3844 J. Am. Chem. S0d.997,119, 3844-3845

L-Dopa: A Powerful Nonphosphorylatable Tyrosine X
Mimetic for pp60¢-src Y
L . .
Jinkui Niu and David S. Lawrence «ide chain protected 1. BOP reagent jHZ
. . . . . peptide
Department of Biochemistry, The Albert Einstein  Boc-peptide-COOH 5 g&zCTHéf,ﬁ'éf[{,ﬂioamso,e N

College of Medicine of Yestd University "

1300 Morris Park Aenue 15 X, Y=H
Bronx, New York 10461-1602 PRl

Figure 1. C-terminus-derivatized peptides—-5 were prepared by
activating the side chain-protected peptide (previously synthesized on
Tyrosine-specific protein kinases play a key role in trans- the 2-methoxy-4-alkpxybenzyl alc_ohol re§inwith benzotriazol-1-
ducing growth promoting signals from the cell surface to the onxytrls(dlmethyIamlno)phospho_mum_ hexafluorophogphate (“BOP
nucleus. Consequently, it is not surprising that there has been,"¢29ent’) followed by condensation with phenethylamine (peptides
and continues to be, a profound interest in creating inhibitors ands), dopamine (peptideg and 3), and t)(/’ram[ne (peptidd) and 0
that precisely target specific members of this enzyme family. tsrl]J_bsequtlent side chain deprotection (90% trifluoroacetic acid/10%
The most powerful inhibitors described to date are targeted to loanisole).
the ATP binding sité. Unfortunately, the inhibitory effective-
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ness of these species is markedly impaired under physiological‘/’a\"ﬂ: the;]seh peptideT act_ually bind to .éhe target kli |§f§e. h
conditions due to the high intracellular concentrations of ATP. though these explanations may provide a rationale for the
weak activity of phenylalanine-based peptides, the poor inhibi-

Peptide-based inhibitors, entities competitive with protein behavior of th . heless d h d
substrate binding, have been described but are generally!Oy behavior ofthese species nonetheless demonstrate the nee

disappointing in terms of inhibitory potency witk; values for nonphosphorylatgple tyrosine analogs that dramatically
generally in the £2 mM range® The latter species are typically ~ €nhhance enzyme affinity.

generated by replacing the phosphorylatable tyrosine residue The synthesis of peptides containing unnatural and potentially
in an active site-directed peptide with a nonphosphorylatable inhibitory residues can be time-consuming and, in many
phenylalanine moiet§. The discouraging inhibitory profiles of  instances, challengirfy.Fortunately, these synthetic obstacles
these phenylalanine-based peptides may be attributable to thecan be circumvented by directly attaching the residues of interest
missing aromatic hydroxyl functionality, which likely engages to the N- or C-terminus of an active site-directed peptidée

in productive active site interactions when present in the latter approach provides a rapid and efficient means to acquire
corresponding tyrosine-containing substrate. In addition, severalpeptides containing a structurally diverse ensemble of func-
recent studies have demonstrated thatkhevalues exhibited tionality specifically targeted for active site insertion. The
by some peptide substrates of protein kinases exaggerate hovgeneral synthetic approach is illustrated in Figure 1. We
recently constructed a peptide-based library containing an array

* To whom correspondence should be addressed. Telephone: (718) 430-

8641; Fax (718) 430-8644. of C-terminus-linked phenethylamine analogs in which the
(1) Levitzki, A.; Gazit, A.Sciencel 995 267, 1781-1787 and references  phosphorylatable para-substituted hydroxyl of tyramine was
cited therein. replaced with an assortment of nonphosphorylatable functional-

(2) Intracellular concentrations of ATP can be as high as 5 mM (Traut . . . .
T W. Mol Cell. Biochem.1994 140, 1-22) and tend to be higher in  1tY-’ Although a few functionality, such as sulfonamide, do

transformed versus untransformed cells. These high concentrations interfereenhance enzyme affinity without concomitant phosphorylation,

with the inhibitory effectiveness of compounds that are competitive with inhibi i i i i
respect to ATP. Percent inhibition at a given concentration of a competitive the overall inhibitory potency of this family of peptides is

inhibitor (i.e.,»/v) is given by eq 1. Thé&y, for ATP (~5 uM) in a protein disappointingly modest. Cle?-”% terSine'SpeCifiC protein 'fi'
kinase-catalyzed reaction is significantly less than the intracellular concen- nases have evolved to coordinate an aromatic hydroxyl moiety
tration of ATP [eq 2]. In order to achieve 50% inhibition under physiological \yithin the active site region. Is it possible to retain the alcohol

v, K, + [ATP] of tyrosine, yet affix additional functionality to the aromatic
o= 0 1) nucleus that not only precludes phosphoryl transfer but also
Km(l +K) +[ATP] actually enhances enzyme affinity? We decided at the outset
1

not to employ sterically demanding substituents ortho to the
alcohol moiety since we were concerned that these types of

Ui s - . . -
;:# (2 substitution patterns might interfere with the ability of the
0'005(1+?) +5 aromatic hydroxyl group to engage in productive hydrogen
i bonding interactions with active site residues. We now report

conditions, the concentration of competitive inhibitor needs to be ap- that dopamine, and its corresponding amino acidppa, serve

proximately 1000-fold greater than its experimentally derivgdvalue. : : R
Although the affinities of the most potent PTK inhibitors are in the as potent nonphosphorylatable mimetics of tyrosine in p3&o

nanomolar range, their effectiveness under physiological conditions should targeted peptides.
be decidedly micromolar. In contrast, the concentration that generates a [ ; A inifi

50% reduction in activity for inhibitors that are noncompetitive with respect . A QOpamlne Sl{bsmu'[ed peptide is a Slg.n ificanty more pqtent
to ATP [w/v = Kil(K + [I])] is equivalent toK;. inhibitor of pp6G—s than the corresponding phenethylamine

(3) (&) Wang, C.; Lee, T. R.; Lawrence, D. S.; Adams, JBischemistry derivative. The phenethylamine-based peptid® @nd its

1996 35, 1533-1539. (b) Boerner, R. J.; Barker, S. C.; Knight, W. B. ; ~ p
Biochemistry1995 34, 16419-16423. (c) Cole, P. A Burn, P.: Takacs,  dinydroxy-counterpart ) were prepared according to the

Walsh, C. T.J. Biol. Chem1994 269, 30880-30887. synthetic scheme outlined in Figure®1.The dopamine-
(4) The only notable exception to this are tetrafluorotyrosine-containing derivative? is 31-fold more effective as an inhibitor of ppBe°c

peptides, which have been reported to serve as an potent inhibitors of thethan eptidel

insulin receptor kinase (Yuan, C. J.; Jakes, S.; Elliott, S.; Graves, D. J. pep ’

Biol. Chem.199Q 265 16205-16209) and of the epidermal growth factor

receptor kinase (Fry, D. J.; McMichael, A.; Singh, J.; McNamara, D. J. (5) Adams, J. A.; Taylor, S. Biochemistry1992 31, 8516-8522.

Peptidesl 994 15, 951-957). Interestingly, a trifluorotyrosine-based peptide (6) For a detailed discussion, see: Kwon, Y.-G.; Mendelow, M.

has been found to serve as a substrate for the C-terminafpffddnase, Srinivasan, J.; Lee, T. R.; Pluskey, S.; Salerno, A.; Lawrence, D. Biol.
see: Cole, P. A; Grace, M. R.; Phillips, R. S.; Burn, P.; Walsh, CI.T. Chem.1993 268 10713-10716.
Biol. Chem.1995 270 22105-22108. (7) Niu, J.; Lawrence, D. Sl. Biol. Chem1997, 272, 1493-1499.
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10 7 ° Table 1. ThelCso andK; Values of Inhibitorsl, 2, 6, and7
: Inhibitor ICso (M)  Ki (uM)
-.g 81 Glu-Glu-Glu-Gluphenethylamine(1) 1650+ 10
= Glu-Glu-Glu-Gludopamine (2) 53+ 2
2 | Glu-Glu-Leu-LeuPhe-Gly-Glu-lle (6) 950+ 25 860+ 20
g 6 Glu-Glu-Leu-Leubopa-Gly-Glu-lle (7) 29+2 16+ 3
£
: o a 33-fold more effective inhibitor tha. Furthermore, both
2 ° peptides are competitive inhibitors versus peptide substrate (see
g Supporting Information). Indeed, the differenceKnvalues
e 27 exhibited by6 and 7 is even more substantial (55-fold) than
° that observed for the correspondingsd€ Finally, since the
el e @ ' e Dopa-containing peptide serves as@rcompetitive inhibitor
0 20 40 60 80 100 versus variable ATPK; = 14 + 2 uM; see Supporting
Time (min) Information), it is evident that this inhibitory species does not
Figure 2. pp60—=-catalyzed phosphorylation of Arg-Arg-Arg-Arg-  coordinate to the ATP binding site.
Arg-Leu-Glu-Glu-Leu-Glu-dopaming (+), Arg-Arg-Arg-Arg-Arg- TheL-Dopa peptide7 only sewes as a reersible inhibitor
Leu-Glu-Glu-Leu-Glu-tyramind (@), and Arg-Arg-Arg-Arg-Arg-Leu- of pp60~s, L-Dopa is best known as a medicinal agent for
Glu-Glu-Leu-Glu-phenethylamin® (O) as a function of time. Assays  the treatment of Parkinson’s dised$eHowever, this amino
were performed at pH 7.5 (20 mM Hepes) and “8Din a solution acid has also been found in proteins. Dopa plays a key role in
containing 20 mM MgGJ, 100uM NagVO4, 0.125 mg/mL bovine serum  protein cross-linking in invertebrates (e.g., byssal adhesion of
albumin, 25QuM [y-*?P]ATP, 2.22 nM pp60™', and 6QuM inhibitor/ marine mussels) via oxidation to the correspondisggiinonet?

substrate peptides. After 16 h, 50% 4tinderwent phosphorylation,  As a result, we were somewhat concerned that fortuitous
whereas less thar_1 1% 8for5is 32P-Iabelt_ed under identical cond_itions oxidation of theL-Dopa residue might be responsible for the
(the 16 h data points are not shown). Sidacks a hydroxyl moiety,  jmpressive inhibitory profile of. However, we failed to detect
it is unlikely that the trace I_evels of radioactivity associated \8imd a time-dependent inactivation of pg6d¢in the presence of
5 are due to phosphorylation. that is any more substantial than in the absence of the peptide
) . o (i.e., a slight, yet identical, loss in tyrosine kinase activity as a
A dopamine-substituted peptide is not a pp8U substrate.  fynction of time is observed in both the presence and absence
Protein kinases are commonly assayed for activity by quantitat- ot 7: see Supporting Information). Consequently, we conclude
ing the incorporation of?P (from %2P-y[ATP]) into serine, that the Dopa-containing peptide only serves as a simple
threonine, and/or tyrosine residues positioned within positvely rayersiple inhibitor of pPPBOSC,
charged active site-directed peptideghe latter coordinate to The most potent tyrosine kinase-specific inhibitors reported
a negatively charged phosphocellulose disk, which can be, gate are species that coordinate to the ATP-binding site.
subsequently counted for radioactivity. Sin@elacks the  Ajthough theK; values associated with these inhibitory species
primary sequence necessary for binding to phosphocelluloseyye typically in the nanomolar range, micromolar concentrations
disks, we prepared an arginine-substituted derivativz(8irg- will be required to overcome the high intracellular concentrations
Arg-Arg-Arg-Arg-Leu-Glu-Glu-Leu-Glu-dopamine). The of ATP present in most cell types. Furthermore, it is important
substrate efficacy oB was then compared with that of the {4 pe cognizant of the fact that there are a large number of ATP
tyramine-based analod, a known pp60>'° substraté. In  jlizing enzymes present in mammalian cells. Although
addition, we prepared the nonphosphorylatable phenethylamine-eptide-based inhibitors do suffer from the bioavailability point
based peptide, Arg-Arg-Arg-Arg-Arg-Leu-Glu-Glu-Leu-Glu- ot view, their peptidomimetic counterparts may ultimately offer
phenethylamines), as a control. As is apparent from Figure  greater opportunities for creating inhibitors that can exquisitely
2, peptide3 is inert under conditions in whick# suffers discriminate between closely related kinases. Until recently,
phosphorylation. o o the inhibitory potency of tyrosine kinase-targeted peptides has
An L-Dopa-substituted peptide is a significantly more potent peen, in general, extremely disappointing. With the advent of
inhibitor of pp6G—= than the corresponding phenylalanine  nonphosphorylatable tyrosine mimetics, such-Bopa, peptide-
subs.tr[.uted peptldes (i.el,and 2) hold in more chVEﬂth_na| consideration as potentially useful inhibitors for members of
peptidic environments? In order to address this question we the tyrosine-specific subfamily of protein kinases.
prepared the peptides Glu-Glu-Leu-LBhe-Gly-Glu-lle (6) and
Glu-Glu-Leu-Leubopa-Gly-Glu-lle (7). The primary sequence Acknowledgment. This work was supported by a grant from the
encompassing the Phe and Dopa residues was chosen, in part)nited States Army Medical Research and Development Command.
from the results of a previous study using a combinatorial We also thank Dr. Tae Ryong Lee for one of the peptide-based
peptide library to assess pp6d¢ specificityl® As is evident substrates (BAE4Y-phenethylamine) utilized in this study.
from Table 1, the inhibitory trend betwednand?2 holds for

the conventional peptide dy#and7. In the latter case7 is Supporting Information Available: Figures of Lineweaver-Burk

double reciprocal plot of the-Dopa-containing peptidé as a function

(8) Solid phase peptide synthesis was conducted on the 2-methoxy-4-Of varied peptide substrate and ATP and time-dependent activity of
alkoxy-benzyl alcohol resin: (a) Mergler, M.; Tanner, R.; Gosteli, J.; Grogg, Pp60~—° (5 pages). See any current masthead page for ordering and

P. Tetrahedron Lett1988 29, 4005-4008. (b) Mergler, M.; Nyfeler, R.; Internet access instructions.
Tanner, R.; Gosteli, J.; Grogg, Petrahedron Lett1988 29, 4009-4012.
(9) Lee, T. R.; Niu, J.; Lawrence, D. 3. Biol. Chem1995 270, 5375~ JA970037S
5380.
(10) (@) Zhou, S.; Cantley, L. Cirends Biochem. Sci995 20, 470~ (11) Fahn SAdv. Neurol.1996 69, 477—-486.

475. (b) Zhou, S.; Carraway, K. L.; Eck, M. J.; Harrison, S. C.; Feldman, (12) (a) Rzepecki, L. M.; Waite J. HMol. Mar. Biol. Biotechnol 1995
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