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Abstract—To investigate why 3-substituted benzamide derivatives show dual inhibition of Abl and Lyn protein tyrosine kinases, we
determined their inhibitory activities against Abl and Lyn, carried out molecular modeling, and conducted a structure—activity rela-
tionship study with the aid of a newly determined X-ray structure of the Abl/Lyn dual inhibitor INNO-406 (formerly known as NS-
187) bound to human Abl. We found that this series of compounds interacted with both kinases in very similar ways, so that they

can inhibit both kinases effectively.
© 2007 Elsevier Ltd. All rights reserved.

Chronic myeloid leukemia (CML) is caused by constitu-
tive activation of the Ber-Abl protein tyrosine kmase
Imatinib mesylate (STI-571, Gleevec® or Glivec®;
Fig. 1) inhibits the abnormal Bcr-Abl protein produced
in the leukemic blood cells,>? and it is widely used to
treat patients diagnosed with CML. However, resistance
to imatinib has become a serious concern in imatinib
therapy. Such resistance has been reported to occur
through (1) point mutations in the Abl kinase domain,*
and (2) overexpression of Lyn kinase, a member of the
Src family of tyrosine kinases.’

We have previously described the discovery of a series of
3-substituted benzamide derivatives with highly potent
antiproliferative activity against Bcer-Abl kinase and its
clinically reported mutants.*’ INNO-406 (formerly
known as NS-187) is one such representative compound
(Fig. 1). During the course of its development, we found
that INNO-406 and its derivatives also inhibited Lyn
kinase. To investigate why this series of compounds acts
as dual Bcr-Abl/Lyn kinase inhibitors, we determined
their inhibitory activities against Abl and Lyn kinases,
and studied their structure—activity relationships with
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the aid of a newly determined crystal structure of the
INNO-406/Abl complex and a computationally gener-
ated 3D model of the INNO-406/Lyn complex. We
found that the modes of interaction of INNO-406 and
its derivatives with Abl and Lyn kinases are very similar,
so that these compounds can inhibit both kinases.
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Figure 1. Chemical structures of imatinib and INNO-406.
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The synthesis of the compounds has been reported else-
where.” For the Abl or Lyn kinase assay, biotinylated
peptide substrates immobilized on streptavidin-coated
microplates were incubated at 30 °C for 1 h with serial
dilutions of the compounds in a kinase reaction buffer
including 0.1 nM Lyn or 1nM Abl. Phosphorylated
peptide substrates were treated with horseradish perox-
idase-conjugated anti-phosphotyrosine antibody. Tetra-
methylbenzidine (TMB) peroxidase substrates were then
added and the absorbance at 450 nm was measured after
color development. ICs, values were estimated by fitting

the data to a logistic curve. The Abl kinases used for the
enzyme assays and the X-ray crystallography differ at
the N-terminus but are identical in the kinase domain,
including the ligand-binding site. The differences at the
N-terminus would not be expected to affect the results
of our study.

Homology modeling, energy calculations, docking stud-
ies, and surface generation were performed with MOE
2005.06 (Chemical Computing Group, Inc.). The se-
quence of Lyn (LOCUS NP_002341) was aligned with

Table 1. Inhibitory and antiproliferative activity of 3-substituted benzamide derivatives

N
NN /ﬁx
R NS
R243 N~
5 NH
6 0

Compound X R' R? ICs¢ (nM)
Lyn® AbP K562°

o NS

1 imatinib CH H Me/N\) 470 220 182
NS

2 CH F e J 120 35 63
NS c

3 CH al o S ND ND 10
NS

4 CH Br N ) 12 3.1 7
NS

5 CH I o S ND ND 10
NS

6 CH CF, o ) 5.1 48 5
NS

7 N CF, o S 8.8 8.5 4

8 INNO-406 N CF; Me,Ni:- @‘/\ 26 11 11

9d N CF, MezN-—@‘/\ 12 34 4

10¢ N CF, MezN\, N @\1/\ ND ND 11

1 N CF, MezN;@l/\ 2 7.6 9
NN

12¢ N CF; 140 29 17

Me,N

#1Csq values represent the concentration of compound which inhibits the kinase activity by 50%.
°ICs values represent the concentration of compound which inhibits cell proliferation by 50%. The data are taken from Ref. 7.

°ND, not determined.
9The biological activity of the monohydrochloride salts was evaluated.
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that of Abl with the homology-modeling facility imple-
mented in MOE. A set of 10 intermediate homology
models was generated, and each mtermedlate was mini-
mized to an energy gradient of 0.01 kcal mol ' A~!. The
intermediate model with the lowest energy was selected
for further study. Ligands were manually docked into
the binding site of Lyn by using the coordinates of the
INNO-406/Abl complex as a reference. Each docked
ligand and the amino acids within 7 A of it were then
energy-minimized with the MMFF94x force field® until
the root-mean-square gradient of the potential energy
was less than 0.05kcal mol™' A~'. Conformational
changes of ligands and the nearby amino acids during
minimization were small.

A recombinant baculovirus for the expression of the hu-
man c-Abl kinase domain (residues 229-515) was gener-
ated by using the Bac-to-Bac Baculovirus Expression
System (Invitrogen). The kinase domain was expressed
in Sf9 cells infected with the recombinant virus and puri-
fied as described elsewhere,” except that INNO-406 in-
stead of imatinib was used for complex formation with
the kinase domain. The purified INNO-406/protein
complex was concentrated and crystallized by the hang-
ing-drop method at 4 °C. For crystallization, the protein
solution was mixed with an equal volume of reservoir
solution (0.1 M MES, pH 6.0, containing 25%
PEG4000 and 0.3 M MgCl,). Diffraction data from
flash-frozen crystals were collected at the BL32B2 beam-
line of the SPring-8 synchrotron facility (Hyogo, Japan)
and processed with the HKL-2000 package.'® The posi-
tions and orientations of two kinase domain monomers
in the asymmetric unit were initially determined by
rigid-body refinement with the program CNX (Accelrys)
using a crystal structure of the kinase domain of mouse
c-Abl (PDB ID code IIEP) as a search model. Refine-
ment with CNX and model rebuilding with the program
Turbo-Frodo!” were carried out with data to 2.2 A res-
olution to a final R-factor of 0.236 and a final free R-fac-
tor of 0.270. The coordinates have been deposited in the
Protein Data Bank (PDB ID code 2E2B).

All compounds tested showed more-potent inhibitory
activity against Abl and Lyn than did imatinib (Table
1). The inhibitory activity of the compounds against
Abl was highly correlated with their antiproliferative
activity against Ber-Abl-expressing K562 cells (correla-
tion coefficient r = 0.990 when the activity is expressed
as pICsp) and with their inhibitory activity against Lyn
(r=0.982). To investigate why these compounds are
highly active against both kinases, 3D structural infor-
mation would be useful. We have recently solved the
X-ray structure of INNO-406 bound to human Abl,
shown in Figure 2a (Abl, blue; INNO-406, yellow).
For comparison, the X-ray structure of imatinib bound
to Abl° (Abl, cyan; imatinib, white) is shown in Figure
2b. The amino acids within 4 A of INNO-406 or imati-
nib are depicted. In this and subsequent figures, the ori-
gin of the structure is shown in the upper left-hand
corner as Abl (X- ray) or Lyn (model), and structures
with the same origin in subsequent figures are shown
in the same color. The two X-ray structures resemble
each other very closely; only slight differences between
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Figure 2. X-ray structures of imatinib/Abl and INNO-406/Abl
complexes.

the complexes were observed in the positions of the
ligands and the side chains and backbones of the
kinases. It is clear that INNO-406 and imatinib interact
with Abl in very similar ways.

The high sequence similarity between Abl and Lyn
allowed us to construct a high-quality 3D model of
Lyn by using the newly determined X-ray structure of
the INNO-406/Abl complex as a template (Fig. 3).
Because the inhibitory activities of 3-substituted benz-
amides against Abl and Lyn were highly correlated
(r = 0.982), it is reasonable to assume that INNO-406
binds to both kinases in similar ways. On this assump-
tion, we docked INNO-406 into the modeled structure
of Lyn by using the coordinates of the INNO-406/Abl
complex as a reference. An automatic docking carried
out with Glide version 3.0 (Schrodinger, Inc.) produced
a very similar docked structure.

The amino acids located within 4 A of INNO-406 in the
modeled INNO-406/Lyn complex are depicted in Figure
3. The amino acids shown in white are identical in Abl
and Lyn, while those shown in green differ between Abl
and Lyn. For simplicity, from here on in this paper the ami-
no acid numbering of Abl will be used for Lyn. The methyl
group of the central tolyl moiety of imatinib and similar
tyrosine kinase inhibitors is known as the “flag methyl”,
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Figure 3. Binding site of the modeled structure of the INNO-406/Lyn
complex. Amino acids identical in Abl and Lyn are shown in white.
For simplicity, only amino acids forming hydrogen bonds with INNO-
406 are labeled.

and it makes a large contribution to both their inhibitory
activity and their selectivity.!® Notably, the amino acids
around the tolyl moiety of INNO-406 (pink oval in Figure
3) are identical between Abl and Lyn. Other important
interactions are hydrogen bonds. The amino acids of Abl
that form hydrogen bonds with INNO-406 are Glu286,
Thr315, Met318, I1e360, His361, and Asp381 in Abl
(Fig. 2a). Among these hydrogen bonds, that between the
OH group of Thr315 and the anilino NH of imatinib is re-
ported to be critically important for the inhibitory effect of
imatinib.!! Identical hydrogen bonds, including one with
Thr315, were found in the INNO-406/Lyn complex
(Fig. 3). Thus, the critically important protein-inhibitor
interactions are the same for Abl and Lyn kinases. This ac-
counts for the potent inhibitory effect of INNO-406 and its
derivatives against Lyn.

While the amino acids near the central part of INNO-
406 are identical in Abl and Lyn, seven amino acids at
the distal parts of the compound (labeled in Figure 4)
differ between the two kinases, though the substitutions
are all conservative. The five amino acids shown in white
are those interacting with the distal pyrimidine ring.
Among them, those at positions 253 and 317 differ be-
tween Abl and Lyn. However, mutation of Tyr253 to
Phe does not greatly affect the inhibitory activity of
INNO-406 against AblL!'?2 Similarly, mutation of
Phe317 to Leu or Val does not affect the inhibitory
activity of imatinib against Abl.!3> Accordingly, it is rea-
sonable to assume that conservative changes at these
positions will not greatly affect the binding of INNO-
406 or its derivatives to Lyn. Structural determinants
for the selectivity of INNO-406 against other tyrosine
kinases are described elsewhere.®

We have previously studied the effect of 3-substituents
(R!in Table 1) on the antlprohferdtlve activity of 3-ben-
zamides against Bcr-Abl-expressing K562 cells and
found that the hydrophobic and steric effects of 3-sub-
stituents played important roles in enhancing the activ-
ity.” In that study, the hydrophobic effect was
expressed as the hydrophobic substituent parameter

Abl (X-ray)

\ .
INNO-406

Figure 4. Binding sites of experimentally determined INNO-406/Abl
(a) and modeled INNO-406/Lyn (b) structures. The labeled amino
acids differ between Abl and Lyn. The amino acids around the distal
pyrimidine group, R!, and R? are shown in white, magenta, and cyan,
respectively.

n'4 (H, 0.00; F, 0.14; Br, 0.86; CF3, 0.88), which is de-
rived from the Il-octanol/water partition coefficients
(log P) of I-substituted benzenes, and the steric effect
was expressed as Sterimol Bl (H, 1.00; F, 1.35; Br,
1.95; CF3, 1.99), which represents the minimum width
of a substituent.'> We quantitatively analyzed the effect
of the 3-substituents of 1-6 on their inhibitory activity
and formulated the correlation equations 1-4:

pIC,(Abl) = 1.753(£1.602)1 — 2.089(£0.992) (1)
n=4,s=0.300,r =0.958, F =222

pIC,,(Lyn) = 1.894(+£1.254)n — 2.525(+0.777)  (2)
n=4s=0235r=0977,F =422

pIC,(Abl) = 1.750(40.834)B1 — 4.017(+1.358)  (3)
n=4,5=0.162,7 = 0988, F = 81.4

pICy,(Lyn) = 1.858(+0.782)B1 — 4.556(+£1.272)  (4)
n=45=0151,r=0991,F = 104.5
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Figure 5. Mesh representation of the surfaces of Abl (a) and Lyn (b). The yellow stick structure represents compound 8. Only the hydrophobic amino

acids around the CF; group are depicted.
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Figure 6. The surfaces of Abl (a) and Lyn (b) kinases. The white stick structure represents compound 7 and the purple stick structure represents
compound 12. Green, blue, and red indicate the hydrophobic, hydrophilic, and exposed nature of the surfaces, respectively.

In these equations, n is the number of compounds, s is
the standard error, r is the correlation coefficient, F is
the ratio of the variance of the calculated to that of
the observed values, and the figures in parentheses are
the 95% confidence intervals. Eqs. 1 and 2 indicate that
the inhibitory effect increases with the hydrophobicity of
R!. Egs. 3 and 4 show that the inhibitory effect also in-
creases with the size of R'. The coefficients of m and Bl
agree within the 95% confidence intervals, and the statis-
tical quality of Eqgs. 1-4 is excellent. Thus, the effects of
3-substituents on the inhibition of Abl and Lyn by these
compounds are very similar. These results also validate
our assumption made in homology modeling that
INNO-406 binds to Abl and Lyn in very similar ways.

It is of interest to study the correspondence of the find-
ings from Eqs. 1-4 with the structural characteristics of
the ligand-binding sites of the kinases. The newly deter-
mined X-ray structure of the INNO-406/Abl complex
was indeed consistent with the existence of hydrophobic
interactions between the 3-substituents (R') and the
hydrophobic amino acids I1e293, Leu298, Leu354, and
Val379, shown in magenta in Figure 5a. In addition,

the CF; group proved to occupy well the hydrophobic
pocket formed by these four amino acids. The modeled
structure of the INNO-406/Lyn complex is depicted in
Figure 5b. Close to the 3-substituents there are four
hydrophobic amino acids, Leu293, Leu298, Ile354, and
I1e379, shown in magenta. Although the identities of
three of the four amino acids shown in magenta differ
between Abl and Lyn, they are all hydrophobic amino
acids. These hydrophobic interactions thus contribute
to enhance the inhibitory activity against both Abl and
Lyn, and it is reasonable to suppose that the hydropho-
bic effect of the 3-substituent, as expressed by m, signif-
icantly increased the inhibitory activity.

Furthermore, the inhibitory activities of 1-6 were line-
arly correlated with Sterimol parameter B1 for the 3-sub-
stituents (Eqgs. 3 and 4). Because all of the 3-substituents
of 1-6 are symmetric, Bl here simply represents the
width of a substituent. Since the 3-substituent is located
adjacent to the R? group, its steric bulk appears to re-
strict the rotation of the R? group'8, thereby increasing
the binding affinity and hence the inhibitory activity. Pre-
sumably these two factors, the hydrophobicity and the
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steric effect, work cooperatively to enhance the inhibi-
tory activity of 3-benzamides against both Abl and Lyn.

The amino acids surrounding the 4- substltuent (R?) are
shown in cyan in Flgure 4. The effect of R? is not as sim-
ple as that of R', and we could not derive significant
QSAR equations for the R? group. Therefore, as an
alternative, we examined the surface properties of the
binding site in detail. The binding surfaces around R?

generated with MOE are depicted in Figure 6. The
methylpiperadine moiety of 7 occupies well the binding
sites of both kinases. This corresponds to the fact that
the inhibitory effects of 7 agamst Abl and Lyn are com-
parable. As the ring size of R? in 7-12 decreases, the
inhibitory activity against both Abl and Lyn decreases.
To investigate the reason for this trend, we docked 12
into both kinases and found that it could not fill either
binding site well (Fig. 6). A weaker hydrophobic or ste-
ric interaction appears to be unfavorable for the inhibi-
tory activity. Favorable R? groups are those that occupy
the binding pockets well, as in 7-11.

While the inhibitory effects agalnst Abl and Lyn were
comparable for the six-member-R* derivative 7, the
inhibitory effect against Lyn was only about one-fifth
of that against Abl for the four-member-R?> derlvatlve
12. The surface properties of Abl and Lyn near the R?
group are very similar, but there are differences in the
upper regions, where the binding site of Lyn is more ex-
posed than that of Abl. These differences are due to the
different natures of the amino acids at positions 289 and
359 (Flg 4). These regions do not directly interact with
the R? group, but they appear to have some effect on the
binding affinity.

In summary, we have closely examined the binding sites
of Abl and Lyn tyrosine kinases to elucidate the struc-
ture—activity relationships of a series of 3-benzamide
tyrosine kinase inhibitors. Our structural studies reveal
that (1) the important amino acids interacting with the
tolyl group and participating in hydrogen bonding
(Fig. 3) are identical in Abl and Lyn, (2) all but seven
amino acids in the binding sites are identical in Abl
and Lyn (Fig. 4), and (3) the seven amino acids that dif-
fer between Abl and Lyn do not greatly affect the inhib-
itory activity of INNO-406 (Figs. 5 and 6). These results
demonstrate that appropriate selection of R' and R? for
chemical modification largely contributed to the genera-
tion of inhibitors with dual activity against Abl and Lyn
kinases. In addltlon our molecular-modeling study
showed that the R! and R? groups of INNO-406 are
nearly optimal for the exhibition of high inhibitory
activity against both kinases. This type of study is

expected to be of general use in the design of multiply
active drugs, as well as highly selective ones.
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