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The interaction energy was calculated, by the ab initio FMO method, for complexes between LCK protein
and four inhibitors (staurosporine, BMS compound 2, and our compounds 3 and 4). In every case a num-
ber of CH/n hydrogen bonds have been disclosed in the so-called adenine pocket. In complexes of 2, 3,
and 4, CH/m and NH/m hydrogen bonds have been observed in another pocket. In view of the above

results, the aniline ring of 3 was replaced by 2,6-dimethyl aniline to increase the potency for LCK kinase.
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A 10-fold increase in the potency has been achieved for 4 over 3. We suggest that the concept of weak
hydrogen bonds is useful in the rational design of drugs.
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1. Introduction

Evidence has accumulated, in the preceding five decades, to
show that weak molecular forces such as CH/O, NH/m, and CH/=x
hydrogen bonds are important in supramolecular chemistry and
structural biology."? These weak hydrogen bonds have been
shown to play an important role in the interaction of proteins with
their specific ligands.>* In view of the significance of CH/O hydro-
gen bonds in the recognition of proteins to their ligand,” Pierce
et al. designed effective inhibitors of glycogen-synthase-kinase 3
(GSK3) by using the concept of the CH/O hydrogen bond.® Umeza-
wa and Nishio reported that CH/m hydrogen bonds play a vital role
in the binding of acetylcholine esterase with its inhibitors.” Irie
also suggested the importance of CH/m hydrogen bonds in the
binding of indolactam-V with C1B domain of protein kinase C.2

The ab initio MO method is rapidly becoming one of the most
useful tools in studying interactions between molecules.®~!3 Kitau-
ra and coworkers developed a technique termed as the ab initio
fragment MO (FMO) method.'#"'° In the FMO method, a molecule
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or a cluster of molecules is divided into many fragments and the
calculations are performed on each fragment and fragment pairs.
The results obtained from the fragment pairs are combined and ex-
pressed as a summation of the fragment energies (inter-fragment
interaction energies, IFIE). The IFIE value is used to estimate the
interaction of a ligand with amino acid residues of a protein. The
FMO technique has enabled the calculation of very large molecules
including proteins and their complexes. The method has been ex-
tended to post-Hartree-Fock (HF) levels such as the second-order
Moéller-Plesset perturbation method (FMO-MP2).2°-22 The FMO-
MP2 method is most often employed in the application to bio-mac-
romolecules, because of its low computational costs. Fukuzawa
and Nakano used the FMO method, at the MP2/6-31G level, in
evaluating the binding energy of a human-estrogen-recep-
tor/ligand complex?®> and a cyclic-AMP receptor protein/DNA
complex.?* Nakanishi et al. applied the FMO method, at the MP2/
6-31G" level approximation, to several complexes of FK506 binding
protein (FKBP) and demonstrated that the dispersion interaction is
important in binding FKBP with its specific ligands.?> To evaluate
the contribution from the CH/m hydrogen bond, MP2 or higher lev-
els of theory should be used because the stabilization arises mostly
from the dispersion force.?® On the other hand, the electrostatic
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Figure 1. The ATP-binding site of the LCK protein kinase domain.

force determines the direction of interactions between interacting
molecules.?” Recently, we showed, by FMO calculations at the
MP2/6-31G" level, that CH/w hydrogen bonds determine the selec-
tivity of Src homology 2 domains to their ligand peptides.?®
Src-family tyrosine kinases consist of eight highly homologous
proteins that are expressed primarily in hematopoietic tissues,?®
two of which, LCK and FYN, are expressed in T cells, with LCK play-
ing a critical role in the initial steps of T cell-receptor signaling.>%>!
Hence, an inhibitor of LCK has potential utility as an autoimmune
agent. Several studies have reported on the synthesis and charac-
terization of LCK kinase inhibitors.>>**> These compounds are
ATP-competitive inhibitors, and the crystal structure of various
LCK complexes has been reported.** ATP is known to be bound in
the cleft formed between the two lobes of the so-called protein
kinase fold (Fig. 1).#° Three sites that are common to all Src-family
kinases are critical for the binding of LCK inhibitors (Fig. 2). Donor-
acceptor pairs of hydrogen bonds are formed between the back-
bone atoms of the linker region and adenine. The adenine moiety
is positioned at the so-called adenine pocket, which is composed
mainly of aliphatic amino acid residues. Another pocket, which is
unoccupied by ATP, binds an aromatic group of the inhibitors.
Mukaiyama et al. proposed that CH/mt hydrogen bonds play a role
in the activity of the protein tyrosine kinase c-Src, and many ali-
phatic amino acid residues are found in the adenine and aromatic
pockets of the enzyme.*® Therefore, we hypothesized that electro-
static interactions and/or hydrogen bonds are relatively unimpor-
tant, while CH/m hydrogen bonds mainly contribute to recognition.

Linker Region b Adenine Pocket

HO 0,9

Figure 2. Features of the ATP-binding site.
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Figure 3. Structure of the four LCK inhibitors analyzed by the FMO method.

In view of the above information, a structure based drug design
(SBDD) of LCK inhibitors was performed by crystal structure deter-
minations and FMO calculations. Herein, we report the results of
the FMO calculations of four complexes between LCK and inhibi-
tors (Fig. 3). Several CH/r, CH/O, and NH/r hydrogen bonds have
been found to contribute to stabilizing the structure of LCK
complexes.

2. Results and discussion
2.1. Treatment of the dispersion interaction

Evaluating the interaction energies between the LCK protein
and their inhibitors, analysis of the dispersion energy must be per-
formed carefully. The electron correlation energy could be overes-
timated by MP2 calculations due to the lack of higher order
correlations.

For estimating exactly the dispersion energy, a larger basis sets
should be used. The 6-31G basis set was used throughout the pres-
ent work, however, because we are dealing with a very large
molecular system of ca. 4400 atoms (ca. 24,500 basis functions).
The local MP2,%” or spin-component scaled (SCS) MP2*® are pro-
posed as the method to improve the description of dispersion en-
ergy. Ishikawa et al., using the local MP2 method, showed that
the ratio of dispersion interaction is not dependent on the size of
basis sets, although the total dispersion interaction was greatly af-
fected by the size of basis sets.*® Therefore, the FMO/MP2/6-31G-
level approximation was considered to be appropriate in discuss-
ing the tendency of the interaction between protein and ligand in
rational drug design.

2.2. Staurosporine

Hydrogen bonds are formed in the linker region of the ATP-
binding site of protein kinases, which is the key interaction in
the recognition of inhibitors or substrates. Figure 4 illustrates the
hydrogen bonds formed between staurosporine 1 and the enzyme.
The crystal structure of the complex shows that the enzyme uses
two hydrogen bonds.** One is found between the peptide oxygen
of Glu317 and the lactam amide hydrogen of 1. The other hydrogen
bond is formed between the amide hydrogen of Met319 and the
lactam carbonyl group of 1. These two pairs of hydrogen bonds
are important for the binding of the inhibitor to the protein kinase.
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Figure 4. Interactions between 1 and Glu317 and Met319 of LCK. The green lines
indicate hydrogen bonds.

Our FMO calculations gave results consistent with these obser-
vations. That is, the interaction energies Eyp, between 1 and the
LCK protein have been estimated to be —19.4 and —11.0 kcal/
mol, respectively, for Tyr#318 and Met#319. The interaction of
Tyr#318 is reflected in the hydrogen bond between the peptide
oxygen of Glu317 and 1, according to the FMO fragment rule de-
scribed in Section 4. Thus, the importance of the two hydrogen
bonds between the linker region and 1 was confirmed by the
FMO result.

The ATP-binding site also recognizes an aromatic group of the
inhibitor. We investigated the mode of recognition by the FMO
method. Table 1 shows that 1 interacts with Leu#251 (Eyp;
—5.4 kcal/mol), Val#259 (—6.4 kcal/mol), and Leu#371 (—6.4 kcal/
mol). No hydrogen bond was found between 1 and these three
residues. The HF interaction energies Eyr were positive or slightly
negative. These results imply that the contribution from the disper-

Table 1
Interaction energies (in kcal/mol) between the LCK and staurosporine (1)
Empy” Ene® AEvipy_ e

Tyr318 -19.4 -13.6 -5.8
Asp382 -15.1 -11.2 -39
Gly252 -11.1 -6.9 —4.2
Met319 -11.0 -83 -2.7
Asn369 -10.9 -7.6 -3.2
Asp326 -83 -7.1 -1.1
Glu288 -74 -6.3 -1.1
Leu371 -6.4 0.7 -71
Val259 -6.4 -0.7 -5.7
Leu251 -54 1.0 —-6.4
Lys269 -4.5 -4.5 0.0
Asp364 —4.2 —4.2 0.0
Gly254 -33 -2.8 -04
Thr316 -3.1 -1.6 -1.5
Val272 -3.0 -2.8 -0.2
Glu432 -2.1 -2.1 0.0
Asn321 -2.1 -1.8 -0.3
Gly322 -1.7 1.0 -2.8
Lys246 -1.7 -1.7 0.0
Gly262 -1.6 -1.6 0.0
Val372 -1.6 -14 -0.2
Asp422 -1.5 -1.5 0.0
His267 -1.1 -1.1 0.0
Lys379 -1.0 -1.0 0.0

¢ Interaction energy calculated at the MP2/6-31G level.
" Interaction energy calculated at the HF/6-31G level.
€ EMPZ - EHF-
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Figure 5. Interactions between 1 and Leu251 and Val259 of LCK. The green lines
indicate CH/m hydrogen bonds.

Figure 6. Interactions between 1 and Gly252 and Leu371 of LCK. The green lines
indicate CH/O and CH/r hydrogen bonds.

sion energy is important for the interaction involving these
aliphatic residues: Leu#251 (Empz_nr —6.4 kcal/mol), Val#259
(—5.7 kcal/mol), and Leu#371 (—7.1 kcal/mol). Therefore, we con-
sider that CH/m hydrogen bonds play a dominant role in the recog-
nition of 1 by the LCK protein. In Figures 5 and 6, four short
individual CH/m contacts were observed between Leu251, Val259,
and Leu371 and 1. Consequently, the FMO calculations suggest that
the CH/m hydrogen bond plays an important role in the ATP site of
the LCK protein. Crystal structures of several protein kinases re-
vealed that the ATP-binding sites are similar to each other and
occupied by an aromatic ring system of the inhibitor.>°

The glycosyl part of 1 also interacts with the LCK protein. The
crystal structure of the complex shows that the methylamino
group of the glycosyl part of 1 is involved in a hydrogen bond with
the LCK protein. This group is positioned to allow hydrogen bond-
ing to a carbonyl group of the LCK protein. The FMO results gave
results consistent with this; 1 interacts with Asp#382, Asn#369,
and Asp#326 through electrostatic interactions and hydrogen
bonds. The interaction between Gly#252 and the LCK protein is
difficult to explain, but it may be due to CH/O hydrogen bonds be-
tween Ca of Gly252 and 1-oxygen of the glycosyl group, a carbonyl
oxygen of Gly252, and a hydrogen attached to carbon-2 (Fig. 3).

The Mulliken charges were examined for several atoms. The
atomic charges of the peptide oxygen of Glu317 and the lactam
amide hydrogen of 1 are —0.702e and 0.468e, respectively. The
amide hydrogen of Met319 and the lactam carbonyl oxygen of 1
are 0.498e and —0.709e, respectively. In contrast, the side chain
hydrogen of Leu251, Val259, and Leu371, which are interacting
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to aromatic ring of 1 through the CH/m hydrogen bonds, have
charges 0.216e (Leu251 B position), 0.173e (Leu251 § position),
0.210e, 0.173e (Val259 vy position), 0.166e, 0.165e, and 0.150e
(Leu371 & position), respectively. These results indicate that the
electrostatic energy is relatively unimportant in the CH/m hydro-
gen bond.

To summarize this section, FMO calculations showed that the
CH/m hydrogen bond, in addition to conventional hydrogen bonds
and electrostatic interactions, is important in the recognition of the
LCK protein to 1. Therefore, the CH/m hydrogen bond, as well as the
hydrogen bond, must be taken into account in the following drug
design.

2.3. BMS compound

The Lipinski’s ‘rule-of-five’ states that “to be a useful drug, at
least five hydrogen bond donor- and 10-acceptor-functionalities
should be achieved in a candidate molecule.”' Recently, a
‘rule-of-three,” which limits the number of hydrogen bond
donors to three, has been proposed.>? In BMS compound 2, the
number of hydrogen bond donors is smaller than in other kinase
inhibitors.*® The BMS compound was chosen as the lead com-
pound of our study since this shows one CH/O hydrogen bond
in the linker region of the LCK protein. Chen et al. reported that
analogs of compound 2 have two hydrogen bonds that are crit-
ical in the binding of protein: N3-nitrogen of the imidazole group
to NH of Met319, and NH of the aniline moiety to OH of
Thr316.%° They, however, did not comment on the role of CH/O
hydrogen bonds.

Table 2 shows that 2 interacts with Met#319, Tyr#318, and
Thr#316, etc. (see Fig. 7). The interactions involving Met#319 cor-
respond to those between the amide hydrogen of Met319 and N3 of
the imidazole part of 2. Tyr#318 consists of the carbonyl group of
Glu317, while Tyr318 does not include its carbonyl group. The
crystal structure of the complex shows that the side chain of
Tyr#318 is more than 4.2 A from 2 (Fig. 8). We therefore consider
that 2 interacts with Tyr#318 through a CH/O hydrogen bond.>*
The distance between the carbonyl group of Tyr#318 and the
hydrogen attached to C4 of the imidazole ring was reported to be
about 2.4 A; this is compatible with the observation by Pierce
et al., which mentioned the importance of CH/O hydrogen bonds
in kinase inhibitors.>®

Table 2
Interaction energies (in kcal/mol) between the LCK and BMS compound (2)
EMPZ EHFb AEMPZ—HFc

Met319 -84 -5.2 -33
Tyr318 -8.2 —5.7 -2.5
Thr316 -7.3 -23 -5.0
Asp326 -7.0 -5.8 -1.3
Lys273 -7.0 -1.4 —5.7
Glu288 -5.1 -29 -2.2
Gly252 -5.1 -2.8 -23
Leu371 —-4.3 0.2 —4.5
Val272 -33 -2.7 -0.6
lle315 -33 -22 -1.1
Val259 -3.1 1.0 —4.1
Met292 -1.9 -0.6 -1.3
Leu251 -19 0.7 -2.6
Lys269 -1.5 -1.5 0.0
Phe383 -13 -0.3 -1.0
Trp260 -1.2 -0.9 -03
Lys379 -1.2 -1.2 0.0
lle314 -1.2 0.4 -1.5
Leu303 -1.0 -1.0 0.0

¢ Interaction energy calculated at the MP2/6-31G level.
" Interaction energy calculated at the HF/6-31G level.
¢ Emp2 — Enr.
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Figure 7. Interactions between 2 and Thr316, Glu317, and Met319 of LCK. The
green lines indicate hydrogen bonds.

Figure 8. The distance between 2 and Tyr318.

The interactions involving Thr316 correspond to those between
the hydroxyl group of Thr316 and the hydrogen of the aniline part.
In the tricyclic aromatic part, several short CH/m distances
have been disclosed (Fig. 9). Thus, Table 2 shows that 2 interacts
with Leu251 (AEmpz —1.9 kcal/mol), Val259 (—3.1 kcal/mol), and
Leu371 (—4.3 kcal/mol). The above three residues have significant
dispersion interactions: Leu251 (Eypy_pr —2.6 kcal/mol), Val259
(—4.1 kcal/mol), and Leu371 (—4.5 kcal/mol). These interactions
are weaker than those found in the 1-complex. This is considered
to be attributable to the difference in the number of CH/rt hydro-
gen bonds.

We thought that the interaction energy involving the tricyclic
aromatic portion would be adequate to be a candidate for the lead
compound. In the 2-chloro-6-methyl-aniline part, short CH/m con-
tacts were disclosed between the benzene ring and the side chain
of Lys273 and Thr316. The interactions energies Eyp, were
—7.0 kcal/mol for Lys273 and —7.3 kcal/mol for Thr316, while
AEnp2_yr Was —5.7 kcal/mol and —5.0 kcal/mol, respectively, for
Lys273 and Thr316. The g-amino group of Lys273 was located
above the benzene ring of 2, which may have been due to a NH/
1t hydrogen bond.
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Figure 9. Interactions between 2 and Leu251, Val259, Lys273, Thr316, and Leu371
of LCK. The green lines indicate NH/mt and CH/r hydrogen bonds.

To summarize this section, the FMO results revealed that BMS-
279700 2 interacts with the LCK protein through not only hydro-
gen bonds but also through CH/O, NH/r, and CH/m hydrogen bonds
and that this has enough interaction energy to be a candidate for
the lead compound. We therefore tried to improve the binding
ability of 2, taking CH/m hydrogen bonds into further
consideration.

2.4. Compound 3

2.4.1. N-(2-Chlorophenyl)-5-phenylimidazo[1,5-a]pyrazin-8-
amine

In view of the results obtained by the FMO analysis of the above
two complexes, we hypothesized that CH/O and CH/m hydrogen
bonds play an important role in the binding of inhibitors with
the LCK protein. Thus, N-(2-chlorophenyl)-5-phenylimidazo[1,5-
a]pyrazin-8-amine (3) was designed and synthesized as a candi-
date inhibitor. First, we determined the crystal structure of 3 in
complex with the LCK kinase domain. Next, FMO calculations were

Table 3
Interaction energies (in kcal/mol) between the LCK and compound 3
Emp2” Enr® AEnp2 1E

Met319 -9.7 -6.0 -3.7
Tyr318 -9.7 —-6.1 -3.6
Thr316 -7.8 -31 -4.7
Glu288 -6.9 -4.7 -22
Lys273 —-6.7 -23 —-4.5
Gly252 -4.7 -3.7 -1.1
Leu371 -43 0.9 -52
Leu251 -25 0.5 -3.0
Lys269 -22 -22 0.0
Val259 -2.0 1.6 -36
Asp326 -2.0 -1.9 -0.1
Met319 -1.9 -0.5 -1.3
Val272 -1.8 -1.2 -0.6
Trp260 -1.8 -1.7 -0.2
lle314 -1.7 -0.3 -14
Val301 -1.6 0.7 -2.3
Ala381 -1.6 -09 -0.6
Gly322 -1.5 -0.6 -0.9
Ser274 -1.2 -1.1 —0.1

2 Interaction energy calculated at the MP2/6-31G level.
" Interaction energy calculated at the HF/6-31G level.
N EMPZ - EHF-

Leu371

Figure 10. Interactions between 3 and Leu251, Val259, and Leu371 of LCK. The
green lines indicate CH/n hydrogen bonds.

carried out to obtain information necessary for optimizing the
structure of potential ligands.

Table 3 shows that 3 interacts with Thr#316 (—7.8 kcal/mol),
Tyr#318 (—9.7 kcal/mol), and Met#319 (—9.7 kcal/mol). The bind-
ing mode of these three residues is similar to that of 2.

In the crystal structure (Fig. 10), short CH/m contacts are shown
between the imidazo-pyrazine moiety of 3 and the side chain
groups of Val259 and Leu371. In agreement with this observation,
the FMO calculations show that 3 interacts with Val#259 and
Leu#371; their interaction energies are —2.0 and —4.3 kcal/mol,
respectively. In contrast, the HF interaction energies involving
these two residues are positive, suggesting that hydrogen bonds
do not play a role. Although Leu251 interacts with the core-ring
part of 1 and 2 via CH/mt hydrogen bonds, in 3, Leu251 is remote
from the imidazo-pyrazine ring. In contrast, short CH/mt contacts
have been noted between the side chain of Leu251 and the phenyl
ring at position 5 of the imidazo-pyrazine ring. The calculated
interaction energy (—2.5 kcal/mol) is consistent with the crystal
structure. The tricyclic ring in the core region of the inhibitor 2 is

* Thr316

Figure 11. Interactions between 3 and Lys273 and Thr316 of LCK. The green lines
indicate NH/m and CH/m hydrogen bonds.
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converted to a bicyclic ring in 3. Three amino acid residues
(Val259, Leu371, and Leu251) interacting with 2 by CH/m hydrogen
bonds are also involved in 3.

Figure 11 shows short CH/m contacts between the benzene ring
of 3 and the side chain of Lys273 and Thr316. In agreement with
this observation, the interaction energies were calculated to be
—6.7 kcal/mol for Lys273 and —7.8 kcal/mol for Thr316 (Table 3).
The 2-chlorol-aniline part of 3 interacts with Lys273 through NH/
1 and CH/m hydrogen bonds; Thr316 interacts via hydrogen bonds
and CH/r hydrogen bonds.>4->6

To summarize, the FMO calculation shows that 3 interacts with
the LCK protein through CH/O, NH/r, and CH/mt hydrogen bonds.
However, the inhibition value of 3 to the LCK protein remained
modest (ICsg =220 nM).

2.5. Compound 4

2.5.1. N-(2,6-Dimethylphenyl)-5-phenylimidazo[1,5-a]pyrazin-
8-amine

In the previous section, we noted that the interaction of the LCK
protein with the 2-chlorol-aniline part of 3 is stabilized by CH/=x
and NH/mt hydrogen bonds. The substituent effects on the CH/x
hydrogen bond have been measured in many studies using IR
and NMR spectroscopy,®”>® X-ray crystallography,>>%° and ab ini-
tio calculations.?”¢162 According to these papers, it was shown that
an electron-donating substituent on the m-ring system favors the
CH/m hydrogen bond. We therefore designed N-(2,6-dimethyl-
phenyl)-5-phenylimidazo[1,5-a]pyrazin-8-amine 4 to improve
the interactions.

The present FMO results agree well with the structure activity
relationship (SAR) of 3 and 4 (Table 4). The difference in the inter-
action energies of Lys273 between 3 and 4 were —6.0 kcal/mol,
which was the largest value among the amino acid residues in
the protein. Since the side chain of Lys273 was located above the
2,6-dimethylphenyl ring of 4, the enhanced activity of 4 was attrib-
utable to the NH/m and CH/m hydrogen bonds. In contrast, the dif-
ference in the interaction energies in Thr316 was small
(—0.02 kcal/mol). The HF interaction energy decreased 1.2 kcal/
mol from 3 to 4, while the dispersion energy increased by
—1.2 kcal/mol. This result may be attributable to the decrease in
the acidity of NH in the aniline part of the candidate inhibitors
and the increase of electron density in the benzene ring by the

Table 4
Interaction energies (in kcal/mol) between the LCK and compound 4
EMPZa EHFb AEMPZ—HFE

Lys273 -12.7 -7.7 -5.0
Met319 -9.6 -5.9 -3.7
Tyr318 -8.8 -5.7 -3.1
Thr316 -7.8 -1.9 -5.9
Gly252 -5.8 -4.2 -1.6
Leu371 -43 0.5 -4.8
Glu288 -35 -0.7 -2.8
le315 -3.1 -1.9 -1.2
Val272 -29 =21 -0.8
Val259 -2.6 14 -4.0
Leu251 -24 0.9 -34
Val301 -1.8 0.7 -25
Met292 -1.7 —-0.1 -1.6
Lys269 -1.7 -1.7 0.0
lle314 -14 0.6 -2.0
Gly322 -14 -0.5 -0.8
Asp326 -13 -13 0.0
Phe383 -1.2 0.0 -1.2
Trp260 -1.1 -0.9 -0.3

¢ Interaction energy calculated at the MP2/6-31G level.
" Interaction energy calculated at the HF/6-31G level.
¢ Emp2 — Enr.
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introduction of methyl groups at positions 2 and 6. The differences
in the interaction energies involving other residues were insignifi-
cant in the cases of Met319 (0.13 kcal/mol), Tyr318 (0.89 kcal/
mol), Leu371 (0.05 kcal/mol), Val259 (-0.6 kcal/mol), and Leu251
(0.02 kcal/mol). The interactions between 4 and the LCK protein
were similar to 3 in the linker region and imidazo-pyrazine ring.
In agreement with the statement by Snow et al., 2,6-disubstitu-
tions might have stabilized the conformation of the inhibitor in
the complex.3* Consequently, 4 is highly potent as an inhibitor of
the LCK protein (ICsg = 20 nM).

3. Conclusions

The interaction energy was calculated by the ab initio FMO
method for complexes between the LCK protein and four inhibitors
(staurosporine 1, BMS compound 2, and compounds 3 and 4). In
the four complexes investigated, CH/m hydrogen bonds were found
to play an important role in the binding of the protein to the inhib-
itors. In the complexes of every ligand, several CH/m hydrogen
bonds were disclosed in the so-called adenine pocket. In 2, 3, and
4, CH/mt and NH/m hydrogen bonds were also observed in another
pocket, which was not occupied by ATP. Additionally, CH/O hydro-
gen bonds have been shown to play a role in the linker region.
According to the above findings, the aniline ring in 3 was substi-
tuted by 2,6-dimethyl in 4 to increase the potency for LCK kinase.
Thus, a 10-fold increase in the potency was achieved for 4
(IC50 =20 nM) over 3 (ICso = 20 nM). We suggest that CH/r hydro-
gen bonds play an indispensable role in the recognition of the LCK
protein with the ligand and the signal transduction system. The
concept of CH/m hydrogen bonds is useful in the rational design
of drugs.

4. Methods
4.1. Molecular modeling

The structure of LCK/1-complex was retrieved from the Protein
Data Bank (PDB); the PDB code is 1qpj.** The crystal structures of
LCK complexes with inhibitors 2, 3, and 4 were determined in our
laboratory (PDB codes 2zm4, 2zm1, and 2zob, respectively). The
resolution of the crystallographic determinations of the protein/li-
gand complexes were 2.2, 2.7, 2.1, and 2.6 A for 1, 2, 3, and 4,
respectively. Hydrogen atoms were generated by using the molec-
ular graphic software Quanta 2000 (Accelrys, Inc., San Diego, CA).
We assumed that the N-termini of the lysine and arginine side
chains were protonated, while the C-termini of aspartic and glu-
taminic side chains were deprotonated. The amino groups of inhib-
itors 1 and 2 were not protonated. The CHARMm force field
implemented in Quanta 2000 was used at the minimization steps.
The protein structures were optimized by the steepest descent (SD)
method at dielectric constant ¢ =4R. The optimization was per-
formed stepwise. At the first step, the structures were minimized
under the condition that the non-hydrogen atoms were con-
strained. Next, the protein backbone atoms were constrained. At
the final step, all atoms were minimized with the harmonic atom
constraint. The force constants of the harmonic atom constraint
gradually decreased from 100.0 to 10.0, and then to 1.0.

4.2. FMO method

First, a molecule or a molecular cluster was divided into M frag-
ments (monomers) as shown in Figure 12. Then, ab initio calcula-
tions were carried out, repeatedly, on the fragments under the
electrostatic potential from the surrounding (M — 1) monomers
V!, until all the monomer densities become self-consistent. Second,
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Figure 12. Fragmentation of molecules; proteins were divided into each amino acid
residues.
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Figure 13. Amino acid residues renumbered based on the FMO fragment rule.

the equations for the dimers were solved under the influence of the
electrostatic potential from the neighboring (M — 2) monomers V.
Finally, the total energy of the system E is calculated in Eq. 1 by
using the total energies of the monomer E' and dimer EV.

M M
E=> Ej—(M-2))E (1)

] T

The internal fragments interaction energy (IFIE) in the FMO calcula-
tions is defined as in Eq. 2.

AEy = (Ej — E; — E}) + Tr(AP'VY) 2)

where PY is a difference density matrix, V¥ is the environmental
electrostatic potential for dimmer IJ, and E; and E are the monomer
and dimmer energy, respectively, without an environmental elec-
trostatic potential.

In the present study, the proteins were divided at individual
amino acid residues because our aim was to investigate the inter-
molecular interactions between the LCK protein and the inhibitors
based on an amino acid residue units. Note that fragmented resi-
dues do not exactly correspond to amino acid residues because
the fragmentations in the FMO calculations were performed be-
tween the Ca atom and the main chain carbonyl group. Therefore,
the main chain carbonyl group of the ith residue was assigned to
the (i + 1)th residue fragment. In the following discussion, we refer
to fragmented amino acid residues using the residue name and its
position from the N-terminus (#). For example, Figure 13 shows
that Tyr#318 consists of the carbonyl group of Glu317 through
Tyr318, but does not include the carbonyl group of Tyr318.

Single-point energy calculations were performed by the HF and
MP2 methods using the 6-31G basis set (FMO-HF/6-31G, FMO-
MP2/6-31G). All of the FMO calculations were carried out using
the ABINIT-MP program.®® The calculations were done on Pentium
4 3.4-GHz clusters (20 CPUs). The CPU time took about 52 h for the
LCK/4 complex (4433 atoms, 24,524 basis functions).
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