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Protein tyrosine kinases use two Rgons as cofactors in catalysis, one as the AMy complex (M1)

and the other as an essential activator (M2). The M2-binding site has high affinity for transition metal
cations such as cobalt and zinc. Taking advantage of this high affinity, we examined hydroxamates as metal-
mediated inhibitors against C-terminal Src kinase (Csk), a protein tyrosine kinase. Of a small group of
amino acid hydroxamates, tyrosine and phenylalanine hydroxamates inhibited Csk activity only in the presence
of Co?*. Four classes of phenylalanine and tyrosine hydroxamate derivatives were synthesized and evaluated
as metal-mediated inhibitors of Csk, leading to improved inhibition and a better understanding of the
structure-activity relationships. This study suggests that hydroxamates may serve as a general scaffold for
developing metal-mediated inhibitors against protein tyrosine kinases. To the best of our knowledge, this is
the first report of designing metal-mediated inhibitors against a protein tyrosine kinase by targeting a metal
binding site.

Introduction much higher affinity for the M2 binding site than Migdoes
(Kg = 2.3 mM for Mg?", 12 uM for Mn?*, 12 uM for Co?",
and 20uM for Ni2"). Although Zr#* could not serve as a Csk
activator, it binds to the M2-binding site withkg of 0.65uM,
thus serving as a potent inhibitor competitive against'¥Phe
high affinity of Zr?™ for the Csk M2-binding site is exploited
for a single-step affinity purification of GST-Csk from total

acterial extract on a 2n-iminodiacetic acid agarose colurhh.

he experiment demonstrates tha€Ziould bind to the M2-
binding site of Csk and iminodiacetic acid simultaneously. This
result suggests that appropriate compounds can bind tightly to
Csk by targeting M2.

Metal chelation and coordination are much stronger interac-

tions than most of the weak interactions in biochemistry.

Protein tyrosine kinases (PTK) phosphorylate tyrosine hy-
droxyl groups in specific proteinsThey are essential compo-
nents of signal transduction pathways that transmit extracellular
signals to intracellular targets. PTKs can be transiently activated
following signals for cell growth or differentiatiohAberrant
activation of specific PTKs is a key step in the initial
transformation, angiogenesis, and metastasis for many types o
cancerg:® PTK inhibitor development has become a major
approach for drug discovefyMost current PTK inhibitors target
the ATP-binding site. Although selective inhibitors competitive
with ATP have been identified for specific protein kina8és,
the discovery process is still labor-intensive because of the high

structural homology between the ATP-binding site of protein Incorporating such interactions to inhibitor design is a well-

kinases. Therefore, identification of functionally critical binding established strateg§f-?* Cisplatin, the most effective drug

sites and development of novel design strategies to target theseavailable today against several types of human carééfand
sites are important for the long-term success of PTK inhibitors yag yp

as successful drugs hydroxamate-containing inhibitors against prote#isézall take
. ' advantage of this tight binding. To the best of our knowledge,
In addition to the Mg" (M1) bound to ATP to form the ;) yetal mediated inhibitor against PTKs has been reported so
ATP—Mg complex as the phosphate donating substrate, a¢,
second Mg" (M2) i?‘ essgntial fpr PTK catalysfs© All other We describe the evaluation of hydroxamate compounds as
PTKs so far examined, including Sté; ';GFR? Yes; VFPS  metal-mediated PTK inhibitors. We first identified tyrosine
(a member of the Fps/Fes famil})JRK,** and EGFR*also 1 4roxamate (TyrH) and phenylalanine hydroxamate (PheH)
require M2 for activity. Crystal structure of IRK with catalytic 55 hotent metal-mediated inhibitors from screening a group of
I'.gaTgS confirmed the presence of.two. Mgons in the active simple amino acid hydroxamates. A systematic effort was taken
site:® The cAMP-dependent protein kinase (PKA), a Ser/Thr , qetermine the structureactivity relationships and optimize
kinase, also binds to two Mgin the active site, but the second 6 jnnhibition. Four classes of PheH and TyrH derivatives were
Mgz+_|s |r_1h|b|tory by r_educmg 'tg{ca_t'le It appears Ilkgly that synthesized: (1) analogues with modified hydroxamate func-
protein klnas_es require two Mg ions for catalyzing the tional group bb—f); (2) phenyl-substituted hydroxamate ana-
phosphorylation reaction. logues (7a-r); (3) analogues with modified linker between
Although Mg is the physiological cofactor, M, Co**, hydroxamate and phenyl functional grougs¢,v); (4) TyrH
and N#* can also substitute Mg for binding to M2 to support  analogues with modifiedx-amino group £NH,) (23a—d).
PTK activity!? Furthermore, M#", Co**, and N#* all have These studies established a new family of PTK inhibitors.
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Scheme 1.Solid-Phase Synthesis of Tyrosine Hydroxamate
(58 and Thiohydroxamate5p)?2

o x
O. L' o lo]
+ O -
¥ i NHz > WOH A : N9
2 NHFmoc NHFmoc

3a X=0
i
( 3b X=5

X
HO

WN

H

NH,

x ’
1111 - 0 " » H
Z’ @Vf‘o o
MH.
O

4a X=0 ° 5a X=0
4b X=5 5b X=5

aReagents:(i) HBTU, NMM/DMF (0.4 M); (ii) Lawesson’s reagent,
THF; (iii) piperidine in DMF (20%); (iv) TFA/CHCI, (70%).

(‘Bu)-OH (2) in the presence of HBTU arfd-methylmorpholine
(NMM) to yield polymer-bound hydroxamate derivativeéay.

The reaction betwee3aand 2,4-bis(4-methoxyphenyl)-[1,3,2,4]-
dithiadiphosphetane 2,4-disulfide (Lawesson’s reagent) in THF
for 3 days afforded polymer-bound thiohydroxamate derivative
3b. The deprotection of the Fmoc group &a and 3b with
piperidine followed by treatment with TFA affordé&d and5b,
respectively.

Scheme 2 displays the synthesis Wfmethyl- and N-
benzyltyrosine hydroxamateSdqand5d) in class I. Polymer-
bound Fmoc protected methyl ester tyrosi@ewas synthesized
from Wang resin §) and Fmoc-Tyr(OH)-OMe using the
Mitsunobu reaction in the presence of triphenylphosphine{PPh
and diisopropylazodicarboxylate (DIAD). The deprotection of
Fmoc and methyl ester groups®Wwith NaOH (0.4 M) afforded
polymer-bound tyrosin®. The subsequent reaction &fwith
the N-methyl- orN-benzylhydroxylamine hydrochloride in the
presence of diisopropylcarbodiimide (DIC) and triethylamine
(EtsN) followed by cleavage using TFA affordest and 5d,

respectively.
Scheme 3 displays the syntheses of compou@s-r and
18u,yv in classes Il and lll, respectively. The syntheses of

polymer-bound compounds3a—r and14st were accomplished
by the reaction between hydroxylamine Wang redij gnd
substituted Fmoc-Phe-OH derivativdsd é—r and12st) in the
presence of HBTU. Deprotection of Fmoc group with piperidine
followed by cleavage with TFA gave7a—r and 18uyv,
respectively.

Scheme 4 shows the procedure for the preparation of

compound®23a—d in class IV. The hydroxyl groups ir§-3-
(4-hydroxylphenyl)propionic acid derivatived9a—d) were

protected by the acetyl group in the presence of acetic anhydride.

Tyrosine acetylated compound¥a—d were reacted with
hydroxylamine Wang resirl} in the presence of HBTU to give
21a—d. After removal of the Fmoc group dlawith piperidine
(20%), the free amino group was reacted with benzyl bromide
(BnBr) in pyridine to afford21d. The deprotection of acetyl
group in21d and21b—d with sodium methoxide followed by
cleavage with TFA/DCM (70%) afforded3a—d.

TyrH inhibits Csk Activity in a Co 2*-Dependent Manner.
To explore the possibility of developing metal-mediated PTK
inhibitors targeting the M2-binding site of Csk, a group of
commercially available amino acid hydroxamates were evalu-
ated. In the presence of 12 mM Mgfhone of the hydrox-
amates at 2xM inhibited Csk more than 5% (Table 1). When
0.2 mM CoC} in addition to 12 mM MgC] was present,
however, both TyrH and PheH inhibited Csk about 80%, while
ArgH, LysH, LeuH, NorvalH, and GlyH also inhibited Csk,
although to lesser extents. The addition of 0.2 mM2Mor
Ni2* did not lead to hydroxamate inhibition of Csk.

The concentration-dependent inhibition of Csk by TyrH and
PheH was then determined. TyrH up to 1 mM did not inhibit
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Csk in the absence of €obut inhibited Csk with an 16, of

9.5 uM in the presence of 0.2 mM Co (Figure 1A). PheH
exhibited similar C&"-dependent inhibition patterns with anskC

of 15.5uM (data not shown). As controls, the amino acid Tyr
or Phe up to 1 mM did not inhibit Csk activity in the presence
or absence of 0.2 mM CoglThe requirement of both Go
and the hydroxamate group indicated that the inhibition was
dependent on Co binding to the hydroxamate group.

Two mechanisms could explain the €adependence of the
inhibition. The first is based on Cb directly binding to Csk at
the M2-binding site and on the inhibitors binding toZCo0An
alternative explanation would be that €cand the inhibitors
formed some kind of complex(es), which inhibited Csk. This
second mechanism would not depend oi'Gtirectly binding
to Csk. The results from two experiments strongly favored the
first possibility. In the first experiment, the inhibition of Csk
by 25uM TyrH in the presence of 12 mM Mgghlnd various
concentrations of Coglwas determined (Figure 1B). TyrH
exhibited no inhibition in the absence of €o As the
concentration of C8 increased, the level of inhibition by TyrH
also increased, reaching about 80% at 0.2 mM'C®he C&+-
dependent inhibition by TyrH correlated to the binding ofCo
to the M2 binding site predicted by th&; (12 uM).

The second experiment compared the inhibition of Csk by
25 uM TyrH in the presence of different combinations of
divalent metal cations (Figure 1C). On the basis of the affinities
of metal cations for the M2 binding site, €ooccupies 90%
of the M2-binding site in the presence of 12 mM ¥Mand 0.2
mM Cac?" but only 20% of the M2-binding site in the presence
of 2 MM MnZ" and 0.2 mM Cé". If the inhibition of Csk by
TyrH is dependent on C6 occupying the M2-binding site,
much higher inhibition would be expected in the?CeMg?+
combination. On the other hand, if €oand TyrH formed
inhibitory complex(es), the level of inhibition would be
independent of which divalent metal cation occupies the M2-
binding site. TyrH (25:M) inhibited Csk about 80% in 12 mM
Mg?+ and 0.2 mM Cé" (condition b of Figure 1C) but only
13% in the presence of 2 mM Mh and 0.2 mM Cé"
(condition e). In the presence of 12 mM MgCtondition a),

12 mM MgChk + 2 mM MnCl, (condition c¢), and 2 mM MnGlI
(condition d), 25 mM TyrH did not inhibit Csk. These results
indicated that TyrH inhibition of Csk required €ooccupying
the M2-binding site and argued for the interpretation that TyrH
inhibited Csk as a metal-mediated inhibitor.

The inhibition of Csk by TyrH was noncompetitive against
ATP (data not shown), suggesting that TyrH did not interfere
with the binding of ATP-M1. When poly-F was the variable
peptide substrate, the inhibition was mixed but leaning toward
competitive with aK; of 2 uM, determined by the Dixon plot
(/v versus [I]). The near competitiveness with poly¥E
suggested that TyrH binding site was close to or partially
overlapped with the peptide-binding site. TyrH also inhibited
Src and FGFR in a Co-dependent manneK(= 18 uM for
Src; Ki = 23 uM for FGFR in the presence of 12 mM MggCl
and 0.2 mM CoG)). These results suggested that hydroxamate
compounds could potentially be used as a general scaffold for
developing metal-mediated inhibitors against various PTKs.

In order to further explore the structural requirements for
designing metal-mediated inhibitors against PTKs, four classes
of tyrosine and phenylalanine hydroxamate derivatives were
synthesized and evaluated for their potency to inhibit Csk in
the presence of cobalt:

I. Analogues with Modified Hydroxamate Functional
Group. To understand the mechanisms of this metal-mediated
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Scheme 2.Synthesis ofN-Methyl- andN-Benzyltyrosine Hydroxamate$¢ and 5d)?2
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Scheme 3.Synthesis of Phenylalanine and Tyrosine Hydroxamate Derivativés—¢ and 18u,v)?

Re Re
0 0

0]
“NH, + R i Rs
o 2 3 E OH . > NH‘O
1 Rz R, NHFmoc Rz Ri  NHFmoc
11a-r 13a-r
12s,t 14s,t

ied

R
NH,
CN
N3
B(OH),
NO;

H

¥
A

£
=

[ = e i e e i

H Hs
CH(CHz); H
Ph H
4-NO,Ph H
3-NOsPh H

F

F

Cl

Br

|

H
OH
OtBu
OtBu
OH
OH

o
a,
L4
Y
3
o]
=
I,
S
ra
(=]
)
£
3
o]
=
I
o
I
<ccoH0aToS3ITEFTTSQTNCoOOD

XTI —TEITIIITITTITTTITI
IXIT_+TIITIIITITTITITT|™
[ S e S T e S ST N N A S S N W G ST S W R T A

IIII"xTrxxIT™<T

aReagents: (i) HBTU, NMM/DMF (0.4 M); (ii) piperidine/DMF (20%); (iii) TFA/C¥Cl, (70%).

Scheme 4.Synthesis of Tyrosine Hydroxamate Analogues with Modifiedhmino Group (NH,) (23a—d)?
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aReagents: (i) AgO, pyridine; (ii) 1, HBTU, NMM/DMF (0.4 M); (iii) piperidine/DMF (20%); (iv) BnBr, pyridine; (v) NaOMe, MeOH; (vi) TFA/
CHCl (70%).

inhibition, the role of the hydroxamate group was first examined.  L-Tyrosine 6€), which contains ar-OH group instead of a
To further verify the importance of the hydroxamate functional —NHOH, did not inhibit Csk in the presence or the absence of
group and its role as the metal binding motif in M2 mediated Co?" even at the high concentration of 1 mM. Additionally,
inhibition, the—CO, —NH, and—OH moieties of the hydrox- replacement of the-OH group in the hydroxamate group by

amate groupCO—NH—OH) were modified (Table 2). —NH; in L-tyrosine hydrazide 5f) reduced the inhibitory
When the hydroxamate group iBa was replaced with ~ Ppotency by approximately 8-fold.
thiohydroxamate group irbb, the inhibitory potency was Structure-activity relationships by these analogues revealed

enhanced by approximately 4-fold, possibly because of the that moieties{OH, —CO, or—NH) of the hydroxamate group
stronger binding affinity of sulfur to metals. N-Alkylation or  are required for binding to Cb. These results further confirm
N-arylation of the —NH group significantly reduced the thatthe—NHOH group plays key roles in the inhibition process
inhibitory potency toward Csk as shown M-methyl- and involving the chelation with metal and/or interaction with the
N-benzyltyrosine hydroxamate analogués &nd5d). target binding site.
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Table 1. Inhibition of Csk by Hydroxamates
inhibition of Csk, %

Table 2. Inhibitory Potency of Class | Analogues Containing Modified
Hydroxamate Functional Groups in the Presence ¢f"@0.2 mM)

R
25uM compd 12mMMgC} 12 mM MgCh + 0.2 mM CoC} HO
none 0 0 NH
L-HisH 0 2 S g
L-ArgH 0 . Compd R IC, (uM)*
L-LysH 3 26
5a o 9.5
L-TyrH 0 83
L-LeuH 4 62 %LN"’“
B-AlaH 0 7 H
pL-NorvalH 0 40 5b s 25
pL-Aspy-H 0 0 %LN,OH
L-Glu y-monoH 0 0 H
pL-PheH 0 7 5c o] no inhibition”
GlyH 0 45 : OH
A -
g N
< CH,
5d o 291
e D L on
. 100 4 Bn
é 20 _' 0 mM Co*": No inhibition Se JCL no inhibition”
% 60 | % om
] 5 0 75
< 40 1
& 0.2mM Co?: ICg= 9.5 uM ?}%J\N’NH’
20 H
0 — : : , * 2ICso is the concentration required to produce 50% inhibition in
phosphorylation of poly-EY by Csk (average of triplicate experiments).
0 200 400 500 800 1000 The upper limit of the standard error of the mean (SEM) #4€%.° No
[L-Tyr H] (M) inhibition up to 1000«M.
< 100 = IO
& 8 . % Table 3. Inhibitory Potency of Phenyl-Substituted Analogues (Class I1)
(-; s : B 80y in the Presence of Cb (0.2 mM)
o
3 " = R,
; 50 40 [5 (o]
@ - R; N,OH
g 25 -S 20 : R; n H
) R = 2 R NH;
X . g Classes Il and Ill
0 T T : : [
0 0.05 0.1 015 02 & compd R R, Rs R4 n ICs0 (uM)2
- CoCl, concentration (mM) 172 H H NH, H 1 a7
= 17b H H CN H 1 28
E o | c 17¢ H H  Ns H 1 21
= 17d H H B(OH) H 1 34
%. 60 | 17e H H NO; H 1 7
& 17f H H H H 1 15.5
- 179 H H CHs H 1 9.5
4 - 17h H H CH(CHs)2 H 1 33
R 17i H H Ph H 1 12
S, l _ | N 17] H H 4-NO,Ph H 1 4.9
P . 4 — 17k H H 3-NO,Ph H 1 6.1
. 171 H H F H 1 11
Condition of assay 17m H H = F 1 18
Figure 1. Characterization of C6-dependent inhibition of Csk by 1rn H H Cl H 1 6.3
L-TyrH. The data are the average of triplicate experiments. The upper 170 H H  Br H 1 5.6
limit of the standard error of the mean (SEM) wa$0%: (A) inhibition gp ": : II-I : i 2421
pattern of Csk in the presence of variable concentrations DyrH 17? H | OH | 1 34
and the presence or absence of C(B) Cc?" concentration-dependent ;
inhibition of Csk (-TyrH = 25 &M, MgCl, = 12 mM); (C) Csk uH H OH o0 >7.0
inhibition of Csk (I-TyrH = 25 uM, MgCl> = 12 mM); (C) Cs 18v H H OH H 2 18.0

inhibition in the presence of different metals combinations, (a) 12 mM
MgCly, (b) 12 mM Mg+ and 0.2 mM Cé", (c) 12 mM MgC} + 2
mM MnCly, (d) 2 mM MnCk, (e) 2 mM Mr#" and 0.2 mM Cé&".

a Average of triplicate experiments. The upper limit of the standard error
of the mean (SEM) was-10%.

II. Phenyl-Substituted Hydroxamate Analogues.The in- Introducing polar groups<NH,, —CN, —N3, —B(OH),) at
hibition of Csk by TyrH, PheH, and LeuH suggests that a the para position of the phenyl ring iva—d in phenylalanine
hydrophobic pocket on Csk near the M2 binding site is involved hydroxamates reduced the inhibitory potencys{l& 21—47
in the binding to these inhibitors. To optimize this interaction, «M). On the other hand, introducing alkyl groups (&K H-
different functional groups were introduced to the aryl ring of (CHzg)) at the para position of the phenyl ring iITgand17h
PheH to probe the interactions of the aryl ring with such a gradually enhanced the inhibitory potency comparedl.16
hydrophobic pocket. These substitution groups had different size,according to the volume of the alkyl group.
polarity, and charge and allowed us to systematically probe the Similar to the alkyl-substituted compounds, introducing
binding environment of the aryl ring (Table 3). bulkier halogens on the phenyl ring tVn—p enhanced the
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Table 4. Inhibitory Potency of Tyrosine Hydroxamate Analogues
Containing a Modifiedx-Amino Group (Class 1V) in the Presence of

C* (0.2 mM)
(o]
HOWN,OH
H
R
Class IV
compd R 1Go (uM)?2

23a NHBN 29
23b OH no inhibitior?
23c Ph 290
23d H no inhibitiorP

a Average of triplicate experiments. The upper limit of the standard error
of the mean (SEM) was-10%. ? No inhibition up to 100QuM.

inhibitory potency. For example, 4-iodo-substituted analogue
(17p) showed approximately 3-fold higher inhibition compared
to TyrH. These results indicate that by introduction of a bulkier

Gu et al.

Furthermore, the replacement @famino group in TyrH with
—OH and —H completely eliminated the inhibitory potency
(Table 4), indicating the importance of this group. The exact
nature of complexation between these groups and" Qo
interaction with M2 remains unknown. It appears that a number
of other factors in addition to complexation contribute to
inhibitory potency. For example, by introduction of a bulkier
group on the phenyl ring, the inhibitory potency was enhanced
significantly (Table 3). Structureactivity relationships provide
insights about the contribution of different functional groups
in hydroxamate derivatives in metal-mediated inhibition. This
led to a much better understanding of the inhibitory mechanism
and improved inhibition. Structural studies of the enzyme
inhibitor complex is needed to determine the exact nature of
the interactions of these functional groups with Csk ané™Co

Conclusions

This study established hydroxamate, represented by TyrH,

group on the phenyl ring, the interaction between the hydrox- @S @ scaffold for metal-mediated inhibitors against a protein
amate analogues and a hydrophobic pocket of Csk enhancedyrosine kinase and revealed a number of important structural

the inhibitory potency.

Compoundl7i (ICsp = 12 uM), which has an unsubstituted
phenyl group perpendicular to the phenyl of phenylalanine
hydroxamate, did not exhibit improved inhibitory potency
compared td 7h. Substitution of the phenyl group with N@t
the para and meta positions in compout@g(ICso = 4.9 uM)
and 17k (ICsp = 6.1 uM), respectively, showed enhanced
inhibitory potency, possibly by changing the conformation of
the substituted phenyl group to a more favorable position for
interaction with the hydrophobic pocket.

IIl. Analogues with Modified Linker between Hydrox-
amate and Phenyl Functional GroupsTwo TyrH derivatives
were synthesized that had differert(CH,),— linker size
between the hydroxamate group and the phenyl, wieie
changed from 1 in TyrH5a) to 0 and 2 in18u and 18y,

features for the inhibition. To the best of our knowledge, this
is the first reported design of metal-mediated inhibitors against
protein tyrosine kinases by targeting a metal-binding site.
Tyrosine thiohydroxamate5b) and compounds containing
hydrophobic residues on the phenyl ring7b and 17p—r)
showed improved inhibitory potency compared to TyrH. Taken
together, these results suggest that exploring further structural
diversity of functional groups of hydroxamate analogues may
lead to more potent Csk inhibitors. Additionally, this design
strategy lays the foundation for developing metal-mediated
inhibitors against other PTKs.

Experimental Section

Chemistry. All solid-phase reactions were carried out in Bio-
Rad polypropylene columns by shaking and mixing at room

respectively (Table 3). Shortening or lengthening the distance temperature using a Glass-Col small tube rotator under dry

between the hydroxamate group and the phengBnand18v
significantly reduced the inhibitory potency. These results

suggest that an optimal distance is required between the

hydrophobic side chain and hydroxamate group for a favorable
interaction with the M2-binding site.

IV. TyrH Analogues with Modified a-Amino Group
(—NHy). To explore the role oft-amino group of TyrH in
inhibition of Csk, compound23a—d with modified a-amino
group were synthesized (Table 4). The substitution on the
o-amino group of TyrH with the benzyl group 3aled to
3-fold reduced inhibitory potency comparedia The replace-
ment of a-amino group with—OH and—H in 23b and 23d,
respectively, completely eliminated the inhibitory potency.
Additionally, the replacement of an-amino group with a
phenyl group in23creduced the inhibitory potency by 31-fold

conditions unless otherwise stated. Real-time monitoring of loading
of compounds on resin beads was carried out with a Thermo-Nicolet
550 FT-IR spectrophotometer coupled with a Nic-Plan microscope
using OMNIC software. The chemical structures of final products
were characterized by nuclear magnetic resonance spéttra (
NMR, 13C NMR) determined on a Bruker NMR spectrometer (400
MHz). 13C NMR spectra are fully decoupled. Chemical shifts were
reported in parts per millions (ppm). The chemical structures of
final products were confirmed by a high-resolution PE Biosystems
Mariner API time-of-flight electrospray mass spectrometer. Final
compounds were purified>©99%) on a Phenomenex Prodigy 10
um ODS reversed-phase column (2.1 en25 cm) with a Hitachi
HPLC system using a gradient system of acetonitrile and water
(CH3CN/H0, 0—40%, pH 7.0, 30 min). The purity of final products
(>99%) was confirmed by analytical HPLC. The analytical HPLC
was performed on the Hitachi analytical HPLC system on a C18
Shimadzu Premier m column (150 cmx 4.6 mm) using two

compared tba. These results suggest that the presence of the different isocratic systems and a flow rate of 1 mL/min with UV

o-amino group of TyrH is critical in generating inhibitory
potency possibly through a favorable interaction with residues
located in the kinase domain.

detection at 260 nm.-Tyrosine 6€), L.-HisH, L-ArgH, I-LysH,
L-LeuH, g-AlaH, pL-NorvalH, pL-Asp y-H, L-Glu y-monoH, bL-
PheH, and GlyH were purchased from Sigma-Aldrich Ce.

Hydroxamates and thiohydroxamates have been previously TYrosine hydrazidef) was purchased from MP Biomedicals Co.

reported to create complexes with €cand other transition
metals?4~30 On the basis of the structur@ctivity relationship
data, it appears that theCO, —NH, and—OH moieties in the
hydroxamate group{CONHOH) and thex-amino group are
binding to Cé" or M2 site. Structure activity relationships by

General Procedure for the Synthesis of 5a,b, 17a-r, and 18u,v.
Hydroxylamine Wang resinl( 50 mg, 2 mmol/g) was swollen in
DMF (5 mL) for 15 min. N-(9-Fluorenylmethoxycarbonyl)-
phenylalanine analogue®, (L1a—r, or 12st; 0.4 mmol) and HBTU
(170 mg, 0.5 mmol) were dissolved in NMM/DMF (5 mL, 0.4 M)
and added to the swollen resin. The reaction mixture was shaken

analogues in Table 2 revealed that replacement or eliminationfor 30 min. The resin was collected by filtration and washed

of —OH, —CO, or —NH moieties of the hydroxamate group
significantly modified the inhibitory potencies against Csk.

successively with DMF (3 5 mL), dichloromethane (X 5 mL),
and methanol (2x 5 mL) to afford 3a, 13a-r, and 14st,
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respectively. The resia (50 mg, 0.1 mmol) was swollen in THF  22a—d. The cleavage was carried out by addition of TFA in
(15 mL) for 10 min. Lawesson'’s reagent (121 mg, 0.3 mmol) was dichloromethane (70%, 5 mL). After 30 min of shaking of the
added to the swollen resin. The reaction mixture was shaken for 3 mixtures at room temperature, the resins were collected by filtration
days. The resin was collected by filtration and washed successivelyand washed with dichloromethane (2 mL). The solvents of filtrate
with DMF (3 x 5 mL) and methanol (2« 5 mL) to afford 3b. solutions were evaporated, and the residues were dried under
Piperidine in DMF (5 mL, 20%) was added 3a, 3b, 13a-r, and vacuum. The crude mixtures were purified by HPLC as described
14st, and the reaction mixture was shaken for 10 min. The resins above to yield23a—d (overall yield, 25-30%).

were collected by filtration, washed successively with DMFx(3 (S)-2-Amino-N-hydroxy-3-(4-hydroxyphenyl)propanethioam-

5 mL), dichloromethane (X 5 mL), and methanol (% 5 mL) to ide (5b).'H NMR (DMSO-ds, 400 MHz,6 ppm): 2.75-2.85 (m,
give 4ab, 15a—r, and 16st. The cleavage was carried out by 1H, CHy), 3.12-3.25 (m, 1H, &1), 3.60-3.75 (m, 1H, &), 6.63
addition of TFA in dichloromethane (70%, 5 mL). After 30 min of  (d, J = 8.00 Hz, 2H, aromatic H), 6.99 (d] = 8.00 Hz, 2H,
shaking of the mixtures at room temperature, the resins were aromatic H), 7.85 (br s, 2H, N,), 9.10 (s, 1H, ®1), 9.22 (s, 1H,
collected by filtration. The solvents of filtrate solutions were OH). ¥*C NMR (DMSO-ds, 100 MHz, 6 ppm): 38.07, 59.31,
evaporated, and the residues were dried under vacuum. The crudd.15.80, 127.44, 131.17, 156.84, 166.40. HR-MS (ESI-T@#)(

mixtures were purified by HPLC as described above to yielth, CoH12N20,S caled, 212.0619; found, 213.2830 fM1]*, 214.2910
17a—r, and18u,yv, respectively (overall yield, 3660%). M + 2]*.
General Procedure for the Synthesis of 5c¢,dWang resin 6, (S)-2-Amino-N-hydroxy-3-(4-hydroxyphenyl)-N-methylpro-

100 mg; 1.1 mmol/g) was swollen in dichloromethane (5 mL) for panamide (5c).'H NMR (DMSO-ds, 400 MHz,6 ppm): 2.88-
15 min. N-(9-Fluorenylmethoxycarbonyb)-tyrosine methyl ester 2.94 (m, 1H, ®Giy), 3.09-3.13 (m, 1H, &iy), 3.15 (s, 3H, Ei3),
(210 mg, 0.5 mmol) and triphenylphosphine (144 mg, 0.54 mmol) 4.34-4.38 (m, 1H, ®), 6.71 (d,J = 8.40 Hz, 2H, aromatic H),
were dissolved in dichloromethane (2 mL) and added to the swollen 7.01 (d,J = 8.40 Hz, 2H, aromatic H), 8.13 (s, 2HHY), 9.42 (s,
resin. Diispropylazodicarboxylate (DIAD, 94, 0.47 mmol) was 1H, OH), 10.84 (s, 1H, ®I). *3C NMR (DMSO-ds, 100 MHz, 6
diluted to 400uL with dichloromethane and added dropwise to ppm): 35.23, 36.87, 52.41, 116.23, 125.76, 131.39, 157.43, 168.28.
the mixture at room temperature. The reaction mixture was shakenHR-MS (ESI-TOF) (W2): CioH14N2Os calcd, 210.1004; found,
overnight. The resin was collected by filtration, washed successively 211.3252 [M+ 1]*, 212.355 [M+ 2]*.

with dichloromethane (5 mL), DMF (&% 5 mL), and methanol (2 (S)-2-Amino-N-benzyl-N-hydroxy-3-(4-hydroxyphenyl)pro-

x 5 mL), and dried under vacuum to affol The solution of panamide (5d).*H NMR (DMSO-dgs, 400 MHz, ppm): 2.83-
sodium hydroxide in methanol (6 mL, 0.4 M) was added to the 2.87 (m, 1H, ¢1,), 3.04-3.08 (m, 1H, ®&,), 4.36-4.40 (m, 1H,
dried resin, and the reaction mixture was shaken for 6 days. The CH), 4.75 (s, 2H, €El), 6.69 (d,J = 7.60 Hz, 2H, aromatic H),
resin was collected by filtration, washed successively with DMF 6.97 (d,J = 7.60 Hz, 2H, aromatic H), 7.367.36 (m, 5H, aromatic
(3 x 5 mL), dichloromethane (X% 5 mL), and methanol (% 5 H), 7.97 (br s, 2H, Mi3), 9.38 (s, 1H, ®), 10.57 (s, 1H, ®). °C
mL), and dried under vacuum to gi® The resin was swollen in NMR (DMSO-ds, 100 MHz,6 ppm): 35.48, 52.59, 116.26, 125.63,
THF (5 mL) for 15 min.N-Methylhydroxylamine hydrochloride 128.40, 129.03, 129.26, 131.43, 138.80, 157.47, 168.85. HR-MS
or N-benzylhydroxylamine hydrochloride (RNHGHCI, 0.6 mmol) (ESI-TOF) (/2): Ci6H18N205 caled, 286.1317; found, 287.2736
and diisopropylcarbodiimide (92L, 0.6 mmol) were added to the  [M + 1]*, 288.3632 [M+ 2]*.

swollen resin and mixed. Triethylamine 8t 18 uL, 1.3 mmol) (9)-2-Amino-3-(4-aminophenyl)N-hydroxypropanamide (17a).
was added to the mixture. The reaction mixture was shaken 'H NMR (DMSO-ds, 400 MHz,6 ppm): 2.83-2.87 (m, 2H, G1y),
overnight. The resin was collected by filtration and washed 3.62 (t,J = 7.00 Hz, 1H, &), 5.63 (br s, 2H, M), 6.55 (d,J =
successively with DMF (3 5 mL), dichloromethane (% 5 mL), 8.00 Hz, 2H, aromatic H), 6.87 (d,= 8.00 Hz, 2H, aromatic H),
and methanol (% 5 mL) to afford10aor 10b. The cleavage was 8.23 (s, 2H, NH), 9.26 (s, 1H, OH), 10.94 (s, 1H, NHY®C NMR
carried out by addition of TFA in dichloromethane (70%, 5 mL) (DMSO-ds, 100 MHz, 6 ppm): 37.22, 52.89, 115.61, 123.27,
to 10a or 10b. After 30 min of shaking of the mixtures at room  130.75, 147.25, 165.23. HR-MS (ESI-TORNWg): CoH13N30,
temperature, the resins were collected by filtration and washed with calcd, 195.1008; found, 196.3336 [M 1], 244.3152 [M+ 2]*.
dichloromethane (2 mL). The solvents of filtrate solutions were  (S)-2-Amino-3-(4-cyanophenyl)N-hydroxypropanamide (17b).
evaporated, and the residues were dried under vacuum. The crudéH NMR (DMSO-ds, 400 MHz,6 ppm): 3.05-3.10 (m, 2H, ¢1,),
mixtures were purified by HPLC as described above to yieldr 3.81-3.84 (m, 1H, ®), 7.41 (d,J = 8.00 Hz, 2H, aromatic H),

5d (overall yield, ~18—20%). 7.82 (d,J = 8.00 Hz, 2H, aromatic H), 8.40 (br s, 2HHY), 9.31
General Procedure for the Synthesis of 23ad. To (9-3-(4- (br s, 1H, AH), 11.01 (s, 1H, M). HR-MS (ESI-TOF) (V2):

hydroxylphenyl)propionic acid derivative%a—d) (0.5 mmol) in C10H11N30; caled, 205.0851; found, 206.2166 [M 1]*.

dry pyridine (4 mL) was added acetic anhydride 8¢ 2 mL). (S)-2-Amino-3-(4-azidophenyl)N-hydroxypropanamide (17c).

The reaction mixtures were stirred at room temperature overnight. *H NMR (DMSO-ds, 400 MHz,6 ppm): 2.94-2.99 (m, 2H, G1,),
The solvent was removed under vacuum, and the mixtures were3.69-3.74 (m, 1H, &), 7.10 (d,J = 8.40 Hz, 2H, aromatic H),
purified by silica gel column chromatography using hexane and 7.24 (d,J = 8.40 Hz, 2H, aromatic H), 8.28 (br s, 2HHY), 9.29
ethyl acetate as eluents to yiel®3-(4-acetoxylphenyl)propionic (s, 1H, ), 10.95 (s, 1H, M). HR-MS (ESI-TOF) (2):
acid derivativesZ0a—d). HBTU (170 mg, 0.5 mmol) an&0a—d CoH11Ns0; caled, 221.0913; found, 222.2411 [M1]*, 223.2430
were dissolved in the NMM/DMF (5 mL, 0.4 M) and added to the [M + 2]*.

swollen hydroxylamine Wang resin (50 mg; loading, 2.0 mmol/g). 4-((S)-2-(Hydroxycarbamoyl)-2-aminoethyl)phenylboronic Acid
The reaction mixtures were shaken for 30 min. The resins were (17d). *H NMR (DMSO-ds, 400 MHz, 6 ppm): 2.80-3.20 (m,
collected by filtration and washed successively with DMFE(% 2H, CHy), 3.68-3.72 (m, 1H, ®&1), 7.12-7.22 (m, 2H, aromatic
mL), dichloromethane (3 5 mL), and methanol (% 5 mL) to H), 7.72-7.78 (m, 2H, aromatic H), 8.0 (s, 2H, B, 8.28 (br s,
give 21a—d. The Fmoc group irRlawas removed by piperidine ~ 2H, NHy), 9.28 (s, 1H, ®l), 10.95 (s, 1H, M). HR-MS (ESI-
in DMF (20%). To the resulting polymer-bound unprotected amine TOF) (m/2): CgH13BN,0O, calcd, 224.0968; found, 224.2403 [M]
was added benzyl bromide (0.5 mL, 4 mmol) in dry pyridine (5 225.2274 [M+ 1]*.

mL). The mixture was shaken overnight. The resin was collected  (S)-2-Amino-N-hydroxy-3-(4-nitrophenyl)propanamide (17e).
by filtration and washed successively with DMF 3 5 mL), IH NMR (DMSO-ds, 400 MHz,6 ppm): 3.06-3.10 (m, 2H, G1y),
dichloromethane (3 5 mL), and methanol (% 5 mL) to afford 3.73-3.77 (m, 1H, ®&), 7.50 (d,J = 8.80 Hz, 2H, aromatic H),
21d. The acetyl groups i21d, 21b, 21¢ and21d were removed 7.81 (br s, 2H, M), 8.22 (d,J = 8.80 Hz, 2H, aromatic H), 9.25
by addition of sodium methoxide (20 mg) in methanol (5 mL). (br s, 1H, QH), 10.90 (br s, 1H, M. 13C NMR (DMSO-ds, 100
The mixtures were shaken for 2 h. The resins were collected by MHz, 6 ppm): 37.80, 52.32, 124.46, 131.74, 144.14, 147.63,
filtration and washed successively with DMF (8 5 mL), 165.12. HR-MS (ESI-TOF)n{y2): CgH;11N30, calcd, 225.0749;
dichloromethane (3« 5 mL), and methanol (% 5 mL) to give found, 226.2678 [M+ 1]*, 227.2962 [M+ 2]".
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(S)-2-Amino-N-hydroxy-3-phenylpropanamide (17f).*H NMR
(DMSO-ds, 400 MHz,6 ppm): 2.87-3.10 (m, 2H, G1,), 3.75 (t,
J = 7.00 Hz, 1H, ®), 7.20-7.25 (m, 2H, aromatic H), 7.26
7.37 (m, 3H, aromatic H), 8.30 (br s, 2HHY), 9.30 (s, 1H, ®1),
10.98 (s, 1H, M). 13C NMR (DMSO-dg, 100 MHz,6 ppm): 37.84,
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3.72 (t,J=7.20 Hz, 1H, ®), 7.16 (d,J = 8.00 Hz, 2H, aromatic
H), 7.54 (d,J = 8.00 Hz, 2H, aromatic H), 8.11 (br s, 2HHY),
9.22 (s, 1H, ®), 10.94 (s, 1H, M). 13C NMR (DMSO-,, 100
MHz, 6 ppm): 37.31, 52.41, 121.35, 132.43, 132.50, 135.25,
165.08. HR-MS (ESI-TOF)nY2): CgH1;BrN,O, calcd, 258.0004;

52.57,128.05, 129.45, 130.23, 135.73, 165.00. HR-MS (ESI-TOF) found, 259.1935 [M+ 1]*, 261.1879 [M+ 2]*.

(m/2): CoH1,N,O, calcd, 180.0899; found, 181.3126 [M 1],
182.3207 [M+ 2]*.
(9-2-Amino-N-hydroxy-3-p-tolylpropionamide (17g).*H NMR
(DMSO-ds, 400 MHz,6 ppm): 2.29 (s, 3H, B3), 2.86-2.99 (m,
2H, CHy), 3.72 (t,J = 7.00 Hz, 1H, &), 7.05-7.17 (m, 4H,
aromatic H), 8.26 (br s, 2H, M), 9.29 (s, 1H, ®), 10.96 (s, 1H,
NH). 13C NMR (DMSO-ds, 100 MHz,6 ppm): 21.53, 37.44, 52.64,
130.00, 130.10, 132.64, 137.09, 165.05. HR-MS (ESI-T@#3)(
C10H14N20; caled, 194.1055; found, 195.3455 [M 1]+, 196.3175
M + 2]*.
(9)-2-Amino-N-hydroxy-3-(4-isopropylphenyl)propanamide
(17h).*H NMR (DMSO-ds, 400 MHz,6 ppm): 1.19 (d, 6H, Ely),
2.83-2.90 (m, 2H, &1y), 2.90-3.03 (m, 1H, ®&), 3.69-3.74 (m,
1H, CH), 7.13 (d, 2H,J = 8.00 Hz, aromatic H), 7.21 (d,= 8.00
Hz, 2H, aromatic H), 8.17 (br s, 2H,H}), 9.29 (s, 1H, ®), 10.96
(s, 1H, NH). HR-MS (ESI-TOF) (W2): CiH1gN,0, calcd,
222.1368; found, 223.1797 [M 1]+, 224.1997 [M+ 2]*.
(9)-2-Amino-N-hydroxy-3-[4-(phenyl)phenyl]propanamide (17i).
IH NMR (DMSO-ds, 400 MHz,6 ppm): 3.01-3.08 (m, 2H, ¢1y),
3.73-3.81 (m, 1H, ®), 7.25-7.40 (m, 2H, aromatic H), 7.42
7.50 (m, 2H, aromatic H), 7.607.70 (m, 5H, aromatic H), 8.24
(br s, 2H, NHy), 9.31 (s, 1H, @), 10.98 (s, 1H, M). HR-MS
(ESI-TOF) (n/2): CysH17N20; caled, 256.1212; found, 257.2748
M + 1]*.
(S)-2-Amino-N-hydroxy-3-[4-(nitrophenyl)phenyl]propana-
mide (17j). '"H NMR (DMSO-ds, 400 MHz, 5 ppm): 3.0:-3.12
(m, 2H, (H,), 3.79-3.83 (M, 1H, @), 7.34-7.43 (m, 2H, aromatic
H), 7.76-7.83 (m, 2H, aromatic H), 7.918.00 (m, 2H, aromatic
H), 8.27-8.38 (m, 4H, aromatic H and #), 9.33 (s, 1H, ®l),
11.01 (s, 1H, M). HR-MS (ESI-TOF) (2): C;sH15N304 calcd,
301.1063; found, 302.4769 [M 1]*.
(9)-2-Amino-N-hydroxy-3-[3-(nitrophenyl)phenyl]propana-
mide (17k).*H NMR (DMSO-dg, 400 MHz,6 ppm): 3.06-3.13
(m, 2H, CH,), 3.76-3.86 (M, 1H, ®&), 7.35-7.42 (m, 2H, aromatic
H), 7.72-7.82 (m, 3H, aromatic H), 8.118.20 (m, 1H, aromatic
H), 8.22-8.26 (m, 1H, aromatic H), 8.34 (br s, 2HHY), 8.40—
8.45 (m, 1H, aromatic H), 9.34 (s, 1HH), 11.02 (s, 1H, M).
HR-MS (ESI-TOF) (W2): CisH1sN3O4 caled, 301.1063; found,
302.4702 [M+ 1]*.
(S)-2-Amino-3-(4-fluorophenyl)-N-hydroxypropanamide (171).
IH NMR (DMSO-ds, 400 MHz,6 ppm): 2.90-3.05 (m, 2H, ¢1,),
3.75 (t,J = 7.20 Hz, 1H, ®&), 7.10-7.30 (m, 4H, aromatic H),
8.30 (br s, 2H, M,), 9.31 (s, 1H, ®), 10.99 (s, 1H, M). 13C
NMR (DMSO-ds, 100 MHz,6 ppm): 36.97, 52.58, 116.30, 132.16,
132.24, 163.55, 164.96. HR-MS (ESI-TORjVf): CoH11FN,O,
calcd, 198.0805; found, 199.2988 [M 1]*.
(S)-2-Amino-3-(3,4-difluorophenyl)-N-hydroxypropana-
mide (17m).H NMR (DMSO-ds, 400 MHz,6 ppm): 2.85-3.10
(m, 2H, (H,), 3.74 (t,J = 7.0 Hz, 1H, G&d), 7.00-7.10 (m, 1H,
aromatic H), 7.26-7.30 (m, 1H, aromatic H), 7.427.46 (m, 1H,
aromatic H), 7.92 (br s, 2H, M), 9.26 (s, 1H, ®), 10.88 (br s,
1H, NH). 13C NMR (DMSO-dg, 100 MHz,6 ppm): 37.24, 52.58,

(S)-2-Amino-N-hydroxy-3-(4-iodophenyl)propanamide (17p).
IH NMR (DMSO-ds, 400 MHz,6 ppm): 2.96-3.10 (m, 2H, G1,),
3.70-3.77 (m, 1H, ®&), 7.02 (d,J = 8.00 Hz, 2H, aromatic H),
7.69 (d,J = 8.00 Hz, 2H, aromatic H), 8.28 (br s, 2HHY), 9.31
(s, 1H, CH), 10.99 (s, 1H, M). 13C NMR (DMSO-ds, 100 MHz,
o ppm): 37.33,52.37, 94.29, 132.65, 135.51, 138.15, 164.90. HR-
MS (ESI-TOF) (W2): CgH11IN2O; caled, 305.9865; found, 307.1113
M + 2]*.

(9)-2-Amino-N-hydroxy-3-(2-iodophenyl)propanamide (17q).
H NMR (DMSO-ds, 400 MHz,6 ppm): 3.08-3.20 (m, 2H, Giy),
3.70-3.80 (m, 1H, ®&), 7.01-7.09 (m, 1H, aromatic H), 7.20
7.25 (m, 1H, aromatic H), 7.357.40 (m, 1H, aromatic H), 7.85
7.92 (m, 1H, aromatic H), 8.48 (br s, 2HHY), 9.27 (s, 1H, ®1),
10.94 (s, 1H, M). HR-MS (ESI-TOF) (W2): CgH11IN,0O; calcd,
305.9865; found, 307.1118 [M 2]*.

(S)-2-Amino-N-hydroxy-3-(4-hydroxy-3,5-diiodophenyl)pro-
panamide (17r).*H NMR (DMSO-dg, 400 MHz,6 ppm): 2.72-
2.92 (m, 2H, ®y), 3.68-3.75 (m, 1H, ®), 7.58 (br s, 2H, aromatic
H), 8.22 (br s, 2H, M), 9.34 (s, 1H, ®1), 10.95 (s, 1H, M). 1°C
NMR (DMSO-ds, 100 MHz,6 ppm): 35.78, 52.55, 88.09, 131.76,
140.69, 155.45, 165.03. HR-MS (ESI-TOR)): CgH10l2N203
calcd, 447.8781; found, 448.7776 [M 1]*.

(9)-2-Amino-N-hydroxy-2-(4-hydroxyphenyl)acetamide (18u).
H NMR (DMSO-dg, 400 MHz,6 ppm): 4.574.64 (m, 1H, &),
6.75-6.85 (m, 2H, aromatic H), 7.257.35 (d, 2H, aromatic H),
8.52 (s, 2H, M), 9.26 (s, 1H, ®), 9.77 (s, 1H, ®), 11.08 (s,
1H, NH). HR-MS (ESI-TOF) (W2): CgH10N,O5 calcd, 182.0691;
found, 183.6436 [Mt 1]*, 205.5888 [M+ Na]", 221.5359 [M+
K]*.

(9)-2-Amino-N-hydroxy-4-(4-hydroxyphenyl)butanamide (18v).
H NMR (DMSO-ds, 400 MHz,6 ppm): 1.89-2.09 (m, 2H, Gi),
2.10-2.16 (m, 2H, &1,), 3.45-3.60 (m, 1H, &), 6.60 (d,J =
7.60 Hz, 2H, aromatic H), 6.90 (d, 2H, aromatic H), 8.30 (br s,
2H, NH,), 9.29 (s, 1H, ®), 9.38 (s, 1H, ®1), 11.10 (s, 1H, M).
HR-MS (ESI-TOF) (W2): C;oH14N,0; calcd, 210.1004; found,
211.0421 [M+ 1]*.

(S)-2-BenzylaminoN-hydroxy-3-(4-hydroxyphenyl)propana-
mide (23a).'H NMR (DMSO-ds, 400 MHz,6 ppm): 2.60-2.78
(m, 2H, CHy), 3.00-3.11 (m, 1H, ®¢y), 3.47-3.52 (M, 1H, ¢i,),
3.67-3.74 (m, 1H, ®), 6.64 (d,J = 8.40 Hz, 2H, aromatic H),
6.97 (d,J = 8.40 Hz, 2H, aromatic H), 7.277.30 (m, 5H, aromatic
H), 8.81 (s, 1H, M), 9.14 (s, 1H, ®), 10.45 (s, 1H, M). HR-
MS (ES|-TOF) (TVZ): CieH18N>03 calcd, 286.1317; found, 287.1699
[M + 1]*, 288.2465 [M+ 2]*.

(S)-N,2-Dihydroxy-3-(4-hydroxyphenyl)propanamide (23b).
IH NMR (DMSO-ds, 400 MHz,6 ppm): 2.56-2.63 (m, 1H, Gi),
2.70-2.85 (m, 1H, ®1y), 3.80-3.95 (m, 1H, &), 5.20-5.30 (d,
J = 6.40 Hz, 1H, ®), 6.65 (d,J = 8.00 Hz, 2H, aromatic H),
6.99 (d,J = 8.00 Hz, 2H, aromatic H), 8.70 (s, 1HH), 9.10 (s,
1H, OH), 10.40 (s, 1H, M). HR-MS (ESI-TOF) (2): CgoHis-
NOy: calcd, 197.0688; found, 198.2101 [M 1]*.

(S)-N-Hydroxy-3-(4-hydroxyphenyl)-2-phenylpropanamide

118.28, 118.45, 119.17, 119.34, 127.20, 127.27, 165.44. HR-MS (23c).*H NMR (DMSO-ds, 400 MHz,6 ppm): 2.76 (ddJ = 6.00

(ESI-TOF) (W2): CgH10F2N20O; calcd, 216.0710; found, 217.2563
M + 1]*.

(9)-2-Amino-3-(4-chlorophenyl)N-hydroxypropanamide (17n).
IH NMR (DMSO-ds, 400 MHz,6 ppm): 2.96-3.05 (m, 2H, ¢1y),
3.75 (t,J=7.00 Hz, 1H, &), 7.23 (d,J = 8.40 Hz, 2H, aromatic
H), 7.40 (d, 2H,J = 8.40 Hz, aromatic H), 8.30 (br s, 2H,HY),
9.31 (s, 1H, ®), 10.99 (s, 1H, M). 13C NMR (DMSO-ds, 100
MHz, 6 ppm): 37.11, 52.43, 129.38, 132.16, 132.80, 134.76,
164.88. HR-MS (ESI-TOF)nY2): CgH1,CIN,O; calcd, 214.0509;
found, 215.2769 [Mt+ 1]*, 217.2745 [M+ 2]*.

(9)-2-Amino-3-(4-bromophenyl)N-hydroxypropionamide (170).
1H NMR (DMSO-ds, 400 MHz,6 ppm): 2.88-3.01 (m, 2H, &),

Hz, J = 13.60 Hz, 1H, &), 3.19 (dd,J = 9.20 Hz,J = 13.60
Hz, 1H, CH,), 3.49 (dd,J = 6.00 Hz,J = 9.20 Hz, 1H, &), 6.61
(d, J = 8.40 Hz, 2H, aromatic H), 6.95 (dl = 8.40 Hz, 2H,
aromatic H), 7.26-7.40 (m, 5H, aromatic H), 8.74 (br s, 1HHD),
9.14 (s, 1H, ®f), 10.55 (s, 1H, M). 13C NMR (DMSO-ds, 100
MHz, 6 ppm): 38.40, 51.30, 115.74, 127.53, 128.60, 128.98,
130.50, 130.57, 141.42, 156.40. HR-MS (ESI-TOR)Z: CisH;5
NO; calcd, 257.1052; found, 258.2814 [ 1], 259.2742 [M+
2]*.

N-Hydroxy-3-(4-hydroxyphenyl)propanamide (23d)."H NMR
(DMSO-ds, 400 MHz, 6 ppm): 2.16 (t,J = 7.20 Hz, 2H, ¢&,),
2.69 (t,J=7.20 Hz, 2H, &1,), 6.63 (d,J = 8.40 Hz, 2H, aromatic
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H), 6.95 (d,J = 8.40 Hz, 2H, aromatic H), 8.68 (s, IHH), 9.14

(s, 1H, CH), 10.33 (s, 1H, M). 13C NMR (DMSO-ds, 100 MHz,

o ppm): 30.96, 35.23, 115.87, 129.92, 131.95, 156.33, 169.23. HR-
MS (ESI-TOF) (W2): CoH;11NO; caled, 181.0739; found, 182.2973
[M + 1]*, 183.3021 [M+ 2]+, 204.2666 [M+ Na]*, 220.2325

M + K]*.

Kinase Activity Assays. PTK activities were determined by
measuring the phosphorylation of poly¥eby the kinase using an
acid precipitation assay as previously describ&dThe standard
reaction contained the appropriate amount of the kinase, 1 mg mL
poly-E;Y and 0.2 mM f2P]-ATP (1,000 dpm pmot) in the kinase
assay buffer (75 mM EPPS, pH 8.0, 12 mM Mg@% glycerol,
0.005% Triton X-100). The appropriate amount of kinase was
predetermined to ensure that the kinase activity was linear with
the amount of enzyme added. The reaction volume wagl50
and the reaction was allowed to proceed for 30 min atGOAt
the end of the reaction, 34_ of the reaction mixture was spotted
into a strip of filter paper (1 cmx 2 cm), and the reaction was
stopped by immersing the filter paper in warm 5% TCA. The filter
paper was washed three times in 5% TCA for 10 min each.
Phosphorylated and unphosphorylated poly-Evere both pre-
cipitated into the filter paper, and the amount of phosphate
incorporated onto poly-f was determined by liquid scintillation
counting.

To determine the inhibition of Csk by a hydroxamate compound,
the reaction mixture also contained 0.2 mM Cp@&hd various
concentrations of the compound. To determine the effect of other
metal cations on the inhibition, other metal salts were used in the
place of CoCJ. When theK,, andK ., were determined with regard
to one substrate, the kinase activity was determined at various
concentrations of that substrate in the range of 200 uM for
ATP or 20-200 ug mL* for poly-E,Y. The Kca and Ky, values
were determined by LineweaveBurk plots with linear regression
using the Microsoft Excel program.
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