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Tyrosine phosphorylation represents a unique signaling process that controls metabolic pathways, cell
activation, growth and differentiation, membrane transport, apoptosis, neural, and other functions. We present
here the three-dimensional structure of Fyn tyrosine kinaSe¢-gamily enzyme involved in T-cell receptor

signal transduction. The structure of Fyn was modeled for homology using the Sybyl-Composer suite of
programs for modeling. Procheck and Prosa Il programs showed the high quality of the obtained three-
dimensional model. Rosmarinic acid, a secondary metabolite of herbal plants, was discovered as a new Fyn
kinase inhibitor using immunochemical aimdsilico methods. Two possible binding modes of rosmarinic

acid were evaluated here, i.e., near to or in the ATP-binding site of kinase domain of Fyn. Enzyme kinetic
experiments revealed that Fyn is inhibited by a linear-mixed noncompetitive mechanism of inhibition by
rosmarinic acid. This indicates that rosmarinic acid binds to the second “non-ATP” binding site of the Fyn
tyrosine kinase.

Introduction especially in the evolutionary well-conserved kinase domain.
¢ Human tyrosine kinase Fyn (p®9 Proto-oncogene tyrosine-
protein kinase FYN, EC 2.7.1.11%)is a member of the
nonreceptoSrcfamily tyrosine kinases. Other members of this
group are Lck, Src, Yes, Lyn, Hck, Blk, Fgr, and Yrk tyrosine
kinase. One of the most important roles of Fyn kinase is its
s Participation in T-cell signal transductidh!?since it is activated
after stimulation of T-cell antigen receptdf&TAM sequences
(immunoreceptor tyrosine activation motif) of the CD3 subunit
andg-chain of T-cell receptors are then phosphorylated by Fyn

Phosphorylation is one of the fundamental mechanisms o
cell signaling and regulation of cell growth, proliferation,
differentiation, metabolism, neural function, été. Members
of the kinase family of the human genome encode about 500
genes, which are called the human “kinomé&Protein kinases
enable transfer of phosphate of ATP to specific amino acid
of protein substrates (tyrosine, serine, threonine, or even histidine
residuesy.Phosphorylation of certain tyrosine residues changes

the enzymatic activity of tyrosine kinases and regulates specific- . . X .
ity for substrate binding, localization, and recruitment of (@nd/or Lck, tyrosine kinase that has partially overlapping
function with Fyn)14-17 This is the prerequisite step for ZAP-

downstream signaling proteins. There are two major groups of h L :
tyrosine kinases: receptor and nonreceptor tyrosine kinases./0 kinase binding to ITA.M and phosphorylation of LATand
LP-76° adaptor proteins that enable further downstream

Receptor tyrosine kinases are transmembrane glycoproteins thaﬁ . . L . .
are activated by binding of their cognate ligands, and they signaling pathways. The final result of this signaling process is

transduce the extracellular signal to the cytopld$nNon- proliferation and differentiation of T-cells, as a consequence of

receptor tyrosine kinases (cytoplasmatic proteins) are important®Verexpression of interleukine-2 (IL-2), a T-cell growth factor,
components of signaling pathways through different receptors a_nd other cytokines. Re(_:ent studies showed that Fyn res_ldes n
such as receptor tyrosine kinases, G-protein coupled receptorsf’“ﬂerent subcellular regions of the_ plasma_ membrane, "Uked
or T-cell receptors (TCR) on the cell surfack humans, about on _the rTiaszrane via its N'te"“'”?' myrl_styl and_palm|tyl
90 tyrosine kinases have been discovered. Fifty-eight of them re3|dug§. Wh'le most of the Lk k'”as? in CD4primary

are receptor tyrosine kinases divided into 20 families, while 32 T Cells is found in soluble membrane fractions, more than 98%

of them are nonreceptor tyrosine kinases divided into 10 protein Of_ Fyn klna_lse IS Iocahzed_ in specialized plasma membrane
families? Many of them have similar primary structure, microdomains, termed “p'd .rafli’é. AI.SO' genetic evujence
demonstrates that Fyn activation is strictly connected with T-cell
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Figure 1. Chemical structures of the (A) rosmarinic acid, (B) staurosporine, and (C) adenosliph@sphate.
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Figure 2. Structural organization of Fyn tyrosine kinase domains.

Table 1. Query Results of Fyn Kinase Primary Structure According to PDB Sequence Identity Search (BLASTP Search)

PDB code protein name % identity E-values

2SRC human tyrosine-protein kinase c-Src with AMP-PNP 77.0 610134

2PTK chicken Src tyrosine kinase 71.7 53107134

1QCF human hemeatopoetic cell kinase with PP1 inhibitor 64.4 x1157110

1AD5 human hemeatopoetic cell kinase Hck with AMP-PNP 62.6 X7

Rosmarinic acid (3,4-dihydroxycinnamic aci&){1-carboxy- extent of the substrate phosphorylation can be measured by

2-(3,4-dihydroxyphenyl)ethyl ester) is an active ingredient of absorbance, fluorescence, or fluorescence polariz&tidossible
Sabia officinalis, Rosmarinus officinalisPrunellavulgaris, and binding modes to the active site(s) of homology modeled Fyn

other plant leaves, mostly responsible for antiinfective, antiin- kinase have been studied using the molecular docking methods
flammatory, and antioxidative activity of these hefB&ecent and by measuring MichaetidMenten enzyme kinetic param-
reports also suggest protective effects of rosmarinic acid in eters®? Since rosmarinic acid inhibits T-cell signaling and
Alzheimer amyloidg peptide (A8)-induced neurotoxicity in subsequent proliferation (presumably at the beginning of this
PC12 cell$® and inhibition of IKK{3 (after TNFa-induced signaling process), our aim was to examine possible inhibitory
upregulation of CCL11 chemokine, and its receptor CCR3) in effects on Fyn kinase in order to obtain a more complete in-
human dermal fibroblas.Inhibition of T-cell antigen receptor-  sight into antiinflammatory mechanism of action of rosmarinic
mediated signaling through inhibition of IL-2 promoter activa- acid.
tion was identified as one of the mechanisms of rosmarinic acid ] ]
antiinflammatory activity®233Rosmarinic acid induces apoptosis Results and Discussion
of Jurkat and peripheral T-cells in an Lck-dependent manner, Homology Modeling of Fyn Tyrosine Kinase.Fyn is proto-
presumably through binding of Lck SH2 domain to its cognate oncogene tyrosine-protein kinase (f80classified as a phos-
ligands3* but not by inhibition of Lck kinase activit§® Since photransferase with the enzyme code EC 2.7.114TBe human
it has not been shown whether rosmarinic acid exhibits any Fyn sequence contains 537 amino aéfd$composed of several
influence on Fyn kinase activity, recognizing this fact could be functional parts that are connected together in a single protein
potentially helpful in evaluation of its mechanism of action.  chain (Figure 29° It contains a unique N-terminal membrane
The three-dimensional structure of Fyn tyrosine kinase has anchoring segment, also called SH4 (SEsrchomology) with
not been reported, with the exception of solved crystal structuresmyristylated and palmitylated N-terminal residues, SH3 and SH2
of Fyn SH3 or SH2 domains (or parts of these domains in domains (which mediate interactions with proteins), a flexible
complex with different substrates) which have Protein Data Bank linker (loop), a kinase domain (SH1), and the “final” tail at the
codes 1FYN$E 1SHF37 INYF28 INYG,3 1A0N2® 1AVZ, 40 C-terminus.
1EFN 1AZG2® 1M27/22 1ZBJ* 1A0T* 1A0U* and Several sequences homologous to Fyn with known 3D protein
1G834%>We briefly reported 3D model of the whole Fyn kinase structures within the Protein Data Bank (PDB) were found
molecule and characteristics of the Fyn kinase ATP-binding site (Table 1 and Figure 3§59 using a BLASTP searéh and
domain, obtained by homology modelif*” In general, since MultAlin alignment®? Identity percentage anB-values (ex-
there is a huge gap between the number of known primary pectation values) are listed in Table 1. TlRevalue represents
protein sequences and experimentally discovered three-dimen-a number of different alignments with scores equivalent to or
sional structures (X-ray, NMR, etcj,the use of homology  better than scores that are expected to occur in a random
modeling techniques to predict 3D structures of proteins is database search. Lowe&rvalues indicate higher scores. Ho-
necessary in modern drug discovery process. mologous proteins, presented in Table 1, have 62 to 77%
Inhibition of Fyn enzyme activity with rosmarinic acid and sequence identity with Fyn tyrosine kinase. The alignment of
staurosporine has been investigated using enzyme-linked im-the first 86 amino acids of Fyn was unique in comparison with
munosorbent assay (ELISA}C This type of ELISA method  the other part of the protein. We have not found any similarity
is based on kinase phosphorylation of immobilized substrate, for this N-terminal part of the protein between the Fyn sequence
which is detected using anti-tyrosine phosphate antibody. The and template proteins (Figure 3). The crystal structure of the
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Figure 3. Primary sequence alignments of template proteins with Fyn kinase, created with MultAlin. The best alignment is shown using red letters,
while structurally variable regions are shown using blue and black letters.

complex of apopain with the tetrapeptide inhibitor acetyl-Asp- — Iyn sre
Val-Ala-Asp-fluoromethyl ketone (PDB code 1CP3)was !
found within the PDB as a suitable protein for modeling of the
N-terminal part of Fyn sequence. The sequence of 1CP3 showed 05 -
less than 20% homology in respect to the entire Fyn tyrosine g
kinase but exhibited significant homology with the unique
N-terminus (amino acids 1 to 86) of Fyn (see Supporting
Information, Figure S1§3

The resulting structure of Fyn, obtained from the modeling
with Sybyl-Composéf-65suite of programs, was verified with
the Procheck prograff.The backbone dihedral angle distribu-
tions of all amino residues (Ramachandran Plot) were 85.7%
in the most favored, 14.1% in additional allowed, and 0.2% in \

J
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B i | l
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generously allowed regions. All other stereochemical parameters
met the level of quality which would be expected from the
structure of protein with a resolution of 2.0 A.

The quality of the fold was inspected with Pros&’I[This
software calculates the energy needed for the architecture of
protein folds as a function of the amino acid sequence. Prosa Il
was used to calculate the energy graphs of both solved crystal
structure of Src kinase (PDB-code 2SRC, the protein with the
highest homology with Fyn) and the modeled structure of Fyn Figure 4. Energy graphs of protein folding, estimated by Prosa Il
(Figure 4). Folding energies of proteins have generally negative Software. The energy graph of the Fyn model is shown in red, and the
values, and since these values correspond with the stability andd"@Ph of the major protein template, 2SRC, is shown in yellow.
nativity of the molecule, we can say that by modeling we according to the Prosa Il algorithm; data not shown). The final
obtained a reasonable structure in terms of empirical potential Z-score of—8.4 was obtained, and this is the result of an overall
energy of native proteins. It can be seen from Figure 4 that in energy distribution. For comparison, the Src kinase, which was
almost all parts of the sequence there is a good correlationused as the reference template protein, showed the Zauere
between the modeled Fyn and the native 2SRC kinase. It isrange. In general, the more negative thecore is, the more
important to note that the ATP-binding site in the kinase domain, accurate the model is likely to be.
as the most important segment of the molecule, represents the The secondary structure profile and its accessibility are
most stable part of the molecule (amino acid sequence-280 obtained by Procheck estimations (see Supporting Information,
420; compare Figure 2 and Figure 4). Three scores for model Figure S2), while the final three-dimensional structure of Fyn,
evaluations were examined: pair energy, surface energy, andobtained by the Sybyl-Composer program, is presented in Figure
combined pair and surface energies scores. Zkeore of the 5. From the profiles of secondary and tertiary structures it can
Fyn protein model was calculated from the above-mentioned be seen that beta strands are preferred within the SH3 and SH2
score distributions as a function of sequence length (using domains, while within the kinase domain alpha helices structural
regression lines and regression equation for all three score plotsmotifs are predominant (Figure 5 and Figure S4). The ATP-

100 200 400 500 600
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with staurosporine (1QPJ.pdBwas spatially aligned with our
model of the Fyn. Active sites of both structures were carefully
analyzed, and the most important differences in the residue
positions were identified. There are only a few different amino
acid residues within the active site of both kinases (Lck and
Fyn) such as Lys275, Asn346, and Asn400 (alignment data not
shown).

Staurosporine, adenosinediphosphate, and rosmarinic acid
were docked to the Fyn ATP-binding site using GORfPand
FlexX™ docking programs. Resultant docking geometries on
Fyn kinase for staurosporine and ADP were compared with the
solved crystal structure of staurosporifleck complex (1QPJ)
and AMP-Src complex (2SRC). A good match is obtained,
keeping in mind that the comparison is done between similar
but still different proteins (Supporting Information, Figures-S5
S7). The planar part of staurosporine docked to Fyn overlaps
well with this part of staurosporine in 1QPE, while some
discrepancies are found for the nonplanar part of the molecule.
The adenine part in ADPFyn complex is flipped 180in
comparison with the five-member ring moiety (sugar) of AMP
Figure 5. The three-dimensional structure of the whole molecule of Src complex, which are oriented in the opposite directions while
Fyn tyrosine kinase, obtained by the Sybyl-Composer program. the phosphate groups point toward different regions of the
leferent parts o_f the molecule are presented in dlﬁerent colors: the protein surface. In general, by using FlexX, better agreement
N-terminal part in orange, SH3 and SH2 domains in cyan and blue, ™. : .
respectively, flexible linker in red, kinase domain in green, and the with both crystal Structur.es was obt'alned. Qn the baS|§ OT t'hese
final C-terminal tail in yellow. results and on our previous experience with kinase inhibitors
(unpublished results), FlexX results are evaluated in the further

binding site is located in the kinase domain opposite to the SH3 discussion. Comparison with GOLD results is given in the
and SH2 domains. The activation segment contains 28 residues>Upporting Information (Figures S6 and S7).
(Asp408---Glu436), which is defined in the primary sequence  Staurosporine forms three strong hydrogen bonds:-N¢O

as the region that includes two conserved tripeptide motifs (Glu343)is 2.12 A, CO-NH (Met345) is 1.83 A, and NH-OH
(DFG----APE) within the large lobe of the Fyn kinase domain (Ser349) is 2.34 A (Figure 6A). ADP forms three strong and
structure. The function of the activation segment is binding of one weak hydrogen bonds: -NNH (Met345) is 1.99 A,
magnesiunt8 The aspartic acid residue (Asp408) is responsible NH-:-CO (Met345) 2.14 A, PO-+-OH (Ser349) is 2.02 A, and

for chelating magnesium and positioning of phosphates for CH:+-CO (Glu343) is 2.62 A (Figure 6B). The rmsd (Root-
phosphate-transfer. In this important segment with 28 residues,mean square deviation) values for these FlexX poses are 2.19
we observed a 100% match of the modeled Fyn structure with A for staurosporine and 2.96 A for ADP.

the structure of Src kinase (2SRC), used as the template protein. \While our docking studies confirmed that ADP and stauro-
The strong homology of this segment is important since any sporine (known as ATP-competitive nonselective kinase inhibi-
mispositioning of magnesium-binding aspartate will have an tors) bind into the ATP-binding site (binding site 1), predicted
influence on correct positioning of the ATP phosphéfes. docking arrangements for rosmarinic acid allowed binding into
Several groups reported solved crystal structures of Fyn SH3two different but near-by binding sites (binding site 1 and
or SH2 domains (see Introduction). The largest reported partbinding site 2, Figures 7 and 8). Rosmarinic acid forms a
of the Fyn kinase is the crystal structure of both SH3 and SH2 network of hydrogen bonds within both sites. In site 1, the
domains, comprising amino acids-8244 (1G83.pdb}® This pattern is similar to both staurosporine and ADP, yet some
structure has been superimposed with our model of the completeadditional H-bonds are formed. The H-bonds in site 1 (Figure
Fyn structure. Folding of the domains generally match, with 7A) are: OH:-CO (Glu343) are 1.86 and 2.34 A, G+NH
the exception of small deviations in some side chain conforma- (Met345) is 2.05 A, OH-CO (Lys347) is 1.70 A, CB-OH
tions and not overlapping fitting in some areas (Supporting (Ser349) is 1.62 A, O-+:NH (Ser349) is 2.10 A, and O+CO
information, Figures S3 and S4). By comparing alignment of (Asn346) is 2.27 A. Seven hydrogen bonds are formed when
primary sequence of Fyn SH2 and SH3 domains and alignmentrosmarinic acid binds into site 2 (Figure 7B): ©OHH
of kinase domain with the proteins used as templates (Figure (Asn346) is 2.10 A, OH-CO (Tyr344) is 1.60 A, OH-CO
3), it can clearly be seen that the kinase domain is evolutionarily (GIn373) is 1.91 A, OH-CO (Gly401) is 2.11 A, CO-NH
a much more conserved region. Therefore, it can be assumedArg252) are 1.93, 1.91, 2.11, and 2.02 A. The rmsd between
that the kinase domain part of the Fyn 3D structure is more FlexX and GOLD poses for rosmarinic acid docked into the
accurately modeled than other parts of the molecule. A good site 1 is 9.12 A. Such a big difference is due to the flipped
match between these structures supports the general quality obrientation of the rosmarinic acid obtained by GOLD (Support-
our model of the complete Fyn molecule and represents aing Information, Figure S6B). The rmsd for rosmarinic acid
reasonable starting point for further modeling and docking docked into the site 2 is 2.47 A.
investigations, as well as for ligand design and hypothesis  From our docking experiments, rosmarinic acid binding could
generation. occur on Fyn kinase domain ATP-binding site, or on the
Molecular Docking Results.To identify possible active site-  opposite site from the kinase ATP-binding site (Figure 8). This
(s) for docking of the ligands, the Protein Data Bank (PDB) “binding site 2” is in the kinase domain but oriented toward
was searched for solved crystal structures of tyrosine kinasesthe linker which connects SH2 and kinase domains. Peptide
in complex with ligands. The crystal structure of Lck complexed substrate binding regions (SH2 and SH3 domains) of Fyn are
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Figure 6. The structure of the Fyn kinase domain ATP-binding site with (A) staurosporine and (B) adenedipbesphate docked with FlexX
into the binding site. Hydrogen bonds are presented as dotted lines. Distances are given in A.

£

GIn373
Glu343 Asnido

et
AsnHé R

G401

(A) (B)

Figure 7. Rosmarinic acid docked to (A) binding site 1 and (B) binding site 2. Hydrogen bonds are presented as dotted lines. Distances are given
in angstroms.

still far from the kinase domain ATP-binding site and “binding tion with a residue from this linker could have some influence
site 2”. But, interesting and important interaction with Arg252 on proteir-protein interactions usually occurring via SH2 or/
is observed in the case of rosmarinic acid binding to site 2. and SH3 domains. Also, an “induced fit” effect on ATP-binding
Arg252 is a part of the segment, which links the SH2 domain site is possible, since binding site 2 is located on the backside
with the kinase domain (SH2-kinase linker), and forms a short of ATP-binding site (Figure 8). Both FlexX and GOLD slightly
polyproline type Il helix. This SH2-kinase linker in Hck (one  prefer binding of rosmarinic acid into the binding site 2 (Table
of the template proteins) contains a PXXP motif, the minimum 2), although the difference in scoring values is not statistically
consensus sequence for binding to SH3 domains, but the linkersignificant. Is a possible scenario that rosmarinic acid binds into
in Fyn kinase (as well as in the Src template protein) contains both sites, with somewhat different affinity for the binding site
only one proline. Also, high-affinity binding of SH3 domains 2? An answer to this question was found in enzyme kinetics
to proline-rich sequences generally requires an arginine or lysineexperiments, but the real proof can only be obtained by
on either side of the PXXP motif which are absent in the  performing cocrystallization experiments with Fyn kinase and
Fyn linker but present in Hck linker. In the crystal structure of rosmarinic acid as the ligand.

Src kinase, a new intramolecular interaction between SH3 In Vitro Kinase Inhibition and Enzyme Kinetics. Inhibition
domain and SH2-kinase linker is observédherefore, interac- of Fyn kinase activity by rosmarinic acid and staurosporine was
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Figure 8. Fyn kinase with rosmarinic acid docked to the two binding sifd3.Molecular surface representation of the binding region with sites
1 and 2. Rosmarinic acid is colored by atom types, and staurosporine is shown ifB)liéhole Fyn kinase model with important amino acids

marked in white.

Table 2. FlexX Scoring Values for Predicted Binding Modes of
Rosmarinic Acid, Staurosporine, and Adenosifelphosphate (GOLD
scores are given in parentheses)

position
compound binding site 1 binding site 2
rosmarinic acid —22.2(52.4) —24.2 (59.3)
adenosine-5-diphosphate —21.6 (63.9) -
staurosporine —30.3 (63.6) -

Table 3. Inhibition of Human Fyn Kinase Activity (16 values) by
Rosmarinic Acid and Staurosporine, in the Presence of Different ATP
Concentratior’s

1Cs0 (Fyn)fumol/L

kinase reaction 1 umol/L  10umol/L  100xmol/L
time, min ATP ATP ATP

compound

rosmarinic acid 20 1.3 3.6 17
1 36 74 63
staurosporine 20 0.015 0.083 0.51
1 0.005 0.036 0.270

aPoly Glu:Tyr (4:1) in constant concentration was used as substrate, in
all experiments. Kinase reaction times were 1 and 20 min. Inhibitors were
tested using eight different concentrations of rosmarinic acid, in 10-fold
dilution from 3 mmol/L to 0.3 nmol/L.

tested by ELISA method. According to our results, rosmarinic
acid inhibits Fyn tyrosine kinase in low micromolar concentra-
tions (1Gso 1.3 umol/L) in a dose-dependent manner.

competitive as well as other types of inhibition should follow
Michaelis—-Menten kinetics in its linear rangé.The linearity
range of Michaelis-Menten kinetics for Fyn kinase with ATP
as substrate was inspected, and linearity was observed up to 5
min of kinase reaction (data not shown). The inhibitory effect
of rosmarinic acid at two different concentrations, measured
after 30 and 60 s of kinase reaction times and using seven
different ATP concentrations, obeyed Michaelldenten kinet-
ics (Figure 9). Thé&/max Km, andK; parameters were calculated
for Fyn with ATP and without inhibitor, or with ATP and using
two concentrations of rosmarinic acid as inhibitor. From Figure
9 and Table 4, it can be seen that rosmarinic acid caused
apparent decrease ¥fnax value and apparent increase K,
value, with excellent fit of the model to the data (Table 4).
Kinetics data implicate that rosmarinic acid inhibits Fyn kinase
in a linear-mixed type of inhibition. In this type of reversible
inhibition, a compound can interact both with the free enzyme
and with the enzymesubstrate complex at a site other than
the active site, as can be seen from the scheme in Figure 10.
By changing the concentrations of ATP in the ELISA kinase
assay, we examined the inhibitory mode of rosmarinic acid
(Table 3). By not considering the kinetics data, from results
obtained after 20 min of kinase reaction time, it could be
concluded that rosmarinic acid inhibits Fyn in an ATP-dependent
manner (Table 3, i.e., by binding into the ATP-binding pocket
or near to that pocket), since the decrease in rosmarinic acid

Staurosporine, a standard nonselective kinase inhibitor, inhibitsinhibitory activity corresponds to increased ATP concentrations.

Fyn kinase in nanomolar concentrations §gJ& 15 nmol/L)
(Table 3).

According to the rosmarinic acid inhibition results, and since
inhibition of Fyn kinase is a new biological indication for
rosmarinic acid, we performed enzyme kinetics experiments in
order to evaluate the mechanism of Fyn kinase inhibition. ATP-

But, from enzyme kinetics data (Table 4), when the kinase
reaction was performed in the linear range (1 min, Table 3),
the competitivity of rosmarinic acid with ATP was not observed.
Also, in this unsaturated part of the Michaelislenten curve,
the inhibitory potency of rosmarinic acid was decreased (Table
3). The inhibitory profile of rosmarinic acid was compared with
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0.01257 phorylation of PLCy1 and Itk3® Since both Fyn and Lck are
involved in the initial tyrosine phosphorylation of T-cell recep-
tor, we are proposing Fyn kinase activity inhibition as an addi-
tional mechanism by which rosmarinic acid performs its anti-
inflammatory action. Furthermore, in regard to kdkyn
correlation, experiments with Fyfr and Lck/~ mice were
performed and it was shown that in Fyn mice thymocite
growth was normal, while that was not the case in theck
mice. In the absence of Lck (Lck mice), IL-2 production
was completely inhibited, while in the absence of Fyn (Fy)

the production of this T-cell growth factor was just moderately
inhibited’*7>These results could define Fyn kinase as a suitable

0 10 20 30 40 50 target for the treatment of some diseases, such as autoimmunity

ATP / pmol/L or cancer.

Figure 9. Fyn kinase kinetics experiments with different concentrations

of ATP as a substrate (0.2, 0.5, 1, 5, 10, 25, and/B®I/L) and by Conclusions

addition of two different concentrations of rosmarinic acid (red tne

Fyn-ATP curve without inhibitor, blue line= 10 umol/L rosmarinic Because of their role in regulation of physiological mecha-

acid, purple line= 30 umol/L rosmarinic acid). Two experiments were  nisms, including cell proliferation, differentiation, and metabo-

performed, and the mean and corresponding standard deviationsjism, tyrosine kinases represent one of the most important targets
indicated as bars were calculated and presented. Nonlinear regression,

] in pharmaceutical researéhinterruption of the signaling
curve has been used (curve fit), by the equalen Vina* X/(Km + X), - e
which describes the binding of a ligand to a receptor that follows the pathways with some specific inhibitors could prevent cell

law of mass actionVma is the maximal binding, an& is the activation, differentiation, and proliferation, plus could be useful
concentration of ligand required to reach half-maximal binding. in treating diseases such as cancer, allergy, autoimmfnity,
cardiovascular diseases, such as hypertrophy, ischemia, angio-
staurosporine, a known ATP-competitive nonselective tyrosine genesis, and atherogeneSisRecent papers suggest also that
kinase inhibitor’3 It can be seen in Table 3, that under the same some Srcfamily kinases (including Fyn) could be suitable
reaction conditions, staurosporine acts as an ATP-competitivetargets for therapeutic modulation in Alzheimer’s disease, and
inhibitor after 20 min, as well as after 1 min, of kinase reac- for the development of novel disease-modifying antiinflamma-
tion. This was not observed in the rosmarinic acid inhibitory tory therapy’® Newest early Phase | and Il studies in airway
profile. inflammatory diseases suggest that inhibitors of p38, MAP
The above-mentioned findings are in a good correlation with kinase, and IKK2 could be used as novel therapies in the
the docking results where an additional binding site near to the treatment of asthma, COPD, and cystic fibrd8ivithin past
ATP-binding site was proposed. Although statistically not signif- few years, more than 40 drugs or clinical candidates, which
icant, a slightly higher binding affinity of rosmarinic acid Wwere discovered using structure-based approach, came to the
binding to site 2, (Figures 7, 8 and Table 2) was observed. In market or are in final step of the clinical reseafeh! The solved
the case that rosmarinic acid preferably binds to the binding three-dimensional structure of Fyn tyrosine kinase could help
site 2, this could explain the obtained linear-mixed inhibition in using structure-based drug design as a method for designing
profile. On the other hand, occupation of the binding site 2 with novel specific Fyn kinase inhibitors. Therefore, an important
rosmarinic acid could still have some influence on the ATP- task of this study was a good prediction of the 3D structure of
binding site, since this site is located at the back side of the Fyn kinase domain and its active site(s). Thacore value,
rosmarinic acid-binding site (see Figures 7 and 8). Conforma- obtained from energy plots of modeled kin&$éndicate that
tional changes after binding of rosmarinic acid into the site 2 our Fyn model represents a structurally reasonable protein
could cause an inhibitory effect by decreasing the rate of ATP structure, which can be a good starting point for further modeling
binding into its active site. When the kinase reaction is and docking investigations.
performed in the linear range, it can be seen that rosmarinic In the presented study we identified precisely the active site
acid acts in a manner which is noncompetitive with ATP. of Fyn kinase. Also, we were able to use molecular modeling
However, after 20 min of kinase reaction time (outside the methods to dock ligands into the active site. The agreement
linearity range), an “induced fit” influence on the ATP-binding between our 3D structure of Fyn and crystal structure of Lck
site could occur, due to possible conformational changes nearkinase, as well as experimentally determinated structures of SH2
to the ATP-binding pocket. and SH3 domains of Fyn, highly support the fact that the quality
Rosmarinic acid was previously reported as an inhibitor of of our Fyn model is adequate for further investigations like
TCR-signaling and subsequent T-cell proliferation, presumably docking andin silico ligand design. By using ELISA experi-
via inhibition of the Lck SH2 domain by binding to the peptide ments, rosmarinic acid as a low micromolar inhibitor of Fyn
that contains consensus binding sequence (pY®H )nhibited tyrosine kinase has been demonstrated. Staurosporine, a standard
TCR-induced C& mobilization and IL-2 promoter activation, ~ATP-competitive and nonselective kinase inhibitor, in our case
but not phorbol 12-myristate 13-acetate (PMA)/ionomycin- proved to inhibit Fyn kinase in nanomolar concentrations. On
induced IL-2 promoter activation, indicating that the point of the basis of the results of the kinetic measurements, we are
inhibition of rosmarinic acid is near to the membrane, proximal proposing a linear-mixed mechanism of Fyn kinase activity
to TCR signaling sité? TCR-inhibition is limited to TCR- inhibition by rosmarinic acid. These results indicate that
induced but not to PMA/ionomycin-induced IL-2 promoter activa- rosmarinic acid inhibits Fyn by interacting both with the free
tion. Therefore, it was concluded that rosmarinic acid works enzyme and with the enzymsubstrate complex at a site other
upstream of protein kinase C and € &lux, by suppressing than the ATP-binding site. Docking studies performed on our
NF-AT promoter activation (but not AP-1) through inhibition of homology model of Fyn kinase, together with the results
the membrane-proximal events, specifically, the tyrosine phos- obtained from kinetic studies, suggest the existence of another
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Table 4. Fyn Michaelis-Menten Nonlinear Regression Curve Parameters

complex Vimax VmaxStd. error Km/umol/L Km Std. error Ki/umol/L r2 (goodness of fit)
Fyn—ATP 0.0114 0.00034 2.292 0.31 - 0.984
Fyn—ATP with 10u«mol/L of rosmarinic acid 0.00793 0.00046 3.616 0.85 7.5 0.959
Fyn—ATP with 30u«mol/L of rosmarinic acid 0.00696 0.00020 5.523 0.58 10.2 0.992

aEquation used for curve fit i¥ = Vmax* X/(Km + X), which describes the binding of a ligand to a receptor that follows the law of mass agtigns
the maximal bindingKm is the concentration of ligand required to reach half-maximal binding Kansl inhibition constant. Best-fit values?j, std error,
95% confidence intervals, and goodness of fit were calculated for each ¢irwas calculated by comparison 9fax and K, values for curves without
and with inhibitors. In the case of linear-mixed inhibitidfad = Vima/f andKn* = (0/)Km, whereo = 1 + [IJ/ Ki. Vmax* and Ky* correspond, respectively,
to the apparent enzyme maximum velocity and apparent enzgoiestrate dissociation constant in the presence of an inhibitor.

K, , constructed using the molecular modeling program package Sybyl,

ES —> E + P followed by energy optimizations with the TRIPOS force fiétd.

+ Ligands were docked to Fyn using standard settings for FlexX and
I default parameters for GOLD. The binding site was defined from

the residues within 10 and 15 A from staurosporine, used as a

“ K, reference ligand in accordance with the template protein 1QPJ (PDB

code)® DrugScore and GOLDScore scoring functions were used

=== ESI during docking process and as fitness functions.

&, In Vitro Kinase Inhibition and Enzyme Kinetics. Fyn protein

Figure 10. Linear-mixed inhibition and the basic Michaetidenten kinase was expressed Bf9 (Spodoptera frugiperdavary cell)

equatiork? Viax Corresponds to the apparent enzyme maximum velocity, baculovirus expression system and thereafter purified using chro-

Km represents apparent enzyrmbstrate dissociation constant, E is  matography methods. Purification and characterization were per-

enzyme, S is substrate, ES is enzymsebstrate complex, El is  formed in GSK Research Centre Zagreb, according to literature

enzyme—lnhl_bltor complex, ESI is enzymesubstrate-inhibitor com- protocols34-86

plex, and P is product. Staurosporine (S-4400D-phenylenediamine substrate (P-8287),

- L L HEPES (H-3375), MgGI(M-8266), BSA (bovine serum albumin,
binding pocket on the opposite site to the ATP-binding pocket. a.»153) ATP (adenosine Sriphosphate disodium salt, A-6419),
Binding of rosmarinic acid to this new binding site could cause adenosine-sdiphosphate sodium salt (A-2754), and kinase substrate
some competition with ATP because of the proximity of the (random polypeptide copolymer Poly Glu:Tyr (4:1), P-0275) were
substrate-binding site. Also, almost the same residues areobtained from Sigma. Peroxidase-labeled anti-phosphotyrosine
occupied by forming hydrogen bonds with both ATP in site 1 antibody PY20 (mouse) was obtained from Calbiochem (525320).
and rosmarinic acid in site 2. Rosmarinic acid has been reportedRosmarinic acid (3,4-dihydroxycinnamic aci®){1-carboxy-2-(3,4-

Vmax [S]
T K+ [8)

E

El + S

[——

as an inhibitor of TCR-signaling and subsequent T-cell prolif-
eration, presumablyia inhibition of Lck SH2 domain and its
peptide substrate interactiéhSince we recognized an interest-
ing and important interaction of rosmarinic acid bound to site
2, with the segment linking the SH2 domain with the kinase
domain, we cannot exclude some influence of this inhibitor on
Fyn protein-protein interactions. According to our findings,
we are proposing direct inhibition of Fyn kinase activity by
rosmarinic acid as an important fact in rosmarinic acid antiin-
flammatory mechanism(s) of action.

Experimental Section
Homology Modeling. Human Fyn primary sequenég,and

sequences of other different protein species, were retrieved either!

from literature or available macromolecular data b&$é%Se-

guences homologous to Fyn were obtained from the Protein Data

Bank (PDB) by using a BLASTP sea®frand compared by using
MultAlin alignment$! For homology modeling, the Composer set
of programs within Sybyl 6.7 (TRIPOS%)t5was used. On the basis

of the alignment, structurally conserved regions (SCRs) were
automatically created and structurally variable regions (SVRs) were
defined. Some SVRs were modeled afterward using the Loop Searc

option in Sybyl. The obtained tertiary structure was refined by
minimization with the AMBER force fiel#? The active sites of
the enzyme with docked ligands obtained from GOLD dockings
were optimized using the TRIPOS force figddo allow induced

dihydroxyphenyl)ethyl ester) was obtained from Alexis (ALX-270
253). Tween 20 (polyoxyethylene sorbiton monolaureate, 17-1316-
01) was obtained from Pharmacia. Ma(8.05930.0100) and @,
(1.07298.1000) were obtained from Merck. DTT (dithiothreitol,
161-0611) was obtained from Bio-Rad. Measurements were per-
formed by a Multiscan Ascent spectrophotometer (ThermoLab-
System).

In witro inhibition of Fyn kinase by rosmarinic acid and
staurosporine was monitored according to a previously published
ELISA method®”88Phosphorylation of the substrate was monitored
by an immunochemical reaction, where phosphorylated substrate
residues were detected by a specific immunocomplex and absor-
bance was measured at 490 nm. ELISA experiments were conducted
in 96-well Dynex Immulon 2 HB microtitar plates (flat bottom,
ransparent). Peptide substrate in constant concentration @g/10
well was coated to the plate. After washing, buffer solution with
ATP was added to each well. Compounds were added into wells
in final concentrations from @ mol/L to 10~ mol/L. Fyn kinase
in a concentration of 100 ng/well was added, and the kinase reaction
lasted 1 min in one type and 20 min in the other type of experiment.
After washing, blocking of the wells with 1% BSA in TBS was
performed. Peroxidase-labeled anti-phosphotyrosine antibody was

rthen added and incubated for 40 min. After washing, peroxidase

substrat® was added and reaction was stopped after 20 min with
5 M H,SO,. Absorbance was measured at 490 nm.

Preliminary ATP-competitivity measurements were assayed in
the presence of different ATP concentrations (1, 10, andub0l/

fit. The stereochemical quality of the protein structure was checked L), using a constant concentration of the peptide substrate, after 1

with Prochecké® Prosa 1§ was used to check the native folding of
the modeled structure by calculation of tAescore, which is the

or 20 min of kinase reaction. The 4£value was calculated by
using GraphPad Prism software, v. 3.02. Thg [iint of inflection

score of pair and surface energies based on mean force potentialés defined as concentration of compound which inhibits 50% of
of the model. The corresponding energy graphs were comparedénzyme activity (where inserted parameters simulated sigmoidal

with the structure of template protein 2SRC (PDB code).
Molecular Docking. Two different approaches have been used

for molecular docking studies: the GOLD program (Ver. 2.0,

CCSDY%% and the FlexXt program. The three-dimensional

dose-response theoretical curve).

The same ELISA experimental procedure was used in enzyme
kinetics experiments when the linearity range of Michadlitenten
kinetics for Fyn kinase with ATP as substrate was investigated.

structures of rosmarinic acid, ADP, and staurosporine were The inhibitory effect of compounds (two concentrations; 10 and
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30 umol/L) was measured after 30 and 60 s of kinase reactions
using seven different concentrations of ATP (0.2, 0.5, 1, 5, 10, 25,
and 50umol/L). By using GraphPad Prism software, Michaelis
Menten kinetic curves, together withn., Km, andK; parameters
were also calculated. A nonlinear regression (curve fit) curve has
been created by using the equatdrs Vi X/I(Ky, + X), which
describes the binding of a ligand to a receptor, that follows the
law of mass actionVnax is the maximal binding, an&,, is the
concentration of ligand required to reach half-maximal binding.

Best-fit values, std error, 95% confidence intervals, and goodness

of fit were calculated for each curvek; was calculated by
comparison ofVmax and Ky, values for curves with and without
inhibitors. In the case of linear-mixed inhibitioNma = Vmad8
and Kp* = (a/f)Km, wherea = 1 + [I)/Ki. Vma and Kp*

correspond, respectively, to the apparent enzyme maximum velocity

and apparent enzymesubstrate dissociation constant in the pres-
ence of an inhibitor.

Note Added in Manuscript Revision

After submission of this article, we recognized a paper
published on this topic [Kinoshita, et al. Biochm. Biophys.
Res. Commur2006 346, 840-844, published in PDB on July
7, 2006], where the authors presented a low-resolution (2.8 A)
structure of the Fyn kinase domain with staurosporine in the
active site. By comparing our modeling and docking work with
the results of Kinoshitaet al, excellent agreement with our
findings was observed, both in the architecture of the kinase
domain Fyn 3-D structure (Supporting Information, Figure S4)

as well as in the staurosporine orientation in the Fyn active site.
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