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Characterization of Synthetic Peptides. Purified peptide products were 
characterized by Cl8 RP HPLC for homogeneity, and by amino acid 
analysis following gas-phase hydrolysis in 5.7 N HCl.65 In all cases a 
single peak was obtained and the amino acid compositions were consistent 
with the calculated molar ratios. Certain peptides were also subjected 
to sequence analysis, either by gas-phase methodology66 with the phe-
nylthiohydantoin derivatives quantitated by RP HPLC or, in the case of 
N- and C-terminally blocked peptides, by FAB mass spectrometry.58-67 

FTlR Spectrometry. KBr disks were prepared with dried peptidoresin 
(100 mg of KBr:3 mg of peptidoresin) and scanned from 4000 to 400 

(65) Bidlingmeyer, B. A.; Cohen, S. A.; Tarvin, T. L. J. Chromatogr. 1984, 
iitf, 93-104. 

(66) Brandt, W. F.; AIk, H.; Chauhan, M.; von Holt, C. FEBS Uu. 1984, 
174, 228-32. 

(67) Seki, S.; Kambara, H.; Naoki, H. Org. Mass Spectrom. 1985, 20, 
18-24. 

Introduction 
Many biologically active peptides have flexible structures and 

exist in multiple disordered conformational states in aqueous 
solution. Studies of peptide models indicate that the conformations 
induced in these peptides by their functional environment, which 
is generally an interface, will often be a folded structure not present 
in solution and may include segments of amphiphilic secondary 
structure.2 For several such peptides, including the serum apo-
lipoprotein A-I, the bee venom peptide toxin melittin, and the 
peptide hormones ^-endorphin and calcitonin, the functional re
quirement for amphiphilic a-helical structures has been demon
strated through the design and study of analogues incorporating 
minimally homologous models of these structures that are able 
to reproduce all of the functional properties of the native se
quences.2-3 However, similar studies of other peptide hormones, 
including glucagon,4 calcitonin gene-related peptide,5 and neu-

(1) Dedicated to the memory of Professor Emil Thomas Kaiser. 
(2) (a) Kaiser, E. T.; Kezdy, F. J. Science 1984, 223, 249-255. (b) Taylor, 

J. W.; Kaiser, E. T. Pharmacol. Rev. 1986, 38, 291-319. 
(3) Kaiser, E. T.; Kezdy, F. J. Proc. Nail. Acad. Sci. U.S.A. 1983, 80, 

1137-1143. 
(4) (a) Musso, G. F.; Kaiser, E. T.; Kezdy, F. J.; Tager, H. S. In Pro

ceedings of the Eighth American Peptide Symposium; Hruby, V. J., Rich, 
D. H., Eds. Pierce Chemical Co.: Rockford, IL, 1983; pp 365-368. (b) 
Musso, G. F.; Kaiser, E. T.; Kezdy, F. J.; Tager, H. S. Biochem. Biophys. Res. 
Commun. 1984, 119, 713-719. 

cm"1 (resolution 1.0 cm"') with a Bruker IFS48 spectrometer (Rhein-
stetten, BRD). 
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ropeptide Y,6 are less conclusive, because multiple substitutions 
in the amino acid sequence result in greatly reduced potencies. 
In these cases, which may represent the majority of intermedi
ate-sized peptide hormones acting at cell-surface receptors, it is 
likely that functional requirements for both primary and secondary 
structural features are superimposed in the same peptide segments. 
For example, when highly conservative, helix-stabilizing substi
tutions in a potential amphiphilic a-helical segment of glucagon 
were limited to only three residue positions, enhanced receptor-
binding potency was achieved.7 In order to investigate struc
ture-activity relationships in such peptides, the study of confor-
mationally constrained analogues,8 where primary structure is 
largely conserved, may be more appropriate than the use of 
minimally homologous model peptides. However, meaningful 
conclusions concerning potential folded conformations that may 
involve 10-20 residues or more will require the introduction of 
multiple conformational constraints, each of which is compatible 
with the conformation in question and limits the conformational 
freedom of a peptide segment several residues long. With this 

(5) Lynch, B.; Kaiser, E. T. Biochemistry 1988, 27, 7600-7607. 
(6) Minakata, H.; Taylor, J. W.; Walker, M. W,; Miller, R. J.; Kaiser, E. 

T. J. Biol. Chem. 1989, 264, 7907-7913. 
(7) Krstenansky, J. L.; Zechel, C; Trivedi, D.; Hruby, V. J. Int. J. Pept. 

Protein Res. 1988, 32, 468-475. 
(8) Hruby, V. J. Life Sci. 1982, 31, 189-199. 
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Abstract: An idealized model amphiphilic a-helical peptide, c>,c/o(3-7,10-14,17-21)H-[LysLeuLysGluLeuLysGlu]3-OH (peptide 
1-1-1), comprising three repeats of a Lys3-Glu7 side-chain bridged heptapeptide, has been synthesized by a generally applicable 
segment-condensation approach that involves a novel solid-phase cyclization reaction. The linear heptapeptide, Boc-Lys-
(2Cl-Z)LeuLys(Trt)Glu(OBzl)LeuLys(2Cl-Z)Glu(oxime resin)-OPac, was built on a p-nitrobenzophenone oxime derivatized 
polystyrene solid support by standard methods. After selective detritylation with TFA, the Lys3 {-amino group was liberated 
with DIEA, and then intrachain cyclization in the presence of AcOH released the protected cyclic heptapeptide precursor 
to peptide 1-1-1 into the solvent in 61% yield and high purity. Selective Na- and Ca-group deprotection, followed by two 
solution-phase segment-condensation reactions and then complete deprotection with trimethylsilyl triflate, yielded peptide 1-1-1. 
Circular dichroism spectra indicated that peptide 1-1-1 adopted mostly disordered conformations in aqueous solution, but 
a high a-helix content was induced in 50% TFE and upon adsorption of peptide 1-1-1 from aqueous solution onto siliconized 
quartz slides. 
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Figure 1. (A) Structures of peptide 1 and peptide 1-1-1. 
projection of peptide 1-1-1 in the a-helical conformation. 

(B) Axial 

goal in mind, we are developing a new synthetic approach to the 
synthesis of peptides that incorporate multiple lactam bridges. 

Monocyclic and bicyclic amide-bridged structures that constrain 
peptide segments 2-10 residues long have often been used suc
cessfully to explore the functional conformations of small bioactive 
peptides.9'10 More specifically, in relation to our present goal, 
incorporation of lactam-bridged Asp', Lys(+4 side chains stabilized 
an amphiphilic a-helical structure in the solution conformation 
of growth hormone releasing factor 1-29 amide and enhanced its 
receptor-binding potency.'' The synthesis of such amide-bridged 
peptides has been achieved through selective deprotection and 
coupling of the amine and carboxyl groups, either in solution12 

or during a polymer-supported synthesis. 10-">13 In solution, this 
coupling must be performed at high dilution, in order to favor 
the desired intramolecular reaction. In the solid-phase approach, 
in contrast, there is little control over the interchain reactions that 
would result in polymeric byproducts, and the desired monomeric 
structure can only be purified after complete assembly of the 
peptide chain and its deprotection and cleavage from the solid 
support. The solid-phase approach generally has the advantage 
of being more rapid, but it may not always be applicable to the 
synthesis of peptides incorporating multiple lactam bridges, where 
the problem of interchain coupling reactions will be compounded. 

We are developing a general approach to the synthesis of 
peptides incorporating multiple lactam bridges that combines the 
advantages for this purpose of both solution- and solid-phase 
methods. A p-nitrobenzophenone oxime polymer14 (oxime resin) 
is employed as the solid support for assembly and release into 
solution of fully protected, lactam-bridged peptide segments that 

(9) (a) Veber, D. F.; Holly, F. W.; Nutt, R. F.; Bergstrand, S. J.; Brady, 
S. F.; Hirschmann, R.; Glitzer, M. S.; Saperstein, R. Nature 1979, 280, 
512-514. (b) Chipens, G. I.; Mutulis, F. K.; Katayev, B. S.; Klusha, V. E.; 
Misina, I. P.; Myshlyiakova, N. V. Int. J. Pept. Protein Res. 1981, 18, 
302-311. (c) DiMaio, J.; Nguyen, T. M.-D.; Lemieux, C; Schiller, P. W. 
J. Med. Chem. 1982, 25, 1432-1438. (d) Schiller, P. W.; Nguyen, T. M.-D.; 
Maziak, L. A.; Lemieux, C. Biochem. Biophys. Res. Commun. 1985, 127, 
558-564. (e) Baniak, E. L.; Rivier, J. E.; Struthers, R. S.; Hagler, A. T.; 
Gierasch, L. M. Biochemistry 1987, 26, 2642-2656. (f) Charpentier, B.; 
Pelaprat, D.; Durieux, C; Dor, A.; Reibaud, M.; Blanchard, J.-C.; Roques, 
B. P. Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 1968-1972. 

(10) Sugg, E. E.; de L. Castrucci, A. M.; Hadley, M. E.; van Binst, G.; 
Hruby, V. J. Biochemistry 1988, 27, 8181-8188. 

(11) (a) Felix, A. M.; Heimer, E. P.; Wang, C-T.; Lambros, T. J.; 
Fournier, A.; Mowles, T. F.; Maines, S.; Campbell, R. M.; Wegrzynski, B. 
B.; Toome, V.; Fry, D.; Madison, V. S. Int. J. Pept. Protein Res. 1988, 32, 
441-454. (b) Felix, A. M.; Wang, C-T.; Heimer, E. P.; Campbell, R. M.; 
Madison, V. S.; Fry, D.; Toome, V.; Downs, T. R.; Frohman, L. A. In Pro
ceedings of the I Ith American Peptide Symposium; Rivier, J. E., Marshall, 
G. R., Eds.; ESCOM Science Publishers B. V.: Leiden, The Netherlands, 
1990; pp 226-228. 

(12) See, for example: (a) Manesis, N. J.; Goodman, M. J. Org. Chem. 
1987, 52, 5331-5341. (b) Mihara, H.; Ikesue, K.; Lee, S.; Aoyagi, H.; Kato, 
T.; Ueno. T.; Izumiya, N. Int. J. Pept. Protein Res. 1986, 28, 141-145. 

(13) Schiller, P. W.; Nguyen, T. M.-D.; Miller, J. Int. J. Pept. Protein Res. 
1985, 27, 171-177. 

(14) (a) DeGrado, W. F.; Kaiser, E. T. J. Org. Chem. 1980, 45, 
1295-1300. (b) DeGrado, W. F.; Kaiser, E. T. J. Org. Chem. 1982, 47, 
3258-3261. 
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Figure 2. Intrachain cyclization reaction on oxime resin. 
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are then used in segment-condensation syntheses. The key step 
is the peptide cyclization, which takes advantage of the active ester 
character of the peptidyl oxime resin linkage to perform the 
cyclization reaction with concomitant cleavage of the protected 
peptide segment from the solid support. We now describe its 
application to the synthesis of a multicyclic analogue of a well-
characterized linear peptide model of the amphiphilic a-helical 
structures proposed for serum apolipoprotein A-I.'5 

Results 
Peptide Design. A Lys3-Glu7 side-chain bridged heptapeptide 

(1) was designed so that the condensation of three such peptide 
units would result in peptide 1-1-1, a 21-residue, amphiphilic 
a-helical peptide with three Lys', GIu1+4 side-chain linked amide 
bridges that are compatible with the a-helical conformation 
(Figure 1). This peptide retains the general characteristics in 
the a-helical conformation of the linear 22-residue peptide studied 
previously, as well as those of the native sequences from apo
lipoprotein A-I on which that peptide was based.15 These char
acteristics include segregation of the hydrophobic residues in a 
single domain lying parallel to the helix axis and covering about 
one-third of its surface, and distribution of the charged, hydrophilic 
residues on the helix surface such that positively charged side 
chains lie adjacent to the hydrophobic domain and negatively 
charged side chains lie on the opposite side of the helix from that 
domain. This arrangement was expected to be optimal for binding 
of the a-helical structures to phospholipid surfaces.I6 The amide 
bridges in peptide 1-1-1 were positioned such that they would 
lie in the middle of the hydrophilic face of the potential a-helical 
structure, where their direct effects on the amphiphilic character 
of that structure and its interface-binding properties were expected 
to be minimal. 

Peptide Synthesis. Peptide 2 (fully protected 1) was assembled 
by using the oxime resin, as described in Scheme I. Dipeptide 
Boc-Lys(2Cl-Z)Glu-OPac (12) was prepared in solution and 
coupled to the oxime resin by using EACNOx17-18 and DCC (yield 

(15) Fukushima, D.; Kupferberg, J. P.; Yokoyama, S.; Kroon, D. J.; 
Kaiser, E. T.; Kezdy, F. J. J. Am. Chem. Soc. 1979, 101, 3703-3704. 

(16) Segrest, J. P.; Jackson, R. L.; Morrisett, J. D.; Gotto, A. M., Jr. FEBS 
Un. 1974, 38, 247-253. 
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Scheme II. Synthesis of 1-1-1 by Segment Condensation" 
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"(a) Zn/AcOH; (b) TFA followed by HCl/dioxane; (c) HOBt/ 
DCC; (d) TMSOTf + thioanisole in TFA. 

89%; substitution level 0.066 mmol/g). The peptidyl resin 13 was 
then subjected to two cycles of the standard oxime resin peptide 
synthesis protocol,14 using the BOP reagent to couple Boc-Leu-OH 
in the first cycle and the symmetric anhydride method to couple 
Boc-Glu(OBzl)-OH in the second cycle, to obtain peptidyl resin 
15. The tripeptide Boc-Lys(2Cl-Z)LeuLys(Trt)-OH (9) was 
prepared separately in solution and then coupled to 15 by using 
HO-Bt/DCC, yielding the fully protected, linear heptapeptidyl 
resin 16. A solution of 5% (v/v) TFA in TFE/DCM (1/1, v/v) 
was used for selective removal of the /V'-Trt protecting group of 
16 in the presence of the ?Va-Boc group. After liberation of the 
free (-amino group from its TFA salt with DIEA, the intrachain 
cyclization shown in Figure 2 was then allowed to proceed in 
DCM, in the presence of AcOH as a catalyst. After 3 days, the 
cyclic heptapeptide Boc-(l-7)-OPac 2 was washed from the resin 
and purified by flash chromatography. The desired HPLC-pure 
product 2 was obtained from its peptidyl resin precursor 16 in 61% 
yield. Trial cyclization reactions performed without addition of 
AcOH yielded no product. 

Condensations of the cyclic heptapeptide derivatives to produce 
peptide 1-1-1 were carried out in solution phase (Scheme II). 
The partially deprotected peptides Boc-(l-7)-OH 17 and H-(I-
7)-0Pac 18 were generated from 2 by reduction with Zn in 
aqueous AcOH (yield 84%) and by acidolysis with TFA (quan
titative), respectively. These two peptides were then condensed 
by using HO-Bt/DCC, and the crude product, Boc-(l-14)-OPac 
19, was purified by flash chromatography and HPLC (yield 66%). 
Boc deprotection of 18, followed by a repeat condensation with 
2 using the HO-Bt/DCC procedure, gave Boc-(l-21)-OPac 20 
in 27% yield. This crude, 21-residue, fully protected peptide was 
purified by gel permeation chromatography on Sephadex LH-60 
eluted with DMF. The Pac group was then cleaved from 20 by 
Zn in aqueous AcOH and a final deprotection was carried out 
by the TMSOTf/thioanisole/TFA procedure." Gel permeation 

(17) Abbreviations used are those recommended by the IUPAC-IUB Joint 
Commission on Biochemical Nomenclature: BOP, (benzotriazol-1-yloxy)-
tris(dimethylamino)phosphonium hexafluorophosphate; 2C1-Z, 2-chloro-
benzyloxycarbonyl; DCC, /V1W -dicyclohexylcarbodiimide; DCM, dichloro-
methane; DIC, iV,W-diisopropylcarbodiimide; DIEA, N.A'-diisopropylethyl-
amine; EACNOx, ethyl 2-(hydroxyimino)-2-cyanoacetate; HO-Bt, 1-
hydroxybenzotriazole; Pac, phenacyl; TFA, trifluoroacetic acid; TFE, 2,2,2-
trifluoroethanol; TMSOTf, trimethylsilyl trifluoromethanesulfonate; Trt, trityl 
(=triphenylmethyl). 

(18) Ito, M. Bull. Chem. Soc. Jpn. 1973, 46, 2219-2221. 
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Figure 3. Circular dichroism spectra of peptide 1-1-1 (43 MM) in 
aqueous buffer (A), in 50% TFE/buffer (B), and adsorbed from aqueous 
buffer onto siliconized quartz slides" (C). 

chromatography and reversed-phase HPLC resulted in the desired 
HPLC-pure peptide 1-1-1. 

Optical Purity. The optical purities of peptide 1-1-1 and the 
synthetic intermediate Boc-(l-7)-OH 17 were determined, after 
hydrolysis in 6 N HCl at 110 0C for 24 h, by HPLC analysis of 
the diastereomers obtained upon derivatization of the component 
amino acids with l-fluoro-(2,4-dinitrophenyl)-5-L-alanine amide 
(Marfay's reagent).20 The amounts of D-GIu, D-Leu, and D-Lys 
in the acid hydrolysates, expressed as percent of the total for each 
amino acid, were D-GIu48, D-LeU10, and D-LyS04 for peptide 1-1-1 
and D-LeU13 and D-LyS47 for peptide 17. This compares to values 
OfD-GIu55, D-LeU0J, and D-LyS17 obtained for the earlier apo A-I 
model peptide, which had been resynthesized by a standard 
A""-Boc-protected symmetric anhydride coupling protocol on 
Merrifield resin21 and provided a control for the known race-
mization of amino acids during the acid hydrolysis of peptides. 
Within the limitations of this analysis, therefore, peptides 1-1-1 
and 17 appeared to be optically pure. 

Circular Dichroism Studies. The chiroptical properties of 
peptide 1-1-1 were studied in 0.01 M KH2P04 /NaOH aqueous 
buffer (pH 7.0) at several peptide concentrations (0.52-97 yM 
peptide) and in TFE/buffer (1/1, v/v) solution (20 ^M peptide) 
(Figure 3). In the aqueous buffer, concentration-independent 
circular dichroism spectra indicative of a mixture of a-helical and 
disordered structure were obtained. For comparative purposes, 
we estimated a-helix contents for peptide 1-1-1 using the same 
approximation [based on standard spectra for the disordered and 
a-helical conformations of poly(L-lysine)22] as was used previously 
for the linear apo A-I model peptide. This gave values of 23% 

(19) Fujii, N.; Otaka, A.; Ikemura, 0.; Akaji, K.; Funakoshi, S.; Kuroda, 
Y.; Yajima, H. J. Chem. Soc, Chem. Commun. 1987, 274-275. 

(20) (a) Marfey, P. Carlsberg Res. Commun. 1984, 49, 591-596. Szokan, 
G.; Mezo, G.; Hudecz, F. J. Chromatogr. 1988, 444, 115-122. 

(21) Yamashiro, D.; Li, C. H. J. Am. Chem. Soc. 1978, 100, 5174-5179. 
(22) (a) Greenfield, N.; Fasman, G. D. Biochemistry 1969, 8, 4108-4116. 

(b) Taylor, J. W.; Kaiser, E. T. Methods Enzymol. 1987, 154, 473-498. 
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helix ([B]222 ~ -5960 deg-cm2/dmol) for peptide 1-1-1 in the 
aqueous buffer and 67% helix ([B]222 = -23000 deg-cm2/dmol) 
in 50% TFE/buffer solution. The linear apo A-I model peptide 
was reported to be slightly less helical as a monomer in 0.1 M 
phosphate buffer, pH 7.0, (19% helix) and in 50% TFE/buffer 
solution (61% helix), but self-associated in the aqueous buffer in 
the 1-50 iiM concentration range, forming a discrete tetrameric 
structure in which the a-helical conformation was stabilized (50% 
helix).15 

Peptide 1-1-1 was also adsorbed onto siliconized quartz slides 
from an aqueous buffer consisting of 0.02 M KH2P04/NaOH 
in 0.16 M KCl, pH 7.5, and the CD spectrum of the resultant 
surface-adsorbed peptide film (Figure 3) was consistent with 
induction of a strongly a-helical structure at this interface,23,24 

assuming that the helices are oriented with their axes parallel to 
the plane of the interface, as expected from their amphiphilic 
character.25,26 

Discussion 
Peptide 1-1-1, a multicyclic 21-residue peptide incorporating 

three lactam bridges compatible with the a-helical conformation, 
has been synthesized by a segment-condensation approach. The 
novel method used to prepare the fully protected lactam-bridged 
intermediate peptide segment 2 (Scheme I), has significant ad
vantages over equivalent solution- and solid-phase methods for 
the synthesis of monocyclic and multicyclic peptides: the linear 
precursor to 2 is rapidly assembled on the oxime resin by standard 
solid-phase methods, but the cyclization reaction results in release 
of the desired monomeric product into the solution phase in high 
yield and essentially free of polymeric byproducts. The labor-
intensive procedures of solution-phase methods and their re
quirement for dilute conditions for the cyclization reaction have 
thus been avoided, and the subsequent incorporation of these cyclic 
peptide segments into larger peptide chains by solution- or sol
id-phase methods27 should result in purer final products than the 
equivalent direct solid-phase methods, especially when multicyclic 
peptides are desired. The protecting group strategy that we have 
employed is applicable to all peptide sequences. 

The CD spectra of peptide 1-1-1 in aqueous solution and in 
50% TFE (Figure 3) indicate that the lactam-bridged Lys', GIu1+4 

side chains are fully compatible with the a-helical conformation, 
but their helix-stabilizing effect is small. In its monomeric form 
in aqueous solution, and also in 50% TFE, the linear peptide model 
of apo A-I on which the structure of peptide 1-1-1 is based was 
reported to have only slightly less a-helical structure.15 Sequence 
differences between the earlier linear model peptide and peptide 
1-1-1 may contribute to the conformational properties of these 
two peptides, and a definitive measure of the helix-stabilizing 
effects of the Lys', GIu1+4 side-chain bridges will have to await 
the synthesis and study of a strict linear analogue of peptide 1-1-1, 
which is currently underway. However, this preliminary result 
suggests that the helix-stabilizing effects recently found for Asp' 
Lys'+4 lactam bridges incorporated into GRF analogues are 
stronger." More important to our goal of understanding the 
functional importance of amphiphilic a-helical structures in bi
ologically active peptides is the demonstration that multiple Lys', 
Glu/+4 lactam bridges are compatible with induction of the am
phiphilic a-helical conformation at interfaces, as indicated by the 
CD spectrum of peptide 1-1-1 adsorbed from aqueous solution 
onto siliconized slides. 

Although we have not determined an apparent molecular weight 
for peptide 1-1-1 directly, the lack of any measurable differences 

(23) (a) Vaughn, J. B.; Taylor, J. W. Biochim. Biophys. Acta 1989, 999, 
135-146. (b) Taylor, J. W. Biochemistry 1990, 29, 5364-5373. 

(24) (a) Stevens, L.; Townend, R.; Timasheff, S. N.; Fasman, G. D.; 
Potter, J. Biochemistry 1968, 7, 3717-3720. (b) DeGrado, W. F.; Lear, J. 
D. J. Am. Chem. Soc. 1985, 107, 7684-7689. 

(25) Cornell, D. G. J. Colloid Interface Sci. 1978, 70, 167-180. 
(26) Vogel, H. Biochemistry 1987, 26, 4562-4572. 
(27) (a) Nakagawa, S. H.; Lau, H. S. H.; KSzdy, F. J.; kaiser, E. T. J. Am. 

Chem. Soc. 1985, 107, 7087-7092. (b) Kaiser, E. T.; Mihara, H.; Laforet, 
G. A.; Kelly, J. W.; Walters, L.; Findeis, M. A.; Sasaki, T. Science 1989, 243, 
187-192. 

in its CD spectrum in aqueous solution at concentrations ranging 
from 520 nM to 97 /uM, and its relatively low a-helix content in 
this concentration range compared to the tetrameric form of the 
earlier apo A-I model peptide,15 strongly suggest that it is mo
nomeric in this concentration range despite its amphiphilic 
character in the a-helical conformation. The apparent failure of 
peptide 1-1-1 to self-associate in the same concentration range 
as the earlier model peptide (1-50 /xM) may, in part, be a con
sequence of differences in the arrangement of the leucine side 
chains on the surfaces of the a-helical structures that these peptides 
form. The arrangement in peptide 1-1-1 is expected to favor 
dimerization as parallel coiled coils of the type found in tropo
myosin and leucine-zipper peptides and to be less favorable for 
formation of antiparallel four-helix bundles of the type probably 
formed by the linear apo A-I model peptide.28,29 Studies of 
tropomyosin model peptides that consist of similar seven-residue 
repeats have indicated a minimum requirement of four repeats 
for dimerization,29 and the leucine-zipper motifs are also about 
30 residues long. We are currently extending our syntheses of 
multicyclic amphiphilic a-helical peptides to include 28-residue 
analogues incorporating four lactam bridges, in order to address 
this question. 

Experimental Section 
Protected amino acids were purchased from either Bachem or Penin

sula Laboratories. All amino acids were of the L configuration, p-
Nitrobenzophenone oxime resin'4 and EACNOx18 were prepared ac
cording to the literature. ACS grade DCM, /-PrOH, EtOAc, CHCl3, 
and MeOH were purchased from Fisher Scientific and dried over sodium 
aluminosilicate molecular sieves (4 A nominal pore diameter) from 
Sigma. TFA (Halocarbon), TFE (Aldrich), and AcOH (Baker) were 
used without further purification. DIEA (Aldrich) was dried over KOH 
and distilled from ninhydrin. Silica gel for flash chromatography was 
purchased from Baker; HO-Bt from Pierce; BOP from Richelieu Bio
technologies (QC, Canada); DlC, thioanisole, and TMSOTf from Aid-
rich; and DCC from Fluka AG. 

Melting points are the uncorrected values measured in a capillary 
melting point apparatus. Optical rotations were measured with a Per-
kin-Elmer Model 241 polarimeter at 22 0C. Crude and purified peptides 
were analyzed on precoated silica gel F-254, 0.25-mm plates (Aldrich) 
using (A) acetone/hexane/AcOH, 19/20/1; (B) CHCl3/MeOH/AcOH, 
44/4/1; (C) EtOAc/hexane, 1/1; (D) CHCl3/MeOH/AcOH, 18/1/1; 
(E) CHCl3/MeOH/AcOH, 17/2/1; (F) CHCl3/MeOH, 9/1; (G) n-
BuOH/AcOH/H20, 4 /1 /1 ; or (H) EtOAc/hexane, 1/5. RP-HPLC 
analyses were performed on a Vydac C4 analytical (0.46 x 25 cm) col
umn using 0.1 % TFA or AcOH in acetonitrile/water (1.2 mL/min.) as 
the eluant. Mass spectrometric analyses were performed under the di
rection of Dr. Brian Chait in the Rockefeller University Mass Spec
trometry Laboratory, using the 252Cf fission fragment method.30 Car-
boxyl end-group titration31 was carried out in MeOH with 0.1 N 
NaOH/MeOH using Thymol Blue as indicator. 

Amino Acid Analysis. Peptides were hydrolyzed in 6 N HCl at 110 
0C for 24 h, and peptidyl resins were hydrolyzed in propionic acid/ 
concentrated HCl (1/1) at 130 0C for 24 h. Hydrolysates were then 
analyzed for their amino acid content with a Dionex Model D-300 ana
lyzer. Hydrolysates were additionally derivatized by use of 1-fluoro-
(2,4-dinitrophenyl)-5-L-alanine amide (Pierce, Rockford, IL), and the 
resultant diastereomers were separated by HPLC on a Vydac C,8 ana
lytical reversed-phase column using linear gradients of acetonitrile in 
aqueous buffer, according to protocols similar to those described else
where.20 Au0 peaks were quantitated with a Hewlett-Packard Model 
3390A integrator connected to the HPLC detector. 

Boc-Lys(2CI-Z)Leu-N2H3 (4). Boc-Lys(2Cl-Z)Leu-OMe (3) was 
prepared by the mixed-anhydride peptide coupling method,32 and it was 
recrystallized in EtOAc/hexane: yield 90.4%; mp 79-81 0C; /?/C) 0.60, 
[a]D -16.5 ± 0.30 (c = 2, CHCl3). 3 (6.5 g, 12 mmol) was converted 
into the corresponding hydrazide in MeOH (18 mL) with hydrazine 

(28) (a) DeGrado, W. F.; Wasserman, Z. R.; Lear, J. D. Science 1989, 
243, 622-628. (b) O'Shea, E. K.; Rutkowski, R.; Kim, P. S. Science 1989, 
243, 538-542. 

(29) Lau, S. Y. M.; Taneja, A. K.; Hodges, R. S. J. Biol. Chem. 1984, 259, 
13253-13261. 

(30) Chait, B. T.; Agosta, W. C; Field, H. F. Int. J. Mass Spectrom. Ion 
Phys. 1981, 39, 339-360. 

(31) SeIa, M.; Berger, A. J. Am. Chem. Soc. 1955, 77, 1893-1895. 
(32) Vaughan, J. R., Jr.; Osato, R. L. J. Am. Chem. Soc. 1951, 73, 

3547-3550; 1952, 74, 676-678. 
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hydrate (2 mL) in the usual manner" giving the product: yield 5.7 g, 
87.6%; mp 132-133 0C; Rj(A) 0.77; [«]D-25.2 ± 0.4° (c = 1.1, AcOH). 

Boc-Lys(2CI-Z)LeuLys(Trt)-OMe (8). Trt-Lys(Trt)-OMe34 (6.45 g, 
10 mmol) was dissolved in DCM (25 mL) and cooled to -5 °C, and a 
chilled solution of TFA (1.5 mL) in DCM (75 mL) was poured into it. 
After being stirred at 4 0 C for 4 days, the solution was washed at the 
same temperature with 10% NaHCOj solution and brine. The DCM was 
partly removed in vacuo at 0 0C, then diluted with CHCl3 (50 mL), and 
reconcentrated to about 30 mL. At the same time, NaNO2 (0.73 g, 10.6 
mmol) in water (5 mL) at 0 0C was added to a cooled solution of 4 (5.4 
g, 10 mmol) in AcOH (12 mL), 5 N HCl (5 mL), and water (50 mL). 
After being stirred for 5 min, the precipitated azide was extracted with 
ether (2 X 40 mL). The combined organic phase was washed with chilled 
(0 0C) water and dried over Na2SO4 in the refrigerator. This azide 
solution was poured into the solution of e-trityllysine methyl ester. The 
reaction mixture was stirred at 4 °C for 48 h and then evaporated. The 
oily residue was partitioned between ethyl acetate (100 mL) and pre-
ccoled 5% citric acid (30 mL). The organic phase was washed with 5% 
NaHCO3 (30 mL) and brine and then dried (Na2SO4). Evaporation left 
a light yellow oil, which was purified by flash chromatography (5 X 23 
cm silica gel, eluted with EtOH/hexane, 1/1). Fractions containing the 
desired compound were pooled and evaporated. The product was re-
crystallized from EtOH/hexane: yield 3.8 g, 42%; mp 71-74 °C; Rj(A) 
0.74; K/B) 0.70; Rj(C) 0.55; [a]D -14.8 ± 0.3° (c = 2.6, CHCl3); amino 
acid analysis, LeU096LyS200. 

Boc-Lys(2CI-Z)LeuLys(Trt)-OH (9). Compound 8 (4.0 g, 4.38 
mmol) was dissolved in MeOH (4.4 mL) and mixed with 2 N NaOH in 
MeOH (4.88 mL). This solution was stirred at 20 0C for 30 min. After 
being diluted with water (130 mL, pH 7), the solution was cooled to 0 
0 C, acidified with 30% AcOH to pH 4, and stirred for 1 h. The pre
cipitate was collected, washed with water, and dried. The crude product 
was recrystallized from EtOH/water: yield 3.7 g, 94%; mp 78-82 °C; 
R/.A) 0.54; [«]D -14.8 ± 0.7° (c = 0.5, EtOH); M, (titration) = 895 
± 4.5 (calcd 898.5); racemization test, 1.3% D-Leu, 4.7% D-Lys. 

Glutamic Acid a-Phenacyl Ester Hydrochloride (U) . Boc-Glu-
(0'Bu)-OH (6 g, 20 mmol) was esterified in EtOAc (40 mL) with 2-
bromoacetophenone (Pac-Br, Aldrich; 3.98 g, 20 mmol) in the presence 
of TEA (2.8 mL, 20 mmol), following the literature method:35 yield 7.5 
g, 89%; mp 123-124 °C; Rj(C) 0.81; [a]D-27.0 ± 0.6° (c = 0.9, EtOH). 
This product (4.95 g, 11.7 mmol) was dissolved in TFA (10 mL) and the 
resultant mixture stirred for 1 h at 20 °C. Then 4 N HCl/dioxane (4 
mL) was added to the reaction mixture at 0 0 C, and after 5 min of 
stirring, the precipitated salt was collected by filtration, washed with 
absolute ether, and dried: yield 3.43 g, 97.2%; mp 188-189 0C; Rj(G) 
0.65; [a]D +25.9 ± 0.4° (c = I.I, 0.1 N HCI). 

Boc-Lys(2Cl-Z)Glu(OH)-OPac (12). Glutamic acid a-phenacyl ester 
hydrochloride (11; 2.32 g, 7.7 mmol) was dissolved in water (45 mL) by 
heating, then the solution was cooled to 0 0 C, and solid NaHCO3 (1.3 
g 15.4 mmol) was added. This mixture was poured into a stirred solution 
of Boc-Lys(2Cl-Z)-OSu36 (10; 3.58 g, 7 mmol) in dioxane (60 mL) at 
5° C, followed by the addition of more solid NaHCO3 (0.58 g, 7 mmol) 
and cold dioxane (200 mL). This solution was stirred at 4 0C for 48 h. 
Filtration followed by evaporation gave a residue, which was dissolved 
in water (120 mL), cooled to 0° C, and then acidified to pH 3 with 0.5 
N HCI. The precipitated product was filtered, dissolved in EtOH (60 
mL), washed with water and then brine, dried over Na2SO4, and con
centrated in vacuo. The crude product was recrystallized from 5% 
MeOH/ether: yield 3.79 g, 74.3%; mp 148-153 0C; Rj(A) 0.51; [a]D 

-22.1 ± 0.3° (c = 1.0, AcOH); M, (titration) = 657 ± 5 (calcd. 662). 
For the DCHA salt derivative: mp 84-87 0C; [a]D -20.6 ± 0.6° (c = 
1 2 CHCl 1 

Boc-Glu(OBzl)LeuLys(2CI-Z)Glu(Oresin)-OPac (15). Boc-Lys-
(2CI-Z)GIu(OH)-OPac (12; 1.55 g, 2.34 mmol) was attached to p-
nitrobenzophenone oxime resin (25 g) with EACNOx (0.665 g, 4.68 
mmol) and DCC (0.53 g, 2.57 mmol) in DCM (300 mL) at -10 0 C for 
30 min and at 20 0C overnight in a solid-phase peptide synthesis reaction 
vessel. After the vessel was drained, the resin was washed with DCM 
(2X), EtOH/DCM (1/1, 2X), and DCM (2X) and then acetylated with 
a mixture of acetic anhydride (37.5 mL) and DIEA (12.5 mL) in DCM 
(250 mL) for 2.5 h. The product was obtained after washing with DCM 

(33) Guttmann, S.; Boissonnas, R. A. HeIv. Chim. Acta 1960,43, 200-216. 
(34) Trt-L-Lys(Trt)-OMe was prepared according to the literature method: 

Amiard, G.; Goffinet, B. Bull. Soc. Chim. Fr. 1957, 1133-1135. mp >95 0C 
(dec); RAH) 0.54; [a]D +24.5 ± 0.3° (c = 1.1, MeOH). 

(35) Stelakatos, G. C; Paganov, A.; Zervas, L. J. Chem. Soc. C 1966, 
1191-1199. 

(36) Boc-Lys(2Cl-Z)-OSu was prepared according to the literature me
thod: Daoust, H.; St.-Pierre, S. J. Chem. Soc, Perkin Trans. I 1976, 
1453-1457. Yield 79%; mp 101-103 0C; Rj(A) 0.69; [a]D -9.2 ± 0.2° (c = 
1.8, CHCI3). 

(3X), EtOH/DCM (1/1, IX), and EtOH (2X) and was dried in vacuo:15 

yield 1.73 mmol of peptide (74%); substitution level 0.066 mmol/g, based 
on picric acid titration.37 

The peptidyl resin was deprotected and washed according to the 
standard oxime resin protocol.14 A mixture of Boc-Leu-OH-H20 (1.42 
g, 5.7 mmol) and BOP (2.52 g, 5.7 mmol) in DMF (30 mL) was added 
to the peptidyl resin in DCM (70 mL), followed by DIEA (0.99 mL, 5.7 
mmol). After 2 h of shaking, a Kaiser ninhydrin test38 indicated the 
coupling reaction was incomplete and a recoupling was carried out with 
1 mol equiv of reagents. The resin was then washed with DMF (2X), 
EtOH/DCM (1/1, IX), DMF (2X), and DCM (2X) and acetylated with 
7 mmol acetic anhydride and DIEA in DCM for 1 h. After deprotection 
and washing as before,14 the resin was neutralized with 5% DIEA/DCM 
( 2 X 2 min) and washed again with DCM (2X). Then 4 equiv (6.92 
mmol) of the freshly prepared symmetric anhydride of Boc-Glu-
(OBzI)-OH in DCM (110 mL) was used for the next coupling in the 
presence of DIEA (0.35 mL, 2 mmol). After 2 h of shaking, the resin 
was washed with DCM (2X), EtOH/DCM (1/1, IX), and EtOH (2X) 
and dried: yield 1.72 mmol of peptide (99.3% for the two coupling steps); 
substitution level 0.065 mmol/g, based on Leu. Amino acid analysis: 
GIu225LeU100LyS080. 

Boc-Lys(2Cl-Z)LeuLys(Trt)GIu(OBzl)LeuLys(2CI-Z)Glu(0-resin)-
OPac (16). Peptidyl resin 15 (1.72 mmol of peptide on 25 g of resin) 
was deprotected, washed, and neutralized as usual14 and then coupled 
with peptide 9 (1.84 g, 2.05 mmol) by using HO-Bt (0.63 g, 4.1 mmol) 
and DIC (0.32 mL, 2.05 mmol) in DMF (125 mL) and shaking the 
mixture at room temperature over 3 days. On the second day, further 
quantities of DIC (2 mmol) and DIEA (2 mmol) were added to the 
reaction mixture. The product was then washed and dried: yield 1.1 
mmol of peptide (64.0%);39 substitution level 0.041 mmol/g, based on 
Leu; amino acid analysis, GIu268LeU200LyS300. 

Cyclization Reaction: cycfo(l-5)Boc-Lys(2Cl-Z)LeiiLysGhi(OBzl)-
LeuLys(2CI-Z)Glu-OPac; Boc-(l-7)-OPac (2). Peptidyl resin 16 (900 
mg, 36.9 /xmol of peptide on resin) was swollen in DCM (10 mL) in a 
solid-phase peptide synthesis vessel. The Trt group was removed from 
the Lys eamino group with 5% TFA in DCM/TFE ( 1 / 1 , 4 X 1 5 mL), 
shaking the reaction vessel at room temperature for 4 X 15 min. The 
peptidyl resin was then drained and washed (10 mL/wash) with DCM 
(2X), /-PrOH (IX), DCM (2X), /-PrOH (IX), and DCM (2X). The 
Lys «-amino group was neutralized by treating the peptidyl resin with 5% 
DIEA in DCM (2 x 1.5 min) and then washing with DCM (4X). The 
cyclization reaction was then carried out by shaking the peptidyl resin 
in DCM (14 mL) in the presence of 10 equiv of AcOH at room tem
perature for 72 h. The cyclic peptide product was collected from the 
reacting vessel by draining and then washing the resin with DCM (3X). 
These solutions were combined and evaporated to a reduced volume and 
then washed at 0 0 C with water, 0.1 N HCl, 5% NaHCO3, and brine. 
The solvent was then evaporated and the crude product was purified by 
silica gel flash chromatography (2 X 20 cm; eluant CHCl3 /MeOH/ 
AcOH, 18/1/1). The appropriate fractions were pooled and the solvent 
was evaporated. The pure solidified product was recrystallized from 
methanol/ether: yield 33.9 mg, 60.5 %; mp 90-94 0C; Rj(A) 0.41; fl/D) 
0.48; [<x]D -15.3 ± 0.3° (c = 1.7, CHCl3); amino acid analysis, 
GIu205LeU192LyS300; MS (252Cf fission fragment) m/e = 1514.3 (theo
retical 1514.6 for'(M + Na)+ , A = -0.3). 

cyc/o(3-7)Boc-Lys(2CI-Z)UuLysGlu(OBzl)LeuLys(2Cl-Z)Glu-OH; 
Boc-(l-7)-OH (17). Protected peptide ester 2 (150 mg, 1 mmol) was 
dissolved in 90% AcOH (2.5 mL), and Zn dust (2 X 120 mg) was added 
to the vigorously stirred solution. The reaction was followed by TLC 
(solvent mixture D). After a 1-h reaction time at room temperature, the 
Zn was removed by filtration and the solution was concentrated in vacuo. 
Filtration was repeated with the DCM solution of the product, followed 
by evaporation. The residue was subjected to flash chromatography (2 
X 20 cm silica gel; eluent CHCl3/MeOH/AcOH, 90/7/3; product in the 
140-300-mL fraction) and the product was recrystallized from 
MeOH/ether: yield 117 mg, 83.9%; mp 112-116 0C; K/D) 0.25; RfE) 
0.70; [a]D -27.9 ± 0.8° (c = 0.5, AcOH); amino acid analysis, 
GIu214Leu, 98LyS31O0. 

CK/o(3-7,10-14)Boc-[Lys(2Cl-Z)LeuLysGlu(OBzl)L*uLys(2CI-Z)-
Glu]2-OPac; Boc-(l-14)-OPac (19). Boc-(l-7)-OPac (2; 90.8 mg, 60 
Mmol) was treated with TFA (4 mL) at 20 0C for 15 min. The product 
(18) was precipitated with ether after partial removal of TFA in vacuo, 
then filtered, washed with ether, and dried over NaOH. This material 
was dissolved in DMF (2 mL) together with Boc-(l-7)-OH (17; 83.4 mg, 

(37) Gisin, B. F. Anal. Chim. Ada 1972, 58, 248-249. 
(38) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, P. I. Anal. 

Biochem. 1970, 34, 595-598. 
(39) By use of the mother liquor of the coupling reaction, a further 15% 

of 12 could be coupled to 2.5 g of fresh oxime resin with DCC during 24 h. 
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60 Mmol) and HO-Bt (18.4 mg, 120 Mmol). The solution was cooled to 
-5 0C, and then DCC (13.6 mg, 66 Mmol) and DIEA (11.5 /iL, 66 Mmol) 
were added. After being stirred at 0 0C for 1 h and at 20 0C overnight, 
the mixture was concentrated in vacuo, dissolved in DCM (25 mL), 
filtered, and then washed with water, 5% citric acid, 5% NaHCO3, and 
brine (each 10 mL at 0 0C). The DCM solution was concentrated and 
subjected to flash chromatography (2 X 25 cm silica gel; eluent 
CHCI3/MeOH/AcOH, 18/1/1) to afford a chromatographically pure 
white solid: yield 110 mg, 65.6%; mp 68-72 0C; [a]D -8.5 ± 0.3° (c = 
2, MeOH); amino acid analysis, GIu40OLeU398LyS60O; MS (252Cf fission 
fragment) m/e = 2,793.4 (theoretical 2792.8 for (M + Na)+, A = +0.6). 

CKfo(3-7,l<M4,17-21)Boc-[Lys(2CI-Z)LeuLysGlu(OBzl)LeuLys-
(2CI-Z)Clu]2-OPac; Boc-(l-21)-OPac (20). Boc-(l-14)-OPac (18; 100 
mg, 35.6 Mmol) was deprotected with TFA (4 mL), and TFA salt 21 was 
obtained after ether precipitation: yield 88.5 mg, 88%; mp 65-70 °C; 
Rj(G) 0.92; [a]D -4.5 ± 0.2° (c = 6, DMF). Compound 21 (88.5 mg, 
31.5 Mmol) was dissolved in DMF (2 mL) together with Boc-(l-7)-OH 
(17; 46 mg, 33 Mmol) and HO-Bt (10.1 mg, 66 Mmol). At -5 0C, DCC 
(7.4 mg, 36 Mmol) and DIEA (6.27 ML, 36 Mmol) were added. After 
being stirred at 0 0C for I h and at 20 0C overnight, the mixture was 
concentrated in vacuo, diluted with DCM (25 mL), filtered, and then 
washed with water, 5% citric acid, 5% NaHCO3, and brine (each 10 mL 
at 0 0C). The peptide solution was concentrated in vacuo and subjected 
to gel permeation chromatography (3 x 115 cm Sephadex LH-60 eluted 
with DMF). Fractions containing the major peptide peak were collected 
and evaporated: yield 35.1 mg, 27.3%; R/.F) 0.53; amino acid analysis, 
GIu618LeU600LyS873; MS (252Cf fission fragment) m/e = 4,070.5 (theo
retical 4071.2 for (M + Na)+, A = -0.7). 

c.yc/o(3-7,10-14,17-21)(LysLeuLysGluLeuLysGlu)3-OH (1-1-1). 
Boc-(l-21)-OPaC (20; 25 mg, 6.1 Mmol) was dissolved in 90% AcOH (3 
mL), and Zn dust (100 mg) was added to the vigorously stirred mixture. 
After 1 h, the solution was filtered to remove the Zn and concentrated 
in vacuo. The residue was dissolved in DCM, filtered again, and the 
solvent evaporated. This residue was then subjected to flash chroma
tography (2 X 25 cm silica gel, eluent CHCI3/MeOH/AcOH, 90/10/5). 
Fractions (7 mL) 20-42 were pooled and concentrated in vacuo: yield 
24 mg, 98.8%; Rj(E) 0.55. This intermediate was then completely de-
protected as follows. It was dissolved in TFA (1.5 mL) at 0 0C and then 
thioanisole (282 ML, 2.4 mmol) and TMSOTf (462 ML, 2.4 mmol) were 
added. After 1 h of stirring at 4 0C, the solution was diluted with ether. 
The precipitated material was separated by centrifugation and washed 
with ether. It was then treated for 1 h at 4 0C with a 1 M NH4F solution 

The reduction of a ferrous-dioxygen complex [Fe(II)-O2] in 
hemoproteins has received considerable attention, since this re
action appears in the hydroxylation of substrate by cytochrome 
P-450.1 The resulting reducing species in P-450 is generally 
believed to be structurally similar to the high-valent intermediates 
such as compound I formed during the catalytic cycle of the 

(1) (a) Tyson, C. A.; Lipscomb, J. D.; Gunsalus, I.C.J. Biol. Chem. 1972, 
247, 5777. (b) White, R. E.; Coon, M. J. Amu. Rev. Biochem. 1980, 49, 315. 

(1 mL) adjusted to pH 8 with 5% NH4OH. This peptide solution was 
subjected to gel permeation chromatography (0.7 x 18 cm Sephadex 
G-25 eluted with 0.1 M AcOH). The peptide fractions were pooled and 
lyophilized. Final purification of the product was carried out by RP-
HPLC on a Vydac C-18 column (1.0 X 25 cm) eluted with 0.1% TFA 
in acetonitrile/water. A linear gradient from 25 to 35% acetonitrile over 
15 min, with a flow rate of 4 mL/min, was employed. The product was 
eluted at 30.5% acetonitrile and lyophilized to give a solid product: yield 
2.6 mg of peptide, 16.8%; amino acid analysis, GIu600LeU582LyS900; 
racemization assay 4.8% D-GIu, 1.0% D-Leu, 0.4% D-Lys; MS (252Cf 
fission fragment) m/e = 2,571.5 (theoretical 2571.2 for (M + Na)+, A 
= +0.3). 

Circular Dichroism Studies. CD spectra were measured at 25 0C, 
using an Aviv Model 62ds spectropolarimeter fitted with a fused-silica 
modulator. Stock peptide concentrations were determined by amino acid 
analysis after hydrolysis in 6 N HCl at 110 0C for 24 h, using crystalline 
alanine (Sigma Chemical Co., St. Louis, MO) as an internal standard. 
Solution spectra were measured in 0.1, 0.5, or 2.0 cm path length cells, 
as appropriate for the peptide concentration under study, using a time 
constant of 2.0 s and averaging the data from five scans. Data collected 
at dynode voltages greater than 450 V were discarded. The CD spectrum 
of peptide 1-1-1 adsorbed onto siliconized circular quartz slides (22 X 
1 mm, Hellma Cells Inc., Jamaica, NY) was determined by the method 
described previously.23 Four siliconized slides were immersed for 10 min 
each in peptide solution (10 nM) in 0.02 M NaH2P04/NaOH buffer, 
pH 7.5, containing 0.16 M KCl, then rinsed in H2O, and allowed to 
air-dry. These slides were then placed in an adapted cell holder, designed 
to hold the slides vertically in the light path at alternating angles of +5 
and -5° from the horizontal direction perpendicular to the light path. 
Data were collected for eight equally spaced orientations of the slides 
about the light path, in order to eliminate linear dichroism artefacts,25 

and are presented in Figure 3C as the sum of these spectra after blank 
subtraction, without further manipulation. This spectrum is thus 
equivalent in signal intensity to that resulting from a total of 32 coated 
slides or 64 surfaces. 

Acknowledgment. This research was supported by USPHS 
Program Project HL-18577. We are grateful for the amino acid 
analyses and racemization assays performed by Mr. Adam A. 
Profit and the mass spectrometric analyses performed in the 
laboratory of Dr. Brian Chait. 

peroxidase enzymes, though the high-valent intermediate for P-450 
has not yet been isolated. This is supported by the fact that P-450 
has been shown to catalyze monoxygenation reactions by utilizing 
oxidizing reagents such as hydroperoxide.2 In the case of hor-

(2) (a) Kadlubar, F. F.; Morton, K. C; Ziegler, D. M. Biochem. Biophys. 
Res. Commun. 1973, 54, 1255. (b) Rahimtula, A. D.; O'Brien, P. J. Biochem. 
Biophys. Res. Commun. 1974, 60, 440. (c) Nordblom, G. D.; White, R. E.; 
Coon, M. J. Arch. Biochem. Biophys. 1976, 175, 524. 
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Abstract: One-electron reduction of the oxy form in hemoproteins by reducing radicals such as NAD', CO2", and benzoate 
electron adduct has been investigated by the pulse radiolysis technique. These radicals reacted with oxymyoglobin to form 
the stable product, of which spectrum is assigned to the corresponding ferryl form. On the other hand, only benzoate electron 
adduct reacted with the oxy form of diacetyldeuteroperoxidase to form compound I of the enzyme, though the reaction by 
other radicals could not be detected. From these results, it was demonstrated that the one-electron reduction state in the oxy 
form of hemoproteins is the higher oxidation state. 
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