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The growth factor receptor-bound protein 2 (Grb2) is an SH2 domain-containing docking module that
represents an attractive target for anticancer therapeutic intervention. An impressive number of synthetic
Grb2-SH2 domain inhibitors have been identified; however, clinical agents operating by this mechanism
are lacking, due in part to the unique requirement of anionic phosphate-mimicking functionality for high
SH2 domain-binding affinity or the extended peptide nature of most inhibitors. In the current study, a new
binding motif was successfully developed by the incorporation’-@uBstituted tyrosine derivatives into a
simplified nonphosphorylated cyclic pentapeptide scaffdl)d which resulted in high affinity Grb2-SH2
inhibitors without any phosphotyrosine or phosphotyrosine mimetics. The a@aino acid analogues bearing

an additional nitro, amino, hydroxy, methoxy or carboxy group at thpo8ition of the phenol ring of
tyrosine were prepared in an orthogonally protected form suitable for solid-phase peptide synthesis using
Fmoc protocols. The incorporation of these residues into cyclic peptides composed of a five-amino acid
sequence motif, XxLeu-(3-substituted-Tyr)-Ac6c-Asn, provided a brand new class of nonphosphorylated
Grb2 SH2 domain inhibitors with reduced size, charge and peptidic character. The highest binding affinity
was exhibited by the'3aminotyrosine (3NH,-Tyr)-containing R)-sulfoxide-cyclized pentapeptidd@b)

with an 1G, = 58 nM, the first example with low-nanomolar affinity for a five-amino acid long sequence
binding to Grb2-SH2 domain free of any phosphotyrosine or phosphotyrosine mimics. However, the
incorporation of 3NO,-Tyr, 3-OH-Tyr or 3-OCHs-Tyr surrogates in the pentapeptide scaffold is detrimental

to Grb2-SH2 binding. These observations were rationalized using molecular modeling. More significantly,
the best Grb2-SH2 inhibitotOb showed excellent activity in inhibiting the growth of erbB2-dependent
MDA-MB-453 tumor cell lines with an 1 value of 19 nM. This study is the first attempt to identify novel
nonphosphorylated high affinity Grb2 SH2 inhibitors by the utilization'es@stituted tyrosine derivatives,
providing a promising new strategy and template for the development of non-pTyr-containing Grb2-SH2
domain antagonists with potent cellular activity, which potentially may find value in chemical therapeutics
for erbB2-related cancers.

Introduction anionic phosphate-mimicking functionality for high SH2 domain-
binding affinity or the extended peptide nature of most inhibitors,

The Src homology 2 (SH2) domain is the most prevalent S .
C . ; which limits potency in whole cell systems where membrane
protein binding module that recognizes phosphotyrosine. By - © 4013 - . -
N e ; 2 2 transit is required?13 So, developing high-affinity Grb2-SH2
means of binding to specific phosphotyrosine-containing protein .

; ) . . inhibitors that are specific, stable and cell-permeable is a
sequences, SH2 domains control intracellular signaling evénts. formidable chall
Among the SH2 domains, the growth factor receptor-bound ormi a' ef: allenge. . ) o o
protein 2 (Grb2) family directly mediates erbB-2 (HER-2/neu) Considering these affinity, bloa_lva|lab|_l|ty and Spec|f|c|ty_
signaling and the downstream activation of mitogenic Ras concems, we developed a phage-display library-based screening
pathways, which have been implicated in the etiology of certain Strategy and discovered a disulfide-bridged cyclic decapeptide,
breast cancer& Compounds which selectively antagonize the termedG1, from 10’ different sequence. This nonphospho-
Grb2-SH2 domain should interrupt these signaling pathways tyrosine-containing cyclopeptide specifically binds to the Grb2-
and thus are attractive targets for drug therapy in oncology. ~SH2 domain, but does not bind to the homologous Src-SH2
Recent papers reported significant advances in the use of “SH2domain. Based on this disulfide-cyclized peptide lead, a number
domain signaling antagonists” in cancer therapy and osteo- Of redox-stable thioether-cyclized analogues were developed
porosisé~11 however, clinical agents operating by this mecha- (Figure 1), some of which exhibited potent binding affinity and
nism are lacking, due in part to the unique requirement of encouraging levels of cellular activity.2° Apparently, the
absence of a phosphate moiety in this family contributes to the
*To whom correspondence should be addressed. Phone: 86-21- r(_arr_]arkably high S_p?CiﬁCity and enhanced bioavai_lab_i”ty’ pro-
50806876; Fax:+86-21-50806876; E-mail: yglong@mail.shcnc.ac.cn.  Viding a new promising type of Grb2-SH2 domain binding motif
T Shanghai Institute of Materia Medica. that may advance the design of Grb2 antagonists.
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Figure 1. The structures of synthetic nonphosphorylated cyclopeptide ligands binding to the Grb2-SH2 domain.

inhibitor family, we were interested in developing a new scaffold
with smaller ring size but higher affinity. Previous efforts to

introduced at the '3position of the tyrosine as well. This is a
brand new strategy distinct from the conventional phosphoty-

shorten the ring size resulted in a substantial loss of the rosine mimetic approach. As reported herein, tharinoty-

inhibitory activity, but the introduction of am-amino carboxylic
acid linker combined with favorable substitutions of Gla (
carboxyglutamic acid) for Gluand Adi (aminoadipic acid) for
Glu* resulted in a hexapeptid®(Figure 1) with an almost equal
potency relative to G1TE2 Our previous SAR studies amply
demonstrated that the carboxyl side chain of 'Glu G1TE

rosine-containing nonphosphorylated cyclic pepfifb (Figure

1) has been found to exhibit low-nanomolar Grb2-SH2 domain-
binding potency (IGo = 58 nM) and antimitogenic effects
against erbB-2-dependent breast cancerso19 nM) with

a sequence motif only 5 amino acids long (Glzu-(3-NH,-
Tyr)-Ac6c-AsrP), and without any phosphotyrosine or phos-

partially compensates for the absence of the phosphate grougphotyrosine mimics. The SAR study, assisted by molecular

on Tye, thus extending the side chain of Gy one CH group

(X1 = Adi) or attaching one more carboxyl group to the side
chain of GId (X! = Gla) greatly potentiated the binding of
G1TE to the Grb2-SH2 domai§.Considering the fact that the
Grb2-SH2 domain preferentially binds to a protein or peptide
ligand bearing a pY-X-N sequence infaturn conformatior?!

we modified the hexapeptide proto®by introducing g3-turn
inducing amino acid, i.e., 1-aminocyclohexanecarboxylic acid
(Ac6c), and deleting the sixth residue Val. The resulting
pentapeptide platforrd serves as a new template for further
chemical elaboration.

modeling, led to new insights into the molecular recognition of
the Grb2-SH2 domain by conformationally constrained non-
phosphorylated peptide ligands.

Synthesis

We designed a series of-8ubstituted tyrosine derivatives
by introducing a nitro, amino, hydroxy, methoxy or carboxy
group at the 3position of the phenol ring of tyrosine. Efficient
approaches have been developed to synthesizé-the8tituted
tyrosine derivatives in protected forms beargand O-trityl
and tert-butyloxycarbonyl protections in the side chains and

In the current paper, our effort was focused on the creation N-o-Fmoc protection at the backbone suitable for solid-phase

of novel tyrosine derivatives and their incorporation into the

peptide synthesis using the Fmoc protocol, as depicted in

pentapeptide platform. We hypothesized that putting an electron-Schemes 3.
donating substituent such as an amino, methoxy or hydroxy Tyrosine Derivatives L-3'-OH-Tyrosine (23) and L-3'-

group at the 3position of Tyr, as a way of increasing the
electronegativity of the aromatic ring and providing an additional
hydrogen bonding moiety, would improve its interactions with

OCH3s-Tyrosine (24) in Globally Protected Form.As shown
in Scheme 1, the preparation of orthogonally prote@&dnd
24 started from commerically availabletyrosine with initial

arginine and serine residues in the binding site. As a comparison,Friedel-Crafts acylation followed by Fischer esterification and
an electron-withdrawing group such as nitro or carboxy was subsequent protection of the free amine and the free phenol as
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Scheme 1.Synthetic Route toward the3’-OH/OCH;—Tyrosine Suitably Protected for the Solid-Phase Peptide Synthesis
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aReagents and conditions: (a) AKCCHsCOCI, PhNQ, 100°C; (b) SOC}, MeOH; (c) CbzCl, NaCOs;, ELO—H,0 (1:1); (d) BnBr, KCO;s, n-BwNI,
DMF; (e) (i) mCPBA, CHClIy; (i) NH3, MeOH; (f) CHsl, K2COs, DMF; (g) (i) Hz, 10% Pd-C; (ii) NaxCOs, HoO—CH3CN; (h) FmocOSu, 10% NE&Os;,
HoO/dioxane; (i) TrtCl, EfN, CHsCN.

Scheme 2 Synthetic Route toward the 3'-NO3/NH,-Tyrosine Suitably Protected for Solid -Phase Peptide Synthesis
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aReagents and conditions: (a) (i) SQQWeOH; (ii) CICOEt; (b) La(NGs)s, NaNGs;, HCI, CHCly; (c) 10% KOH; (d) FmocOSu, 10% MaOs, H,O/
dioxane; (e) H, 10% Pd-C; (f) TrtCl, EtsN, CHsCN.

Scheme 3 Synthetic Route toward the3’-COOH-Tyrosine Suitably Protected for Solid-Phase Peptide Synthesis

OBoc
COZ'Bu CO,'Bu
b c,d
COzH COzH COan COZBH COzH
NHBoc NHBoc NHFmoc NHFmoc NHFmoc

aReagents and conditions: (a) 6 equiv NaOH, 2 equI@ HCHCE, reﬂux, (b) 20% TFA in 10 mL CHCly, rt; (c) 1.2 equiv FmocOSu, 10% MNaOs,
0 °C to room temperature; (d) 1.5 equiv BnBr, 2.5 equinCiOs, n-BusNI, DMF, rt; (e) 1.5 equiv AgO, 1 equiv NaOH, rt; (f) 3 equivert-butyl 2,2,2-
trichloroacetimidate, THF/hexane; (g)HL0% Pd-C, EtOH, rt; (h) 2.0 equiv (BogD, cat. DMAP, 2.0 equiv EN, DCM, rt.

its carboxybenzyl ester and benzyl ether, respectively, providing 3'-aminotyrosine29 by the catalytic hydrogenation. The sub-
the key intermediatel6.22 Baeyer-Villiger oxidation and sequent protection of the amino group and hydroxy group by
subsequent methanolysis of the resulting acetate by treatmentrityl chloride?® afforded the 3nitrotyrosine30 and 3-amino-
with methanolic ammonia afforde@*-benzyIN-Cbhz-L-DOPA tyrosine 31 in orthogonal protections suitable for solid-phase
methyl estef17),22 which was easily converted inf@3-methyl- peptide synthesis.
O*benzyIN-Chz-L-DOPA methyl este{18). Catalytic hydro- Tyrosine Derivative L-3'-COOH-Tyrosine in Globally
genolysis of17 and 18 followed by subsequent protection of Protected Form (35). The introduction of a carboxyl group at
the resulting free amine with Fm#fcand the free phenol with  the 3-position of theL-tyrosine was accomplished by using
Trt group® afforded the final product83 and24 bearing global Reimer-Tiemann reaction as a key st€pAs outlined in
protections suitable for solid-phase peptide synthesis based orScheme 3, treatment of tid¢-Boc4.-tyrosine with chloroform
Fmoc chemistry. and solid sodium hydroxide in the presence of a small amount
Tyrosine DerivativesL-3-NO,-Tyrosine (30) andL-3'-NHy- of water gave the desired 3-formyl compows2F’ Transforma-
Tyrosine (31) in Orthogonally Protected Form. Starting from tion of the N-Boc protection intoN-Fmoc followed by the
commercially available-Tyr-OH, as outlined in Scheme 2, we  benzylation of the phenol and the-carboxyl acid provided
prepared25 in quantitative yield by esterification of the compound33. Oxidation of the formyl group 083 with Ag,O
a-carboxy acid with thionyl chloride in methanol followed by under basic condition and subsequent esterification of the
protection of the amino group with ethyl chloroformate in an resulting carboxylic acid withert-butyl 2,2,2-trichloroacetimi-
aqueous NaHCgsolution. Selective nitration at thé-Bosition date provided the fully protected compouddl Hydrogenation
of 25was accomplished in 85% yield by using La(h)$as an removes the benzyl protecting groups, and the treatment with
homogeneous catalyst and Naji@Cl as the nitration reageff. (Boc)O gave the desired produgb orthogonally protected for
Treatment 0f26 with 10% potassium hydroxide followed by  solid-phase peptide synthesis.
reprotection with Fmoc-OSu provided-o-Fmoc-3-nitro-ty- Cyclopeptide SynthesisThe simplified pentapeptide plat-
rosine28, which was readily converted into the corresponding form 4a served as the template for the incorporation of the 3
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Scheme 4General Synthetic Route for Thioether- and Sulfoxide-Bridged Cyclic Pepfictd®(a—c)
Fmoc deprotection: 20% piperidine/DMF  Cycles of deprotection and coupling
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(e}
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o]
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T T CH, S CH,
CH, S CH,
o
peptides 4-12a peptides 4-12(b-c)
subtituted tyrosine derivatives with global protections. The the 3-position of the phenol ring of the tyrosine residue within
synthesis of thioether- or sulfoxide-bridged cyclicpeptided 2- the consensus sequence of a nonphosphorylated cyclic peptide
(a—c) was carried out in a manner similar to that reported ligand, and (2) shortening or deleting tlweamino acid linker.
previously (Scheme 4}, Various substituents displaying different electronic effects were
Molecular Modeling. The interactions of peptide$a—9a incorporated into the'osition of the phenol ring of the key

with the Grb2 SH2 domain protein were examined using tyrosine residue. A simplified pentapeptide platform bearing the
molecular modeling techniques. Structures for the peptides were5 amino acid long sequence of Adi-L-Ac6c-N served as the
built by modifying the X-ray crystal structure of the KPF- starting point to determine the optimal-fubstitution 4—9-
pPYVNV peptide bound to the Grb2-SH2 dom&irThe tyrosine (a—c)). In combination with the favorable substitution of Gla
ring can adopt two symmetrical orientations, one with the 3 in position 1, we investigated the effect of the length of the
substituent facing up, toward the rest of the peptide, and one w-amino acid linker on Grb2 SH2 domain binding potency
with the 3 substituent facing down into the binding site (Figure within the pentapeptide scaffold of Gia-(3'-NH,Tyr)-Ac6c-

2). N® (10—12(ac)).

Both orientations of the tyrosine ring were modeled, since it 3'-Aminotyrosine Significantly Enhances the Grb2-SH2
was not possible to know a priori which one is lower in energy Binding. Since reducing peptidic character is an important issue
for each peptide. Molecular dynamics was used to allow the in the development of Grb2-SH2 domain antagonists as
peptide to relax into the binding site while exploring available chemotherapeutic agents, we developed a new small peptide
conformational space, and snapshots from the trajectory wereplatform with the minimum active sequence ofEx-Y-Xx 4
saved periodically. The lowest energy structure for each systemNS, having as-turn inducing amino acid (i.e. Ac6c) in position
was further analyzed to calculate the interaction energy between4 and a favorable substitution of Adi for Glu in positior#°1.
the peptide and the receptor. This gives an estimate of theThe resulting pentapeptidéa displayed moderate Grb2-SH2
enthalpic portion of the binding energy. domain binding 4a, ICso = 93 uM) with minimum negative
charge. Consistent with previous findings, when the thioether-
cyclized peptidetawas oxidized into the relatively more rigid

The objective of the current work was to examine the Grb2- R-configured sulfoxidedb, the binding affinity was slightly
SH2 domain binding effects incurred by (1) the substitution at improved @b, ICso = 77 uM). However, theS-configured

A B

Results and Discussion

Asn S

Figure 2. Two possible orientations of the-8ubstituted tyrosine ring relative to the Grb2-SH2 domain binding site. The protein backbone is
shown as a green ribbon, and the location of theubstituent is shown with a magenta ball. ‘Ap” orientation of the 3substituent. B“down”
orientation of the 3substituent.
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Table 1. Grb2-SH2 Domain Inhibitory Activity of the Peptides Table 2. Interaction Energies of Peptides4@a with the Grb2-SH2
4—9(a—c) with the General Structure Domain Calculated by Molecular Modeling, Compared to the
Cyclo-(CHCO-Adil-Lel?-X3-Ac6ct-AsnP-Aval-X 7)-amide Experimental 1G, Values
modifications of amino acid residues peptide total energy (kcal/mol) Ko (uM)
compd 3 X7 ICs0 (uM)® 4a: Tyr —309.16 93
12 Tyr Cys 93+ 13 5a5 3’-OH-Tyr ‘up” —294.93 135
5a: 3-OH-Tyr “down —285.97
5a 3-OH-Tyr Cys 135+ 35 6a. 3 w
a: 3'-OCHs-Tyr “up —278.95 245
6a 3-OCHs-Tyr Cys 245+ 35 . « "
7 6a: 3-OCHs-Tyr “down —301.76
a 3-NHz-Tyr Cys 8.9+4.0 o P
7a: 3-NHp-Tyr “up —329.38 8.9
8a 3-NO-Tyr Cys 182+ 32 s “ "
7a: 3-NHz-Tyr “down —298.87
9a 3-COOH-Tyr Cys 88t 5 8a 3 P
a: 3'-NO,-Tyr “up —255.39 182
4b Tyr Cys(0)-R) 77£13 Ca “ "
8a: 3-NO,-Tyr “down —245.61
5b 3-OH-Tyr Cys(0)-R 87+8 o g y»
9a: 3-COOH-Tyr “up —283.66 88
6b 3-OCHs-Tyr Cys(0)-R) 972 9a: 3-COOH-Tyr “down” —328.64
7b 3-NHx-Tyr Cys(0)-R) 3.9+0.2 . .
8b 3-NO,-Tyr Cys(0)-R) 25+ 3 a2 The energy value for the lowest-energy conformation of each peptide
9b 3-COOH-Tyr Cys(0O)R) 16+ 4 is marked in bold.
4c Tyr Cys(0)-6 1000
5c 3-OH-Tyr Cys(0)-§ 550+ 70 - . _ . .
6e 3-OCHy Tyr Cys(0)-6 ~1000 dramatic increase in the affinity qf th&)- cqnflgured analqgue
7c 3-NH,-Tyr Cys(0)-6 14+ 2 (9b, ICs0 = 16 uM), whereas the diastereoisomer8-6ulfoxide
8c 3-NO,-Tyr Cys(0)-6 265 cyclized analogue still displayed decreased actity (Cso =
9c 3-COOH-Tyr Cys(0)9 212+ 28 212 uM). The inconsistency of the electronic effect of tHe 3

aThe binding assay was performed on a BlAcore 3000 instrument by substitution at the tyrosine on the overall binding to the Grb2-
the method described in the Experimental Sectfovialues are the mean SH2 protein might be attributed to the additional contribution

of at least two independent experiments and are expressed as the concentras : i
fion at which half-maximal compefition was observed {C Standard ¥f the structural effect of the substituent at thep8sition. These

deviation is given in parentheses. observations can be rationalized by the molecular modeling
results.
sulfoxide4c was much less activel€, ICso = 1000uM) than Molecular Modeling of the Structural and Energetic

its precursor thioether analogde, probably due to a change  Effects of 3 Tyrosine Substitution. The calculated interaction
in the peptide backbone conformation caused by the repulsionenergies for each peptide in complex with the Grb2-SH2 domain
of the sulfoxide functional group with the carbonyl group of are summarized in Table 2 below.
the C-terminal Cys, as was observed in G1TE analogues with  For the 3-OH-Tyr, 3-NH,-Tyr, and 3-NO,-Tyr peptides, the
a nine-amino acid long sequenteStarting from the pentapep-  “up” orientation, with the substituents on the tyrosine ring facing
tide platform4, a series of terSine derivatives bearing various up toward the rest of the peptide, is lower in energy. Somewhat
substituents at the'position of the phenol ring were incorpo-  counterintuitively, for the bulkier'30CHs-Tyr and 3-COOH-
rated as the surrogate of tyrosine in the position 3. Tyr peptides, the “down” orientation, with the substituents on
As shown in Table 1, the electronic and structural effects of the tyrosine ring facing down into the binding site, is more
the 3-substituent of tyrosine did play an important role in the  fayorable. This is because in the “up” orientation the bulkier
interaction of the nonphosphorylated cyclic peptide ligand with g pstituents bump against the linker region of the peptide,
the Grb2-SH2 protein. As expected, an electron-donating group ajtering its backbone conformation. The total interaction energies
such as the amino substituent improved the binding interactions ot the Jowest-energy conformation for each peptide qualitatively
significantly, resulting in a 10-fold enhancement in poteri; ( follow the trend in 1Go values, with 3NH,-Tyr and 3-COOH-

ICso = 8.9 uM) relative to the parent peptidda The 1y haying stronger interactions than unsubstituted Ty©B-
correspondingR)-sulfoxide cyclized analogue is more active Tyr and 3-OCHs-Tyr being slightly weaker, and'3NO-Tyr
(7b, 1ICs0 = 3.9uM) and the §-sulfoxide cyclized analogue is significantly weaker.

much less active7c, ICsp = 14 uM). However, both the )
hydroxy and methoxy group are less advantageous for Grb2- The modeled structures of the peptides bound to the Grb2-

S - . _ SH2 domain (Figure 3) can help explain both the experimentally
SH2 binding ba, ICso = 135 uM; 63, ICso = 245 uM) even . S .
though these are electron-donating groups as well. Accordingly, pbservgd differences in blndlng .aff|n|ty and the mode!ed
the (R)-sulfoxide-cyclized analogues displayed an improved '"te“”?c“_"” energy_values. Th_e binding mode_s of all the peptides
activity (5b, ICso = 87 uM; 6b, ICso = 97 uM) and the - are similar to previously studied G1TE peptides. The*Byrd

sulfoxide-cyclized analogues suffered a marked drop in the Adi" residues replace the phosphate group of the natural ligand
potency B¢, ICso = 550 uM; 6¢, ICso > 1000uM). by forming a network of hydrogen bonds to Grb2-SH2 domain

residues Arg67, Arg86, Ser88, Ser90, and Ser96, with an
position of the tyrosine is detrimental to the Grb2-SH2 binding 2dditional cationw interaction between the phenol ring of Tyr

in terms of electronic effects. This is exemplified by the 3 and the guanidinium group of Arg67 (Figure 3A). The structural
nitro functionality. The 3nitrotyrosine-containing pentapeptide  €ffécts of adding an election-donating or electron-withdrawing
8a(ICso = 182uM) is 2-fold less potent than the parent peptide 9roup to the tyrosine ring vary depending on the size and
4a. Further modification was undertaken on the cyclization Nnydrogen-bonding ability of the substituent.

In comparison, an electron-withdrawing group at tHe 3

linkage, and the same results were observed: Ry flfoxide In the case of the electron-donating substituents, the hydroxy
cyclized analogue is much more poteBby( ICso = 25 uM) group in peptideéba (Figure 3B) forms an additional hydrogen
and the §-sulfoxide cyclized one is less activ8q ICsg = bond with Lys109, but this changes the orientation of the ring

265uM). Interestingly, another electron-withdrawing group such in the binding site, pulling it away from Arg67 and disrupting
as carboxyl functionality can maintain the binding potency when the cation-x interaction. The bulkiness of the methoxy group
introduced in the ‘3position of the tyrosineda, 1Cso = 88 uM), in peptide6a (Figure 3C) forces the tyrosine ring to sit higher
and the oxidation of the thioether linkage @# resulted in a in the binding site, breaking the hydrogen bond to Ser96 and
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Figure 3. The calculated binding modes of peptides-9a with the Grb2-SH2 protein. The peptide is drawn with thick lines, and with carbon
atoms colored dark gray. The receptor residues are drawn with thinner lines, and with carbon atoms colored green. Aapeptiai@ingTyr .
B: peptide5a containing 3OH-Tyr. C: peptideba containing 3OCHs-Tyr. D: peptide7a containing 3NH,-Tyr. E: peptide8a containing 3

NO,-Tyr. F: peptide9a containing 3COOH-Tyr.

weakening all of the peptide-receptor interactions. However, compensates for the absence of*Jgimosphorylation in retaining

the amino group in peptidéa (Figure 3D) can also form an
additional hydrogen bond with the backbone carbonyl oftAdi

effective binding to the Grb2-SH2 domainReplacement of
Glu! with Adi or Gla prominently improves binding affinity,

which in turn hydrogen bonds to the backbone nitrogen of Cys and Gla is more favored than A#i72° As suggested by
stabilizing the bound conformation of the peptide. The aromatic molecular modeling>16the side chains of Glaand Tye both

ring does not shift its position, and the catiarinteraction with
Arg67 is strengthened.

point in the same direction within the partially vacant pTyr-
binding pocket and form an intramolecular hydrogen bond

In the case of the electron-withdrawing substituents, the nitro between the hydroxyl group of T$and one of the carboxyl
group in peptideéda (Figure 3E) forms a salt bridge with Lys109  groups of Gla On the basis of these findings, we developed a
and a strong hydrogen bond to Ser90. As with the hydroxy fully elaborated cyclic pentapeptid®awith Gla in position 1
substituent in peptid®&a, this changes the orientation of the and 3-aminotyrosine in position 3. The introduction of an
ring in the binding site as well as the shape of the binding site electron-donating amino group at thé @osition of Tyr, to
itself, such that the Adiresidue must adopt a strained provide an electron-rich aromatic ring and an additional

conformation. With the carboxy group in pepti@a (Figure

3F), as with the methoxy substituent in peptéie the tyrosine

hydrogen-bond donor, resulted in a significant enhancement of
the Grb2-SH2 domain binding affinityl 0a 1Cso = 0.19uM).

ring sits higher in the binding site, but the overall interaction As expected, when the thioether linkageldfa was oxidized
between the peptide and the receptor is not weakened becausito theR-configured sulfoxide to give inhibitatOb, the binding
the carboxy group makes extensive hydrogen bonding interac-affinity was remarkably improved with an &= 58 nM, which

tions with Ser88 and Arg67.
The electronic effects of the ring substituents at thgo3ition

of Tyr® on the strength of the catienr interaction between

is 3.3-fold more potent thattOa and 1608-fold more potent
than the parent peptidéa. Also as expected, thg-configured
sulfoxide analogudOc (ICsp = 1.55uM) was 8.1 times less

the phenol ring and Arg67 are relatively weak compared to the potent than its thioether counterpart. Notably, compoL@d
hydrogen bonding or salt bridge interactions that the substituentsis one of the most potent and smallest nonphosphorus-containing
can form with other residues in the binding site. In all cases Grb2-SH2 domain antagonists reported to date.

except for the amino substituent in peptitke these additional

Comparing the binding affinity ofOband a recently reported

interactions are strong enough to alter the orientation of thé Tyr cyclic hexapeptide analogue with a binding motif sequence of
residue in the binding site and disrupt the interaction of the Gla-Leu-(3-NH,-Tyr)-Ac6c-Asn-Val?8 a small difference was

aromatic ring with the guanidinium group of Arg67.
Combination of Optimal Structural Features and the

Modification of the @-Amino Acid Linker Length. We have

previously found that the Gluside chain in G1TE 1)

observed between their inhibitory activities. So we hypothesize
that the insertion of g-turn inducing amino acid, i.e., Ac6c,

helps to improve the local and global conformational constraint;
thus the linker might be reduced or deleted. As shown in Table
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Table 3. Grb2-SH2 Domain Inhibitory Activity of the Peptides dependence, even at the concentration ofAd®f the inhibitor
10-12(a—c) with ;'?e Gu‘j”era' Structure AT XX i 10b. These results indicate tha®b is able to penetrate the cell
Cyclo-(CHCO-Gl-Letr-(3-NHz Tyr)*-Ac6CtAsm-X™-X)-amidét membrane and effectively block erbB-2-driven growth in breast
modifications of amino acid residues cancer cells at low nanomolar concentrations that are not
compd ¥ X7 ICs0 (uM)® cytotoxic to cells not dependent on this signaling pathway.
10a Ava Cys 0.19+ 0.03
1la B-Ala Cys 1.02+0.20 Conclusions
12a deleted Cys 225305 . . . . L
10b Ava Cys(0)-R) 0.058+ 0.007 In this study, we designed a series of tyrosine derivatives
11b B-Ala Cys(0)-R) 0.36+ 0.08 bearing various substituents at thfep®sition, developed new
12b deleted Cys(O)R) 9.7+4.2 approaches to synthesize3'-substituted tyrosines suitably
i(l)g [,'A.V/Sa gi/’:((g))g 1'1521 8'%5 protected for solid-phase peptide synthesis and successfully
12¢ deleted Cys(0)9) 200+ 60 incorporated them into a new structural motif binding to the

— - Grb2 SH2 domain with a sequence only five amino acids long.
a2The binding assay was performed on a BlAcore 3000 instrument by

the method described in the Experimental Sectiovialues are the mean The 3-aminotyrosine-containing sulfoxide-cyclized pentapeptide

of at least two independent experiments and are expressed as the concentrd10b) exhibited potent Grb2-SH2 domain binding affinity with
tion at which half-maximal competition was observed sg)C Standard an IGo = 58 nM and excellent antiproliferative activity against

deviation is given in parentheses. erbB-2-dependent MDA-MB-453 breast cancer cells with an
—_ ICso = 19 nM, which represents the highest cellular activity
S —a—10b (IC5=19nM) yet reported for a synthetic Grb2 SH2 domain inhibitor free of
E 1004 phosphotyrosine or phosphotyrosine mimics. The interaction
..9_’ between the '3amino group of Tyt and the backbone of the
; o cyclic peptide stabilizes a favorable conformation for the peptide
= BoA binding to the Grb2-SH2 domain; furthermore, the electron-
§ donating ability of the amino group at thé Bosition of Tyr
5 25 seems to contribute to a strengthened interaction between the
3 electron-rich phenol ring and the Arg67 side chain of the Grb2
o 0 SH2 domain binding cavity. This fully elaborated small pepti-

0.0001 0.001 001 04 1 10 100

domimetic10b with low-nanomolar cellular activity and reduced
Drug conc. (uM)

_ o o peptidic nature provides a novel template for the development
Figure 4. Inhlblt_lon of cell growth by a potent Grb2 SH2 |nh|b|_tor of non-pTyr-containing Grb2-SH2 domain antagonists and
chs?r:gpg‘udslgg JQEZAZ?S'SB"BS breast cancer cells as determined o ntiajly may find value in chemical therapeutics for erbB2-

' related cancers. More significantly, the utilization of- 3
3, the shortening of the linker length by two methylene units Substituted tyrosine provides a new solution to the tradeoff
resulted in an acceptable loss of the binding affinity by 5.4- between the need for negatively charged pTyr mimetics for
fold (11a ICso = 1.02 uM); however, the deletion of the Optimal affinity and the need to minimize charge to facilitate
w-amino valeric acid linker caused a 118-fold decrease in the Cell entry for all SH2 domain inhibitors.
binding potency 12a 1Csq = 22.5uM). The oxidation of the . .
thioether linkage into sulfoxide restored the binding affinity, EXPerimental Section

affording the higher-affinity R)-configured analogued {b, ICso Binding Affinity Measurements Using Surface Plasmon
= 0.36 uM; 12b, IC50 = 9.7 uM) and the lower-affinity §)- Resonance (SPR) AnalysisThe competitive binding affinity of
configured analogued (¢ ICso = 11.2uM; 12¢ ICs9 = 200 ligands for the Grb2-SH2 protein was assessed using Biacore SPR

uM). These newly designed and simplified nonphosphorylated methods on a BlAcore 3000 instrument (E’harmacia_Biosensor,
cyclic ligands of the Grb-SH2 domain provide new templates Uppsala, Sweden). ig values were determined by mixing the
for further chemical elaboration to improve the activity. inhibitor with recombinant Grb2 SH2 protein and measuring the
Antiproliferative Effects in Breast Cancer Cells in Cul- amount of binding at equilibrium to an immobilized SHC (pTyr-
ture. gPR-derived I, values provide an indication of the oL/) Phosphopeptide, i.e., biotinyl-DDPS-pY-VNVQ, in a manner

ability of synthetic agents to bind to isolated Grb2-SH2 protein similar t(.) thgt reporteq prgwoug%ﬂ. .
. . Examination of Antiproliferative Effects of Synthetic An-
in an extracellular setting. Such measurements do not reflect

he si S hol f h nhibi I tagonists against Breast Cancer Cells in Culture MDA-MB-
the situation in whole cells, where inhibitors must cross cell 453 celis were seeded in 96-well flat bottom cell culture plates at

membranes prior to interacting with protein targets. Therefore, g gensity of (3-4) x 108 cells/well with compounds and incubated
cell proliferation assays were conducted to evaluate the ef-for 4 days. Cell growth inhibition after treatment with the various
fectiveness of our synthetic peptides to inhibit the intracellular concentrations of the compounds was determined by WST-8 (2-
association of native Grb2 protein with activated cellular growth (2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
factor receptor. MDA-MB-453 breast cancer cell line was used, 2H-tetrazolium monosodium salt (Dojindo Molecular Technologies
which overexpresses erbB22 mitogenically driven through Inc., Gaithersburg, MD). WST-8 was added at a final concentration
Grb2-dependent signaling pathways. The best Grb2-SH2 inhibi- of 10% to each well, and then the plates were incubated &C37

tor 10b was selected for this purpose. Very encouragingly, for 2—3 h. The absorbance of the samples was measured at 450

h . nm using a TECAN ULTRA Reader. Concentration of the
treatment of MDA-MB-453 cancer cells witthOb provides i
I . ; . compounds that inhibited cell growth by 50% &jPwas calculated
potent antimitogenic effects with and@value of 19 nM (Figure P g y 50%4

) . - by comparing absorbance in the untreated cells (DMSO control),
4), which represents the highest cellular activity yet reported and the cells treated with the varying concentrations of compounds.
for a synthetic Grb2-SH2 domain inhibitor free of phosphoty-  nolecular Modeling. The peptide models were built from PDB
rosine or phosphotyrosine mimics. As a comparison, little structure 1TZE! in the following way. First, the residues Lys
antimitogenic effect was observed in A-431 epidermoid cancer Pre?, and Val were deleted, PRevas mutated to Leu, the phosphate
cells, which overexpress EGFR and lack erbB-2 growth group on Tyf was removed, and Valvas mutated to Ac6c. Then



1592 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 5

Song et al.

the Ava and amidated Cys linking residues were added to the trated in vacuo to ca. a 100 mL volume, and the concentrated

C-terminal end and the acylated Adi residue was built into the
N-terminal end. The N- and C-terminal ends were linked, and the
backbone was energy minimized. ThlesBbstituents were added
to the Tyr ring in both possible orientations.

Simulations were performed with MacroModel $Qysing the
OPLS2003 force field* All runs were done at 300 K with a time
step of 1.0 fs, using implicit water solvent, with a constant dielectric
of 1.0 and extended cutoffs of 8.0 A for van der Waals interactions,
20.0 A for electrostatic interactions, and 4.0 A for hydrogen bonding
interactions. The SHAKE proceddfavas used to constrain bonds
to hydrogen atoms. Residues in the Grb2 SH2 domain within 5 A

solution was allowed to stand at°@ for 12 h. The precipitated
solid was collected by filtration and recrystallized (5 N HCI) to
afford 13 (10 g, yield 67%) as yellow needles. Mp 21822 °C
(lit.22 mp 220-224°C).

L-3-(3-Acetyl-4-hydroxyphenyl)alanine Methyl Ester Hydro-
chloride (14)22 To solution 0of13 (4.3 g, 23 mmol) in 50 mL of
methanol was added thionyl chloride (6 mL, 0.084 mol) in a
dropwise manner at10 °C. After the addition the solution was
allowed warm to room temperature. The reaction mixture was
heated at reflux overnight and then concentrated via rotary
evaporator to afford the crude ester. Recrystallization from MeOH

of the binding site were free to move, but the rest of the receptor CH,Cl, (1:4) afforded14 (8.5 g, yield 74%) as yellow needles.

was fixed in place. The peptide residue Asvas tethered to its

pocket in the binding site by constraining the three hydrogen bonds

it forms with the receptor to a distance of 2t00.5 A with a force
constant of 100 kcal/mol.

Mp 179-183°C (lit.?> mp 180-183°C).
L-3-(3-Acetyl-4-hydroxyphenyl)-N-(benzyloxycarbonyl)ala-

nine Methyl Ester (15). Amine hydrochloridel4 (2.23 g, 10.0

mmol) in a two-phase mixture of 50 mL of water and 40 mL of

Each peptidereceptor system first underwent 100 steps of Et,O at 25C was treated with sodium carbonate (3.20 g, 30.0 mmol,
PRCG minimization and then was equilibrated with 10 ps of 3.0 equiv) and benzyl chloroformate (1.5 mL, 10 mmol, 1.0 equiv),
molecular dynamics. This was followed by a production run of 500 and the resulting mixture was stirredrf8 h at 25°C. The ether
ps of molecular dynamics, with the coordinates of the system savedlayer was separated, washed with saturated aqueous NacCl, dried
every 1 ps. Each of these saved structures was minimized toover MgSQ, and concentrated in vacuo to afford yellow oil.
convergence with a maximum gradient of 0.05. The lowest-energy Chromatography with EO afforded15 (4.0 g, yield 93%) as a
structure for each system was further analyzed with an eMBrAcE clear viscous oil which was solidified on standing. Mp@5(lit.22
energy difference calculation, which estimates the energy changesmp 94-96 °C); *H NMR (CDClz, 400 MHz)6 ppm 7.42 (S, 1H),
upon association of a ligand with a receptor. 7.30 (m, 5H), 7.17 (d, 1H) = 9.2 Hz), 6.85 (d, 1HJ) = 8.8 Hz),

General Synthesis!H NMR spectra were recorded on a Varian 5.25 (br d, 1H,J = 8.4 Hz), 5.11 (d, 1HJ = 12.0 Hz), 5.02 (d,
Mercury-400 MHz spectrometer. The data are reported in parts per1lH, J = 12.0 Hz), 4.76-4.66 (m, 1H), 3.69 (s, 3H), 3.133.06
million relative to TMS and referenced to the solvent in which they (m, 2H), 2.51 (s, 3H).
were run. Elemental analyses were obtained using Vario EL  L-3-(3-Acetyl-4-(benzyloxy)phenyl)N-(benzyloxycarbonyl)a-
spectrometer. Melting points (uncorrected) were determined on alanine Methyl Ester (16)22 A solution of the phenoll5 (0.9 g,
Buchi-510 capillary apparatus. EI-MS spectra were obtained on a 2.41 mmol) in dry DMF (10 mL) at room temperature was treated
Finnigan MAT 95 mass spectrometer, and ESI-MS spectra were with benzyl bromide (0.29 mL, 2.41 mmol, 1.0 equiv), potassium
recorded on a Finnigan LCQ Deca mass spectrometer. Specificcarbonate (0.67 g, 4.83 mmol, 2.0 equiv), and tettastylammo-
rotations (uncorrected) were determined in a Perkin-Elmer 341 nium iodide (89 mg, 0.24 mmol, 0.1 equiv), and the resulting
polarimeter. The solvent was removed by rotary evaporation under reaction mixture was stirred at room temperature (6 h). The reaction
reduced pressure, and flash column chromatography was performednixture was filtered and the filtrate was poured into 10 mL of water
on silica gel H (16-40 um). Anhydrous solvents were obtained and was extracted with EtOAc (usual workup). Flash chromatog-
by redistillation over sodium wire. raphy (EtOAc/PE= 3/10 as eluant) affordel6 (0.64 g, 60%) as

All peptides were synthesized manually using standard solid- a colorless oil which solidified on standing to give a white solid.
phase peptide chemistry with Fmoc protected amino acids on PalMp 86—89 °C (lit.22 mp 87-90 °C); *H NMR (CDCl;, 400 MHz)
resin at a 0.1 mmol scale. Couplings with Fmoc amino acids (2.5 6 ppm 7.50 (d, 1HJ = 2.4 Hz), 7.40-7.32 (m, 10H), 7.17 (dd,
equiv) were performed in the presence of 1-hydroxybenzotriazole 1H, 1J = 8.4 Hz,2) = 2.4 Hz), 6.91 (d, 1HJ = 8.4 Hz), 5.22 (br
(HOBT) and 1,3-diisopropylcarbodiimide (DIPCDI) (each 2.5 d, 1H,J= 8.4 Hz), 5.12-5.09 (m, 4H), 4.724.60 (m, 1H), 3.74
equiv) in DMF (5 mL) at room temperature for 2 h, and then the (s, 3H), 3.13-3.06 (m, 2H), 2.54 (s, 3H).

Fmoc protecting group was removed by treatment with 20%  L-3-(3-Hydroxy-4-(benzyloxy)phenyl)N-(benzyloxycarbonyl)-
piperidine in DMF (5 mL) at room temperature for 20 min. The alanine Methyl Ester (17)23 A solution of16 (686 mg, 1.49 mmol)
synthesis of the thioether- and sulfoxide-bridged cyclic peptides in 10 mL of dry CHCI, was treated with mCPBA (5785%,738
were similar to the procedure described previod&Rf.The final mg) and warmed at 40C overnight. The solution was diluted with
product was purified by semipreparative reverse phase HPLC. RP-ether and washed with saturated sodium thiosulfate, saturated
HPLC conditions: Vydac C18 column (20 250 mm); solvent sodium bicarbonate, and brine, dried over sodium bicarbonate,
gradient system 1, A, 0.05% TFA in water; B, 0.05% TFA in 90% filtered, and concentrated in vacuo. The residue was dissolved in
acetonitrile in water; solvent gradient system 2, A, 0.05% TFA in 10 mL of CHCIl, and a 2 Msolution of ammonia in methanol 1
water; C, 0.05% TFA in 90% methanol in water with gradient mL was added, and the mixture was stirredXd and concentrated.
indicated below; flow rate, 2.5 mL/min, UV detector, 225 nm. ESI- The residue was treated by usual workup. The crude product was
MS was performed on a Finnigan LCQ Deca mass spectrometer. purified on silica gel with 1:2 ethyl acetat®®E to givel7 as a

The purity of products was characterized by analytical HPLC and colorless syrup (453 mg, yield 70%JH NMR (CDCls, 400
ESI-MS. HPLC using two solvent systems: method 1, gradient MHz): 6 ppm 7.42 (s, 5H), 7.347.28 (m, 5H), 6.78 (d, 1H) =

10-70% B over 30 min; method 2, gradient-190% C over 30
min.

L-3-(3-Acetyl-4-hydroxyphenyl)alanine Hydrochloride (13)?2
Anhydrous aluminum chloride (26.7 g, 0.2 mol) was added to a
solution of L-tyrosine (10 g, 0.05 mol) in 200 mL of dry
nitrobenzene at 28C. The reaction mixture was stirred at 26

8.4 Hz), 6.58 (dd, 1HJ) = 8.4 Hz,J = 2.4 Hz), 6.46 (d, 1HJ =
2.4 Hz), 5.28 (br d, 1HJ = 8.4 Hz), 5.04-4.99 (m, 2H), 4.6%
4.53 (m, 1H), 3.69 (s, 3H), 3.2£2.95 (m, 2H).
L-3-(3-Methoxy-4-(benzyloxy)phenyl)N-(benzyloxycarbonyl)-
alanine Methyl Ester (18)22 A solution 0f17 (513 mg, 1.18 mmol)
in dry DMF (20 mL) was treated with C#{ (2 mL, 3.54 mmol)

until homogeneous. Acetyl chloride (4.71 g, 0.06 mol) was added and K;CO; (326 mg, 2.36 mmol) at 25C for 6 h and filtered. The

in one portion and was accompanied by an immediate color changefiltrate was poured into kO (50 mL) and extracted with EtOAc.
form red to yellow. The reaction mixture was warmed at 200 The organic phase was washed withkCHand saturated aqueous
with stirring for 6 h, then cooled to room temperature and was NacCl, dried NaSO, and concentrated in vacue. Flash chromatog-
poured over a mixture of 300 g of ice and 50 mL of concentrated raphy affordedL8 as colorless oil (397 mg, yield 61.0%H NMR
HCI. The nitrobenzene layer was separated and the aqueous phasgCDCl;, 400 MHz): 6 ppm 7.42 (s, 5H), 7.30 (m, 5H), 6.80 (d,
was washed with ethyl acetate. The aqueous mixture was concen-1H, J = 8.0 Hz), 6.66 (s, 1H), 6.59 (d, 1H,= 8.0 Hz), 5.28 (br
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d, 1H,J= 8.4 Hz), 5.13 (s, 2H), 4.624.54 (m, 1H), 3.87 (s, 3H),

3.73 (s, 3H), 3.123.04 (m, 2H).
L-3-(3,4-Dihydroxyphenyl)alanine Hydrochloride (19).A solu-

tion of 17 (1.93 g, 4.43 mmol) and Pd/C (10%) 31 mg in 20 mL

Journal of Medicinal Chemistry, 2006, Vol. 49, Nib%3

washed with water and dried over }$0s. After removal of solvent

in vacuq 6 g (87%) of product was obtained as a pale yellow oil.
[0]p?® = +10.1 € = 1.5, CHC}) lit?¢ [o]p® = +9.3 € = 0.6,
CHCl3). IH NMR (CDClz, 400 MHz): 6 ppm 6.98 (d, 2H,) = 8.4

of dry methylene chloride was stirred under hydrogen atmosphere Hz), 6.68 (d, 2H,J = 8.4 Hz), 5.22 (br d, 1H) = 8.0 Hz), 4.69-
until the starting material disappeared. The catalyst was filtered 4.64 (m, 1H), 4.10 (g, 2HJ = 7.6 Hz), 3.80 (s, 3H), 3.163.01

off and the filtrate was concentrated to afford the crude product,

which was dissolved in C¥N (250 mL) and 3% N#O; (375
mL) and stirred for 15 h, then washed with hexane, acidified with
2 N HCl to pH 3 and extracted with CHGI The combined organic
layers were washed with brine, dried over,88, and evaporated
to an oil residue, which was recrystalized from EtOAc/PE to give
19 as white crystal (0.58 g, yield 64%)]p?°= —11.0 € = 1.25,
1 N HCI) lit.% [o]p?® = —11.3 € = 1.0, 1 N HCI); Mp 295°C.
L-3-(3-Methoxy-4-hydroxyphenyl)alanine Hydrochloride (20).
Prepared from compouritB according to the similar procedure to
19. [a]p?®= —6.2 €= 1.5, 1 N HCI) lif[a]p?**= —5.8 € = 1.0,
1 N HCI).
N-(9-Fluorenylmethoxycarbonyl)-3,4-dihydroxy-+ -phenylala-
nine (21)2* CompoundL9 (1 g, 5 mmol) was dissolved in dioxane-
10% NaCOs (15 mL, 1/2) and the solution stirred on an ice bath
10 min prior to addition of Fmoc-Osu (1.71 g, 5 mmol) in dioxane
(5 mL) over 30 min. The reaction was allowed to warm to room

(m, 2H), 1.2 (t, 3H,J = 7.6 Hz).
(S)-3-(4-Hydroxy-3-nitrophenyl)-2-[(methoxycarbonyl)amino]-

1-propanoic Acid, Ethyl Ester (26). NaNGO; (1.54 g, 18 mmol)

and La(NQ);-6H,0 (77.8 mg) were dissolved in 30 mL of 6 N

HCI. To this solution was added a solution 26 (4.84 g, 18.12

mmol) in 60 mL of methylene chloride at @™ over 0.5 h. After

the addition the solution was warmed to room temperature, and

the stirring was continued for 6 h. The organic layer was separated,

and the aqueous layer was extracted with methylene chloride. The

combined organic layers were washed with water and brine, dried

over NaSQ,, and concentrated. The residual oil was chromato-

graphed, eluting with 1/4 ethyl acetate/petroleum ether to afford

the product as yellow solid (3.7 g, yield 65%H NMR (CDCls,

400 MHz): 6 ppm 10.5 (d, 1HJ = 3.2 Hz), 7.86 (s, 1H), 7.36

(dd, 1H,3J = 8.4 Hz,2] = 1.6 Hz), 7.08 (dd, 1HXJ = 8.4 Hz,2]

= 1.6 Hz), 5.20 (br d, 1HJ = 8.0 Hz), 4.65-4.62 (m, 1H), 4.17

(g9, 2H,3 = 7.6 Hz), 3.78 (s, 3H), 3.133.09 (m, 2H), 1.20 (t, 3H,

temperature and stirred overnight at room temperature. The creamJ = 7.6 Hz).
colored suspension was added to a separatory funnel and washed L-3-(3-Nitro-4-hydroxyphenyl)alanine Hydrochloride (27).A
with ether. The aqueous layer was cooled on an ice bath andmixture of26 (500 mg, 1.35 mmol) in 10 mL of methanol and 10

acidified with 6 N HCI to pH = 3. This aqueous solution was

mL of 10% KOH was stirred at 50C until the starting material

extracted with ethyl acetate. The combined organic layers were disappered as monitored by TLC. After the solution was neutralized

washed with brine, and dried over anhydrous®{@, Solvent was
removed in vacuo to yield a light brown, foamy solid. The crude
Fmoc-DOPA was loaded onto a silica gel column and eluted with
CH.Cl,/MeOH= 10/1 to get N-Fmoc-L-Dopa 1.42 g as white solid
in 68% yield.'H NMR (DMSO-dg, 400 MHz): 6 ppm 8.63 (br s,
1H), 8.59 (br s, 1H), 7.87 (d, 2H,= 8.0 Hz), 7.68-7.27 (m, 9H),
6.66-6.51 (m, 3H), 4.2£4.10 (m, 4H), 5.13 (s, 2H), 2.82.71
(m, 2H).
3-(3-Methoxy-4-hydroxyphenyl)-2-(H-fluoren-9-ylmethoxy-
carbonylamino)-propionic Acid (22). Prepared from compound
20 according to the similar procedure 24. The product was used
for next step reaction directly.
3-(3,4-Bis-tritylox-phenyl)-2-(9H-fluoren-9-ylmethoxycarbo-
nylamino)-propionic Acid (23).2°> Compound21 (1 g, 2.5 mmol)
and trityl chloride were suspended in 50 mL of anhydrous
acetonitrile, and triethylamine (0.7 mL, 5 mmol) was added
dropwise. The mixture was stirred at room temperature o5 8,

with HCl to pH = 3, it was extracted with ethyl acetate. The organic

phase was washed with the brine, dried over,®@, and

concentrated in vacuo to afford yellow solid. The solid was

recrystallized from EtOH and ED to giveL-3-NO,-tyrosine (212.6

mg, yield 60%). Mp 233236 °C.[a]p?°* = +3.0 ¢ = 1.0, 1 N

HCI) lit3* [a]p?° = +4.0 € = 1.0, 1 N HCI).
3-(3-Nitro-4-hydroxyphenyl)-2-(9H-fluoren-9-yImethoxycar-

bonylamino)-propionic Acid (28). Prepared from compoun2i7

according to the similar procedure 24. Yellow foam, yield 80%.

H NMR (CDCl3, 400 MHz): ¢ ppm 10.5 (s, 1H), 7.97 (d, 1H,

= 2.0 Hz), 7.79-7.27 (m, 9H), 7.04 (d, 1H]) = 8.4 Hz), 5.31 (br

d, 1H,J = 8.0 Hz), 4.66-3.77 (m, 4H), 3.13-2.89 (m, 2H).
2-Amino-3-(4-hydroxy-3-methoxy-phenyl)-propionic Acid (29).

A solution 0f28 (1 g, 2.2 mmol) and Pd/C (10%) 20 mg in 15 mL

of dry methylene chloride was stirred under hydrogen atmosphere

until the starting material disappeared. The catalyst was filtered

off and the filtrate was concentrated to afford the crude product

then the solvent was evaporated and the crude product was stirred.6 g in yield of 76%H NMR (CDCl, 400 MHz): 6 ppm 7.76-

with 50 mL water and ice. The tan precipitates were filtered, dried
and used directly for the next stejtd NMR (CHClz, 400 MHz):
0 ppm 7.76-7.15 (m, 39H), 7.12 (s, 1H), 7.02 (d, 1H,= 8.0
Hz), 5.59 (d, 1H,J = 8.0 Hz), 4.7+4.69 (m, 1H), 4.644.19 (m,
3H), 2.89-2.71 (m, 2H).
3-(3-Methoxy-4-trityloxy-phenyl)-2-(9H-fluoren-9-ylmethoxy-
carbonylamino)-propionic Acid (24). Prepared from compound
22 according to the similar procedure 28. [a]p?° = —27.0 € =
1.3, DMF); IH NMR (CDCls, 400 MHz): 6 ppm 7.78-7.12 (m,
25H), 7.02 (d, 1HJ = 8.0 Hz), 5.59 (d, 1HJ = 8.0 Hz), 4.7+
4.69 (m, 1H), 4.644.19 (m, 3H), 3.80 (s, 3H), 2.82.71 (m,
2H).

(S)-3-(4-Hydroxyphenyl)-2-[(methoxycarbonyl)amino]-1-pro-
panoic Acid, Ethyl Ester (25)26 To a suspension solution of
L-tyrosine (5 g, 28 mmol) in 50 mL of methanol was added thionyl
chloride (6 mL, 84 mmol) in a dropwise manner-ai0 °C. After

the addition the solution was allowed warm to room temperature.

7.29 (m, 9H), 6.61 (d, 1H) = 8.0 Hz), 6.46 (d, 1HJ) = 1.6 Hz),
6.37 (dd, 1H,XJ= 8.0 Hz,2J= 1.6 Hz), 5.31 (br d, 1HJ = 8.0
Hz), 4.70-4.60 (m, 1H), 4.56-4.30 (m, 2H), 4.20 (t, 1H) = 6.8
Hz), 3.13-2.89 (m, 2H).

3-(3-Nitro-4-trityloxy-phenyl)-2-(9 H-fluoren-9-ylmethoxycar-
bonylamino)-propionic Acid (30). Prepared from compounziB
according to the similar procedure28. Yellow foam, yield 62%.
H NMR (CDCls, 400 MHz): 6 ppm 8.02 (d, 1HJ = 2.0 Hz),
7.79-7.27 (m, 9H), 7.23-7.08 (m, 16H), 5.31 (br d, 1H] = 8.0
Hz), 4.66-3.77 (m, 4H), 3.13-2.89 (m, 2H). f]p?° = —12.0 €
= 0.7, DMF).

3-(3-Tritylamino-4-trityloxy-phenyl)-2-(9 H-fluoren-9-yimethox-
ycarbonylamino)-propionic Acid (31). Prepared from compound
29 according to the similar procedure2@. White foam, yield 56%.
H NMR (CDCls, 400 MHz): é ppm 7.86-7.30 (m, 8H), 7.26-
7.00 (m, 31H), 6.746.69 (dd, 2H,1J = 8.4 Hz,2) = 1.5 Hz),
5.20 (d, 1HJ = 8.4 Hz), 4.66-4.50 (m, 1H), 4.46-4.30 (m, 2H),

The reaction mixture was heated at reflux overnight and then 4.22 (t, 1H,J = 6.8 Hz), 3.22-2.93 (m, 2H); EI-MSW/z (%): 416
concentrated via rotary evaporator to afford the crude ester, which (M — 2Trt, 6), 238 (M— 2Trt-Fmoc, 14), 243 (Trt, 100)0]p?° =

was dissolved in 50 mL of water. The resultant solution was
neutralized with NaOH (1.10 g, 28 mmol) before NaH{®.5 g,

42 mmol) was added. After the solution was cooled with-aater,

a solution of ethyl chloroformate (2.45 mL, 33 mmol) in 20 mL of
CHCI; was added. The reaction mixture was stirred Zoh and
then extracted with CHGI The combined organic layers were

—3.0 € = 1.3, DMF).
N-[(1,1-Dimethylethoxy)carbonyl]-3-(3-formyl-4-hydroxyphe-
nyl)-L-alanine (32)%” Powdered sodium hydroxide (1.71 g, 42.72

mmol) was added to a suspensionNeBoc-.-tyrosine (2 g, 7.12
mmol) in water (0.256 mL, 14.13 mmol), and chloroform (30 mL).
The mixture was refluxed for 4 h. Additional sodium hydroxide
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was added (0.84 g, 21.36 mmol) in two portions after 1 and 1.5 h, for C3,H3/NOg: C, 67.65; H, 6.18; N, 2.32. Found: C, 67.76; H,
respectively. The reaction was then diluted with water and ethyl 6.37; N, 2.06.

acetate, and the aqueous layer was acidified to pHA Wi HCI

Cyclo-(CH,-CO-Adi-Leu-Tyr-Ac6c-Asn-Ava-Cys)-amide (pep-

and extracted with ethyl acetate. The organic extracts were washedide 4a). ESI-MS, m/z. calc. 916.1 (M— H)~, found 916.5tr =

with brine, dried over Ng&50O,, and concentrated. Flash column
chromatography (silica gel, 12/1 CHfMeOH 1% acetic acid as
eluent) afforded the desired prod@&as a brown oil (0.72 g, 33%)
and recovered starting material 0.62 ‘41 NMR (CDCls, 400
MHz): 6 ppm 10.92 (s, 1H), 9.84 (s, 1H), 7.37 (d, 1H= 1.6
Hz), 7.33 (d, 1HJ = 8.4 Hz), 6.74 (d, 1HJ = 7.8 Hz), 5.28 (d,
1H,J = 8.0 Hz), 5.0+4.94 (m, 1H), 3.06:3.03 (m, 2H), 1.40 (s,
9H).

L-3-(3-Formyl-4-(benzyloxy)phenyl)N-(9-fluorenylmethoxy-
carbonyl)alanine Benzyl Ester (33) Compound32 (600 mg, 1.94
mmol) was dissolved in 10 mL 20% TFA in DCM, the solution

was stirred at room temperature for 30 min. Then the solvent was

evaporated. The residue was dissolved in 10%QT3 (10 mL)

and a solution of FmocOSu (786 mg, 2.3 mmol) in dioxane (10
mL) was added dropwise. The mixture was stirred at room
temperature overnight, then poured into water and extracted with

diethyl ether. The aqueous phase was acidifiedh WitN HCI to

pH 3, and the aqueous phase was extracted with EtOAc. After usua
workup, the residue was dissolved in 10 mL DMF, BnBr (0.56

mL, 4.64 mmol), KCO; (640 mg, 4.64 mmol), n-BINI (81 mg,

16.2 min (10-70% of solvent B in 30 min, purity 99%); = 24.6
min (10—70% of solvent C in 30 min, purity 95%).
Cyclo-(CH,-CO-Adi-Leu-Tyr-Ac6c-Asn-Ava-Cys (O))-amide
(R) (peptidedb). ESI-MS,m/z calc. 932.1 (M— H)~, found 932.3.
tr = 15.0 min (16-70% of solvent B in 30 min, purity 98%j)z =
20.9 min (16-70% of solvent C in 30 min, purity 97%).
Cyclo-(CH,-CO-Adi-Leu-Tyr-Ac6c-Asn-Ava-Cys (O))-amide
(S) (peptidedc).ESI-MS,m/z. calc. 956.1 (MH+ Na)*, found 956.4.
tr = 15.0 min (16-70% of solvent B in 30 min, purity 98%); =
21.0 min (16-70% of solvent C in 30 min, purity 97%).
Cyclo-(CH,-CO-Adi-Leu-(3'-OH-Tyr)-Ac6c-Asn-Ava-Cys)-
amide (peptide5a). ESI-MS,m/z. calc. 956.1 (M+ Na)*, found
956.3.tg = 14.7 min (16-70% of solvent B in 30 min, purity 99%);
tr = 21.7 min (16-70% of solvent C in 30 min, purity 99%).
Cyclo-(CH,-CO-Adi-Leu-(3'-OH-Tyr)-Ac6c-Asn-Ava-Cys (0))-
amide (R) (peptide5Sb). ESI-MS,m/z calc. 948.1 (M— H)~, found

|948.3.tr = 14.8 min (16-70% of solvent B in 30 min, purity 95%);

tr = 22.5 min (16-70% of solvent C in 30 min, purity 95%).
Cyclo-(CH,-CO-Adi-Leu-(3'-OH-Tyr)-Ac6c-Asn-Ava-Cys (O))-

0.125 mmol) were added. The mixture was stirred at room amide (S) (peptideSc). ES"'(Y'S'”‘/Z: calc. 948.1 (M- H)", four:)d _
temperature overnight. Then, the reaction mixture was poured into 948-3.fr = 15.3 min (15*70/0 of solvent B in 30 min, purity 095 %);
water and extracted with diethyl ether. The organic phase was driedt® = 22.6 min (16-70% of solvent C in 30 min, purity 95%).

over NaSQ,, and the solvent was removed in vacuo. Flash column

Cyclo-(CH,-CO-Adi-Leu-(3'-OMe-Tyr)-Ac6c-Asn-Ava-Cys)-

chromatography (silica gel, 1/4 EtOAC/PE as eluent) afforded the amide (peptide6a). ESI-MS, m/z: calc. 948.1 (M+ H)", found

desired producB3 as a white foam (110 mg, 51%)H NMR
(CDCl, 400 MHZz): 6 ppm 10.49 (s, 1H), 7.777.26 (m, 19H),
7.16 (d, 1HJ = 8.4 Hz), 6.87 (d, 1HJ = 8.4 Hz), 5.39-5.33 (m,
1H), 5.18 (s, 2H), 5,14 (s, 2H), 4.701.64 (m, 1H), 4.454.11
(m, 3H), 3.13-3.04 (m, 2H). EIMS:m/z 611 (M"), 178 (100), 91
(24). [0]p?? = +3.2 c = 1.7, CHC}).
L-3-[3-(tert-Butoxycarbonyl)-4-(benzyloxy)phenyl]N-(9-fluo-
renylmethoxycarbonyl)alanine Benzyl Ester (34)Compound3
(220 mg, 0.45 mmol) was added to a stirred suspension eDAg

948.2.tg = 15.0min (10-70% of solvent B in 30 min, purity 97%);
tr = 21.2 min (16-70% of solvent C in 30 min, purity 96%).
Cyclo-(CH,-CO-Adi-Leu-(3'-OMe-Tyr)-Ac6c-Asn-Ava-Cys
(O))-amide (R) (peptide6b). ESI-MS,m/z calc. 964.1 (M+ H)™,
found 964.3tr = 15.3 min (16-70% of solvent B in 30 min, purity
99%);tg = 22.6 min (10-70% of solvent C in 30 min, purity 97%).
Cyclo-(CH,-CO-Adi-Leu-(3'-OMe-Tyr)-Ac6c-Asn-Ava-Cys
(O))-amide (S) (peptide6e). ESI-MS,m/z: calc. 964.1 (M+ H)™,
found 964.3tg = 15.8 min (10-70% of solvent B in 30 min, purity

(158 mg, 0.68 mmol) in 4 mL of 5% NaOH ag. After being stirred  99%);tgr = 22.8 min (16-70% of solvent C in 30 min, purity 99%).
for 24 h, the suspension was filtered and the solid was washed  Cyclo-(CH,-CO-Adi-Leu-(3'-NH,-Tyr)-Ac6c-Asn-Ava-Cys)-

with H,O. The filtrate was cooled at @, acidified wih 1 N HCI
and extracted with EO. Drying and concentrated for next use.
The crude productert-butyl 2,2,2-trichloroacetimidate (398 mg,
1.35 mmol) was dissolved in 10 mL of dry THF. 5Q of BF3.EtO

amide (peptide7a). ESI-MS,m/z. calc. 932.1 (M), found 932.4.

tr = 15.7 min (16-70% of solvent B in 30 min, purity 99%j)z =

21.3 min (16-70% of solvent C in 30 min, purity 99%).
Cyclo-(CHx-CO-Adi-Leu-(3'-NH»-Tyr)-Ac6c-Asn-Ava-Cys (O))-

was added to the solution. The solution was stirred at room gmide (R) (peptide7b). ESI-MS,m/z calc. 947.1 (M- H)~, found

temperature for 16 h before concentrated. The residue was theng47 3 1, = 14.4 min (16-70% of solvent B in 30 min, purity 96%);
diluted with saturated NaHC{and ethyl acetate, and the aqueous . — 20.2 min (10-70% of solvent C in 30 min, purity 97%).

layer was back-extracted with ethyl acetate. The organic extracts

were washed with kO, brine, dried over N&O;, and concentrated.

Flash column chromatography (silica gel, 6/1 PE/EtOAc) afforded

the desired produ@4 as a white solid (150 mg, 61%) NMR
(CDCl;, 400 MHz): 6 ppm 7.76-7.26 (m, 19H), 7.16 (d, 1H] =
8.4 Hz), 6.87 (d, 1HJ = 8.4 Hz), 5.39-5.33 (m, 1H), 5.18 (s,
2H), 5.14 (s, 2H), 4.724.10 (m, 4H), 3.13-3.04 (m, 2H), 1.50
(s, 9H).
L-3-[3-(tert-Butoxycarbonyl)-4-(tert-butoxycarbonyl)phenyl]-
N-(9-fluorenylmethoxycarbonyl)alanine Benzyl Ester (35)10%
Pd—-C (10 mg) and34 (320 mg, 0.46 mmol) was dissolved in 10
mL of dry EtOH. The solution was treated with, ldnd stirred at
room temperature overnight. P€ was filtered and the filtrate was

concentrated in vacuo to afford colorless oil. Then, the oil (181

mg, 0.36 mmol), BogO (156 mg, 0.72 mmol), BN (20 mL) and
catalytic amount of DMAP were dissolved in 18 mL of DCM. The

Cyclo-(CHx-CO-Adi-Leu-(3'-NH - Tyr)-Ac6c-Asn-Ava-Cys (O))-
amide (S) (peptide7c).ESI-MS,m/z: calc. 971.1 (M+ Na)*, found
971.5.tg = 15.0 min (16-70% of solvent B in 30 min, purity 99%);
tr = 21.2 min (16-70% of solvent C in 30 min, purity 97%).

Cyclo-(CH,-CO-Adi-Leu-(3'-NO,-Tyr)-Ac6c-Asn-Ava-Cys)-
amide (peptide8a). ESI-MS, m/z calc. 961.1 (M— H)~, found
961.1.tg = 15.1 min (16-70% of solvent B in 30 min, purity 98%);
tr = 21.6 min (16-70% of solvent C in 30 min, purity 97%).

Cyclo-(CHx-CO-Adi-Leu-(3'-NO,-Tyr)-Ac6c-Asn-Ava-Cys (O))-
amide (R) (peptide8b). ESI-MS, m/z. calc. 1001.1 (M+ Na)*,
found 1001.1tg = 13.9 min (16-70% of solvent B in 30 min,
purity 96%);tg = 22.4 min (16-70% of solvent C in 30 min, purity
95%).

Cyclo-(CH,-CO-Adi-Leu-(3'-NO,-Tyr)-Ac6c-Asn-Ava-Cys (O))-
amide (S) (peptide8c). ESI-MS,m/z calc. 977.1 (M— H)~, found

solution was stirred at room temperature for 2 h. Then the solvent 977-3.tr = 13.9 min (16-70% of solvent B in 30 min, purity 98%);
was removed in vacuo. Flash column chromatography (silica gel, tr = 22.4 min (16-70% of solvent C in 30 min, purity 98%).

1/4 EtOAC/PE as eluent) afforded the desired pro@5as a white
foam (110 mg, 51% yield}H NMR (CDCls, 400 MHz): 6 7.76—
7.26 (m, 8H), 7.187.02 (m, 3H), 5.59 (br d, 1H) = 8.0 Hz),
4.74-4.69 (m, 1H), 4.644.18 (m, 3H), 3.2+3.13 (m, 2H), 1.56
(s, 9H), 1.49 (s, 9H). ESIMSmM/z 602 (M — H)~, 546 (M — 'Bu),
530 (M — OBuU). [0]p?? = +19.8 € = 0.5, CHC}). Anal. Calcd

Cyclo-(CH-CO-Adi-Leu-(3'-CO,H-Tyr)-Ac6c-Asn-Ava-Cys)-
amide (peptide9a). ESI-MS, m/z: calc. 962.1 (M+ H)*, found
962.1.tg = 15.7 min (16-70% of solvent B in 30 min, purity 99%);
tr = 21.9 min (16-70% of solvent C in 30 min, purity 96%).

Cyclo-(CH,-CO-Adi-Leu-(3'-CO,H-Tyr)-Ac6c-Asn-Ava-
Cys (O))-amide R) (peptide9b). ESI-MS,m/z: calc. 978.1 (M+
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H)*, found 978.3tr = 15.1 min (16-70% of solvent B in 30 min,
purity 98%);tr = 21.6 min (16-70% of solvent C in 30 min, purity
97%).

Cyclo-(CH,-CO-Adi-Leu-(3'-CO,H-Tyr)- Ac6c-Asn-Ava-Cys
(O))-amide (S) (peptide9c). ESI-MS,m/z: calc. 978.1 (M+ H)™,
found 978.11g = 15.1 min (10-70% of solvent B in 30 min, purity
98%);tgr = 22.6 min (16-70% of solvent C in 30 min, purity 99%).

Cyclo-(CH,-CO-Gla-Leu-(3'-NH,-Tyr)-Ac6c-Asn-Ava-Cys)-
amide (peptidel0ad). ESI-MS,nVz calc. 1001.2 (M4 K)*, found
1001.3.tg = 16.2 min (16-70% of solvent B in 30 min, purity
98%);tr = 24.3 min (16-70% of solvent C in 30 min, purity 97%).

Cyclo-(CH,CO-Gla-Leu-(3'-NHTyr)-Ac6c-Asn-Ava-Cys (O))-
amide (R) (peptide10b). ESI-MS, m/zz calc. 977.1 (M— H),
found 977.11g = 15.7 min (10-70% of solvent B in 30 min, purity

99%).tr = 23.8 min (16-70% of solvent C in 30 min, purity 97%).

Cyclo-(CH,CO-Gla-Leu-(3'-NH 2 Tyr)-Ac6c-Asn-Ava-Cys (O))-
amide (S) (peptide10¢). ESI-MS, m/z. calc. 977.1 (M— H)-,
found 977.31r = 15.9 min (10-70% of solvent B in 30 min, purity
96%);tr = 23.8 min (16-70% of solvent C in 30 min, purity 95%).

Cyclo-(CH-CO-Gla-Leu-(3'-NHy-Tyr)-Ac6c-Asn—pf-Ala-Cys)-
amide (peptidella). ESI-MS,nV/z calc. 919.0 (M— H)~, found
918.4.tg = 15.7 min (16-70% of solvent B in 30 min, purity 99%);
tr = 22.4 min (16-70% of solvent C in 30 min, purity 99%).

Cyclo-(CH,-CO-Gla-Leu-(3-NHy-Tyr)-Ac6c-Asn-f-Ala-Cys-
(O))-amide (R) (peptidellb). ESI-MS, m/z calc. 935.0 (M—
H)~, found 934.3tr = 15.7 min (16-70% of solvent B in 30 min,
purity 98%);tr = 23.7 min (16-70% of solvent C in 30 min, purity
96%).

Cyclo-(CH2-CO-Gla-Leu-(3'-NH,-Tyr)-Ac6c-Asn-f-Ala-
Cys (O))-amide @) (peptidellc). ESI-MS,m/z. calc. 935.0 (M
— H)~, found 934.3tr = 15.7 min (16-70% of solvent B in 30
min, purity 98%);tr = 24.3 min (10-70% of solvent C in 30 min,
purity 99%).

Cyclo-(CH,-CO-Gla-Leu-(3'-NH,-Tyr)- Ac6c-Asn —Cys)-
amide (peptidel2g). ESI-MS,n/z calc. 963.0 (M— H)~, found
962.3.tr = 15.6 min (16-70% of solvent B in 30 min, purity 99%);
tr = 22.4 min (16-70% of solvent C in 30 min, purity 98%).

Cyclo-(CH-CO-Gla-Leu-(3-NH,-Tyr)-Ac6c-Asn-Cys (O))-
amide (R) (peptidel2b). ESI-MS,m/z. calc. 878.8 (M), found
878.3.tr = 14.9 min (16-70% of solvent B in 30 min, purity 99%);
tr = 23.5 min (16-70% of solvent C in 30 min, purity 95%).

Cyclo-(CH-CO-Gla-Leu-(3-NH,-Tyr)-Ac6c-Asn-Cys  (O))-
amide (S) (peptide12¢). ESI-MS, m/z. calc. 878.8 (M), found
878.3.tr = 15.1 min (16-70% of solvent B in 30 min, purity 99%);
tr = 24.2 min (16-70% of solvent C in 30 min, purity 97%).
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