interactions between the
pyridazinodiazepine bicycle and the SH2 domain and
this may allow sufficient movement of the bicycle to
accommodate a wide range of substituents in the pY+3

Scheme 1. Reagents and conditions: (a) IBCF, NMM, THF, �20 �C;
(b) 20% TFA/CH2Cl2; (c) IBCF, NMM, RNH2; (d) 95% aq TFA
(examples 7, 20–33, 38, 39) or 10% Pd/C, AcOH (examples 34–37).

Scheme 3. Reagents and conditions: (a) N,N-diisopropyl-O-t-butyl-
isourea, CH2Cl2; (b) NH2OH.HCl, NaOH, EtOH; (c) H2, Pd/C,
MeOH.

Scheme 2. Reagents and conditions: (a) AlCl3, ClCH2CH2Cl;
(b) BnOH, H2SO4; (c) NH2OH.HCl, NaOH, EtOH; (d) ClPPh2, NEt3,
CH2Cl2, ether, �78 �C; (e) NaBH4, THF; (f) 4 M HCl, dioxan.
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pocket. A limited correlation between structure and
activity was observed in certain series of compounds.
For instance, in the alkylamides there was a gradual
increase in activity on going from the ethylamide (23,
8.5 mM) to the butylamide (25, 1.9 mM) but no further
increase in activity for the pentylamide (26, 1.8 mM).

A series of benzylamides was prepared in an attempt to
improve the potency of the series, including the con-
formationally restricted 1-aminoindanylamide (33, 1.2
mM) and 1-aminonaphthylamide (32, 1.1 mM) and the
benzfused derivative 1-aminomethylnaphthylamide (31,
1.9 mM). All were essentially equipotent with the
benzylamide.

Inspection of the crystal structure of 7 indicated that a
carboxylic acid attached to one of the conformationally
restricted benzylamines might be able to form a hydro-
gen bond to arginine 67 on the rim of the pY+3 pocket.
The 3-aminoindan-1-carboxylic acid was prepared as a
mixture of all four possible diastereomers which was
separated into the four constituent diastereomers by
preparative RP-HPLC. The 3(R)aminoindan-1(S)-car-
boxylic acid (37, 0.1 mM, Table 3) was the most potent
diastereoisomer binding 16-fold more tightly than the
benzylamide. Modelling suggested that substitution of
the indane with an acetic acid should also allow inter-
action with arginine 67. The aminoindaneacetic acid
was prepared as a mixture of cis diastereomers and
separated by RP-HPLC. The 3(R)-aminoindan-
1(R)-acetic acid (39, 0.033 mM) was the most potent
isomer and indeed the most potent pY+3 replacement
prepared in this series. We were unable to obtain a crystal
structure of the aminoindane acetic acid to confirm the
interaction of the carboxylic acid with arginine 67 or
indeed the binding of the phenyl ring in the pY+3 pocket.

Starting from the crystal structure of p56lck SH2 domain
reported by Eck et al.2 we have determined the minimum
peptide sequence needed for optimal binding to be the
tetrapeptide Ac-pY-E-E-I-NHMe. We have designed an
uncharged replacement for the Glu-Glu linker and
explored potential replacements for the isoleucine moi-
ety in the pY+3 pocket. The majority of replacements
were of similar activity to the isoleucinemethylamide.
However, we did identify a potent replacement con-
taining a carboxylic acid. Having addressed the issues of
peptide hydrolysis and potency, we will describe the
identification of phosphotyrosine replacements and
antagonists of reduced charge in a subsequent paper.
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