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A series of lactam-bridged peptide inhibitors (2—-6) of mammalian ribonucleotide reductase (mRR) has been designed and synthesized on the
basis of the heptapeptide N-AcFTLDADF (1), corresponding to the C-terminus of the R2 subunit of mRR. Inhibition studies revealed a direct
relation between ring size and activity, with peptide 5 being 2.5 times more potent than peptide 1.

Mammalian ribonucleotide reductase (MRR), a potential affinity by mimicking or inducing bound structural motifs.
target for cancer interventionis inhibited by the binding Highly potent and selective opioid peptide analogues have
of the heptapeptid?N-AcFTLDADF (1), a mimic of the
C-terminus of its R2 subunit, to its R1 subufilh 1995 we (4) Smith, A. B., lll; Sasho, S.; Barwis, B. A.; Sprengeler, P.; Barbosa,
demonstrated by transfer-NOE NMR studies that peptide Jl Hirschmann, R.; Cooperman, B. S. Bioorg. Med. Chem. 18€8,22,
bound to mRR exhibits a reverse turn structure consisting ™ (sy (a) Veber, D. F.: Holly, F. W.; Paleveda, W. J.; Nutt, R. F.;

of the amino acids TLDA (positions-25).2 We envisioned Bergstrand, S. J.; Torchiana, M.; Glitzer, M. S.; Saperstein, R.; Hirschmann,

. : s : : R.Proc. Natl. Acad. Sci. U.S.A978 75, 2636. (b) Veber, D. F.; Freidinger,
that constraining this turn through &3 interaction held R. M.. Perlow, D. S.. Paleveda, W. J., Jr.. Holly, F. W.: Strachan, R. G.;

the promise of significantly increasing the binding affinity Nutt, R. F.; Arison, B. H.; Homnick, C.; Randall, W. C.; Glitzer, M. S.;
i i icj Saperstein, R.; Hirschmann, Rature 1981,292, 55.

of peptidel to R1 and would thereby y|§ld a .pronjls:.mg. I.ead (6) (a) Schiller, P. W.; Nguyen, T. M. D.; Lemieux, C.; Maziak, L. A.
compound for the development of peptidomimetic inhibitors 3, med. chem1985, 28, 1766. (b) Schiller, P. W.; Nguyen, T. M. D.:
of mMRR# Maziak, L. A.; Wilkes, B. C.; Lemieux, CJ. Med. Chem1987,30, 2094.

. . . . . . (c) Mierke, D. F.; Schiller, P. W.; Goodman, NBiopolymers1990, 29,

Bioactive linear peptides have often been cyclized in order g43.

to reduce conformational freedom and enhance binding (7) (&) Marepalli, H. R.; Antohi, O.; Becker, J. M.; Naider, . Am.
Chem. S0c1996,118, 6532. (b) Antohi, O.; Marepalli, R. H.; Yang, W.;
Becker, J. M.; Naider, FBiopolymers1998 45, 21. Several additional
(2) Breitler, J. J.; Smith, R. V.; Haynes, H.; Silver, C. E.; Quish, A.; examples describing the+3 side chain lactamization of peptides have

Kotz, T.; Serrano, M.; Brook, A.; Wadler, $nvest. New Drug4998,16, been reported; however, the conformations of the constrained regions have
161. not been examined, see: (c) Charpenteir, B.; Dor, A.; Roy, P.; England,
(2) (a) Climent, I.; Sjoberg, B.-M.; Huang, C. \Biochemistry1991, P.; Pham, H.; Durieux, C.; Roques, B. P.Med. Chem1989,32, 1184.

30, 5167. (b) Gaudreau, P.; Brazeau, P.; Richer, M.; Cormier, J.; Langlois, (d) Bienstock, R. J.; Koerber, S. C.; Rizo, J.; Rivier, J. E.; Hagler, A. T;
D.; Langelier, Y. J. Med. Chem1992,35, 346. (c) Fisher, A.; Yang, F. D.; Gierasch, L. M.Peptides: Chemistry and Biology, Proceedings of the
Rubin, H.; Cooperman, B..S. Med. Chem1993,36, 3859. (d) Hamann, Twelfth American Peptide SymposiuBmith, J. A., Rivier, J. E., Eds,;
C. S.; Letaingne, S.; Li, L.-S.; Salem, J. S.; Yang, F.-D.; Cooperman, B. S. ESCOM: Leiden, 1992; pp 26264. (e) Ning, Q.; Ripoll, D. R.; Szewczuk,

Protein Eng.1998,11, 219. Z.; Konishi, Y.; Ni, F. Biopolymers1994, 34, 1125. (f) Reddy, D. V.,
(3) Fisher, A. F.; Laub, P. B.; Cooperman, B. I$ature Struct. Biol. Jagannadh, B.; Dutta, A. S.; Kunwar, A. I@t. J. Pept. Protein Re4.995,
1995,2, 951. 46, 9.
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been developed employing+2 side chain to side chain  peptide6, a lysine was placed in position 2 and a glutamate
lactamizatiorf. Furthermore,i,i+3 and i,i+4 spaced side in position 5 to test the importance of the placement of the
chain to side chain lactam bridges have been found to lactam linkage.

stabilize turn conformatiofisaind helical segments,espec- To construct the peptides via C-to-N iteration, FroeRehe-
tively. Lactam bridges have been used most frequently to OH linked to entagel resin (Novabiochem) was deprotected
constrain peptide conformations, since they are readily With piperidine and subjected to HBTU-mediated coupling
synthesized and are not redox labile. The latter characteristiccycles with Fmoa.-Asp(QtBu)-OH, Fmoa.-Lys/Orn/Daba/

is particularly important for inhibitors of mammalian ribo- Dap(Alloc)-OH (3 4, 3, 2, respectively) or Fmoe-Glu-
nucleotide reductase (MRR), given the reducing environment(Ally)-OH (6), FmocL-Asp(OtBu)-OH, Fmoa.-Leu-OH,
required for catalytic activity. In this Letter we describe the FMOCL-Glu(Allyl)-OH (2, 3, 4, 5) or Lys(Alloc)-OH @),
design and synthesis of inhibitors of MRR, based on the 2hd Fmoa.-Phe-OH with piperidine deprotection (Scheme

heptapeptid&l-AcFTLDADF, exploiting a lactam bridge to 1). The resultant N-terminal free amine was then acetylated

constrain the3-turn (Figure 1).
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with acetic anhydride. Residues in positions 2 and 5, which
were orthogonally protected with allyl ester and alloc
carbamate groups, were selectively and simultaneously
To rigidify the naturalf-turn in peptidel, we chose to  geprotected using tetrakis(triphenylphosphine), acetic acid,
incorporate an amide linkage between amino acid residuesand N-methylmorpholiné. Initial attempts at simultaneous
at the T (2) and A (5) positions, since these amino acids deprotection with tributyltin hydride/bis(triphenylphosphine)-
contribute only marginally to the inhibitory potency of palladium(ll) chloride proved less effectivéwhile the allyl

peptidel . Glutamic acid was thus substituted in position

2, and the optimal length of the side chain link between _ (10) Dangles, O.; Guibé, F.; Balavoine, G.; Lavielle, S.; Marquet). A.
L . . . Org. Chem.1987,52, 4984.

positions 2 and 5 was tested by varying the amino-bearing ™ (11) coste, J.. Le-Nguyen, D.: Castro, Betrahedron Lett1990, 31,

side chain in position 5 from lysine (Lto ornithine (G), 205.

. . . . . . . . (12) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, PAnal.
diamino butanoic acid (Dabag);or diamino propanoic acid  gischem.1970.34. 505.

(Dap, G). TheN-AcPhe residue at the N-terminus and the  (13) Yields were not optimized. Each reaction step was checked for
: : : ; product formation by cleaving a small amount of resin with 95% aqueous
Asp-Phe moiety at the C_'term'”EJS Wer_e not Va“e_d since they TFA. The cleaved product was then analyzed using Maldi-TOF-MS, and
are known to be essential for bioactivity of peptitl& For the appropriate parent ion was identified. The final products were identified
by 500 MHz'H NMR and/or Maldi-TOF—MS and MS/MS fragmentation
studies. As a typical compoun8, was isolated as a white powder and
(8) (a) Felix, A. M.; Heimer, E. P.; Wang, C. T.; Lambros, T. J.; Fournier, possessed the following spectral datet NMR (500 MHz, D,O) 0.86 (2H,
A.; Mowels, T. F.; Maines, S.; Campbell, R. M.; Wegrzynski, B. B.; Toome, d, 6.0 Hz, Leuw—CHgs), 0.90 (2H, d, 6.1 Hz, Led-CHs), 1.26—1.45 (4H,
V.; Fry, D.; Madison, V. Sint. J. Pept. Protein Re<988,32, 4441. (b) m, Lys y-CHy, 6-CHy), 1.55—1.68 (5H, m, Le§-CHy, Leu y-CHy, Lys
Chorev, M.; Roubini, E.; McKee, R. L.; Gibbons, S. W.; Goldman, M. E.; -CHy), 1.90 (3H, s, Ac), 1.9%1.97 (2H, m, Gly3-CHy), 2.16—2.22 (2H,
Caulfield, M. P.; Rosenblatt, MBiochemistry1991, 30, 5968. m, Gluy-CHy), 2.44—2.64 (4 H, m, Phe or Asp-CHy), 2.92—3.09 (4H,
(9) Kates, S. A.; Daniels, S. B.; Solé, N. A.; Barany, G.; Albericio, F. m, Phe or Asp3-CHy), 3.11-3.17 (2H, m, Lys-CHy), 4.19 (1H, t, 7.1
In Peptides; Chemistry, Structure & Biology, Proceedings of the 13th Hz, Glua-CH), 4.29-4.38 (3H,a-CH), 4.45 (1H, t, 6.6 Hzg-CH), 4.50—
American Peptide Symposium; Hodges, R. S., Smith, J. A., Eds.; ESCOM: 4.54 (2H, m,a-CH), 7.17-7.32 (10H, m, 2 Phe aromatics). ESI-HRMS: M
Leiden, 1994; p 113. + Na' expected 959.4127, found 959.4147.
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Table 1

Cyclic Peptides Binding affinity (uM)

Ac-FTLDADF-OH (1) 10£2
Ac-FELD(Dap)DF-OH (2) P
Ac-FELD(Dgba)DF-OH @) 1042
Ac-FELD(Om)DF-OH () 1042
Ac-FELDKDF-OH (5) 4
Ac-FKLDEDF-OH (6) 100420

ester could be removed with ease, the alloc carbamate
resisted complete cleavage. The peptides were then cyclized

on the resin using BOP and HOBtgonditions which proved
better in this context than HBTU, DCC, or DPPA. Comple-
tion of the cyclization process was confirmed via the Kaiser
test!? The cyclic peptides were then deprotected, removed
from the resin with 95% aqueous trifluoroacetic acid, and
purified to homogeneity by RP-HPLC (overall yields based
on resin-bound Fmoc Phe wePe 10%;3, 3%;4, 26%;5,
33%;6, 8%)13 An analogue of the protected form of peptide
2, containing Asp in position 2 instead of Glu, did not
cyclize, forming instead an aspartimidate in position 2 upon
treatment with TFA.

To determine the binding affinities, we employed a novel
assayt* based on the use of Sepharose-FTLDADF as an
affinity column to purify R1!> Premixed solutions of R1
with potential ligands were loaded onto microcolumns
containing the peptide-linked column material. The columns

were spun in a microcentrifuge and washed, and the eIuateFigulre 3. Hydrogen bonding pattern (N in blue, O in red) of the
was analyzed for R1 content. The amount of R1 eluted was|gw-energy conformation o8 (top) compared to the low-energy
correlated directly to ligand affinity, as the result of competi-
tion with column-bound peptide.

The binding studies revealed a direct relation between ring
size and activity. Peptide was found to be the most potent
mRR inhibitor, with aK; of 4—5 uM vs 10 @M for our

Figure 2. Stereoview of an overlay of the low-energy conformation
of 5 (red) with the NMR-derived conformation of R1-bound peptide
1 (black). Backbones are highlighted.
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conformation of6 (bottom).

previous lead peptidé (Table 1). TheK; value rises to 10
uM when the ring size is reduced by one methylene group
to furnish cyclic peptidet. Interestingly, further reduction
in ring size by a second methylene unit does not incré&ase
(peptide3). This result suggests that a loss in interactions
between the inhibitor and mRR is balanced by the more
favorable entropy of binding a less flexible system (i3.,
Further ring contraction as in pepti@eesults in a dramatic
loss of activity. The large decrease in activity of peptile
vs peptideb demonstrates the importance of the position and
orientation of the amide linkage within the lactam.

A Monte Carlo conformational search employing the
AMBER?*® force field included with MacroModel (v.6.0)

(14) Barwis, B. A.; Cooperman, B. S. Manuscript in preparation.

(15) Yang, F. D.; Spanevello, R. A.; Celiker I.; Hirschmann, R.; Rubin,
H.; Cooperman, B. SFEBS Lett.1990,272, 61.

(16) The AMBER* version was used: McDonald, D. Q.; Still, W. C.
Tetrahedron Lett1992,33, 7743; calculations were performed in the gas

hase.

(17) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liscamp, R;
Lipton, M.; Caufield, C.; Chang, G.; Hendrikson, T.; Still, W. £ Comput.
Chem.1990,11, 440.
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was performed for cyclic peptidés-6. The predicted low-  lactam ring and (b) between the nitrogen of Asp 4 and the
energy conformations were then compared to the conforma-a-carbonyl of Asp 6, which were present in peptiélend
tion of peptidel bound to mR1, which we had determined which have no equivalent in pepti§eThe absence of intra-
by transfer-NOE NMR studies.Peptide 5 exhibited a ring hydrogen bonding thus appears critical for high-affinity
predicted turn structure, similar to that found in peptide  binding. Other changes, involving tifecarbonyl of Asp 6,
(Figure 2). Peptide8 and4 also had predicted conformations are less likely to be important, since this side chain appears
nearly identical to that of peptid®, consistent with their  to be nonessential for the peptide binding toR1.
binding affinities. While there is a strong overall correlation between the
Previous studies found that both Phe 1 and Phe 7 arepeptide backbones of peptidésand 3—5 (Figure 2), the
important for overall activity. We therefore expected the rather poor side chainside chain overlap between these
distance between the two phenyl rings to be similar for all cyclic compounds and peptidesuggests that compounds
active compounds. This distance (aromatict@ aromatic with improved affinity for R1, based on the lactam structure
C,) for peptidesl, 3, 4, and5 was measured to be 9.85, of peptide5, may be obtainable. Efforts in this direction are
10.18, 10.14, and 9.94 A, respectively. In peptRlethe underway in our laboratory.
predicted backbone structure was markedly altered and the

overall distance between Phe 1 to Phe 7 collapsed to 6.81 " . )

A, consistent with the lower binding affinity to mR1. Institutes of Health (Natlon_al ancer Institute) thro_ugh Grant
Several changes in hydrogen bonding were also seen onCA58567 and by the University .Of Pennsylvania Cancer
comparing the predicted structures of peptidesnd 6 Cent_er. We also thank Shanhua Lin and Robert J. Cotter for

(Figure 3). The two most important were hydrogen bonds providing the mass specirometry data.

(a) between the carbonyl of Leu 3 and thaitrogen of the 0L9909381
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