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Abstract

Bisubstrate analogs have the potential to provide enhanced specificity for protein kinase
inhibition and tools to understand catalytic mechanism. Previous efforts led to the design of a
peptide—ATP conjugate bisubstrate analog utilizing aminophenylalanine in place of tyrosine
and a thioacetyl linker to the y-phosphate of ATP which was a potent inhibitor of the insulin
receptor kinase (IRK). In this study, we have examined the contributions of various electro-
static and structural elements in the bisubstrate analog to IRK binding affinity. Three types of
changes (seven specific analogs in all) were introduced: a Tyr isostere of the previous amin-
ophenylalanine moiety, modifications of the spacer between the adenine and the peptide, and
deletions and substitutions within the peptide moiety. These studies allowed a direct evaluation
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of the hydrogen bond strength between the anilino nitrogen of the bisubstrate analog and the
enzyme catalytic base Asp and showed that it contributes 2.5 kcal/mol of binding energy, in
good agreement with previous predictions. Modifications of the linker length resulted in weak-
ened inhibitory affinity, consistent with the geometric requirements of an enzyme-catalyzed
dissociative transition state. Alterations in the peptide motif generally led to diminished inhib-
itory potency, and only some of these effects could be rationalized based on prior kinetic and
structural studies. Taken together, these results suggest that a combination of mechanism-
based design and empirical synthetic manipulation will be necessary in producing optimized
protein kinase bisubstrate analog inhibitors.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Protein kinase superfamily members are critical cell signal transduction enzymes
that catalyze the transfer of the y-phosphoryl group of ATP to serine, threonine, and
tyrosine hydroxyls in proteins [1]. There are more than 500 protein kinases in the
human genome and they all show conserved features at the sequence and three-
dimensional structural levels [2]. Increased protein kinase activity occurs in a wide
variety of pathologies including cancer, cardiovascular syndromes, immune diseases,
endocrine disorders, and inflammatory conditions [3,4]. There has been an intense
search for specific inhibitors of these enzymes among biomedical investigators [4].
Bisubstrate analogs may possess enhanced potency and specificity compared to ATP-
only site-targeted agents, the latter being most popular among medicinal approaches
at this time [5]. In principle, a limiting feature in the design of bisubstrate analogs is
an incomplete understanding of the geometric and electronic features that might con-
tribute to binding energy of such compounds to protein kinase enzymes.

In a previous report, it was found that a potent and selective inhibitor of the insu-
lin receptor tyrosine kinase (IRK) could be generated by linking ATP to a substrate
peptide derivatized with the tyrosine surrogate aminophenylalanine (compound 1,
Fig. 1) [6]. The linkage between the two substrate moieties in 1 contains a thioacetyl
bridge, which was designed based on the concept that the transition state for protein
kinases appears to possess considerable dissociative character. Mildvan had pro-
posed that in a fully dissociative transition state, the reaction coordinate distance,
that is the distance between the entering oxygen and the attacked phosphorus, should
be 5 A to allow for the metaphosphate to move from ADP to the side chain hydroxyl
[7]. The thioacetyl spacer, which in extended conformation would lead to a 5.7 A dis-
tance between the Tyr oxygen surrogate (nitrogen atom) and the y-phosphorus,
roughly simulates this reaction coordinate geometry. The choice of the nitrogen atom
versus the more natural oxygen atom was primarily based on the fact that a hydro-
gen bond between the protein kinase active site base (the carboxylate ion of Asp-
1132 in IRK) and the Tyr hydroxyl appeared to be important in protein kinases,
based on kinetic and structural studies [8—12].
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Fig. 1. (A) Structure of compound 1. (B) Binding of compound 1 to IRK [6]. IRK is shown in molecular
surface representation with atoms of the N-terminal lobe colored blue and atoms of the C-terminal lobe
colored gray. The molecular surface is semi-transparent to show the ATP moiety of compound 1. Com-
pound 1 is show in ball-and-stick representation with nitrogen atoms colored blue, oxygen atoms colored
red, sulfur atoms colored green, and phosphorus atoms colored black. Carbon atoms of the peptide moi-
ety are colored yellow, and carbon atoms of the ATP moiety and linker are colored orange.

Kinetic analysis of bisubstrate analog 1 showed that it was a competitive inhibitor
of IRK both with respect to ATP and peptide substrates with an extrapolated K, of
400nM, an affinity which approximates the sum of the binding energies of the pep-
tide and ATPyS moieties individually [6]. Bisubstrate analog 1 was co-crystallized
with IRK and the X-ray structure showed that both nucleotide and peptide binding
sites of the enzyme were occupied by bisubstrate analog 1 and that the distance
between the y-phosphorus and the anilino nitrogen was 5 A [6]. In addition, a hydro-
gen bond between the anilino nitrogen and the catalytic Asp was observed.
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Although these kinetic and structural findings appeared to validate the design
principles, many unanswered questions remained about this bisubstrate analog
approach for protein kinase inhibition. What are the key aspects of compound 1 that
are actually important for potency? How much does the hydrogen bond strength
between the bisubstrate analog’s anilino nitrogen and Asp-1132 contribute to affin-
ity? Much has been proposed about this hydrogen bond in catalysis but little experi-
mental work has evaluated its energetic contribution. Another question is how
critical is the distance between the peptide and nucleotide for potent inhibition? A
dissociative mechanism would predict that significant shortening might be deleteri-
ous for inhibition [7]; what about the effect of lengthening? We also wished to exam-
ine how important were the amino acids of the peptide substrate moiety in yielding
potent inhibitors. In this manuscript, we have attempted to address these questions
and describe our findings below.

2. Materials and methods
2.1. Peptide—ATP conjugate synthesis

All peptides were synthesized using the Fmoc strategy by solid phase peptide syn-
thesis on a Rainin PS3 automated synthesizer employing Wang resin within a scale
range of 0.1-0.3 mmol analogously to the previous method [6]. Peptides were N-ter-
minally acetylated and, except for 2, were prepared with a nitrophenylalanine residue
replacing the target tyrosine in the peptide. After amino acid couplings, this tyrosine
analog was then reduced to aminophenylalanine using a 10-fold excess of SnCl, in
DMF, mixed at room temperature for 18 h [6].

Compound 2 was prepared using tyrosine carrying a 2-chlorotrityl protective
group on its phenolic oxygen that was removed after amino acid couplings by
orthogonal deprotection with a solution containing 1% trifluoroacetic acid and 5%
triisopropylsilane in methylene chloride for 5min followed by evaporation under a
stream of N, (three cycles).

After side chain deprotection (for 2) or reduction (1, 3-8), the resin-linked peptides
were serially rinsed with 10ml, respectively, of DMF, methanol, methylene chloride,
and 1:1 methylene chloride:triethylamine and then dried under vacuum. The resin-
linked peptides were then reacted with either bromoacetyl bromide (for 2), bromoprop-
ionic acid (for 3), or bromoacetic acid (1, 4-8). Bromoacetic acid derivatization was
carried out as described previously [6]. For compound 2, the peptide-linked resin
(0.1mmol) was treated with 0.4ml BrCH,COBr, 1ml triethylamine, and 4ml anhy-
drous methylene chloride under a N, atmosphere for 1h. The peptide-linked resin was
then serially washed with 10ml of DMF, methanol, and methylene chloride, respec-
tively. For compound 3, peptide-linked resin (0.1 mmol) was treated with 500mg 3-
bromoproprionic acid along with 0.4ml diisopropylcarbodiimide in 4ml DMF (dry)
and gently mixed for 24h. The mixture was then serially washed with 10ml DMF,
methanol, and methylene chloride. For compounds 1 and 3-8, bromoacetylated pep-
tides were cleaved from solid support and deblocked using a mixture of trifluoroacetic
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acid (5ml), methylene chloride (1 ml), water (0.25ml), and thioanisole (0.1 ml) for 2-4h
at room temperature. For compound 2, the bromoester peptide was cleaved from solid
support and deblocked using a mixture of trifluoroacetic acid (5ml), triisopropylsilane
(0.125ml), and methylene chloride (0.125ml) for 4h at room temperature (Figs. 2 and 3).

The samples were filtered (Biorad poly-prep chromatography columns) to remove
resin and the filtrates were collected and precipitated with chilled diethyl ether (4 °C).
Mixtures were centrifuged (3000g), supernatants removed, and then precipitates
washed again with chilled ether. Pellets were then resuspended in water and then
lyophilized to dryness. Bromopeptides were purified using HPLC (Varian semi-pre-
parative C-18 reversed phase column, methacrylate polymer sphere resin) using gradi-
ents of water/acetonitrile containing 0.05%(v/v) trifluoroacetic acid, UV monitored at
214nm. Purified bromopeptides (concentration range 1-2.5mg/ml in water, pH~5)
were then mixed with either ATPyS (Boehrinnger) or ADPBS (Sigma) present at 10-
fold excess for 18 h at room temperature (except for compound 3 which was mixed for
48 h). Final bisubstrate analog compounds 1-8 were purified directly from the reaction
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Fig. 2. Structures of synthetic compounds 2-8.
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Fig. 3. Synthetic schemes for compounds 2-8.

mixtures using semi-prep reversed phase HPLC (gradient, water:acetonitrile without
trifluoracetic acid, UV monitored at 260 and 214 nm). Products were estimated to be
greater than 90% pure by HPLC and the structures were confirmed using electrospray
mass spectrometry. Product amounts were verified by measuring UV absorbance at
260 nm and by amino acid analysis (Harvard microchemistry facility).

2.2. IRK preparation

Recombinant IRK catalytic domain was expressed and purified from a baculovi-
rus expression system in autophosphorylated (activated) form as described previ-
ously [13]. Concentration was determined by Bradford assay.

2.3. IRK kinetic assays

IRK kinase activity assays to measure inhibitor potency involved a direct radioac-
tive assay employing [y->*P]JATP, biotinylated 727 substrate peptide (Biotin/N-Lys-Lys-
Lys-Leu-Pro-Ala-Thr-Gly-Asp-Tyr-Met-Asn-Met-Ser-Pro-Val-Gly-Asp), and avidin
binding. The reaction conditions included the following: ATP (100 uM), substrate pep-
tide (125 uM), Mg-acetate (20mM), IRK (5nM), Tris—acetate (S0mM; pH 7.0), bovine
serum albumin=0.2mg/ml, DTT (0.5mM) in a final reaction volume of 15 ul. IRK and
inhibitor were preincubated together for 10min on ice before being added to a sub-
strate mixture to initiate the reaction at 30°C. Reactions were allowed to proceed for
15min and then quenched with 10ul of Na-EDTA (300mM). Quenched reactions
were treated with 8 pl avidin solution (Calbiochem) and incubated at room temperature
for S5min. Twenty microliter aliquots of the avidin-treated mixtures were then loaded
onto microcentrifuge spin filter columns (designed for kinase assays, Calbiochem) and
washed with 50 ul wash solution (Calbiochem), then centrifuged at 13,000g for 5min.
Columns were washed three more times with 100 ul wash solution and then inserted
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into scintillation fluid (9ml) for radioactive counting. All data were obtained with less
than 10% turnover of the limiting substrate. Kinase activity was shown to be linear for
at least 20min under the conditions of the assay. All assays were performed at least
twice and duplicates typically agreed within 20%. The apparent K, values for ATP
(75uM) and peptide (293 uM) and the apparent k,, value (20s~") were in good agree-
ment with those obtained under similar conditions and reported previously [6]. The fol-
lowing inhibitor concentrations (LM) were employed for the compounds evaluated: 1,
1,25, 5,10, and 20; 2, 10, 25, 50, 100, and 250; 3, 1, 5, 20, 50, and 125; 4, 1, 5, 10, 20, 50,
100, 250, and 400; 5, 0.5, 1, 5, 10, and 40; 6, 1, 5, 10, 20, and 50; 7, 1, 5, 20, 50, and 500; 8,
1, 5, 10, 20, and 50. ICy, values were obtained from Dixon plots (I/V vs. I) which dis-
played linear inhibitory behavior. The ICs; of 1 (2.37 uM) extrapolates to K; of 800nM
assuming linear competitive inhibition versus ATP and substrate peptide, about 2-fold
higher than the K; (400nM) determined previously [6].

3. Results
3.1. Synthesis of peptide—nucleotide conjugates

Several of the compounds (5-8) prepared followed the previously described route
of Parang et al. [6], except for the different amino acid residues used for solid phase
peptide synthesis. In particular, nitrophenylalanine was used as a precursor of amin-
ophenylalanine and in the context of protected immobilized peptides was reduced with
stannous chloride under acidic conditions. It is noteworthy that these conditions are
compatible with Boc protected side chains as well as Wang resin. After conversion of
the nitro group to the amino group, reaction with bromoacetic acid generated the cor-
responding bromoanilide derivatives which were cleaved from the resin and purified
by reversed-phase HPLC. Coupling with ATPyS was carried out in solution phase in
the presence of triethylammonium acetate buffer, pH 7 and these reactions proceeded
smoothly to generate the peptide-ATP conjugates. Purification of these compounds
was achieved by reversed-phased HPLC in the absence of trifluoroacetic acid, which
was omitted because of the acid lability of the final compounds. However, at neutral
pH, these compounds were stable indefinitely when stored at —80 °C.

Synthesis of the ester analog 2 involved two modifications compared to the amide
analogs. The use of Tyr protected with a 2-chlorotrityl group on the phenolic oxygen
was used in place of nitrophenylalanine. Selective removal of the 2-chlorotrityl group
with dilute trifluoroacetic acid was achieved. Coupling of the resin bound phenol was
carried out with bromoacetyl bromide rather than the less reactive bromoacetic acid,
taking into account the reduced nucleophilicity of the phenol. Interestingly, comple-
tion of the ATP conjugation reaction occurred without incident and the phenolic
ester linked compound also appeared stable on storage.

The propionyl and ADP containing derivatives 3 and 4 were also prepared using
similar procedures compared with the parent compound 1, except that 3-bromoprop-
ionic acid was used in place of bromoacetic acid and ADPBS was used in place of
ATPS for 3 and 4, respectively. The overnight coupling reaction time of the bromo-
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propionanilide with ATPyS proved to be sufficient despite the reduced reactivity of
the alkyl halide in the  substituted system.

3.2. Hydrogen bond strength evaluation in IRK inhibition by 1

To assess the contribution of a hydrogen bond involving the anilino nitrogen of
compound 1 to its overall affinity, analog 2 was examined. Analysis of compound 2
as an inhibitor of IRK indicated that it was approximately 80-fold weaker than the
parent compound 1 as shown in Table 1. This inhibitory potency reflects a loss of
approximately 2.5 kcal/mol in decreased binding energy compared to 1, establishing
the critical importance of the Asp-1132-anilino hydrogen bond to this interaction
(Fig. 4). Note that this energetic term will be composed of a favorable (hydrogen
bonding) interaction as well as the absence of a potentially unfavorable interaction
found in the 2-IRK complex (electrostatic repulsion between the oxygen lone pair of
2 and the Asp-1132 carboxylate) [14]. Of course, to the extent that Asp-1132 may
exist partially as the neutral carboxylic acid at pH 7, this repulsion will be offset.
Moreover, subtle geometric differences between the ester and amide may also con-
tribute to the binding energy differences.

In any case, the energetic value of 2.5 kcal/mol is indicative of an important hydro-
gen bond, but not as large as some “short, strong” hydrogen bonds described in some
other enzyme-ligand interactions [15-19]. However, it is in the range expected based
on two previous reports, one experimental [11], and one theoretical [20]. In the previ-
ous experimental study in which the pK, of the substrate tyrosine hydroxyl was found
to be elevated 2 U compared to free solution, a 2.8 kcal/mol hydrogen bond to the cat-
alytic Asp was deduced [11]. In a recent computational analysis on protein kinase A,
the hydrogen bond strength was increased 2 kcal/mol in the transition state versus the
ground state [20]. This 2 kcal/mol increase is most likely directly comparable to the
2.5 kcal/mol representing the difference in affinity of 1 versus compound 2 to IRK.

3.3. Linker distance analysis for IRK inhibition

To determine the importance of the linker distance, two new compounds 3 and 4
have been prepared which have longer or shorter distances between the peptide and

Table 1

Inhibitory values for peptide-nucleotide conjugates

Bisubstrate analog Structural modification 1C5y (M)
1 Parent compound 237
2 Ester linkage 175
3 Linker methylene insertion 42

4 Phosphate removal >500
5 IRS 939 peptide sequence 99

6 N-terminal truncation 14.9
7 C-terminal truncation 10.5
8 Met/Thr replacement 152

Values shown have standard errors £20%. See experimental procedures for full details.
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Fig. 4. Role of Asp-1132 of IRK in binding and catalysis. (A) Schematic of H-bonding replaced with oxy-
gen. (B) Asp-1132 functions to orient and activate the tyrosine for phosphoryl transfer in a dissociative
transition state.

the nucleotide. The more subtle change is the insertion of a methylene group between
the ATPyS and the acetyl spacer, as in bisubstrate analog 3. Compound 4 preserves
the peptide thioacetyl moiety but removes a phosphate from the triphosphate linkage
with adenosine. The affinities for these compounds indicate that compound 3 is 18-
fold less potent and compound 4 at least 200-fold less potent than parent compound
1. Inevitably, it is difficult to interpret precisely the effects of linker changes because
of subtle rotational freedom differences and molecular contact changes. Overall,
these studies underscore, however, the importance of linker length in compound 1 for
achieving high affinity interaction. Compound 4, lacking a phosphate, brings the
adenosine moiety about ~4 A closer to the anilino nitrogen. This distance shortening
may approximate the effect of removal of the acetyl spacer between ATP and peptide.
This close apposition of the two substrate moieties could perhaps mimic the geome-
try of a highly associative transition state [7]. Its lack of potent inhibition is therefore
consistent with the proposal that protein kinases follow mechanisms with consider-
able dissociative character. Ideally, we could have introduced a more subtle perturba-
tion such as removal of a methylene from the acetyl spacer. However, such
compounds are unlikely to show sufficient stability to permit enzymatic analysis.
The rather substantial reduction in affinity of compound 3 for IRK compared
with compound 1 was somewhat unexpected. The effect of methylene insertion in
compound 3, corresponding to a ~1.2 A lengthening of the linker compared with 1,
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indicates that compound 1 maximizes the distance necessary to achieve potent inhibi-
tion by bisubstrate analogs for IRK, and by extension other protein kinases. This
finding supports the concept of a geometric boundary on substrate alignment in the
catalytic mechanisms of protein kinases, even as they appear to utilize dissociative
transition states to facilitate phosphoryl transfer.

3.4. Peptide sequence analysis for IRK inhibition

The presence of the specific amino acids in compound 1 has been suggested to be
critical for IRK inhibition [6] and here we analyze their importance by preparing
derivatives 5-8. These compounds investigate the length of the peptide on the N- and
C-terminal sides as well as specific residues that from previous kinetic and structural
studies appear to be important for recognition. As can be seen in Table 1, removal of
either the N- or C-terminal residues as exemplified by compounds 6 and 7 results in
significantly reduced affinity compared with parent compound 1. The 4-5-fold loss of
affinity with C-terminal truncation occurring with compound 7 can be rationalized
based on interactions of residues P + 4 of 7 with a shallow groove in IRK bounded by
the activation loop and a-helices EF and G observed in the X-ray structure of 1 com-
plexed to IRK (Fig. 5, [6]). The 6-fold reduced binding affinity of compound 6 com-
pared to compound 1 associated with the N-terminal deletion of the three Lys
residues in 1 was unexpected. The X-ray structure of bisubstrate analog 1 complexed
with IRK does not show density for these Lys residues implying that they are

Fig. 5. Interactions of the C-terminal residues of the peptide moiety of compound 1 with IRK [6]. The molecu-
lar surface of IRK and compound 1 are colored as in Fig. 1B. The peptide moiety of compound 1 is shown in
ball-and-stick representation with van der Waals spheres on the side chain atoms of Met(P + 1) (first residue C-
terminal to the tyrosine surrogate), Met(P + 3), Pro(P + 5), and Val(P + 6). These residues of the peptide moiety
pack against residues of the C-terminal IRK lobe. The view is approximately 90° from the right in Fig. 1B.
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disordered, so no important binding role for them was predicted [6]. On the other
hand, these N-terminal Lys residues may facilitate a conformation of the entire pep-
tide moiety which is overall favorable for IRK interaction. Further studies will be
needed to more fully understand the molecular basis of these findings.

A reassuring observation was the 6-fold diminished inhibitory potency of com-
pound 8 compared with 1. Previous enzymatic studies showed that change of the
YMNM motif of IRS727 to YMNT increased the K, of this peptide as a substrate
by about 10-fold [21]. Indeed, the X-ray structure of 1 complexed with IRK demon-
strates van Der Waals contacts involving the Met side chain indicative of shape com-
plementarity at the P+3 binding pocket of the kinase [6,13]. Thus, there is a
reasonably good correlation of kinetic interactions and potency in this case.

In contrast, compound 5 which contains the IRS939 amino acid sequence made a
weaker bisubstrate analog than expected, being 4-fold less potent than parent compound
1. Previous kinetic experiments with IRK suggested that the IRS939 sequence is a more
efficient substrate for IRK than the IRS727 peptide [22]. Taken together with the above,
these results point to the possibility that peptide substrate processing efficiency per se
does not fully predict potency and specificity of bisubstrate analogs as kinase inhibitors,
and that exploring further sequence diversity may lead to the most powerful inhibitors.

4. Discussion

Determining the degree of associative versus dissociative character for phosphoryl
transfer reactions catalyzed by enzymes continues to be a vexing problem in mecha-
nistic biochemistry [8—12,23-30]. Initially, when the X-ray structure of protein kinase
A showed a cluster of positively charged groups coordinating to the y-phosphate of
ATP to make it a better electrophile, an associative transition state model was pro-
posed for protein kinases [31]. Alternatively, linear free energy relationship studies
and reaction coordinate distances favored a dissociative model for the superfamily of
enzymes [9,10]. The role of the catalytic Asp as base in the reaction has been debated,
with arguments favoring an associative model if early deprotonation of the Ser/Tyr is
required and a dissociative model if late deprotonation occurs [8-11,20,31].

Previous efforts to successfully design a potent and selective bisubstrate analog in
which a ~5 A spacer was inserted between ATP and peptide provided independent
experimental evidence for the dissociative catalytic mechanism of protein kinases [6].
Other recent protein kinase crystal structures are also generally consistent with this
model [32,33]. In the current study, these findings have been more fully developed to
assess the predictive value of the earlier work. Perhaps most significantly, a direct
measurement of the hydrogen bond strength between the bisubstrate analog and the
catalytic base was obtained. This value correlated well with energetic predictions
based on prior indirect experiments and theoretical calculations [10,11,20].

The linker in 1 was predicted to approximate the reaction coordinate distance of
5 A between the entering oxygen and the attacked phosphorus, proposed for a disso-
ciative transition state. In the current study, the importance of this linker length was
probed and both longer and shorter linkers failed to match the potency conferred
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with the linkage in 1. While the comparison between 1 and 4 is more complicated
because of the difference in number of phosphates, a significant body of data on
nucleotide analogs has suggested that the principle source of affinity of nucleotides
for kinases comes from the adenine group rather than the ribo-phosphate moieties
[5,34-36]. Thus, it is fair to hypothesize that, to a first approximation, the reduced
affinity of 4 for IRK relates to its poor mimicry of a dissociative transition state reac-
tion coordinate distance. Previous studies on a bisubstrate analog with a short linker,
with direct connection of the Ser oxygen atom to the y-phosphate of ATP, targeting
the Ser/Thr protein kinase A gave a similarly weak inhibitor in that system [37].
Taken together, the results with inhibitors 2-4 are consistent with a phosphoryl
transfer mechanism of Fig. 4b displaying the key features of hydrogen bonding and
pronounced leaving group departure.

The crystal structure of 1 bound to IRK [6] leads to some predictions into the
role of peptide sequence and its relationship to affinity. Here, we investigated the
role of sequence selectivity by synthesizing several compounds containing either
deletions or replacements of amino acid residues in the inhibitor. While the prior
crystal structure was useful in rationalizing some of the effects observed, other
affinity changes were not readily understood from prior kinetic or structural data
and point to a continued role for empirical synthetic diversification in these sys-
tems.

Given the apparent generalizability of the original bisubstrate inhibitory
approach on IRK to the serine/threonine kinase protein kinase A [38], and the tyro-
sine kinase Csk [39], it is likely that the structure—activity relationships uncovered
here will show relevance to a myriad of other protein kinases. Thus, the original
design strategy of linker length and hydrogen bond considerations that led to com-
pound 1 remains the optimal starting point for potent protein kinase bisubstrate ana-
log inhibitors.
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