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Protein kinases constitute major targets in molecular cancer therapy. The structural conservation of
kinases causes specificity problems in most drug inhibitors, often resulting in dangerous side effects. Here
we survey recent approaches in drug design that exploit a molecular marker for specificity: the pattern of
packing defects. These packing defects are solvent-exposed intramolecular hydrogen bonds that may be
protected by drugs upon association. In this light, we review design strategies to achieve paralogue
discrimination, to control cross reactivity and to overcome drug resistance induced by target mutations.

Introduction

Specificity problems in kinase-inhibitor design

Protein kinases are quintessential signal transducers of the cell and
have become important targets for cancer therapy [1-5]. Their
evolutionary and structural relatedness [6-8], however, often
results in unforeseen cross reactivities, yielding uncertain and at
times health-threatening effects [9,10]. Although the relationship
between specificity and anticancer activity is poorly understood
and that specificity might not be essential for clinical activity, a
lack of specificity generally underlies toxic side effects due to off-
target impact of the inhibitor [6,8]. A good example is the antic-
ancer drug imatinib (Gleevec, STI 571) [3]. This drug, which has a
relatively broad activity profile, has been a great therapeutic
success; however, the lack of target specificity may lead to side
effects such as cardiotoxicity [9].

Owing to the structural conservation within the kinase super-
family, controlling specificity is a challenge. Figure 1 illustrates
this issue showing the structural alignment of two kinases with
80% sequence identity: the insulin-like growth factor 1 receptor
kinase (IGF1R) and the insulin receptor kinase (INSR). The struc-
tural similarity is reflected in the alignment (RMSD = 1.2 A). Inter-
estingly, whereas IGF1R kinase is a promising cancer target, as
suggested by its overexpression in several tumours and by its role
in cell growth and survival [11,12], the INSR kinase cannot be
inhibited without introducing a health threat, since glucose
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uptake would be compromised. Thus, considerable effort is being
devoted to control cross reactivity and the resulting side effects,
motivated by the need to focus the inhibitory impact on clinically
relevant targets.

Approaches to achieve drug specificity

One approach to solving the specificity problem involves the
rational design of selective kinase inhibitors [13] by using high-
resolution crystal structures complexed with non-ATP ligands.
Structural motifs unique to the purported targets have been iden-
tified that could be exploited to engineer specific inhibitors. For
example, a small helical element («T-helix) has been identified in
the active site of the NEK2 kinase following the conserved DFG
motif [14] or, a new activation-loop motif with a large helical insert
[15] has been found in MPSK1 structure.

In addition to the structural conservation of kinases, their high
degree of plasticity [16], especially in the activation loop, not only
poses challenges to in silico design because of induced fits, but also
provides new features to engineer selective inhibitors [13]. Specific
and clinically successful inhibitors that target inactive kinase con-
formations have been developed utilizing the pocket generated by
the ‘DFG out’ conformation [17]. In this singular conformation, the
position of the phenylalanine residue of the conserved DFG cata-
lytic triad, located at the start of the activation loop, is flipped with
respect to the active conformation so that it points towards the ATP
site, as in the case of imatinb binding to inactive Abl kinase [18]. All
active kinases adopt similar conformations, while inactive kinases
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FIGURE 1

Specificity problems in kinase inhibition. Structural alignment (ribbon
representation) of the IGF1R kinase (PDB.1K3A, ice blue), a proposed cancer
target and the INSR kinase (PDB.1GAG, pink), a related target to be avoided. The
degree of structural similarity between the two paralogues is staggeringly high
(RMSD =12 A) as expected from the 80% sequence identity. The IGF1R
nonconserved N1110-D1123 dehydron is also shown as a green virtual bond
joining a-carbons (p = 18 nonpolar groups for desolvation radius of 6.2 A).

are more discernible. Therefore, to attain specificity, the inactive
conformations are more attractive targets. While targeting the
inactive conformation may appear to be a logical choice, there
are also advantages in targeting the active conformation. The active
conformation requires structure conservation, and hence it is less
tolerant to drug-resistant mutations [18]. For example, the EGFR
kinase inhibitor erlotinib (Tarceva) binds to the active conforma-
tion [18]. Furthermore, the size of the gatekeeper residue is a
determinant of inhibitor selectivity: kinases with a threonine at
this position are sensitive to a range of inhibitors, whereas those
with a larger residue (methionine) are typically impervious [8].
Another way of tackling the specificity problem is the design of
noncompetitive kinase inhibitors [19]. These ligands are likely to
be more specific, since they bind to residues outside the ATP
pocket, which are less conserved [8]. Furthermore, they alter
kinase conformation, preventing substrate binding. As an illustra-
tion, the crystal structure of a PD184352 analogue in complex with
MEK1 and ATP confirms that these compounds bind to a site
adjacent to the ATP binding pocket. The low degree of sequence
conservation in this region explains the high selectivity of these
compounds [20]. Also, several classes of pyrazinones have been
reported as being noncompetitive inhibitors of Akt and show
marked selectivity discriminating the isoforms Aktl and Akt2 [21].

In spite of these significant advances, a rational control of
kinase-inhibitor specificity remains a problem. In this review,
we discuss how to attack this problem using a novel selectivity
filter.

Novel molecular marker to achieve specificity

Drug design remains a semi-empirical endeavour, essentially
supplemented by structural considerations and guided by the
possibility of forming standard intermolecular hydrogen bonds,
electrostatic or hydrophobic interactions. However, a ligand
designed exclusively on the basis of the possibility of promoting
such interactions would probably be promiscuous because of the
high degree of conservation of hydrogen-bond donors/acceptors
and nonpolar residues on the kinase surface [7,22,23]. Thus, it is
unlikely that the significant levels of cross reactivity detected in
high-throughput screening experiments [6] will be tempered
using rational design, unless a new approach is able to discern
paralogues above and beyond what a structural characterization
may reveal.

Recent progress along these lines is marked by the identification
of a molecular marker for specificity: the packing defects in soluble
proteins [24-27]. These defects consist of solvent-exposed back-
bone hydrogen bonds and are targetable features because of their
inherent stickiness [25]. One most useful property from the per-
spective of drug design is their lack of conservation across proteins
with common ancestry [7,28]. They are indicators of protein
interactivity and constitute a determinant factor for macromole-
cular recognition [29-33]. They are termed dehydrons [24-27],
since they promote their own dehydration as a mean to strengthen
and stabilize the underlying electrostatic interaction. Thus, target-
ing these features by turning drugs into protectors or ‘wrappers’
(water-excluders) of packing defects [34,35] may control cross
reactivity. The concept of drug-as-wrapper was initially introduced
by Fernandez et al. [34], when packing defects were exploited to
design novel HIV-1-integrase inhibitors and rationalize the bind-
ing mode of existing HIV-1-protease inhibitors.

In this work we survey the molecular design strategies to engi-
neer drugs that act as dehydron wrappers. Decisive in silico, in vitro
and in vivo validation of the wrapping concept is surveyed [36,37].
Finally, we propose a molecular-design exercise as potential appli-
cation of the dehydron-targeting principle: the differentiation of
the close paralogues IGF1R and INSR kinases.

Packing defects in protein structure
Dehydrons constitute packing defects since they are identified by a
dearth of nonpolar groups from the amino acid side chains in the
spatial vicinity of a backbone hydrogen bond [24-27]. They are
defined in terms of the effect on the dielectric environment due to
the approach of a nonpolar group or wrapper [24-27]. Solvent-
exposed hydrogen bonds become strengthened and stabilized by
the approach of a hydrophobic group, as in the case where a drug
ligand binds to a protein. Thus, because of their propensity to
attract nonpolar groups, or exclude water molecules, dehydrons
constitute sticky spots that promote their own further dehydration
[24-27].

Rigorously speaking, the term wrapping alludes to a clustering of
hydrophobic groups framing an anhydrous microenvironment for
an intramolecular backbone hydrogen bond within the structure of
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a soluble protein [24-27]. The extent of intramolecular hydrogen-
bond desolvation, p, may be quantified by determining the number
of nonpolar groups (carbonaceous, not covalently bonded to an
electrophilic atom) contained within a desolvation domain. The
desolvation domain is defined as two intersecting balls (Figure 2) of
fixed radius centered at the a-carbons of the residues paired by the
backbone hydrogen bond. The statistics of hydrogen-bond wrap-
ping vary according to the desolvation radius adopted, but the tails
of the distribution invariably single out the same dehydrons in a
given structure over a 6-7 A radius range, a length scale that repre-
sents the thickness of three water layers. In folds for soluble proteins
at least two-thirds of the backbone hydrogen bonds are wrapped on
average by p = 26.6 £ 7.5 nonpolar groups for desolvation radius of
6.2 A. Dehydrons are then defined as hydrogen bonds whose extent
of wrapping lies in the tail of the distribution, thatis with 19 or fewer
hydrophobic groups in their desolvation domains, so their p-value is
below the mean, minus one Gaussian dispersion.

Dehydrons are invariant across complexes of the same protein
with different ligands and invariant across different crystallization
forms, except in cases where the different ligands produce differ-
ent induced fits. Thus, owing to the high conformational plasticity
of kinases [16], targeting dehydrons in induced fits or flexible
regions (activation loop, P-loop, catalytic loop) requires perform-
ing molecular dynamic (MD) simulations to identify the binding
mode of the ligand. On the contrary, the effect of structural
fluctuations on the persistence of dehydrons has been addressed
through long MD simulations [36,37].

M ’( drug/wrapper
CH,, 3 ‘ |
non-polar, \ - ¢ )
wrapping /) - -
groups . HB 4
§ N
chain backgm desolvation spheres
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FIGURE 2

Dehydron concept. Intramolecular backbone hydrogen bonds in target
proteins (green bond) prevail only if protected from water attack. Their extent
of intramolecular wrapping, p, is defined by counting the nonpolar groups
(carbonaceous atoms, cyan) contained within the desolvation domain (grey
spheres). Poorly wrapped hydrogen bonds (dehydrons) are defined with 19
or fewer hydrophobic groups in their desolvation domains (desolvation
radius of 6.2 A). These packing defects consist of solvent-exposed backbone
hydrogen bonds and are targetable features because of their inherent
stickiness, since they promote the removal of surrounding water molecules as
a mean to strengthen and stabilize the underlying electrostatic interaction.

A shortcoming in the engineering of selective drugs geared at
wrapping nonconserved packing defects arises from the need for
structural information on the targets. In addressing this problem, we
note that comparing the wrapping pattern of targets of common
ancestry is actually feasible, even in the absence of structure. This
is so, since a surrogate for dehydrons, reliably predicted from
sequence, may be used to infer the wrapping patterns that can be
subsequently aligned using homology threading [7]. Thus, a
sequence-based disorder score, measuring the propensity for inher-
entdisorder of the peptide chain [28] correlates with the wrapping of
individual residues engaged in backbone hydrogen bonds, with
dehydrons belonging to the twilight region between order and
disorder [38]. The disorder score has been used to predict dehydrons
for all tyrosine kinases, even those with unreported structure and
the predictions on cross reactivity resulting thereof have been
validated against high-throughput screening data [7]. This dehy-
dron predictor based on the disorder score is operational only for
homologues likely to possess high structure similarity with PDB
reported proteins, as in the case of the kinase superfamily.

Targeting nonconserved kinase packing defects
Specificity and promiscuity in the druggable kinome

In a recent bioinformatics contribution [7], it has been demon-
strated that there is a relationship between the pharmacological
differences between kinases against a background of available
drugs and the differences between their respective patterns of
packing defects. To compare the dehydron patterns from different
kinases, a common region was introduced for the aligned target
structures. In this way, all kinases were compared within a region
defined by alignment of all residues framing the desolvation
domains of dehydrons that, in turn, are environmentally affected
by ligands in PDB-reported complexes. Within this framework of
comparison, an environmental or wrapping distance between
kinases i and j was obtained by contrasting their aligned hydro-
gen-bond environments that compare local dehydration propen-
sities associated with dehydrons patterns in kinase pairs. The
environmental distance matrix was obtained across the 119
kinases for which drug-affinity fingerprinting was experimentally
and independently obtained [6]. This distance matrix has been
contrasted with a pharmacological distance matrix assessing simi-
larities in the affinity profiling of kinases. Nineteen inhibitors were
selected from a pool of 20 that have been assayed for cross
reactivity against the set of 119 kinases [6]. The highly promiscu-
ous ligand staurosporine has been excluded since it is not phar-
macologically relevant [23]. The pharmacological matrix was
obtained by computing the Euclidean distance between ligand-
affinity vectors in R'® with entries given in —In scale (or dimen-
sionless AG/RT units; AG, Gibbs free energy of binding; R, gas
constant; T, temperature).

A strong correlation (R*>=0.917) was established between the
environmental and pharmacological distance for each pair of
kinases fingerprinted for affinity against a background of 19 drugs
[7]. This correlation reveals that the pattern of packing defects is an
operational selectivity filter for drug design, even though individual
drugs were not purposely designed to wrap packing defects: phar-
macological differences are essentially dictated by packing differ-
ences among targets. Thus, we can take advantage of this hitherto
overlooked design feature to simplify the drug development effort
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and rationally enhance selectivity towards clinically significant
targets.

Turning a promiscuous drug into a paralogue discriminator
The feasibility of achieving specificity by designing a wrapping drug
has been tested experimentally [23,35-37]. A preliminary effort was
geared at re-designing commercially available inhibitors to discri-
minate paralogue kinases. This endeavour started with the intro-
duction of wrapping modifications in imatinib to enhance its
specificity towards its primary target, the Abelson kinase (Abl)
[35]. The nonconserved dehydrons Q300-E316, G249-Q252 in
Abl were selectively targeted by a suitable wrapping modification
of imatinib, sculpting into the ligand the dehydration hot spots of
the kinase.

In a more stringent test [23], staurosporine, the most promis-
cuous kinase ligand available [6] was re-engineered to elicit a
selective inhibitory impact. Four PDB-reported staurosporine-
binding kinases were chosen: Src kinase (PDB.1BYG), CDK2
(PDB.1AQ1), Chk1 (PDB.1INVR) and PDK1 (PDB.10OKY). A wrap-
ping analysis revealed that only the Src kinase possesses a targe-
table nonconserved dehydron (Q250-E267) that may be wrapped
by specific methylation of staurosporine at the imide N6-position
of the indole ring (Figure 3a). Upon structural alignment, the Src
Q250-E267 dehydron maps into well-wrapped backbone hydro-
gen bonds: K65-E81 in CDK2, K69-E85 in Chk1 and K144-5160 in
PDK1 (Figure 3a) [23]. Thus, selectivity for Src kinase may be
achieved by re-designing staurosporine to turn it into a wrapper of
the Q250-E267 dehydron. The inhibition of Src by the stauros-
porine derivative improved when compared with staurosporine
levels, and its impact became selective for Src to the extent
expected from the limited set of targets analyzed [23]. These
results demonstrate that the packing differences across paralo-
gues may guide molecular design to significantly enhance
specificity.

Curbing imatinib cross reactivity and side effects through
wrapping-based imatinib re-design

Undesired side effects [3,8] of drug treatment can sometimes be
traced to the inhibitory impact on the primary target, as in the
reported cardiotoxicity of imatinib, attributed to its impact on Bcr-
Abl [9]. This constitutively active chimeric kinase, arising from
aberrant chromosomal translocation, is the primary target in the
treatment of chronic myeloid leukaemia (CML) [3,39,40]. Using
the drug-as-wrapper concept, we recently reported [36] a modified
version of imatinib that reduces its impact on Bcr-Abl, while
retaining anticancer activity through inhibition of c-Kit kinase,
a primary target to treat GIST (gastrointestinal stromal tumours)
[41]. The structural alignment of imatinb-bound Abl (PDB.1FPU)
and c-Kit (PDB.1T46) reveals the nonconserved dehydron C673-
G676 in c-Kit that aligns with the well-wrapped M318-G321
hydrogen bond in Abl (Figure 3b). This difference in the pattern
of packing defects in the catalytic loop prompted us to develop a
methylated variant of imatinib that hampers Abl inhibition while
re-focusing the impact on c-Kit kinase. Thus, the therapeutic
profile of the re-optimized wrapping variant is different from that
of imatinib. The wrapping ligand is intended for GIST treatment,
while being less cardiotoxic than the parental compound. We
delineated the molecular basis for this target discrimination

through in vitro kinetics assays and high-throughput screening
|6]. Thus, while imatinib binds to both c-Kit and Bcr-Abl, the
wrapping variant only binds to c-Kit, as demonstrated by the
experimentally obtained dissociation constants: K43P = 50nM,
KKt = 55nM for imatinib, and K4 = 11 pM, K§ Xt = 43nM
for the wrapping variant [36]. We further demonstrated the con-
trolled inhibitory impact in vivo by assaying for antitumour activ-
ity on different cell lines and finally established the therapeutic
impact of the optimized compound in a novel GIST animal model,
corroborating a significant reduction in cardiotoxicity [36].

Overcoming imatinib resistance in c-Kit kinase through
wrapping-based imatinib re-design

Kinases are moving targets since the cell develops mechanisms of
drug resistance, mainly mutations, which hamper drug associa-
tion [42]. The development of drug-resistant mutations of tar-
geted proteins poses a further challenge to inhibitor design
[42-44]. The c-Kit kinase is inhibited by imatinib [41], but in
malignancies like systemic mastocytosis, the kinase develops the
mutation D816V in the activation loop, promoting imatinib
resistance [42-44]. Thus, we re-designed imatinib so that it inhi-
bits both the wild-type kinase and the imatinib-resistant mutant
[37]. The prototype was re-engineered to be a better stabilizer of
the induced-fit conformation of the activation loop. The wrap-
ping analysis performed in the c-Kit kinase (PDB.1T46) revealed a
nonconserved dehydron (F811-A814) close to the mutation site
(D816V) (Figure 3c). Molecular modeling led us to introduce
another specific methylation in imatinib to promote a tighter
grip on the activation loop of c-Kit kinase and overcome the
destabilizing effect of the mutation. The dual inhibitory effect
of the prototype was confirmed through in vitro spectroscopic
kinase assays [37]: while imatinib only inhibits the wild-type
kinase, the wrapping prototype inhibits both the wild-type and
the D816V mutant (Table 1). The focused effect of the prototype
over a vast cross-section of the human kinome was corroborated
by high-throughput screening [6], confirming the prototype’s
selective impact (Table 1) [37]. Finally, cell proliferation assays
on lines that express wild-type and imatinib-resistant kinase
confirmed the dual anticancer activity of the prototype, in con-
trast to the efficacy of the parental compound [37].

Future challenge: discriminating IGF1R and INSR kinases

The ability of IGF1R to regulate both proliferative and anti-apopto-
tic signaling suggests that selective inhibition of its kinase domain
may yield a promising cancer therapy [11,12]. Cross reactivities of
IGF1R kinase inhibitors due to a simultaneous inhibition of the
INSR kinase, a very close paralogue, may be life threatening, as
inhibiting the latter would lead to diabetes-related stress in erythro-
cyte glucose uptake [45,46]. The degree of structural similarity
between the two paralogues is staggeringly high (RMSD =1.2 A,
IGF1R: PDB.1K3A, INSR: PDB.1GAG, Figure 1), as expected from
the 80% sequence identity, which approaches 100% for the ATP
binding site (Figure 3d). Researchers at Novartis have recently
disclosed the IGF1R inhibitory properties of a class of pyrrolopyr-
imidines [47,48] found by high-throughput screening. In particular
NVP-ADW?742 and NVP-AEWS541 have been used preclinically to
delineate their efficacy as IGFIR kinase inhibitors, with approxi-
mately 16-fold and 26-fold more potent than the activity on INSR,
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FIGURE 3
Targeting nonconserved kinase packing defects. (a) Aligned backbones (ribbon representation) of Src (PDB.1BYG, ice blue), CDK2 (PDB.1AQ1, pink), Chk1
(PDB.1NVR, orange) and PDK1 (PDB.10KY, lime) kinases complexed with staurosporine. The Src Q250-E267 dehydron (green virtual bond joining a-carbons) maps
into well-wrapped backbone hydrogen bonds (grey virtual bond joining a-carbons): K65-E81 in CDK2, K69-E85 in Chk1 and K144-S160 in PDK1. Methylation at the
position indicated by the yellow arrow would turn the otherwise promiscuous ligand into a wrapper of the nonconserved packing defect. (b) Aligned backbones
(ribbon representation) of Abl (PDB.1FPU, ice blue) and c-Kit (PDB.1T46, pink) kinases in the induced-fit conformation generated by co-crystallyzation with
imatinib. The nonconserved dehydron C673-G676 (green virtual bond joining a-carbons) in c-Kit, which aligns with the well-wrapped M318-G321 hydrogen bond
(grey virtual bond joining a-carbons) in Abl, could be targeted by a methylation modification of imatinib in a specific position (yellow arrow) to achieve specificity.
(c) Ribbon representation of the c-Kit (PDB.1T46, ice blue) kinases in the induced-fit conformation generated by co-crystallyzation with imatinib. The F811-A814
dehydron (green virtual bond joining a-carbons) present close to the D816V mutation site could be targeted by a methylation modification of imatinib in a specific
position (yellow arrow) to overcome drug resistance. (d) Aligned ATP-binding pockets (ribbon representation) of IGF1R (PDB.1K3A, backbone: ice blue, sidechains:
licorice representation) and INSR (PDB.1GAG, backbone: pink, sidechains: ball-and-stick representation) kinases. The degree of structure and sequence identity is
very high at the ATP binding site. However, the nonconserved dehydron N1110-D1123 (green virtual bond joining a-carbons) in IGF1R, which does not align with
any well-wrapped hydrogen bond or dehydron in the INSR, could be targeted to discriminate these closely related paralogues.
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TABLE 1

Comparison of binding properties of imatinib and wrapping prototype

Ky c-Kit (exp) K4 D816V (exp)

High-throughput screening targets

Therapeutic use

Imatinib 25 nM 11 M

ABL, KIT, LCK, PDGFR

CML, GIST

Wrapping prototype 21 nM 39 nM

KIT, D816V, LCK, PDGFR

GIST, imatinib-resistant (KIT: D816V) GIST

respectively (NVP-ADW742: ICGFIR = 170nM, ICHSR = 2.8 uM
and NVP-AEW541: ICIS R = 86 nM, ICI*® = 2.3 uM). These inhi-
bitors seem to have some selectivity, but the issue of how much
inhibition of the INSR is acceptable remains unaddressed. In light of
these findings, a wrapping design emerges as a possible alternative
tool to maximize selectivity between these two related targets.
Contrary to the vast majority of kinases that have a threonine in
the gatekeeper position, both IGF1R and INSR kinases have a
methionine gatekeeper residue, increasing the likelihood of cross
reactivity. Nevertheless, differences arise in their dehydron patterns:
thereisadehydroninIGF1R (N1110-D1123) thatisnotconservedin
the INSR kinase (Figure 3d). This dehydron involves the highly
conserved aspartate from the DFG catalytic triad located in the
activation loop and does not align with any dehydron or well-
wrapped hydrogen bond in the INSR kinase (D1150). Thus, to gain
selectivity, our wrapping design dictates that a purported ligand
should target the N1110-D1123 dehydron in IGF1R kinase.

Conclusions

Wrapping design holds promise as a new paradigm for rational
development of drugs that exclude water around accessible hydro-
gen bonds of the protein target. This concept represents a depar-
ture from the standard approach that focuses on promoting
pairwise intermolecular interactions. It not only uses wrapping
design a novel modality of ligand association, but also guides
modifications to existing ligands, in contrast to a combinatorial
search strategy.

Using commercially available ligands and drug inhibitors as lead
compounds, we are able to introduce a variety of wrapping mod-
ifications and test them on cell lines and animal models for
enhanced specificity and anticancer activity. On the basis of a
trustworthy structural context, the wrapping re-design should be
focused on lead compounds that fulfil the following two conditions:
(@) Cross reactivity must have been independently assessed by

profiling the inhibitor for its affinity against a significant
number of kinases.
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