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Human Lyn tyrosine kinase is expressed in hematopoietic tissues and plays crucial roles in the signal
transduction of hematopoietic immune system. Its excess activity is involved in several tumors. The crys-
tal structure has revealed that the potent inhibitor staurosporine binds to human Lyn kinase domain at
the ATP-binding site. The remarkable structural features of the staurosporine-binding region will offer

valuable structural insights for the structure-based design of novel Lyn-selective inhibitors.
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Src family protein tyrosine kinases (SFKs) comprise of Src, Lyn,
Fyn, Yes, Lck, Hck, Fgr, Blk and Frk. All of these kinases are about
60 kDa in molecular weight and possess the high homologies of
the amino acid sequences. They have a common structure consist-
ing of an N-terminal unique sequence and SH3, SH2, and kinase
(SH1) domains followed by a C-terminal regulatory tail.! SFKs have
been implicated in signaling pathways that control many different
cellular functions, including immune cell activation, cell growth,
differentiation, survival, adhesion, and migration.>®> Abnormal
SFK signaling has been linked to several disease states, involving
osteoporosis and cancer metastases.

Lyn is widely expressed in B lymphocytes and myeloid cells. Lyn
established thresholds by acting as both a positive and a negative
modulator of a variety of signaling responses.>® Lyn deficiency in
mice causes a loss of inhibitory signaling, resulting in autoimmu-
nity, renal disease and premature mortality. Interestingly, the
same phenotype is produced by the hyperactive Lyn in mice.””®
These results clearly show that the balance of Lyn signaling, in
either a positive sense or an inhibitory sense is important. How-
ever, the overall role of Lyn as a modulator in the signal transduc-
tion of immune system is much less well understood. Lyn-selective
inhibitor will be useful to elucidate how Lyn regulates signaling
thresholds within B lymphocytes and myeloid cells. Lyn is an
important candidate target for specific therapy of prostate can-
cer,'° colon cancer'"'? and acute myeloid leukemia.'>!* Further-
more, recent studies show that activation of Lyn is associated
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with resistance to imatinib, which is the standard therapy for new-
ly diagnosed chronic myelogenous leukemia.!®

Lyn inhibitors have potency as the anti-allergic drug and/or the
anti-cancer drug. The selective inhibitor for Lyn would recover the
Lyn-driven disorders without serious side effects occurred by the
inhibition of other kinases. However, no potent Lyn-selective
inhibitor has been reported nowadays. Here, we report the crystal
structure'® of Lyn kinase domain complexed with staurosporine
(Fig. 1), which is a prototypical ATP-competitive kinase inhibitor
in that it binds to many kinases with high affinity. A detailed com-
parison of the crystal structure of Lyn-staurosporine complex with
those of the Fyn-staurosporine complex!” and the Lck-stauro-
sporine complex'® confers clues to production of Lyn inhibitors
with high selectivity over the other Src family kinases.

Overall structure is shown in Figure 2. The nine amino acid res-
idues 392-400, referred to as the activation loop (A-loop) were dis-
ordered and did not show clear electron densities for assignment,
possibly because the A-loop is flexible. Activity assay and western
blot analysis showed that the recombinant Lyn had unphosphory-
lated Tyr396 and was inactive form. Generally, inactive Lyn, in
which Tyr396 is unphosphorylated, has a flexible A-loop.!°

The clear electronic density map corresponding to stauro-
sporine molecule was found at the ATP-binding site located be-
tween the N- and C-lobes of Lyn kinase domain (Fig. 3). The
staurosporine molecule binds to Lyn by three hydrogen bonds, a
CH-O interaction, and eight CH-7 type interactions. The NH group
and carbonyl oxygen of the lactam ring of the inhibitor made a pair
of hydrogen bonds with the backbone carbonyl oxygen of Glu320
and the backbone NH of Met322. Both amino acid residues in the
hinge region are important for binding of the adenine ring of ATP
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Figure 1. Chemical structure of staurosporine.

to protein kinases. The methylamino nitrogen of the glycosidic ring
formed a hydrogen bond to the backbone carbonyl oxygen of
Ala371 in the ribose-binding pocket of Lyn. The glycosidic oxygen
of staurosporine participated in a CH-0 interaction with the back-
bone C, atom of Gly254. The CH-O interaction is well defined in
small-molecule crystal structures®® and has also been observed
in other kinases.'”"'® The plane structure moiety of staurosporine
molecule was surrounded by the five hydrophobic residues, includ-
ing Leu253, Val261, and Ala273 from the N-lobe, and Gly325 and
Leu374 from the C-lobe. A total of eight CH groups from these res-
idues interacted with the conjugated plane of the inhibitor. All
interactions were conserved in the Fyn- and Lck-staurosporine
complexes. These common structural features coincided with anal-
ogous inhibitory activities of staurosporine for Lyn, Fyn and Lck
(Table 1). Structural differences around the staurosporine-binding
region appeared to drive selectivity for each kinase (Fig. 4).

A notable sequence difference among the three kinases, Lyn, Lck
and Fyn was found at the glycine-rich loop (G-loop) covered the
edge of the ATP-binding site. The amino acid sequence of the G-
loop of Lyn is GAGQFG and is identical with that of Lck, while
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Figure 2. Overall structure of the Lyn-staurosporine complex. Staurosporine binds
to the ATP-binding site which is located at the large groove between the N- and C-
lobes united by the hinge region.
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Figure 3. Fo-Fc map at 1.5c level around the staurosporine. Selected amino acid
residues are drawn. Hydrogen bonds and CH-O interaction are shown by blue and
orange lines, respectively.

Table 1
The inhibition of protein tyrosine kinases by staurosporine
Lyn Fyn Lck
ICso (NM) 13 2.0 1.5

the alanine residue is replaced with the asparagines residue in
Fyn (Fig. 4A). The asparagine residue has a relatively rigid confor-
mation due to the formation of a hydrogen bond with Glu260
(Lyn numbering scheme) which is conserved in the three kinases.
Thus, the carbonyl oxygen atom of the asparagine residue is fixed
toward the ATP-binding site and has potency to make an interac-
tion with inhibitor molecules.

A characteristic groove is formed between two a-helices, aD
and aG. Lyn and Fyn have relatively narrow and shallow grooves,
because hydrogen bonds are formed between the NH of Leu328
of oD helix and carbonyl of Ala370 of oG helix in Lyn and between
the NH of Leu350 of aD and the hydroxyl and/or carbonyl of
Ser392 of oG in Fyn (Fig. 4B). On the other hand, Lck has Val325
at the same position of aD helix. The Val325 residue will disturb
the formation of the short contact between aD and oG helices be-
cause of the steric hindrance between the Cy; atom of Val325 and
Ala367 residues of aG helix. This suggests that relatively large
inhibitor molecules might be held in the groove of Lck which is
slightly large and deep in comparison with those of Lyn and Fyn.?!

Lyn has Ala323 at the hinge region, whereas Fyn and Lck have
Asn345 and Glu320, respectively (Fig. 4C). The alanine residue
has a small side chain compared with the asparagine and glutamic
acid residues. Thus, a cavity was generated around the hinge region
of Lyn. The cavity will be useful for the molecular design of novel
Lyn-selective inhibitors. The position of the turn structure between
B-strands 9 and 10 was shifted toward the N-lobe. This seems to be
caused by an electrostatic interaction between Glu377 of the turn
structure and Lys271 of the N-lobe. As a result, Glu377 approaches
Ala323. Thus, the negative charge will also be useful for the Lyn-
selective inhibitor design, such as the addition of dimethylamino-
propyl pyridine. The moiety could use the features of the relatively
large cavity and the negatively charged Glu377 effectively.??

The DFG motif at the beginning of A-loop is the key structural
component of active kinases. The DFG motif has the ‘DFG-In’ con-
formation in the active state and is flipped into its inactive ‘DFG-
Out’ conformation. In the structure of Lyn complexed with stauro-
sporine, the DFG motif has the ‘DFG-In’ conformation. Stauro-
sporine is the Type I kinase inhibitor that does not require the
DFG motif in its inactive ‘DFG-Out’ conformation.?? Interestingly,
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Figure 4. Superimposition of Lyn- (green), Fyn- (orange), and Lck- (pink) Staurosporine complex structure. The hydrogen bonds are shown by blue line. (A) G-loop. (B) oD and

oG helices. (C) Hinge region. (D) DFG motif.

Fyn has the isoleucine residue at the o.C helix which is near the gly-
cine residue of the DFG motif, whereas Lyn and Lck have the leu-
cine residue (Fig. 4D). This suggests that Fyn induces a slightly
larger cavity between the DFG motif and oC helix than Lyn and
Lck, when the three kinases have the ‘DFG-Out’ conformation.
Imatinib, which is the Type Il and the selective inhibitor for Abl ki-
nase, has been reported to bind Abl in the “DFG-Out” conforma-
tion.?* Thus, it is available to utilize the cavity for the design of
Fyn-selective inhibitors.

In conclusion, we determined the crystal structure of human
Lyn kinase domain complexed with staurosporine. The cavity gen-
erated around the hinge region and the negative charged Glu377 of
Lyn will be useful for the creation of the novel inhibitor which has
high affinity and selectivity to Lyn. Although the high affinity
should be compensated by attractive interactions, the selectivity
of inhibitor for a specific target enzyme can be obtained also by
using the effect of the steric repulsions. The structural features of
Lyn-, Fyn- and Lck-staurosporine complexes also suggest that the
affinity of inhibitor for Fyn and Lyn will be reduced relative to
Lck by the steric repulsions with the carbonyl of the asparagine
residue of the G-loop and with the characteristic groove formed
between two a-helices, oD and oG. These remarkable structural
features of the staurosporine-binding region will offer valuable
structural insights for the structure-based design of novel Lyn-
selective inhibitors.
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