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Abstract

Protein kinases are attractive therapeutic targets, but their high sequence and structural
conservation complicates the development of specific inhibitors. We recently discovered from a
DNA-templated macrocycle library inhibitors with unusually high selectivity among Src-family
kinases. Starting from these compounds, we developed and characterized in molecular detail
potent macrocyclic inhibitors of Src kinase and its cancer-associated gatekeeper mutant. We
solved two co-crystal structures of macrocycles bound to Src kinase. These structures reveal the
molecular basis of the combined ATP- and substrate peptide-competitive inhibitory mechanism
and the remarkable kinase specificity of the compounds. The most potent compounds inhibit Src
activity in cultured mammalian cells. Our work establishes that macrocycles can inhibit protein
kinases through a bi-substrate competitive mechanism with high potency and exceptional
specificity, reveals the precise molecular basis for their desirable properties, and provides new
insights into the development of Src-specific inhibitors with potential therapeutic relevance.

Keywords

kinase inhibition; Src; macrocycle; mixed inhibition; gatekeeper mutant; DNA-templated
synthesis

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Correspondence to: David R. Liu; Markus A. Seeliger.

FThese authors contributed equally

Authorship contribution

D.R.L and R.E.K. developed and synthesized the compounds, performed Z-LYTE assays and tested activity in 3T3 cells. G.G., M.P.-
G., and M.A.S. prepared proteins and performed the structural studies and biochemical assays. All authors analyzed the data and wrote
the manuscript.

Competing Financial Interest
D.R.L. is a consultant for Ensemble Therapeutics, a company that uses DNA-templated synthesis in drug discovery and development.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Georghiou et al. Page 2

Introduction

Since protein kinases play a central role in cell signaling, the discovery and development of
protein kinase inhibitors have been the focus of intensive research over the past two
decades. Currently, all FDA-approved small-molecule inhibitors of protein kinases target
the binding site for ATP, the common substrate in the enzymatic reaction of all 518 human
kinases.2 The high sequence conservation within the kinase ATP binding pocket, however,
makes challenging the development of specific inhibitors of protein kinases. When such
specificity is achieved, kinase inhibitors can become effective drugs such as the c-Abl
kinase inhibitor imatinib, which treats chronic myelogenic leukemia (CML).3-5

Non-ATP competitive inhibitors have the potential for exhibiting excellent specificity due to
the more varied nature of their binding sites among kinases. Allosteric inhibitors such as
GNF-2 (targeting Abl kinase) and C1-1040 (targeting MEK kinases) have been shown to be
potent and highly specific.5-8 Recently we developed computational approaches for
identifying allosteric binding sites of Src kinase.? Likewise, substrate peptide-competitive
inhibitors such as tyrphostins (targeting EGFR kinase) have the potential to be highly
specific because of the sequence variation in the substrate-peptide binding sites of protein
kinases.10.11

In addition to inadequate specificity, vulnerability to drug-resistance mutations represents
another major problem facing the use of kinase inhibitors as therapeutics. 12 One of the most
common imatinib resistance mutations in Abl kinase, Thr315lle, exhibits resistance to other
available kinase inhibitor therapeutics.13 This threonine residue (Thr338 in chicken c-Src)
regulates access to a hydrophobic pocket adjacent to the ATP binding pocket and is
therefore often referred to as the “gatekeeper.” Replacement of the gatekeeper residue in
Src, Abl, PDGFR, and EGFR kinases with hydrophobic residues increases kinase activity
and leads to the transformation of Ba/F3 cells.1*

Most small-molecule kinase inhibitor discovery efforts rely on combinatorial or diversity-
oriented synthesis and high-throughput screening (HTS). In contrast, we developed DNA-
templated synthesis as a method of translating DNA sequences into small-molecule libraries
that can be directly subjected to in vitro selections for desired properties including target
affinity.15-18 Selection-based approaches are typically much more efficient than screening
because they enable the simultaneous evaluation of all library members in one experiment
regardless of library size, obviating the time and infrastructure demands of screening.1®
Recently, we reported the synthesis?? and selection?! of a 13,824-membered DNA-
templated macrocycle library. We identified from this library a series of macrocycles that
inhibit Src with ICgq values as potent as 680 nM. Two of these macrocyclic compounds (2
and 9, Fig. 1, Table 1) displayed a remarkable level of specificity, inhibiting Src kinase but
not Abl kinase or closely related Src-family kinases including Hck.

In this study we have developed second-generation macrocycles based on 2 and 9 with
potencies as high as IC5p < 4 nM. The most potent macrocycles inhibit Src kinase activity in
mammalian cells. We determined the inhibition mechanism of these inhibitors and the
structural basis of their unusual specificity by solving the X-ray co-crystal structure of two
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macrocycles bound to Src kinase domain. Our studies reveal that the macrocycles force the
kinase to adopt the Src/CDK-like inactive conformation. In addition, the inhibitors occupy
the ATP binding pocket of the kinase and simultaneously disrupt the substrate-peptide
binding patch. We identified three amino acid substitutions between Src and Hck that
determine the specificity of macrocycles for Src over Hck. Finally, we discovered that
macrocycles derived from 9 potently inhibit the Thr338lle Src gatekeeper mutant. Taken
together, these findings establish that macrocycles can serve as Src kinase inhibitors with
exceptional kinase selectivity, potency against common drug-resistant forms of tyrosine
kinases, and activity in cultured mammalian cells. In addition, our results reveal that the
macrocycles studied here achieve these properties through a bi-substrate mode of kinase
inhibition that locks the kinase in an inactive conformation.

Improvement of Src-inhibiting macrocycle potency

Since ATP-competitive kinase inhibitors must compete with millimolar ATP concentrations
in the cell, nanomolar in vitro potency (typically measured in the presence of ATP
concentrations near Ky, atp) is often required for a kinase inhibitor to demonstrate cellular
activity at micromolar concentrations.?2 We therefore sought to improve the potency of
pyrazine-containing 2 and p-nitrophenylalanine-containing 9 by the systematic optimization
of macrocycle building blocks (Fig. 1, Table 1). Derivatives of 9 were synthesized by Fmoc
solid-phase peptide synthesis as previously described?! and assayed against Srcgs.533. Since
we previously observed the importance of the nitro-Phe group at position A in 9 for Src
kinase inhibition21, we first replaced building blocks at the B and C positions (Fig. 1, Table
1). Holding the amino acids at the A and C positions constant, we synthesized and assayed
variants of 9 containing phenylalanine (10), cyclohexylalanine (11), and
pentafluorophenylalanine (12) at the B position in place of furylalanine (Fig. 1, Table 1).
While substituting pentafluorophenylalanine at this position abolished activity (ICgsq > 10
uM) and cyclohexylalanine resulted in a ~10-fold decrease in potency, the phenylalanine
derivative (10) resulted in a 3-fold increase in Src inhibition potency to ICsg = 80 nM (Fig.
1, Table 1).

We next varied building blocks at the C position. Holding the A and B positions constant as
p-nitrophenylalanine and phenylalanine, respectively, we substituted phenylalanine (13),
diphenylalanine (14), 1-naphthylalanine (15), and cyclohexylalanine (16) at the C position in
place of cyclopropylalanine (Fig. 1, Table 1). Phenylalanine and naphthylalanine decreased
Src inhibition potency by 3- to 5-fold, while diphenylalanine resulted in a 16-fold decrease
in potency. Cyclohexylalanine, however, improved inhibition potency by more than 10-fold,
resulting in macrocycle 16 with Src ICsg = 6 nM (Fig. 1, Table 1). These results collectively
demonstrate that modest modifications in the size and shape of the macrocycle side chains
can result in significant gains in potency. Notably, none of the amino acids that increased
Src inhibition potency were present at the appropriate position in the DNA-templated library
from which the initial macrocycles were discovered, consistent with the accuracy of the
structure-activity relationships resulting from the in vitro selection for Src binding.2°
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We next installed more subtly altered building blocks into the partially optimized
macrocycle 16. We probed the importance of p-nitrophenylalanine at the A position by
replacing the nitro group at the para position with methyl (17), chloro (18), bromo (19),
trifluoromethyl (20), cyano (21), carbamoyl (22), or tert-butyl (23) substituents (Fig. 1,
Table 1). Remarkably, all analogs except the electronically similar p-cyanophenylalanine
exhibited substantial reductions in potency. We implemented similar changes to the
optimized B position building block, phenylalanine, by replacing it with tyrosine (24), p-
fluorophenylalanine (25a) or p-methylphenylalanine (26) (Fig. 1, Table 1). Introduction of a
methyl or hydroxy! group onto the phenyl ring resulted in a substantial decrease in Src
inhibition. In contrast, the p-fluorophenylalanine derivative 25a, a very conservative change,
retained the activity of 16 (Fig. 1, Table 1).

The analogous building block substitutions in the pyrazine-containing macrocycle structures
(starting from 2), changing furylalanine to phenylalanine and cyclopropylalanine to
cyclohexylalanine, resulted in macrocycle 4a with >150-fold greater potency against Src
kinase than the parent compound 2 (Fig. 1, Table 1). Indeed, we could not accurately
measure the potency of 4a since its ICgy of < 4 nM was equivalent to =50% of the enzyme
concentration required in the in vitro kinase assay. These findings support a similar mode of
binding for the B and C building blocks in 2- and 9-derived macrocycles.

We also studied the effect of modifying the macrocycle peptide backbone on Src kinase
inhibition. We systematically replaced each amide in the backbone of the improved p-
nitrophenylalanine-containing macrocycle 25a with an N-methyl amide, generating 27-31
(Fig. 1, Table 1) and performed the same N-methyl amide backbone scan in the pyrazine-
based macrocycle 4a (generating macrocycles 5-8, Fig. 1, Table 1) using Fukuyama-
sulfonamide-alkylation chemistry on solid support.23 Nine of the ten possible N-methyl
amide macrocycles were synthesized; methylation of the diaminobutyric acid a-nitrogen of
4a impaired macrocyclization. All N-methyl amide-containing macrocycles exhibited
substantially lower activity against Src kinase, with the exception of compounds 5, 27 and
28, in which the methyl group resides on the scaffold diamino acid rather than on one of the
three side-chain containing building blocks (Fig. 1, Table 1). The sensitivity of the
macrocycle backbone to N-methylation suggests the importance of backbone hydrogen
bonds or backbone conformation for kinase inhibition.

Specificity of macrocyclic Src kinase inhibitors

The development of small-molecule kinase inhibitors with specificity within the Src family
has proven challenging. Notable successes in this area are a family of Lck-selective
thienopyridine compounds?4:2> and a catechol-based Src-selective inhibitor.26 Macrocycles
1, 2 and 9 inhibit Src kinase with exceptional specificity over the closely related Src family
kinases Hck and Lck, or c-Abl kinase.?! To understand the origin of this unusual specificity
we characterized in greater depth the activity and specificity of three previously reported
macrocycles 1, 2, and 9 (Fig. 1, Table 1), as well as two second-generation compounds with
greatly improved potency, 4b and 25b (the C-terminal carboxylate analogs of 4a and 25a,
Fig. 1, Table 1). Since 4b and 25b are equally potent against Src kinase as carboxamides 4a
and 25a, but offer higher aqueous solubility, we used these compounds for the biochemical
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and structural studies described below. Macrocycles 1, 2 and 4b share a diaminobutyric acid
scaffold, cis-olefin stereochemistry, and a pyrazine group in position A, whereas
macrocycles 9, and 25b contain an ornithine scaffold, trans-olefin stereochemistry, and
nitrophenylalanine in position A (Fig. 1, Table 1).

The original characterization of kinase inhibition was performed with a commercial kinase
assay that relies on a fluorescently labeled peptide kinase substrate (Z’-LYTE, Invitrogen).
For further characterization, we used a continuous spectrophotometric kinase activity assay
that is easily adapted to different substrate peptides as well as a wider range of peptide
concentrations. Using this assay, we found that the original compounds 1, 2, and 9 inhibited
50% of Src kinase domain activity (ICsg) at 60 UM, 15 pM, and 6.8 uM respectively in the
presence of 5 UM ATP and 100 uM Src-optimal substrate peptide (Supplementary Results,
Supplementary Fig. 1). The ICgq values of these compounds against Hck, Lck, and Abl
kinase were over 100 uM. Consistent with their improved potency in the Z’-LYTE assay, the
second-generation compounds 4b and 25b exhibited more than 100-fold higher potency than
the first generation compounds. Because the potency of the second-generation compounds
approached the concentration of enzyme used in the assay, we increased the ATP
concentration to 250 UM and the peptide concentration to 300 pM to determine their ICgg
values. Under these more stringent conditions, 4b and 25b inhibited Src kinase domain with
ICsq values of 0.13 uM and 0.099 uM, respectively, and exhibited only modest potency
against the Src-family kinases Hck (ICsp = 0.86 UM and 8.4 UM, respectively) and Lck (ICgq
=2.4 M and 6.1 uM, respectively). We noted that all compounds tested (1, 2, 4b, 9, and
25b) inhibit Src kinase constructs that include the regulatory SH3 and SH2 domains
(chicken c-Src 83-533) approximately 2- to 10-fold more potently than the isolated kinase
domain (chicken c-Src 251-533) (Fig. 2). The selectivity of the most potent second-
generation compound 25b for Src over Lck, Hck and Abl kinase was maintained when the
corresponding three-domain constructs were used (Supplementary Fig. 2).

The high specificity of the macrocycles for Src kinase over Lck and Hck is unusual because
Src, Lck, and Hck typically behave very similarly towards known kinase inhibitors.2” In a
recent study addressing the selectivity of kinase inhibitors, only two out of 38 compounds
could discriminate Src from Hck with the 5-fold selectivity exhibited by 4b, and none with
the 100-fold selectivity exhibited by 25b. In the same study, only two out of 38 compounds
showed the 10-fold selectivity of 4b between Src and Lck, and none exhibited the 60-fold
selectivity of 25b28. The molecular basis of the remarkable specificity of these macrocyclic
kinase inhibitors is revealed in the experiments below.

ATP- and substrate peptide-competitive inhibition

The large size and unusual specificity of the macrocyclic Src inhibitors led us to speculate
that they may interfere with the binding of not only ATP, but the substrate peptide as well.
To probe this possibility, we tripled the concentration of the Src-optimal substrate peptide in
the kinase assay, and observed a 25% to 50% increase in the apparent ICsq for 1, 2, and 9
(Fig. 3). These results suggest that the macrocycle compounds could be substrate peptide-
competitive. For comparison, we also raised the ATP concentration 50-fold and measured
for 1, 2, 9 a 2-fold increase in I1Csq consistent with the known ATP-competitive behavior of
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the compounds?! (Fig. 3). To clarify the inhibitory mechanism of the compounds further we
synthesized fluorescein-labeled derivatives of 1, 2, and 9 (carboxyfluorescein-1, -2 and -9,
respectively) and measured their binding affinity to Src kinase domain in a fluorescence
anisotropy assay (Fig. 3). We found that Src kinase domain binds the fluorescently labeled
macrocycles 1, 2 and 9 with dissociation constants (Kp) of 3.1 uM, 2.1 pM, and 0.52 uM,
respectively. The binding affinity of the compounds decreased in the presence of 250 uM of
the non-hydrolyzable ATP analog AMP-PNP to 11 pM, 3.1 pM, and 1.5 pM, respectively
(Fig. 3), as would be expected for an ATP-competitive inhibitor. Consistent with the
increase in ICs observed in the kinase assay, the presence of 300 uM Src-optimal substrate
peptide decreased the apparent affinities of the fluorescent-macrocycle conjugates 7-fold for
1, 1.5-fold for 2, and 6-fold for 9 (Fig. 3). Because of their increased potency, we tested the
substrate competitive behavior of the improved compounds 4b and 25b by varying the ATP
concentration from 250 pM to 2.5 mM and the substrate peptide concentration from 300 uM
to 900 uM. The ATP- and substrate peptide-competitive nature of both compounds is
maintained under these conditions (Fig. 3). These results collectively indicate that the
macrocycles are both ATP- and substrate peptide-competitive inhibitors.

Structural basis for Src kinase inhibition by macrocycles

To determine the structural basis of Src inhibition, we solved the X-ray crystal structure of
4b in complex with c-Src kinase domain at a resolution of 1.9 A (Fig. 4 and Supplementary
Fig. 3). Surprisingly, the kinase domain adopts the Src/CDK-like inactive conformation; to
our knowledge, this structure is the first in which the isolated kinase domain of Src has been
observed in this conformation. Macrocycle 4b binds to the active site of the Src kinase
domain (Fig. 4). The macrocycle forms five direct hydrogen bonds and four water-mediated
hydrogen bonds with the kinase. Interestingly, the backbone of the macrocycle forms seven
of these nine hydrogen bonds, explaining the loss of macrocycle potency upon backbone
amide methylation (Fig. 1, Table 1). A total of 1392 A2 of molecular surface is buried from
solvent upon binding of 4b to the kinase.

Consistent with the macrocycle structure-activity relationships described above, 4b occupies
three distinct binding sites (Fig. 4). The pyrazine group from building block A binds to the
ATP binding pocket and forms a hydrogen bond with the backbone of the kinase, similar to
the binding mode of adenine (Fig. 4).14 The phenylalanine side chain of building block B
occupies a hydrophobic pocket between the $3-aC loop in the N-lobe of the kinase and the
Asp-Phe-Gly (DFG) motif at the beginning of the activation loop (Fig. 4). The outward
rotation of helix aC and the disruption of the salt bridge between Lys295 and Glu310 open
up this hydrophobic pocket lined by Val281, Lys295, Leu297, 11e336, and Leu407. In the
active conformation of the kinase, cyclohexylalanyl or phenylalanyl side chains at position
B would clash with the side chain of Lys295 and Phe307, explaining the incompatibility of
the bound macrocycles with the active conformation of the enzyme. The cyclohexylalanyl
side chain of building block C faces into an amphipathic binding pocket around residues
Phe278, Leud07, 1le411, Tyr416, Asp386, Arg388, and Asn391 (Fig. 4). The C-terminal
carboxyl group of 4b, which represents the site of attachment of DNA in the library, faces
the solvent and does not interact with the kinase, showing how the DNA-linked macrocycle
could bind to Src during in vitro selection (Fig. 4).21
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Structural basis of substrate peptide-competitive behavior

We were interested in the binding mode of 1 because it has the most pronounced substrate
peptide-competitive behavior of the compounds tested (Fig 3). We solved the structure of
Src kinase domain bound to 1 at a resolution of 2.2 A (Fig. 4 and Supplementary Fig. 3). 1
and 4b belong to the same family of macrocycles, sharing a diaminobutyric acid backbone
as well as a pyrazine group in position A. They differ in position B, where 1 contains
cyclohexylalanine compared to phenylalanine in 4b, and in position C where 1 contains
styrylalanine instead of cyclohexylalanine in 4b (Fig. 1, Table 1). The overall binding mode
of 4b and 1 is similar, but 1 binds deeper into the active site of the kinase and the Ca-atoms
of groups A, B and C in 1 are shifted 1.6 A to 2.6 A towards helix aC compared to 4b.
While the three side chains of 1 and 4b occupy similar binding pockets of the kinase, the
conformation of the macrocycle peptide backbone differs substantially between the two
structures (Fig. 4). The intramolecular distances within the macrocycle backbone change on
average by 0.74 A and maximally by 4.19 A between the structures of Src in complex with 1
and 4b (Fig. 4). These observations suggest that macrocycles of the 1 family are sufficiently
rigid to bind with high affinity, but are flexible enough to accommodate subtle changes in
binding conformation that optimize interactions with kinase residues.

Similar to the Srce4b structure, the side chain groups of macrocycle 1 occupy three distinct
pockets in the kinase active site. The pyrazine group at the A-position binds to the ATP
binding pocket in both structures. At the B-position, the cyclohexylalanine of 1 and the
phenylalanine of 4b bind to the hydrophobic pocket towards the outwardly rotated helix aC.
The styryl group at the C-position of 1 faces the C-terminal end of the activation loop of the
kinase (residues 404-425), which is disordered between residues 405 and 423 (Fig. 4). The
symmetry of the crystal would allow the activation loop in the Srcel complex to access the
same conformation as that observed in the Srce4b complex. Upon binding of 1 to the kinase,
1459 A2 of surface area are buried, comparable to the amount of buried surface in the
Srce4b complex. However, 1 forms only three hydrogen bonds with the backbone of the
kinase and one hydrogen bond between its carboxamide terminus and the side-chain
carboxylate of Asp348. The loss of five hydrogen bonds in the Srcel complex compared to
the Srce4b complex could explain the large difference in potency between these two
inhibitors. This is largely the result of a 3.4 A shift of the backbone Ca-atoms of 1 towards
helix aC.

While a structure showing the interaction between Src and substrate peptide has not been
reported, the closely related kinases Abl (PDB-entry: 2G2131) and IRK (PDB-entry: 11R332)
have been crystallized in complex with substrate peptides. An analysis of these structures
together with ours provides a plausible molecular basis for the observed substrate-
competitive nature of our macrocycles. Substrate peptide binding is not compatible with the
Src/CDK-like inactive conformation of the activation loop in the Srcel complex likely
because the peptide binding patch on the kinase is disrupted. When the substrate peptide
from the complex with IRK is aligned onto the Srcel complex, it clashes with the activation
loop and the styryl moiety of 1 (Fig. 4). The cyclohexyl group of 4b does not clash with the
substrate tyrosine in a model of a docked substrate peptide, but the inactive conformation of
the activation loop in the Srce4b complex disrupts the substrate binding patch. Taken
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together, these observations reveal the molecular basis of the observed substrate peptide-
competitive behavior of the macrocycles: the bulky groups in the B-position of the
macrocycles (e.g. phenylalanyl or cyclohexylalanyl) bind to a pocket that is only present in
the Src/CDK-like inactive conformation in which the salt bridge between Lys295 and
Glu310 is disrupted. In the Src/CDK-like inactive conformation, the outward rotation of
helix aC is coupled to a rearrangement of the activation loop, which subsequently disrupts
the binding patch for substrate peptide.

Molecular basis of Src versus Hck inhibition specificity

Based on the crystal structure of the Srce4b complex, we identified four Src amino acids that
are within 5 A of 4b and differ between Src and Hck (Fig. 5 Supplementary Fig. 4). Two of
these Src residues, GIn275 and Cys277, are located in the phosphate-binding loop (P-loop)
of the kinase. The third Src residue, Leu297, is in the $3 strand. The final difference, Src
Tyr340 versus Hck Phe334, represents a modest change and either phenylalanine or tyrosine
is found among kinases that are poorly inhibited by 4b (Lck Tyr318, Abl Phe317); therefore,
this fourth residue was not studied further.

Replacement of Cys277 in Src with the corresponding glutamine from Hck increased the
ICgq of the mutant protein for the two ornithine-derived compounds 9 and 25b by 13-fold
and 5-fold, respectively. In contrast, the inhibitory potency of the diaminobutyric acid-
derived compounds 2 and 4b was hardly affected by the C277Q mutant (Fig. 5). We
speculate that replacement of the small cysteine side chain with the larger glutamine side
chain induces a steric clash between the kinase and the larger ornithine-containing
macrocycle backbone. Substitutions at the C-building block, which is closest to the Cys277
side chain, do not correlate clearly with activity against this mutant. Since the C277Q
mutation also removes a nucleophile that might react with the maleamide/fumaramide group
found in all of the macrocycles, we performed competition binding experiments and time-
dependent inhibition experiments (Supplementary Figs. 5 and 6). The results suggest that
macrocycle inhibitors do not achieve Src selectivity by reacting with Cys277.

GIn275 in Src is replaced by alanine or glycine in Hck, Lck and Abl. The Q275G mutation
in Src decreased the potencies of 2, 4b, 9 and 25b between 5 and 7-fold (Fig. 5).
Interestingly, the side chain of GIn275 is facing away from 4b and hydrogen bonds to a salt
bridge between Lys272 and Glu280 (Fig. 5). This salt bridge is thought to rigidify the
otherwise flexible P-loop and its disruption decreases kinase activity.33 We speculate that
the loss of this hydrogen bond in the GIn275Gly mutant destabilizes the P-loop and results
in a reduction in potency for 4b. Likewise, disrupting the Lys272-Glu280 salt bridge by
mutating Glu280 to valine in Src destabilizes the P-loop and results in a 5-fold loss in 4b
potency (Fig. 5). Overall, the results of mutations to the P-loop of Src indicate that the
binding of 4b to Src is likely dependent on the stability of the P-loop. In Hck, Lck, and Abl,
which lack the glutamine in the salt-bridge, the P-loop may be more flexible and may adopt
different conformations that make macrocycle binding more entropically unfavorable.
Consistent with this model, some of the most common imatinib resistance mutations are in
the P-loop of Abl kinase and include the residues corresponding to Src residues GIn275,
Lys272 and Glu280.13
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Leu297 is part of a cluster of hydrophobic residues that form the binding pocket for the B
building blocks of 1 and 4b. Replacement of Leu297 in Src with the corresponding Hck
residue (Met292) would likely decrease the size of the binding pocket and leads to a steric
clash, explaining the lowered potency of 4b for Hck. All macrocycles tested contain a bulky
5- or 6-membered ring in the B-position and their potency against the Leu297Met mutant of
Src decreased between 2- and 6-fold compared to their potencies against wild-type Src (Fig.
5). Because the two regions of sequence divergence between Src and Hck are independent,
their effect on macrocycle potency could be at least partially additive.

Taken together, these mutational studies interpreted in light of the crystal structures suggest
that specific interactions involving Src residues GIn275, Cys277, and Leu297 are the
molecular basis for the unusual selectivity of these macrocycles for Src versus other Src-
family kinases such as Hck.

Macrocycles are active against the Src gatekeeper mutant

Remarkably, p-nitrophenylalanine-containing macrocycles 9 and 25b inhibited the three-
domain construct of the gatekeeper mutant Src Thr338lle (residues 83-533) with potencies
only 1.8- to 3.1-fold less than that of wild-type Src (Fig. 6). In contrast, the gatekeeper
mutation had a much stronger impact on the potency of macrocycles containing the N-
pyrazinylcarbonyl-ornithine building block at position A— 2 and 4b inhibit the gatekeeper
mutant 100-fold and 15-fold less potently, respectively, than wild-type Src (Fig 6).
Similarly, the gatekeeper mutation increases the dissociation constant almost 100-fold for
fluorescein-labeled 2 but only 1.3-fold for fluorescein-labeled 9 (Fig. 6). This decrease in
potency and affinity is consistent with the Srce4b structure (Supplementary Fig. 7), which
suggests that substitution of Thr338 with isoleucine would create a steric clash with the N-
pyrazinylcarbonyl-ornithine building block found in the A-position of 2 and 4b. In contrast,
macrocycles 9 and 25b contain a smaller p-nitrophenylalanine building block at this
position. We speculate that the smaller nitrophenyl group avoids steric repulsion with an
isoleucine at Src residue 338, enabling compounds 9 and 25b to retain their potency against
the Src Thr338lle gatekeeper mutant.

Src kinase inhibition in cell culture

The development of macrocyclic Src kinase inhibitors with low nanomolar in vitro potency
raised the possibility that these compounds may inhibit Src kinase activity in living cells.
We assayed our most potent carboxamide-containing macrocycles, 16, 25a, and 4a (Fig. 1,
Table 1), against 3T3 (src™") cells transfected with a constitutively active form of murine c-
Src (c-Src Y529F) 34, In these cells, Src kinase activity is responsible for nearly all the
tyrosine phosphorylation detected by a phosphotyrosine antibody (Supplementary Fig. 8).
Upon treatment with high micromolar concentrations of p-nitrophenylalanine-containing
254, global phosphotyrosine levels were significantly reduced (Supplementary Fig. 9).
Surprisingly, treating cells with 16, which differs in structure from 25a by the loss of a
single fluorine atom, resulted in lower levels of tyrosine phosphorylation inhibition at
comparable small molecule concentrations (Supplementary Fig. 9). Pyrazine-containing 4a
at 100 uM did not reduce global tyrosine phosphorylation.
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In addition to the abovementioned competition with high concentrations of intracellular
ATP, we speculate that factors including modest cell-membrane permeability or differences
in the inhibition of overexpressed and activated SrcY529F versus wild-type Src may explain
the substantial differences between the in vitro potency and cell culture activity of these
compounds.

Discussion

We systematically modified the building blocks of macrocyclic kinase inhibitors identified
from the in vitro selection of a DNA-templated library and improved their potency by up to
240-fold while maintaining their unusually high specificity for Src kinase. Characterization
of the inhibitory mechanism revealed that the compounds are both ATP-competitive and
substrate peptide-competitive. Because the peptide binding patch on kinases is less
conserved than the ATP binding pocket, compounds interacting with the former offer rich
opportunities to develop kinase-specific inhibitors.

The three-dimensional structures of Src kinase domain complexed with a first-generation
inhibitor and with an improved second-generation compound reveal that Src adopts the Src/
CDK:-like inactive conformation. These structures represent to our knowledge the first time
that Src kinase domain alone has been observed to adopt this conformation, which has
previously only been observed in the structures of larger Src constructs containing the N-
terminal SH3/SH2 domains. This inactive kinase conformation is incompatible with
substrate-peptide binding and provides the molecular basis for the substrate-peptide
competitive behavior of the inhibitors. Macrocycle binding demands the Src/CDK-like
inactive conformation for at least two reasons: first, the outward rotation of helix oC and the
disruption of the salt bridge between Lys295 and GIlu310 is required to form a binding
pocket for building blocks in the B-position; second, the conformation of the activation loop
of the kinase in its active form would clash with the backbone of the inhibitors as well as
building blocks in the C-position.

The macrocycles studied here inhibit the larger Src constructs about 10-fold more potently
than the Src kinase domain. Our structural data supports a model in which the ligands form
no extra interactions with the larger constructs and therefore the observed differences in
inhibitory potency are likely due to the relative stabilities of the conformational states
between isolated kinase domain and the SH3-SH2-kinase domain constructs. This reasoning
suggests that the SH3-SH2 domains stabilize the Src/CDK-like inactive conformation by
approximately 1.3 kcal/mol. 35:36

Based on the structures and subsequent assays of mutant Src kinases, we identified two Src
residues in the phosphate binding P-loop (GIn275 and Cys277) and one residue lining a
hydrophobic pocket (Leu297) that largely explain the selectivity of the macrocycles for Src
compared with Hck and, by inference, other Src-family kinases.

The two different families of Src-inhibiting macrocycles developed and characterized here
differ mainly in their A-position building blocks and in the length and olefin stereochemistry
of their backbones. The p-nitrophenylalanine-based macrocycles inhibit the gatekeeper
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mutant of Src kinase (Thr338lle) with comparable potency as wild-type Src. In contrast, the
pyrazine-containing macrocycles based on our structural data are predicted to clash with the
Thr338lle mutant, and indeed exhibit much lower ability to inhibit the gatekeeper mutant
form of Src.

The dysregulation and activity of many kinases is associated with human disease. Highly
specific kinase inhibitors such as the macrocyclic compounds presented here that compete
not only with ATP binding but also with substrate-peptide binding could inspire the
development of new inhibitors with two qualities unavailable to ATP-competitive inhibitors.
First, we have shown that the level of peptide competition is tunable in these macrocycles.
Second, a single peptide-competitive kinase inhibitor could in principle reshape signaling
pathways downstream of the kinase by favoring the phosphorylation of strongly competing
substrate peptides over weakly competing substrate peptides, rather than simply inhibiting
the ability of the kinase to phosphorylate all downstream targets. Finally, the potency of
some of the macrocycles characterized here, including those that inhibit the cancer-
associated gatekeeper mutant, together with their observed activity in cell culture, are
encouraging for the future development of macrocyclic kinase inhibitors with potential
therapeutic relevance.

Macrocycle Synthesis

Carboxamide-containing macrocycles, which most closely resemble DNA-templated
macrocycles, were synthesized on multi-milligram scale using Fmoc solid-phase peptide
synthesis as previously described.?! Carboxylate-containing macrocycles, which in general
exhibit comparable potency and increased solubility compared with the carboxamide-
containing macrocycles, were synthesized using standard macrocycle synthesis protocols
substituting 2-chlorotrityl resin (EMD Biosciences) in place of Rink amide resin.
Fluorescein-macrocycle conjugates were synthesized using standard macrocycle synthesis
protocols substituting 1,6-diaminohexane trityl resin (EMD Biosciences) in place of Rink
amide resin. After HPLC purification, the 6-aminohexane-conjugate was reacted with 5
equivalents of 5-carboxyfluorescein N-succinimidyl ester (Sigma-Aldrich) and 10
equivalents of DIPEA in DMF. The fluorescein-macrocycle conjugate was then purified by
reverse-phase HPLC using a C18 stationary phase and eluting with a gradient of water/
acetonitrile. Proton NMR spectra and mass spectrometry data are provided in the
Supplementary Information (Supplementary Table 2).

Protein Purification

Kinase domain constructs of human c-Abl (residues 229-512), chicken c-Src (residues
251-533 and residues 83-533), murine Lck (residues 227-509), and human Hck (residues
166-445) were expressed as previously described37-38, Mutations were introduced into
chicken c-Src (residues 251-533) (Q275G, C277Q, E280V, L297M, and T338l) by site-
directed mutagenesis and verified by DNA sequencing.

Nat Chem Biol. Author manuscript; available in PMC 2012 October 01.
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Crystallization

The complex between 1 and c-Src kinase domain (residues 251-533) was formed in a
solution of 190 pM kinase domain, 476 uM 1, 50 mM Tris (pH 8.0), 125 mM NaCl, 5%
DMSO, 2.5% Glycerol. Using the hanging drop vapor diffusion method (1 pL Srcel
complex + 1 uL mother liquor), crystals grew overnight at 24°C in a mother liquor of 0.1 M
Bis-Tris (pH 6.5), 12% PEG 3350, 1% Tacsimate (pH 6.0). Crystals were cryoprotected in
mother liquor plus 20% ethylene glycol, frozen, and stored in liquid nitrogen.

The complex of c-Src kinase domain and 4b was formed by concentrating 10-fold a mixture
of 10 pM kinase domain and 12.5 pM 4b in 50 mM NacCl, 20 mM Tris (pH 8.0), and 5%
glycerol. Using the hanging drop vapor diffusion method (1 pL Srce4b complex + 1 pL
mother liquor), crystals grew in a mother liquor containing 200 mM ammonium sulfate, and
3% glycerol overnight at 24°C. Crystals were cryoprotected in mother liquor with 20%
glycerol, frozen and stored in liquid nitrogen.

X-Ray Diffraction

X-ray diffraction data were collected at the National Synchrotron Light Source at
Brookhaven National Laboratories beamline X29. Data for both complexes were collected at
100K and 1.075 A wavelength.

Structure Determination of Srcel complex

Data were processed in space group P2; (Supplementary Table 1) with DENZO and
Scalepack via the HKL2000 suite.3? While the unit cell parameters are almost compatible
with space group p222, processing of the data in p222 yielded poor statistics and molecular
replacement with phaser4? failed. Analysis of the data for possible twinning in space group
p21 with phenix.xtriage showed significant pseudo-merohedral twinning with the h, -k, -1
operator. We therefore included the twin law in further refinement with Phenix, which
improved refinement statistics and electron density maps. The structure was solved by
molecular replacement using the kinase domain of human c-Src (PDB: 1Y57)*! (residues
260-520) without the aC-helix (residues 298-310) and the activation loop (residues 400—
425) as a search model in Phaser.4? The structure was built in Coot,*2 and refined with
PHENIX.43 In the Ramachandran plot, 99.6% of the residues appear in the allowed regions,
96.4% of the residues appear in the favored regions and 0.4% of the residues appear in the
outlier regions.

Structure Determination of Srce4b complex

Data were processed in space group P321 (Supplementary Table 1) using Mosflm and Scala
in iMosflm.#4 The structure was phased by molecular replacement using the kinase domain
of inactive c-Src (PDB: 2SRC)*® (residues 250-533) without the a.C-helix (residues
298-310) and activation loop (residues 400-425) as a search model in Phaser“? The model of
the structure was built in Coot#? and refined in PHENIX.#3 In the Ramachandran plot, 100%
of the residues appear in the allowed regions, 98.5% of the residues appear in the favored
regions, and 0% of the residues appear in the outlier regions.
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Kinase Activity Assays

For the continuous spectrophotometric assay,*8 100 uM Src-optimal substrate peptide
(AEEEIYGEFAKKK)29:30 \was combined with 5 uM ATP for 1, 2, and 9. Concentrations of
kinase used for these assays were as follows: 0.125 uM for Src kinase domain, 0.33 uM for
Srcga.533, 0.33 UM for Src Q275G, 0.4 uM for Src C277Q, 0.8 uM for Src L297M, 0.4 uM
for Src E280V, 0.042 uM for Hck, 0.25 uM for Lck, and 0.5 uM for Abl. For 4b, and 25D,
the assay was performed using 250 uM ATP and 300 uM Src-optimal peptide (see the main
text). The concentrations of kinase constructs used in these assays were as follows: 0.0125
UM for Src kinase domain, 0.1 uM for Srcgz.533, 0.033 UM for Src Q275G, 0.02 uM for Src
C277Q, 0.04 uM for Src L297M, 0.02 pM for Src E280V, 0.0042 uM for Hck, 0.025 uM for
Lck, and 0.05 pM for Abl. Titrations of 1, 2, 4b, 9, and 25b (ranging from 0 pM to 83.3 pM)
were performed at 30 °C as described before for imatinib38 to determine the concentration at
which 50% of the initial kinase activity is inhibited (ICsp).

For the FRET-based endpoint assay, kinase inhibition was measured with the Z’-LYTE
kinase assay (Invitrogen) using the Tyr 02 substrate peptide (based upon the optimal Abl
substrate peptide EAIYAAPF) according to the manufacturers instructions. Kinase reactions
were performed in the presence of 2 uM Tyr 02 substrate peptide, 50 uM ATP and 8 nM
chicken c-Srcgs_533.

Anisotropy Binding Assay

Src kinase domain (residues 251-533) was titrated to 0.5 uM of the fluorescein-labeled
macrocycle, in 100 mM Tris pH 8.0, 10 mM MgCl, at 25°C. Srcgs.g33 was titrated to 0.05
UM fluorescein-labeled macrocycle in 200 mM Tris pH 8.0, 10 mM MgCl, at 25°C. After
equilibration, the increase in the fluorescence anisotropy of the fluorescently labeled ligand
was recorded and fitted against a quadratic binding equation in Kaleidagraph (Synergy
Software) to yield the dissociation constant (Kp).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of macrocycles described in this work. The compounds fall into two

families: 1-8, which contain a diaminobutyric acid scaffold, cis-olefin, and N-
pyrazinylcarbonyl-ornithine building block at the A-position, and 9-31, which contain an
ornithine scaffold, trans-olefin, and para-substituted phenylalanine building block at the A-
position.
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Figure 2.
Potency of macrocycle compounds against Src kinase domain constructs. (a) Inhibition of

Src kinase domain (chicken c-Srcys1.533) and Src containing the N-terminal SH3 and SH2
domains in addition to the kinase domain (chicken c-Srcgs 533). IC5q values of 1, 2 and 9
were determined in the presence of 5 pM ATP and 100 uM Src-optimal substrate peptide.
(b) Inhibition of Src kinase domain and Srcgs_533 by 4b, and 25b was determined in the
presence of 250 uM ATP and 300 uM Src-optimal substrate peptide. *Values represent an
upper estimate of the ICgg because the concentration of kinase used in the assay is higher
than the measured apparent I1Csq. All experiments were performed in triplicate, and data
represent mean values + standard deviation.
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Figure 3.

Macrocycle compounds are ATP- and peptide-competitive inhibitors. (a) 1Csq values of 1, 2,
and 9 for Src kinase domain in response to a 50-fold increase in ATP concentration (5 uM to
250 uM), and a 3-fold change in Src-optimal peptide concentration (100 uM to 300 uM). (b)
Dissociation constant (Kp) of fluorescein-labeled 1, 2, and 9 for Src kinase domain in the
presence of 250 uM AMP-PNP or 300 uM Src-optimal peptide. (c) 1Csq values of 4b, and
25b for Src kinase domain in response to a 10-fold increase in ATP (250 pM to 2.5 mM),
and a 3-fold change in Src-optimal peptide (300 uM to 900 uM). All experiments were
performed in triplicate, and data represent mean values + standard deviation.
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The three-dimensional structure of Src kinase domain bound to macrocyclic inhibitors. (a)
4b binds to the active site of the kinase underneath the phosphate-binding P-loop (shown in
red). The kinase adopts the Src/CDK-like inactive conformation characterized by the
outward orientation of helix aC (orange) and the disruption of the peptide-binding patch by
the activation loop (blue). (b) The three building block positions of the macrocycle
compounds occupy three distinct binding pockets: the A-building block binds to the adenine
binding pocket (red), the B-building block binds to a hydrophobic pocket underneath the 3
-aC loop, and the C-building block occupies a binding pocket (green) facing the Asp-Phe-
Gly motif of the activation loop. (c) 4b binding pocket in detail. The surface created by the
protein and ordered water molecules is shown in grey. The carboxylate group, from which
DNA was attached during in vitro selection of the DNA-templated library and from which
the fluorescein group was attached during binding affinity measurements, is exposed to
solvent. (d) Superposition of the experimental X-ray crystal structure of Srcel with the
structure of the substrate peptide (yellow) from the complex with IRK (pdb-entry: 11R3).32
(e) Comparison of the structures of 1 and 4b when complexed with Src kinase domain. The
macrocycle structures are shown from a perspective that fixes the kinase domains (not
shown) in the same orientation.
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Figure 5.

Determinants of macrocycle specificity. (a) X-ray crystal structure of the Src 4b complex
highlighting residues that differ between Src and Hck/Lck. Ca-atoms of amino acids within
5A of 4b are depicted as spheres. Cyan spheres represent amino acids that are identical
between Src and Hck/Lck, red spheres represent amino acids that differ between Src and
Hck/Lck. (b) In the structural model of the Src 4b complex, the three amino acids within 5 A
of the macrocycle that differ between Src and Hck/Lck (Src GIn275, Cys277, and Leu297)
are rendered as sticks, as well as the salt bridge forming Src residues Lys272 and Glu280. (c,
d) ICsq of 2, 9, 4b and 25b for Src wt, Src Q275G, Src C277Q, Src E280V, Src L297M, and
Hck kinase domains. ICsq values for 2 and 9 were determined in the presence of 5 uM ATP
and 100 uM Src-optimal peptide. 1Csq for 4b and 25b were determined in the presence of
250 UM ATP and 300 uM Src-optimal peptide. All experiments were performed in triplicate,
and data represent mean values + standard deviation.
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M Srcg3.533
Srcgg.533Thr338lle

0.4 0.6 0.8
ICs0 (LM)

b

| 0.016 uM*
Fluorescein-
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———14uM

I'0.096 uM
Fluorescein-
9 j‘ 0.12 uM

0.0 0.5

W Srcg3.533
Srcgs.533Thr338lle

1.0 1.5 2.0
Ko (uM)

Activity of the macrocycles against the Thr338lle gatekeeper mutant of Src kinase. (a) 1Cgg
of 2, and 9 for Srcgs.533 and Srcgs.533 T338l. 1C5q values for 2 and 9 were determined in the
presence of 5 uM ATP, 100 uM Src-optimal peptide. (b) Measurement of the dissociation
constant Kp of fluorescein-labeled 2 and 9 for Srcgs.533 and Srcgz.533 T338l. *Value is an
upper estimate of the Kp because the Kp is lower than the concentration of macrocycle
compound used in the assay. (c) ICsq of 4b, and 25b for Srcg3 533, and Srcgs.533 T338I. 1Csq
values for 4b and 25b were determined in the presence of 250 uM ATP and 300 uM Src-
optimal peptide. *Values are an upper estimate of the ICgy because the apparent ICg is
lower than the concentration of kinase used in the assay. All experiments were performed in
triplicate, and data represent mean values + standard deviation.
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