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Abstract: The effect of helix unfolding on the rates of photoinduced electron transfer in model dichromophoric
peptides was investigated. Twohelical peptides]l and2, having an alternating Ala-Aib backbone and differing

only in the position of an appended electron dorgNcdimethylaniline) and an appended photoexcited electron
acceptor (pyrene) relative to the electric field generated by the helix, had shown a difference in photoinduced electron
transfer rates which had been ascribed to a helix dipole effect. Upon denaturation by protic solvents (EtOH, MeOH,
H,0, CRCH,OH) or guanidinium, the observed electron transfer rates and 2 became identical. The helix
unfolding was studied by circular dichroism (CD) analysis. A second pair of model oligopealed4, analogous

to 1 and2 but havingL-proline (Pro) instead ad-methylalanine (Aib) incorporated into the backbone, were prepared

in order to study unfolded peptides in low dielectric constant solvents. The CD, NMR, and steady-state fluorescence
spectra in a variety of solvents establish that one of the chromophores experiences a different local environment in
3 than in4 and that the two peptides have different average conformations.

Introduction 5+ M 5-

In ana-helical oligopeptide, the dipole moments of the amino HzNWOOH
acid residues align in the same direction, nearly parallel to the
helix axis. The resulting macroscopic dipole generates an A- D+
electrostatic potential, directed from the N-terminus to the
carboxy-terminus, Figure 4. This electrostatic field, estimated ~ N~ /" COOH
to be up to 18 V/m in an a-helix,!?2 plays an important role HZNW
in the structure and functions of proteins, and probably also S+ 5-

influences the primary electron transfer event in photosynthesis. Figure 1. Schematic drawing of the postulate orientation of the charge-
It has been proposed, for example, that the permanent field of separated pair in a photosynthetic center embedded in parallel helices.
the first layer of proteins that surrounds the photosynthetic

reaction center promotes a rapid electron transfer over arelatively long distance, producing a charge-separated pair
oriented antiparallel to the helices’ electric fiékl.This effect

® Abstract published imdvance ACS Abstractdfay 15, 1997. has been the object of both theoretical and experimental
(1) For a review on the role of an-helix dipole on protein function . igationdas

and structure see: (a) Hol, W. G.Brog. Biophys. Mol. Biol1985 45, Investigations:*

149. (b) Hol, W. G. J.; van Duijnen, P. T.; Berendsen, H. JN@&ture

1978 273 443. (c) Wada, AAdv. Biophys.1976 9, 1. (d) Abraham, R. J.; (3) (a) Gosztola, D.; Yamada, H.; Wasielewski, M. R.Am. Chem.

Hudson, B. D.; Thomas, W. A.; Krohn, Al. Mol. Graph.1986 4, 28. Soc.1995 117, 2041. (b) Brothers, H. M., lll; Zhou, J. S.; Kostic, N. M.
(2) The reported value of 20//m is calculated from vacuum electrostat-  J. Inorg. Organomet. Polyn993 3, 59. (c) Lockhart, D. J.; Kim, P. S.

ics. Sciencel992 257, 947. (d) Franzen, S.; Lao, K.; Boxer, S. Ghem. Phys.

S0002-7863(96)03269-6 CCC: $14.00 © 1997 American Chemical Society
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In previous work, we reported the photophysicaeffielical 8.000E+0 1
model peptidesl and 2, showing that the rates of electron
transfer between a doneacceptor pair are indeed significantly
influenced by the orientation of the charge-separated ion pair 3
with or against the helix dipol&> These two peptides differ

2
1 NMe,

>Loj)LNH"‘({;’NH){LNH'E!)(NH m&{mxim%ﬁm%ﬁrm/@m’lr%(

NMe,
2

only in the positions of th&l,N-dimethylp-anilino (the electron
donor) and 2-pyrenyl (the electron acceptor) groups with respect
to the helix ends. The calculated dipole moment for each
peptide is approximately 40 f%. From analysis of measure-
ments of time-resolved pyrene fluorescence, the rates of eIectronFigure 2. Circular dichroism spectra @ (1 x 10~ M solutions in
transfer were shown to be-27 times faster i (k;) than in2 CH4CN (a); MeOH (b); CHCN/H,O (c); CRCH,OH (d)).

(k2), with smaller ratios being observed in solvents of higher
dielectric constarmt?2 This result is in agreement with the

—d QO0E+01 bt e L
190.0 WL [nm] 380.0

We report here the effect of denaturation on photoinduced

postulated effect of the helix dipole, because faster rates Wereelectr_on transf(_ar betwe_en appended . donor- and acceptor-
observed i, where the radical ion pair is antiparallel to the SuPstituted peptides, achieved by changing the external environ-
helix field. ment, such as solvents or salts, and by incorporation of proline

into the oligopeptide sequenéeThermal denaturation was not
employed in order to avoid ambiguities caused by partial
Lhemical decompositich.

However, we consistently observed biexponential decays in
1 and 2, a clear indication of multiple conformations of the
oligopeptides in the ground state, probably caused by change
in the torsional angle of the methylenic unit that links each
chromophore to the backbofeExtended MM2-force field
model calculations and semiempirical single-point calculations Denaturation of Peptides 1 and 2. Protic solvents and
suggested that, although the peptide backbone is rigid, the sideguanidinium salts often unfold peptides that exist as helices in

Results and Discussion

chains do experience sufficient conformational mobffitio organic solvents by promoting the formation of intermolecular
restrict the precision of the interpretation of the observed hydrogen bonding, thus disrupting the intramolecular hydrogen
difference in electron transfer rates. bonding which leads to the helix. This effect is shown by the

To understand the relative importance of different conforma- circular dichroism (CD) spectra &in protic solvents, Figure
tions and the helix electric field, we have studied the effect of 2. Whereas the CD spectrumain acetonitrile shows a strong
denaturation ol and2 on the observed electron transfer rates. positive band at 190 nm and two negative bands near 210 and
If the observed difference in rates is caused mainly by the helix 220 nm, which are characteristic of a right-handed helical
dipole, the difference in electron transfer rates in denatdred conformatior® the spectra in MeOH, C#€N/H.O (70/30 (v/
and 2 should disappear, as the net dipole of a random coil V)), and CECH,OH provide evidence that the helical structure

peptide is zero. is partially retained in methanol and that water and 2,2,2-
Lett. 1092 197, 380, (€) Alegria, G.; Dutton, P. Biochim. Biophys. Acta trifluoroethanol disrupt the helix. An analogous observation
199i 234 1057 and 258. ® V\/aréhel, A.°;0'(-vis.t, J.Annu. Re. Biohhys. was made for peP“_diF The CD SpeCtr_um of 'n_the_ presence
Chem.1991, 20, 267. (g) Boxer, S. G.; Lockhart, D. J.; Franzen, S. In  Of agueous guanidinium carbonate, Figure 3, indicates a strong
Photochemical Energy Ceersion Norris, J. R., Meisel, D., Eds.;  perturbation of the continuity of the helical structure, with

Elsevier: Amsterdam, 1989; p 196. (h) Boxer, S. G.; Goldstein, R. A,; ; ; ; i :
Franzen, S. InPhotoinduced F:Electrog )Transfer Part B. Experimental possibly local helical subunits but not overall helicity (cf. Figure

Techniques and Medium Effedox, M. A., Chanon, M., Eds.; Elsevier: ~ 6). However, it is unclear whether the major effect is exerted
Amsterdam, 1988; p 163. (i) Abraham, R. J.; Hudson, B. D.; Thomas, W. by guanidinium or by water.
A.; Krohn, A.J. Mol. Graph.1986 4, 28. Time-Resolved Fluorescence Studies of 1 and 2 in Protic

(4) (a) Galoppini, E.; Fox, M. AJ. Am. Chem. Sod.996 118 2299.
This reference describes the synthesi& ahd2 in Supporting Information. Solvents. The electron transfer rates of unfolde@nd2 were

(b) Knorr, A.; Galoppini, E.; Fox, M. AJ. Phys. Org. Chemin press. studied by single photon counting. Pyrene fluorescence life-
The calculated value of 40 D is probably overstimated, since the calculation times in the denatured peptides, Table 1, were compared with

does not take into account a saturation effect that occurs with increasing . . . . .
number of residues. the values obtained in solvents in whighand2 are helical.

(5) Evidence of the formation of a radical ion pair was provided by ~ When guanidinum carbonate was added to THF solutions of
observation of the pyrene radical anion in the transient absorption spectral and?2, the ratio between the electron transfer rate$ afid2,
of 1 and 240
(6) Short (5-15 amino acids) peptides can adopt rapidly interconverting (7) For a review about helix conformations, see: Goodman, M.; Verdini,
conformations in solution, and biexponential decays were often observed A.; Choi, N. S; Masuda, YTop. Stereochenl97Q 5, 69. Methods for
in studies of electron transfer in peptides: (a) Pispisa, B.; Venanzi, M.; denaturation of helical peptides are used or mentioned by Lockhart and

Palleschi, A.; Zanotti, GJ. Phys. Chem1996 100 6835. (b) Pispisa, B.; Kim.3¢

Venanzi, M.; Palleschi, A.; Zanotti, GVlacromoleculesl994 27, 7800. (8) We observed thdt and?2 rather easily undergo chemical decomposi-

(c) Inai, Y.; Sisido, M.; Imanishi, YJ. Phys. Chem1991, 95, 3847. (d) tion when heated or exposed to light and air for a few weeks.

Inai, Y.; Sisido, M.; Imanishi, YJ. Phys. Cheml99Q 94, 6237. (e) Basu, (9) THF, the solvent used in some of the time-resolved fluorescence
G.; Kubasik, M.; Anglos, D.; Secor, B.; Kuki, Al. Am. Chem. S0d.99Q measurements, could not be used as the solvent for CD spectra because the

112 9410. UV cutoff of THF is 210 nm.
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2.000E+04 [ conditions, and possibly without using high dielectric constant
- 1 solvents, we prepared oligopeptidés and 4, which are
: 8 o
: : 8 JYO'MH°NH M%Df?) R 8
C - L N 2~
I e oM O ° 2 NHTU\'D
[ z 3 O¢NH]ﬁoa
: NMe,
co A S o
[mdeg] - o
- o o%m‘\gf”“ NH])L,D o
| : >L011NHJ\H,N o7 M- N’"\l)oj\ r:)
H : o N - °
. i NMe, 4 O¢W‘HLOE!
g ]
[ 1 analogous td and2 except that -proline has replaced Aib in
r the backboné? In a peptide formed upon coupling proline with
F . j another amino acid, there are no amide protons on the proline
TR 000EH0d ST o 280 .0 residue which are available for intramolecular hydrogen bond-
Figure 3. Circular dichroism spectrum of ast 10~4 M solution of 1 ing. Although oligoproline-Pro), may have a helical structure

in CHsCN/H,O/guanidinium carbonate. induced by the five-membered ring constrdinthe helical

_ structure and the consequent electric field along the helix are
ki/kz, decreased from 27 to 11 (Table 1, entries 1 and 2). perturbed in proline-containing peptides, because the intramo-
Although guanidinium carbonate is not soluble in THF, it is |ecular hydrogen bonding pattern is disrupted. Lockhart and
likely that a small amount of salt slowly interacts by intramo- kim for example, employed proline as the helix breaking
lecular hydrogen bonding with the helix, probably partially resique to prepare nonhelical oligopeptides as controls in their
unfolding the peptides. When water was added to THF solutions g, gjes of the helix electric fieléf. Furthermore, the absorption
of 1 and2, the ratioki/k; decreased to 1.8 (Table 1, entry 3).  goctr4 of these proline-containing oligopeptides did not exhibit

with and without guanidiniumki/k, approaches unity for oo cnaracteristic shift caused by the helical peptide electric field.
aqueous solutions where heligoil transition has taken plade.

Finally, the electron transfer rates bfand2 were identical in However, the prediction of precise secondary structure of
2,2,2-trifluoroethanol, the solvent in which the peptides exist Proline-containing peptides is not simple because they can adopt
as random coils (Table 1, entry 6, and Figure 2). a variety of conformations. The rotational restriction about the

From the data reported in Table 1 it appears that a decreaseC—N—C bonds in the proline five-membered ring limits the
of ki/kz is consistently observed when peptides are unfolded rotation about the peptide bond. As a result, proline can adopt
(protic solvents) from that observed when the same compoundscis andtransconformations, which can be interconverted, Figure
exist as helices (nonprotic solvents). However, an electric field 4, with an energy barrier of about 16 kcal/niéf. In (L-Pro),
is smaller in high dielectric constant)(solvents, and the the cis—trans isomerization equilibrium is affected by the
decrease of the effectiia/k, upon addition of water to THF  polarity of the solvent, pH, and ionic strength of the medium,
could be the result not only of the helix disruption but also of the trans conformation being favored in hydrogen-bonding
the increase in dielectric constant of the meditniThis effect solvents, at low pH, or in the presence of salts such asLaCl
cannot be responsible for the results observed in 2,2,2-tri- On the basis of CD!2¢and!H and13C NMR!2 spectra of the
fluoroethanol: ki/k; in acetonitrile € = 37) is 7, and in 2,2,2-  two conformers of oligoproline in water, MeOH, and DMSO,
trifluoroethanol ¢ = 27) it is 1.2 (Table 1, entries 7 and 6). it is thought to be generally true that tiai-cis form of (L-

Since the peptldes exist ashelices in acetonitrile and as Pro)‘l is a rlght_handed helix and thadl-transform of (L_Pro)'l
random coils in 2,2,2-trifluoroethanol, Figure 2, the identical g g |eft-handed, more extended hel13

electron transfer rates of and 2 in 2,2,2-trifluoroethanol

probably res%”t from the Can_cellatl_on of th_e heII.X electric field (12) Because of the conformational restraint of the five-membered ring,
upon unfolding of the helix. Finally, it is important to all-cis- orall-trans(L-Pro}, peptides are more rigid than arhelical peptide,
emphasize that the observed complex multiexponential decaysand are valuable rigid spacers. Photoinduced electron transfer across

: : : . : oligoproline peptides (0< n < 4) has been extensively studied by Isied
yield only approximations to microscopic rate constants. and co-workers. Their models are structurally very different f@®eand4,

Proline-Substituted Peptides. To study electron transfer s the donor and acceptor (inorganic complexes) are linked at the two ends
rates in the absence of helical structure, but otherwise identical of the peptide backbones, which contain only proline units (nonalternating),
and the experimental conditions (low pH, water) were selected to favor the

(10) Theka/k, ratio did not change appreciably when the measurements trans conformation. Therefore, a direct comparison of the conformation
were repeated on the same samples on sequential days (Table 1, entries with 3 and4 with elegant earlier work by the Isied group is not possible.
and 5), implying that the unfolding process had reached equilibrium by the (a) Vassilian, A.; Wishart, J. F.; van Hemelryck, B.; Schwarz, H.; Isied, S.
time the measurements were made. S.J. Am. Chem. Socl99Q 112 7278. (b) Isied, S. S.; Vassilian, A.;

(11) Lockhart and Kim found that the effective value of the dielectric Magnuson, R. H.; Schwarz, H. Am. Chem. Sod985 107, 7432. (c)
constant at the boundary of an oligopeptide was lower than the dielectric Isied, S. S.; Vassilian, Al. Am. Chem. So4984 106, 1732 and references
constant of the solvent, and the experimentally measured field was 1 ordertherein for energy-transfer studies across oligoproline.

of magnitude stronger than expected on the basis ofetloé the bulk (13) For IH and 13C NMR studies of thecis—trans equilibrium in
solvent3¢ For calculations of in proteins, see also: (a) King, G; Lee, F.  oligoproline- and proline-substituted peptides, see: (a) Chao, Y.-Y. H.;
S.; Warshel, AJ. Chem. Physl991, 95, 4366. (b) Wipff, G.; Dearing, A.; Bersohn, RBiopolymersl978 17, 2761. (b)ldem. Biopolymerd 977, 16,
Weiner, P. K.; Blaney, J. M.; Kollman, P. A. Am. Chem. So4983 105, 277. (c) Grathwohl, C.; Whlrich, K. Biopolymersl976 15, 2025. (d)lbid.
997. (c) Blaney, J. M.; Weiner, P. K.; Dearing, A.; Kollman, P. A.; p 2043. For molecular mechanics calculations of preferred conformations
Jorgensen, E. C.; Oatley, S. J.; Burridge, J. M.; Blake, C. Cl. Am. of (L-Pro-X), peptides, see: (a) McDonald, D. Q.; Still, W.L Org. Chem.

Chem. Soc1982 104, 6424. 1996 61, 1385. (b) Oka, M.; Nakajima, APolym. Bull.1994 33, 693.
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Table 1. Time-Resolved Fluorescence bfand 22>

1 2

solvent 7 (ns) A)° 7 (ns) A)° ke (x 1078 571) ket (x 1078 571) Kett/Ketz
THF 0.7 (42), 2.5 (58) 33(88), 81 (11) 6.2 0.2 27
THFe 1.5 (62), 3.7 (34), 59 (4) 39 (93), 117 (7) 2.2 0.2 11
THF/H,0 2.5 (53), 8.6 (40), 67 (7) 19 (92), 56 (8) 1.0 0.5 1.8
THF/H,0° 8(38), 2.7 (54), 70 (6) 17 (85), 46 (15) 1.1 0.4 2.4
THF/H,0°f 3.7 (61), 14 (31), 97 (8) 19 (90), 80 (10) 0.6 0.3 1.8
CF:CH,OH 16 (83), 46 (9), 162 (8) 17 (85), 46 (15) 0.3 0.2 1.2
CH,CN 0.9 (67), 27 (33) 9 (97), 96 (2) 7.1 0.9 8

aThe time-resolved fluorescence experiments were performed on a single-photon counting apparatus, with a 20 ps time fggctutidd,
nm, Aobs = 400 nm. T = 20—22 °C. P Concentrations were low=30 x«M, 0d(355) < 0.1) in order to avoid self-aggregation. Samples were
degassed by bubbling Ar for 20 min before and during the measurenidmts. numbers in parentheses indicate the relative weighfing,
amplitudex 100, of the component.Calculated fromk; = 1/@[1— 1/, whereZGl= 7'(A') + 7"'(A"), whereA’ and A" are the amplitude of each
component and, = 300 ns (time decay of a control oligopeptide substituted only with pyrér@janidinium carbonate (about 4 g/mL) added.
fMeasurement repeated on sample of entry 4 after 1 day.

Chain /

3 a e
N N
Chain—C =<=—= Chain—C
Chain
cis TRANS o
T T T T

Figure 4. cis—transisomerization of proline-substituted peptides.

T
7.2 7.0 6.8

6.6 6.4
The conformation ofi(-Pro-X), peptides, where X= Ala or >

a non-proline peptide, is more complicated because the equi- =4

librium is dependent also on the nature of X and on the several

possible hydrogen bonding patterns between the carbonyl group

of Pro and the NH of X3¢ Therefore, in addition teis and

transisomerism, the internal hydrogen bonding pattern in these

mixed polypeptides generatBsand/ory turns, and the number

of possible conformations is higher than in the parer®io), . . — . "

peptides. In most organic solvents, proline-substituted peptides 7.2 7.0 6.8 6.6 6.4

exist as a mixture of conformers and are nonhelical. Figure 5. 'H NMR spectra in CDGlof 3 (top) and4 (bottom) in the
Oligopeptides3 and 4 were prepared following the same aromatic region.

standard solution-phase coupling procedure employed for the

synthesis ofl and2.4214 Both oligopeptides were much more in EtOH and CHCN, with negative bands d@t= 210 nm and

polar on silica gel and less soluble in organic solvents than weak positive bands at 230 nm, are similar in shape to the

and 2, probably because proline-rich peptides are more rigid previously reported CD spectra alf-trans-polyproline and are

and extended than alternating Ala-Aib oligomers. THeand very different from the CD spectra afl-cis-polyproline, which

13C NMR spectra in CDGlof 3 and4, as well as the spectra of  has a strong negative bandiat= 190 nm and a strong positive

some of the intermediates, show the presence of more than onéhand atli = 220 nm??22

conformer:® The cis—trans distribution in 3 and 4 depends Protic solvents also influence the secondary structuré, of
on the pH and solvent polarity, complicating the interpretation 5 chown by the CD spectra in GEN, EtOH, MeOH, CH-
of the time-resolved fluorescence measurements. However,c\ 4.0 (70/30 (vv)), and CECH,OH lliigure’79 As in1and
from literature data ofitProL-Ala), peptides and by analysis 2, peptides3 and4 aré completely un’folded in the presence of
of their CD spectra ide infra), it appears that thdrans ' - )
. . ; . water or in CRCH,OH. Although1 and2 are denatured in
conformation of the Pro-Ala bonds is the dominant conformation : . . .
in the conditions used for the data reported in Tablécg. protic solvents because of disruption of intramolecular hydrogen
bonding, the changes in the secondary structure established by

In thelH NMR spectrum of4, one of the aniline doublets is the CD trai " lvents 8&nda instead reflect
shifted downfield by 0.2 ppm from the corresponding doublet € shectra In protic SOWens 8anda may instead refiec
changes in theis—transequilibrium and/or denaturation caused

in 3, Figure 5, indicating a different average environment for . ) . )
this group in CDCJ.16 by interaction of the solvent with the intramolecular hydrogen

Circular Dichroism Spectra of 3 and 4. An analysis of bonds®¢ between the proline carbonyl and the alanine NH

the CD spectra 08 and4 in CHsCN shows thaB and4 have groups.

a low helical content, as evidenced by the single minimum at  Steady-State Fluorescence Spectra of 3 and 4The

approximately 230 nm, Figure 6. The CD spectra3aind4 fluorescence spectra 8fand4 in THF, CH,Cl,, MeOH, EtOH,
anF | ; 5 Bodanszkyina Prac and CHCN exhibit dramatic solvent dependence, Figure 8. In

or general coupling procedures, see: bodanszky,nd.rractice H

of Peptide SynthesiSpringer-Verlag: Berlin, 1994. nonpolar solvents, like THF and GHI, a broad structureless
(15) ThelH and3C NMR spectra in CDGlof peptides3 and4 and of fluorescence emission is observediaix = 500 nm for4 and

their precursors are a mixture of at least two isomers, one present in a smallerat 4,,... = 520 nm for3. This emission has a lower intensity or

amount (8-25%). In the Experimental Section, we report the resonances . . .
of the major component, but we were not able to unambiguously assign is absent in polar or protic solvents such assCN, EtOH,

each peak to ais or trans conformation. NMR spectra &-Ala-Pro-Ala- and MeOH, Figure 5. In all solvents studied, the emission

OMe in CD;0D, D;0, and DMSO showed that in these solvents the Pro- intensity of 4 was higher than that o8. In both 3 and 4
Ala bonds are mostlyrans with 11-13% of cis.13¢ '

(16) No difference in the chemical shift of the chromophore protons was Sl."bStantiall_quenChing of the pyrene singlet by tRNeN-
observed between the spectralo&nd 2. dimethylanilino group can be observe®f = 0.13, gy =

1
1

T T T
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Figure 6. (A) Circular dichroism spectra of ¥ 10 M solutions of g 02l & %0
1 (a) and3 (b) in CHsCN. (B) CD spectra of x 10~* M solutions of 20 15 ':' .
2 (a) and4 (b) in CH;CN. A’ THE
0.1
. . _ 17 -
0.061, in CHCN, referenced to pyrene in ethan®k,y = 0.7): 0.05 N/ emgen
The fluorescence quantum yield &f was twice that of4, weor, WKL N
indicating more efficient quenching i 0 b ';00
To establish whether the 500 nm band is an exciplex or Wavelength (nm)

excimer emission, and whether it is formed intramolecularly or Figure 8. Steady-state fluorescence spectra 64) and4 (B) in CHp-

intermolecularly (peptide8 and 4 are sparingly soluble in Cl, THF, EtOH, MeOH, and CKCN (lex = 355 nm, 1x 10-* M).
npnpolar solvents and may aggregate), we studied the effect of,q Jmax Of the exciplex emission is 520 nm Biand 500 nm ind.

dilution on the fluorescence spectrasfn THF and CHCI,,

Figure 9. In THF, the emission intensity did not decrease with 1, t 4150 by the backbone conformations. In nonprotic and
increasing dilution beyond that gxpected for Beerjs law absorp- nonpolar solvents, the Pro-Ala bonds adopt preferentiatlisa

tion changes. In CkCly, the emission of a more dilute sample  -q1formation212 and the intramolecular hydrogen bonds are
was stronger than that of a more concentrated sample, and them, o gisrupted: hence, the peptide backbone is less extended and

decreased upon further dilution. These observations suggestne chromophores are closer in space, permitting the formation
that the 500 nm emission is probably an intramolecular excipleX, o¢ a1 intramolecular exciple®

and that the distance between the chromophores is regulated - . .
. Furthermore, the consistent observation of a more intense
not only by the number of Ala-Pro residues that separate them __ . L . .
exciplex emission i4 than in3, a 10 nm red shift of the

(17) The fluorescence quantum yieldsloand2 were calculated from

the formula reported by Eaton, D. Pure Appl. Chem1988 60, 1107. (18) From the data available, it is not possible to know whether both
The pyrene fluorescence quantum vyield is reported by Birks, J. B. compounds have identical conformations in more polar solvents in which
Photophysics of Aromatic Moleculed/iley & Sons: New York, 1970; p the peptide backbone is more extended and the exciplex emission is not

252. observed.
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Figure 9. Steady-state fluorescence spectraddh CH.Cly (Aexc =
355 nm, 1x 10* M) (od(355)= 0.061 (a); 0.014, gair= 10 (b);
0.099 (c); 0.177 (d)). In THF od(355F 0.056 (a); 0.124 (b); 0.012,
gain= 10 (c).

emission in3 and the chemical shift differences between the
IH NMR spectra of3 and4 all suggest that the two peptides
populate different average conformations in solutions.

Time-Resolved Fluorescence Measurementshe electron
transfer rate’d of 3 and4 were measured only in polar solvents
in which the exciplex fluorescence is either not observed or
has a low intensity: CECN, EtOH, MeOH, THF/HO (70/30
(v/v)), and CRCH,OH, Table 220

In both 3 and 4, the observed fluorescence decays were

biexponential and the electron transfer rates were about 1 orde

of magnitude slower than idh and 2. The slower rates are

probably the result of the more extended structure adopted by

the proline-rich backbone o8 and 4 in polar solvents, the
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THF/H,O and CECH,OH, where the peptides exist as a random
colil, the electron transfer rates ®and4 were identical (Table
2, entries 5 and 6, cf. Figure 7).

In both MeOH and EtOH, the rates of electron transfed in
are faster than iB by about a factor of 2 (Table 2, entries-2).
However, the CD spectra &and4 in ethanol show that both
peptides have a similar residual secondary structure: in methanol
the peptides are completely unfolded, implying that the small
difference betweerk; and k4 in that solvent probably has a
conformational origin. In CBCN, the kq/ks ratio is about 3,
and the CD spectra show that in this solvent both peptides have
a residual secondary structure.

The observed rate difference in @EN is in the direction
opposite to that anticipated from an intramolecular dipole effect.
That is, faster rates are observedijin which charge separation
takes place parallel to the helix field. However, the fluores-
cence, CD, and NMR spectra have provided evidence that the
backbones ir8 and4 are conformationally mobile and have a
low helical content. Since the peptides populate different
backbone conformations, it is likely that any residual difference
in electron transfer rates betwe8rand4 can be attributed to
a conformational effect rather than an electric field effect.

Experimental Section

Materials. Anhydrous N,N-dimethylformamide (DMF) and 1,4-
dioxane were used as received (AldrictN-Methylmorpholine (NMM)
was dried overnight ove4 A molecular sieves, fractionally distilled
over KOH under Ar, and stored in the dark under Ar. Ethanol was
distilled from Mg(OEt). Solvents for spectroscopic studies were either
distilled or spectral grade and used as received. Commercially available
1-hydroxybenzotriazole trihydrate (HOBT), 1-(3-(dimethylamino)-
propyl)-3-ethylcarbodiimide hydrochloride (EDCl}e(t-butoxycarbo-
nyl)-L-alanine (Boc-Ala-OH)i-alanine ethyl ester hydrochloride, and
L-proline methyl ester hydrochloride (HEI-Ala-OEt) were used
without further purification. 1)-Boc-(p-(N,N-dimethylamino)phenyl)-
alanine andw)-pyrenyl-1-alanine methyl ester were prepared according
to a previously reported procedufe.Column chromatography was
performed on Merck silica gel 60 (400/600 mesh). Thin-layer
chromatography was carried out on 0.25 mm Polygram silica gel plates
using 10% ethanolic phosphomolybdic acid, 1% ethanolic ninhydrin,

I;;\nd/or UV light and heat as developing agents. Protected unsubstituted

oligopeptides were detected by using a previously described developing
reagent?

Instrumentation and Methods. *H and'3C NMR spectra were
recorded at 500 and 125 MHz, respectively, or at 300 and 75 MHz,

distance between chromophores being greater than the distancgespectively, on a General Electric GN-500 or on a Varian Unity Plus

between chromophores ir-helical 1 and2 (about 10 A). In

(19) The transient absorption spectra3énd4 show the presence of
pyrene radical anion at 500 nm, in direct analogy to that observed in the
transient absorption spectra bfand 2.

(20) A possible way to simplify the operative conformational equilibrium
was to use the experimental conditions in which (Ppgptides are in an
all-transconformation. However, these conditions (acidic aqueous solution)
could not be employed, because at low pH thR-dimethylanilino group
would be protonated and could no longer act as an electron donor.

(21) We attempted the synthesis of oligopeptides analogoligtm 2,
but substituted with the conformationally restricted amino atidsd|l .

(We thank Dr. Mark Minton for assistance in the preparation of these
compounds.)

H H
HoOC Q HooC AN
HN HN O
)

Unfortunately, we were unsuccessful in incorporatingr Il into an Ala-
Aib backbone, because of solubility problems and/or the difficulty of
coupling bulkya,a-disubstituted amino acids. The latter is a problem which
is well documented in the literature: Kaminski, Z.; Leplawy, M. T.; Olma,
A.; Redlinski, A. InPeptides 1980Proceedings of the European Peptide
SymposiumBrunfeldt, K., Ed.; Scriptor: Copenhagen, 1981; Vol. 16, p
201.
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spectometer. The solvent was CRCProton spectra were referenced
to TMS, and carbon spectra were referenced to the solvent. Coupling
constants are reported in hertz, with a precision of 0.1 Hz. MS and
HRMS spectra were obtained on a VG2AB2-E mass spectrometer (VG
analytical LDT).
Circular dichroism measurements (Figures 2, 3, 6, and 7) were
performed on a Jasco J600 spectropolarimetdr sit cmquartz cell.
The solutions had an optical density.1 at 355 nm, corresponding to
30 uM concentration. The steady-state fluorescence spectra reported
in Figures 8 and 9 were recorded on a SLM-Aminco 500 C spectrof-
luorometer Aexc = 355 nm, with solutions of 0.1 AU (about 3M).
Single-photon counting measurements (Tables 1 and 2) were
conducted at the Center for Fast Kinetics Research (CFKR) at the
University of Texas at Austin on a single-photon counting appafatus.
Peptide Syntheses. A. General Procedure for Peptide Couplirfg.
All reactions were performed under Ar in dried glassware. In a typical
procedure, NMM (2.8 mL) was added to a solution of the Boc-protected
amino acid (15 mmol) in DMF (30 mL) cooled te15 °C (ice/acetone
bath). The methyl or ethyl ester of the neutral amino acid or the

(22) Von Arx, E.; Faupel, M.; Brugger, Ml. Chromatogr.1976 120,
224.

(23) O’'Connor, D. V.; Phillips, D.Time Correlated Single Photon
Counting Academic Press: New York, 1984; Chapter 4.
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Table 2. Time-Resolved Fluorescence ®fand 42
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4 3
solvent 7 (ns) (weight) 7 (ns) (weight) Keted (x1077s7Y) ke (x1077s7Y) KetaKets
CH4CN¢ 21 (84), 140 (16) 53 (70), 220 (30) 2.1 0.6 3.4
MeOH 30 (77), 110 (23) 34 (79), 230 (21) 1.7 1.0 1.8
MeOHe 29 (65), 96 (35) 35 (72), 200 (28) 1.6 0.9 1.8
EtOHe 28 (39), 100 (61) 26 (42), 170 (58) 1.0 0.6 1.8
H,O/THF 36 (45), 99 (55) 54 (80), 244 (20) 1.0 75 1.3
CFsCH,OH¢ 55 (38), 182 (62) 71 (59), 235 (41) 0.4 0.4 1.0

a2 The time-resolved fluorescence experiments were performed on a single-photon counting apparatus, with a 20 ps time fggchBdd,
nm, Aqps = 400 nm. T = 22 °C. Concentrations were love=30 «M, 0d(355) < 0.1) in order to avoid self-aggregatiohCalculated fromk; =
1/20) — 1k, whereZl)= '(A’) + 7""(A"), whereA" and A" are the amplitude of each component apa= 300 ns (time decay of a (Ala-Aib)
monosubstituted with pyrene)The numbers in parentheses indicate the relative weighting,amplitude x 100, of the component.Samples
degassed by bubbling Ar for about 20 min before and during the measurefm®ataples degassed by six freeg@imp-thaw cycles! Guanidinium

carbonate (about 4 mg/mL) added.

hydrochloric salt (15 mmol) was added, followed by HOBT (17 mmol)
and EDCI (17 mmol). The solution was stirred for 24 h, during which

OCH,CHs) ppm; 3C NMR 6 173.03, 172.74, 170.55 ((GHC(=0)—O—
), 155.20 (C(=0)OEt), 79.66 (G-C(CHz)s), 61.39, 59.74, 49.43,

time it reached room temperature. It was then poured into ethyl acetate48.21, 47.76, 47.18, 28.29 (3C,@Hy)s), 27.41, 25.08, 18.62, 14.12;

(100 mL) and water (50 mL). The organic layer was washed with 1 N
HCl(aq) (3x 50 mL), brine 1 M KHCOs(aq) (2x 50 mL), and brine
and then dried over N8O, and concentratedh vacuo. The oil
obtained was purified by column chromatography. All reactions and

CI-MS mvz 386 (50), 330 (20), 199 (70), 160 (7), 148 (7), 140 (14),
128 (17), 114 (17); HRMS calcd for ¢H:N:0s 386.2291, found
386.2282.

Boc-Ala-Pro-Ala-OH was prepared following the general procedure

column chromatographies involving chromophore-substituted substratesfor ester hydrolysis from Boc-Ala-Pro-Ala-OEt (0.8 g, 2.2 mmol) and

were performed in the dark, protecting the flask and the column from
light with aluminum foil. The peptides were stored-at0 °C in the
dark, in vials purged with Ar.

B. General Procedure for Ester Hydrolysis. In a typical
procedure, an aqueous solution of NaOH-{® mmol, in 4 mL of
H,0) was added to a solution of the peptide methyl or ethyl ester (7.3
mmol) in ethanol (80 mL). The solution was stirred & h atroom
temperature, during which time the hydrolysis was complete (TLC).
The solution was then acidified to pH-3 with 5% NaHSQ(aq), the

NaOH (90 mg in 15 mL of KHO) in ethanol (20 mL). The solution
was stirred fo 4 h atroom temperature. Boc-Ala-Pro-Ala-OH was a
white solid which was used in the next reaction without further
purification.

HCI-H-Ala-Pro-Ala-OEt. Boc-Ala-Pro-Ala-OEt (0.92 g, 2.3 mmol)
was added to 100 mL of ice-cold dioxane in which HCI had been
bubbled for 16-15 min. The ice bath was removed, and the solution
was stirred for 3 h, during which time the reaction was compléte (
NMR). The solvent was evaporated, and the white solid obtained was

solvent was evaporated, and the residue was dissolved in ethyl acetateyitrated with ether and drieth vacuo overnight to yield Boc-Ala-
The organic layer was washed with brine twice, and the solvent removed pro_aja-OEt as a white, hygroscopic solid (1.6 g, 100%).

in vacua The white solid obtained was dried vacuo overnight to
afford the acid as a white solid (typically 90%), which was used in the
following step without further purification, after checking the comple-
tion of reaction and purity byH NMR. All reactions involving
chromophore-substituted substrates were performed in the dark.

Boc-Ala-Pro-OMe was prepared following the general coupling
procedure from Boc-Ala-OH (2.8 g, 15 mmol), H8FPro-OMe (2.5
g, 15 mmol), HOBT (2.3 g, 17 mmol), and EDCI (3.2 g, 17 mmol) in
DMF (30 mL). Purification by column chromatography (40% hexane/
60% ethyl acetate, v/v) afforded Boc-Aib-Ala-OMe as a colorless oil
(3.8 g, 85%): *H NMR 4 5.35 (br d, 1H, NH,J = 7.2), 4.50-4.55
(dd, 1H), 4.46-4.50 (m, 1H), 3.72 (s, 1H, Od3), 3.65 (m, 1 H), 3.55
3.63 (m, 1 H), 1.862.3 (m, 1 H), 1.6-2.1 (m, 3 H), 1.42 (s, 9H,
C(CH3)3), 1.35 (d, 3H,J = 7.1, CHQHs) ppm; 13C NMR 6 172.44,
171.77 ((CH):C(=0)—0-), 155.26 C(=0)OMe), 79.57 (G-C(CHz)s),
58.72, 52.24, 47.75, 46.76, 28.93, 28.38 (3CCK4)s), 24.92, 18.31
ppm; CI-MSm/z 302 (20), 301 (100), 287 (4), 245 (48), 227 (6), 201
(8), 175 (10); HRMS calcd for GH2sN»05 301.1763, found 301.1760.

Boc-Ala-Pro-OH was prepared following the general procedure for
ester hydrolysis from NaOH (360 mg, in 4 mL ob®)) and Boc-Ala-
Pro-OMe (2.2 g, 7.3 mmol) in ethanol (80 mL). The solution was
stirred fa 6 h atroom temperature. Boc-Ala-Pro-OH was obtained as
a white solid which was used in the following step without further
purification.

Boc-Ala-Pro-Ala-OEt was prepared following the general coupling
procedure from HCH-Ala-OEt (2.7 g, 18 mmol), Boc-Ala-Pro-OH
(15 mmol), HOBT (2.5 g, 18 mmol), EDCI (3.5 g, 18 mmol), and
NMM (3.5 mL) in DMF (50 mL). Purification by column chroma-
tography (80% ethyl acetate/20% hexane, v/v) and crystallization from
ethyl acetate/hexane afforded Boc-Ala-Pro-Ala-OEt as white crystals
(5.0 g, 86%): the'H NMR spectrum shows about 10% of another
isomer (not reported}H NMR ¢ 7.1 (br d, 1H, \H, J = 7.2), 6.6 (s,
1H, NH), 5.37 (br d, 1H, M, J = 8.0), 4.6 (m, 1H), 4.44.55 (m,
2H), 4.19 (q, 2HJ = 7.2, OH,CHg), 3.7 (m, 1H), 3.63-3.55 (m, 1
H), 3.38 (t, 1H,J = 7.1), 2.37 (t, 1HJ = 5.0), 2.3 (m, 1 H), 2.1 (m,

1 H), 2.05-1.90 (m, 1 H), 1.44 (s, 9H, C(dx),), 1.39 (d, 3HJ = 7.3,
CHCHa3), 1.35 (d, 3H,J = 7.3, CHMH,), 1.27 (t, 3H,J = 7.2,

Boc-dmaPhe-Ala-Pro-Ala-OEtwas prepared following the general
coupling procedure from HE@H-Ala-Pro-Ala-OEt (2.3 mmol), Boc-
dmaPhe-OF (710 mg, 2.3 mmol), HOBT (320 mg, 2.5 mmol), EDCI
(480 mg, 2.5 mmol), NMM (2 mL), and DMF (20 mL). Purification
by column chromatography (ethyl acetate) and trituration with ether
afforded6 as an off-white solid (1.1 g, 86%): tHeél NMR spectrum
shows about 8% of another isomer (not reportéd)NMR 6 7.1-7.2
(2 brs,3H, ), 7.11 (d, 2HJ = 5.0, phenyl), 6.68 (d, 2H] = 5.1,
phenyl), 4.95 (br s, 1H, N), 4.73 (m, 1H), 4.56-4.55 (m, 1H), 4.47
(m, 1H), 4.4 (br s, 1H), 4.17 (g, 2H, = 7.1, OCH,CHy), 3.61 (m,
1H), 3.55-3.60 (m, 1 H), 2.8-3.0 (m, 2H), 2.90 (s, 6H;-N(CHs)),
2.25 (br m, 1H), 2.1 (br m, 1 H), 2.65L.90 (br m, 1 H), 1.39 (s, 9H,
C(CH3)), 1.35(d, 3HJ = 2.5, CHH3), 1.33 (d, 3HJ = 2.1, CHCH3),

1.26 (t, 3H,J = 7.1, OCHCHgs) ppm; *3C NMR ¢ 172.74, 171.91,
170.91, 170.62 ((CJsC(=0)—0—), 155.20 (- C(=0)—OEt), 149.71
(phenyl), 130.28, 130.01 (2C, phenyl), 124.11 (phenyl), 112.89 (2C,
phenyl), 80.03 (6-C(CHy)3), 61.34, 59.79, 55.54, 48.10, 47.29, 46.71,
40.71 (2C,—N(CHj3),), 37.65, 28.30 (3C, @Ha)3), 27.72, 25.07, 18.40,
18.13, 14.13 ppm; CI-MSn/z 576 (100), 562 (4), 520 (8), 503 (3),
330 (11), 286 (6); HRMS calcd for £H4eNsO; 576.3397, found
576.3386.

H-dmaPhe-Ala-Pro-Ala-OEt. The deprotected tetrapeptide was
prepared following a literature procedure for the removal of Boc group
in aryl-substituted peptide8. MesSil (0.3 mL, 2.1 mmol) was added
at room temperature in a glovebag under nitrogen to a solution of Boc-
dmaPhe-Ala-Pro-Ala-OEt (960 g, 1.6 mmol) in dry €EN (10 mL).
The reaction flask was protected from light. The pale yellow solution
was stirred for 10 min, and dry MeOH (0.5 mL) was then added. The
solvent was evaporated vacuqg and the oil residue was dissolved in
10% aqueous acetic acid (20 mL). The aqueous layer was washed
with ether (3x 10 mL) and evaporateth vacuo (T(bath) = 40—50
°C). The white solid residue was triturated with ether and dited

(24) The synthesis of Boc-dmaPhe-OH is described by Bergel, F.; Stock,
J. A.J. Chem. Socl1959 90.

(25) Lott, R. S.; Chauhan, V. S.; Stammer, C.XChem. Soc., Chem.
Commun.1979 495.
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vacuoovernight {[(bath)= 40 °C) to afford a pale yellow solid (690
mg, 91%) which was used in the next step without further purification.
Boc-Ala-Pro-Ala-dmaPhe-Ala-Pro-Ala-OEt was prepared follow-
ing the general coupling procedure using Boc-Ala-Pro-Ala-OH (2
mmol), H-dmaPhe-Ala-Pro-Ala-OEt (1.6 mmol), HOBT (270 mg, 2

mmol), EDCI (385 mg, 2 mmol), and NMM (0.5 mL) in DMF (30

mL). Purification by column chromatography (90% ethyl acetate/10%
MeOH, v/v) and trituration with ether afforded the product as an off-
white solid (780 mg, 86%), which was further purified with a second
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white solid obtained was dried vacuoovernight, in the dark, to afford
the acid as a white solid, which was used in the next step without further
purification.

Boc-Ala-Pro-Ala-pyrAla-Ala-Pro-Ala-OEt was prepared following
the general coupling procedure from H-Ala-Pro-Ala-OEt (1 mmol),
Boc-Ala-Pro-Ala-pyrAla-OH (0.68 mmol), HOBT (115 mg, 1 mmol),
EDCI (160 mg, 1 mmol), NMM (30uL), and DMF (10 mL).
Purification by two consecutive column chromatography runs (ethyl
acetate, followed by 80% ethyl acetate/20% MeOH, v/v) and trituration

column chromatography using the same solvent mixture to afford a with ether afforded the peptide as a white solid (410 mg, 67%i):

white solid: the!H NMR spectrum shows about 10% of another isomer
(not reported)!H NMR 6 7.6 (br s, 1H, M), 7.34 (d, 1H,J = 7.1,
NH), 7.19 (d, 1HJ = 7.1, NH), 6.95 (d, 2H, phenyl) = 8.5, and 1H,
NH), 6.58 (d, 2HJ = 8.7, phenyl), 5.45 (br s, 1H, ), 4.8 (m, 3H),
4.3-4.6 (m, 3 H), 4.16 (g, 2H) = 6.0, OH,CHj), 3.5-3.8 (m, 1H),
2.7-3.0 (m, 3 H), 2.8-3.0 (m, 2H), 2.95 (s, 6H;-N(CHa),), 1.9-2.2
(series of br m, 10 H), 1.44 (s, 9H, 4ff3)), 1.4-1.2 (m, 15 H, CHCl3
and OCHCHjz) ppm; *C NMR ¢ 173.11, 172.78, 172.81, 171.87,
171.78, 171.26, 171.05, 170.68, 155.43C(=0)—OEt), 149.59
(phenyl), 130.28 (2C, phenyl), 124.54 (phenyl), 112.92 (2C, phenyl),
79.05 (O—C(CHg)s), 61.219, 60.35, 59.92, 54.7, 49.35, 48.50, 48.07,
47.40, 47.24, 46.74, 40.73 (2EN(CHa),), 37.68, 28.38 (3C, @Ha)s),

NMR ¢ 8.27 (d, 1H,J = 9.0, pyrene), 8.15 (d, 1H, = 7.5, pyrene),
8.12 (d, 1HJ = 7.5, pyrene), 7.958.05 (m, 5 H, pyrene), 7.8 (d, 1H,
J=17.7, pyrene), 7.14 (d, 1H = 6, NH), 6.54 (br s, 1H, M), 5.25

(d, 1H,3= 9.0, NH), 4.40-4.30 (m, 4H), 4.14 (q, 2H] = 7.5, OCH,-
CH;s), 3.9 (m, 1 H), 3.6 (m, 2H), 3.47 (dd, 2K; = J, = 7), 3.40 (m,

1 H), 3.30 (m, 1H), 2.6-1.85 (br m, 9H), 1.43 (s, 9H, C(€})), 1.42

(br s, 3H, (H3), 1.3-1.2 (m, 16H, CHE3 and —CH,—) ppm; *C
NMR 6 173.031, 172.72, 171.82, 171.25, 170.84, 170.62, 169.96,
155.31 C(=0)—O0Et), 131.31,130.97, 130.73, 130.44, 129.43, 128.03,
127.95, 127.64, 127.48, 126.92, 125.94, 125.11, 124.96, 124.81, 124.77,
123.24, 79.95 (6-C(CHjy)s), 65.85, 61.25, 60.32, 59.46, 54.69, 49.44,
48.63, 47.99, 47.24, 46.93, 35.84, 28.58 (3€,TICH3)3), 27.55, 25.19,

25.21, 25.06, 18.51, 18.36, 18.11, 17.96, 17.90, 14.14 ppm; CI-MS 24.78, 18.04, 17.99 (2C), 17.67, 15.27, 14.11 ppm; CI-M3 896

m/z 576 (100), 562 (4), 520 (8), 503 (3), 330 (11), 286 (6); HRMS
calcd for GoHssNgO1p 815.4667, found 815.4665.
Boc-Ala-Pro-Ala-dmaPhe-Ala-Pro-Ala-OH was prepared follow-
ing the general procedure for ester hydrolysis from Boc-Ala-Pro-Ala-
dmaPhe-Ala-Pro-Ala-OEt (123 mg, 0.15 mmol) and NaOH (8 mg in 5
mL of H;0) in ethanol (40 mL). The peptide solution was cooled with
an ice bath before the addition of NaOH, allowed to warm to room
temperature over 5 h, and then stirred 2ch atroom temperature and
neutralized to pH 67 with 5% NaHSQaq). The white solid obtained
was used in the next step without further purification.
H-Ala-Pro-Ala-dmaPhe-Ala-Pro-Ala-OEt. The deprotected tet-

(100), 796 (18), 670(1), 626 (7), HRMS calcd forsgHe:N7O10
896.4558, found 896.4558.

Boc-Ala-Pro-Ala-pyrAla-Ala-Pro-Ala-OH. The acid was prepared
following the general procedure for ester hydrolysis from Boc-Ala-
Pro-Ala-pyrAla-Ala-Pro-Ala-OMe (140 mg, 0.15 mmol) and NaOH
(8 mg in 10 mL of HO) in ethanol (20 mL). The peptide solution
was cooled with an ice bath before adding the NaOH solution. The
solution was allowed to warm to room temperature over 4 h, stirred
overnight at room temperature, and then acidified to pH 5 with 5%
NaHSQ(aq). The solvent was evaporated, and the white solid obtained
was driedn vacuoovernight to afford the acid as a white solid, which

rapeptide was prepared following the procedure used for H-dmaPhe-was used in the next step without further purification.

Ala-Pro-Ala-OEt from Boc-Ala-Pro-Ala-dmaPhe-Ala-Pro-Ala-OEt (125
mg, 0.15 mmol), and Msil (34 uL, 0.2 mmol) in CHCN (10 mL)
followed by MeOH (0.5 mL). The reaction flask was protected from
light. The off-white solid obtained was driedrfé h in high vacuum
and immediately used in the next step without further purification.
Boc-Ala-Pro-Ala-pyrAla-OMe was prepared following the general
coupling procedure from Boc-Ala-Pro-Ala-OH (570 mg, 1.6 mmol),
H-pyrAla-OMe (490 mg, mmolj2?6HOBT (230 mg, 1.7 mmol), EDCI
(326 mg, 1.7 mmol), and NMM (0.3 mL) in DMF (20 mL). Purification
by column chromatography (GBI, followed by 95% ethyl acetate/
5% MeOH, v/v) and trituration with ether afforded the peptide as an
off-white solid (560 mg, 53%): théH NMR spectrum shows about
20% of another isomer (not reportedd NMR 6 8.36 (d, 1H,J =
9.3, pyrene), 8.28.0 (m, 7 H, pyrene), 7.85 (d, 1H,= 7.8), 7.03 (d,
1H,J = 7.3, NH), 6.85 (d, 1H,J = 7.6, NH), 5.26 (d, 1H,J = 7.6,
NH), 5.08 (dd, 1H,J; = 7.6, J, = 6.5), 4.5-4.2 (series of m, 2H),
3.9-3.8 (m, 3 H), 3.86 (s, 3 H, OF3), 3.7-3.5 (series of m, 3 H),
1.95 (m, 2 H), 1.85 (m, 2H), 1.43 (s, 9H, Ofg), ), 1.27 (d, 3HJ =
7.0, CHHy), 1.24 (d, 3HJ = 6.8, CHQH3) ppm; **C NMR 6 173.11,
171.96, 171.74, 170.93, 155.26-C(=0)—OEt), 131.32, 130.79,

H-Ala-Pro-Ala-pyrAla-Ala-Pro-Ala-OEt.  The deprotected peptide
was prepared following the procedure used for Boc-dmaPhe-Ala-Pro-
Ala-OEt from Boc-Ala-Pro-Ala-pyrAla-Ala-Pro-Ala-OEt (145 mg, 0.15
mmol) and MegSil (40 uL, 0.28 mmol) in CHCN (10 mL) followed
by MeOH (0.5 mL).

Boc-Ala-Pro-Ala-pyrAla-(Ala-Pro-Ala) »-Ala-dmaPhe-Ala-Pro-
Ala-OEt (3). The peptide3 was prepared following the general
coupling procedure from H-Ala-Pro-Ala-dmaPhe-Ala-Pro-Q&t
(0.15 mmol), Boc-Ala-Pro-Ala-pyrAla-Ala-Pro-Ala-OH (0.15 mmol),
HOBT (30 mg, 0.2 mmol), EDCI (40 mg, 0.2 mmol), and NMM (110

uL) in DMF (10 mL). Purification by a short silica gel column (ethyl

acetate followed by increasing amounts of EtOH and then pure EtOH)
and trituration with ether afforded as a white solid (30 mg, 12%):

IH NMR 6 8.36 (d, 1HJ = 9.8, pyrene), 8.15 (d, 1H,= 8.4, pyrene),
8.12 (d, 1H,J = 8.4, pyrene), 7.98.1 (m, 6 H, pyrene), 7.8 (br s, 1H,
NH), 7.4—7.6 (series of br m, 6 H, N), 7.17 (d, 2HJ = 8.7, phenyl),
6.54 (d, 2HJ = 8.7, phenyl), 5.29 (br s, 1H, 1), 4.90 (m, 1H), 4.6-

4.55 (m, 13 H and q, 2H] = 7.0, OGH,CH), 3.5-3.9 (m, 10 H), 3.2

(br m, 1H), 2.7-3.0 (br m, 2H), 2.69 (s, 6H;-N(CHs),), 1.6-2.4 (br

m, 16 H), 1.57 (d, 3HJ = 8, CHCH3), 1.52 (d, 3H,J = 7, CHCH3),

130.61, 130.06, 129.58, 127.91 (2C), 127.42, 127.21, 126.00, 125.92,1.49 (s, 9H, tBu, C(€s),), 1.44 (d, 3H,] = 3, CHCHy), 1.40 (d, 3H,

125.10 (2C), 124.70, 123.09, 79.77<G(CHs)s), 65.84, 63.20, 59.77,

J =7, CHOHs), 1.38 (d, 3H,J = 7, CHCHs), 1.34 (d, 3H,J = 7,

53.72, 52.35, 48.91, 48.00, 47.11, 42.58, 37.51, 35.31, 28.36 (3C, CHCHs), 1.29 (d, 3HJ = 6, CHCH3), 1.24 (t, 3H,J = 7, OCHCHs),

C(CHs3)s), 27.07, 25.06, 18.33, 17.50, 15.27 ppm; CI-ki& 644 (28),
643 (10), 543 (8), 414 (8), 386 (45), 372(19), 332 (100), 286 (12);
HRMS calcd for GeHaaN4O; 643.3131, found 643.3120.
Boc-Ala-Pro-Ala-pyrAla-OH. The acid was prepared following

the general procedure for ester hydrolysis from Boc-Ala-Pro-Ala-
pyrAla-OMe (0.44 g, 0.68 mmol) and NaOH (30 mg in 5 mL of®)

in ethanol (20 mL), but by adding the NaOH to the solution cooled
with an ice bath. The solution was allowed to warm to room

1.16 (d, 3H,J = 7, CHCH3) ppm; 13C NMR 6 173.39, 173.43, 173.28,
173.03, 172.83, 172.74, 172.62, 172.57 (2C), 172.77 (2C), 171.67,
171.63 (2C), 156.08¢C(=0)—OEt), 149.34 (phenyl), 131.47, 131.24,
130.71, 130.40, 130.26 (2C, phenyl), 129.91, 129.01, 127.78, 127.35,
127.07, 126.03, 125.24, 125.08, 124.82, 124.32 (phenyl), 122.82, 112.73
(2C, phenyl), 80.96 (©.C(CHs),), 65.85, 63.15, 62.77, 62.65, 61.11,
60.17, 58.44, 55.32, 54.51, 53.68, 52.44, 51.27, 50.71, 49.06, 48.24,
48.01, 47.79, 47.74, 47.26, 40.69 (2EN(CHs),), 28.76, 28.38 (3C,

temperature, stirred overnight at room temperature, and then acidified C(CH,),), 27.76, 26.15, 26.10, 25.97, 25.21, 18.45, 17.95, 17.75, 17.47,

to pH 5 with 5% NaHS@aq). The solvent was evaporated, and the

(26) The synthesis of H-pyrAla-OMe was adapted from (a) Schmidt,
U.; Lieberknecht, A.; Wild, J.Synthesis1988 159. (b) Schmidt, U.;
Lieberknecht, A.; Wild, JSynthesisl984 53. (c) Burk, M. J; Feaster, J.
E.; Nugent, W. A,; Harlow, R. LJ. Am. Chem. S0d.993 115 10125.

16.95, 16.57, 16.46, 16.19, 15.27, 15.14, 14.15 ppm; FABAV¥.586
(88), 1565 (90), 1564 (100), 1563 (75), 1562 (70), 1487 (35), 1487
(50), 1250 (40); HRMS calcd for &H11dN150:7 1564.8204, found
1564.8209.
Boc-Ala-Pro-Ala-dmaPhe-(Ala-Pro-Ala)-pyrAla-Ala-Pro-Ala-
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OEt (4) was prepared following the general coupling procedure from of Aib by proline in the peptide sequence. The proline-
H-Ala-Pro-Ala-pyrAla-Ala-Pro-Ala-OEt (0.15 mmol), Boc-Ala-Pro-  containing peptide8 and4 adopt different average conforma-
Ala-dmaPhe-Ala-Pro-Ala-OH (0.15 mmol), HOBT (30 mg, 0.2 mmol), - tjons depending on the solvent, and small differences between
EDCI (40 mg, 0.2 mmol), and NMM (11@L) in DMF (10 mL). 3and4 in the rates of intramolecular electron transfer are better
Purification by a short silica gel column (ethyl acetate followed by . - .
increasing amounts of EtOH and then pure EtOH) and trituration with ascribed to a conformational gffect .rather than to the dipole
ether affordeds as a white solid (64 mg, 27%):H NMR 6 8.44 (d, effect. Electron transfer rates in protic solvents were found to
1H, J = 9.8, pyrene), 8.27.9 (m, 8H, pyrene), 7.8 (br s, 1H,HY, be identical. In all peptides studied, the decrease in differences
7.4-7.6 (series of br m, 8 H, N), 7.02 (d, 2H,J = 8.0, phenyl), 6.54 in photoinduced electron transfer rates may be related to the
(d, 2H, phenylJ = 8.0), 5.1 (br s, 1H, M), 4.90 (m, 1H), 4.6-4.55 alteration of a helix electrostatic field generated by the helix
(m, 13 H, and g, 2H) = 7.0, O0GHCHj3), 3.5-3.9 (m, 10 H), 3.2 (br  macroscopic dipole, corroborating the original proposal that the
m, 1H), 2.8-3.0 (m, 2H), 2.82 (s, 6H~N(CH3);), 1.6-2.4 (br m, 16 observed differences in rates betwdesnd2 may be attributed

H), 1.61 (d, 3HJ = 8.0, CH(H,), 1.54 (d, 3HJ = 7.9, CH(H3), 1.51 : : : I ;
(d 3H.J = 8, CHQHs), 1.46 (5, OH, C(Gls)), 1.40 (d, 3H.J = 7. ]Eiczalt(l;e orientation of the charged ion pair with or against that

CHCH3), 1.32 (d, 3H,J = 7, CHCH3), 1.27 (d, 3H,J = 7, CHCHy),
1.27 (d, 3H,J =6, CHCH3), 1.24 (t, 3H,J = 6.6, OCHCHs3), 1.17 (d, Nevertheless, it is important to recognize that the perturbations
3H, J = 7, CHCH3) ppm; 13C NMR ¢ 174.47, 173.40, 173.23 (2C),  of the helical structure introduced either by using protic solvents
173.12, 172.97, 172.75 (2C), 172.47, 172.22, 171.70, 171.60, 171.530r by changing the nature of the backbone do not unequivocally
(2C), 155.91 £ C(=0)—OEt), 149.55 (phenyl), 132.29, 131.19, 130.83, exclude the possibility that identical rates are the effect of a
130.19 (2C, phenyl), 129.84, 129.75, 129.64 (2C), 128.92, 127.49, \ariaty of factors other than a simple cancellation of the local

126.61, 125.63, 125.00, 124.93, 124.86, 124.72, 124.40 (phenyl), o .
123.38, 112.59 (2C, phenyl), 80.59-{@(CH.),). 65.79, 62.72, 62,58, electric field. First, the rates of electron transfer may change

61.19, 61.08, 60.03, 54.69, 51.14. 50.59, 49.00, 48.16, 48.03, 47.76,8S the relative positions of the chromophores are randomized
47.62, 47.19, 40.66, 40.57 (2EN(CH3),), 36.19, 35.38, 29.63, 28.73, by the denaturation process, creating conformational populations
28.61, 28.30 (3C, @IHs),), 27.83, 26.02, 25.78, 25.12, 17.93, 17.80, that differ from those present in the helical peptides. Second,
17.68, 17.54, 16.85, 16.53, 16.36, 15.21, 15.06, 14.08 ppm; FAB-MS the electron transfer may also proceed through the backbone,
m/z 1586 (100), 1564 (83), 1563 (60), 1562 (50), 1561 (65), 1487 (35), and it is possible that it is completely altered by the denaturation,
1485 (20), 1483 (20), 1466 (25), 1464 (25), 1251 (18); HRMS caled \which could cancel favorable conformational relationships that

for CesHi1oN15017 1564.8204, found 1564.8229. promote significant superexchange with the backbone. There-
fore, our results emphasize the importance of studying confor-
mationally rigid model peptides, where the relative orientation

The described experiments were designed to ascertain whethepf the chromophores and the distance between them are well-
the observed differences in photoinduced electron transfer ratesjefined and fixed, if the effect of the helix dipole on electron

in peptidesl and2 are indeed caused by a helix dipole effect. transfer rated is to be probed unambiguously.
We have obtained the cancellation of the dipole by denaturation
of the helix in peptideg and2 using hydrogen bonding solvents
and by introduction of helix-breaking proline residues in peptides
3 and 4. Identical electron transfer rates were observed for
peptidesl and 2 in 2,2,2-trifluoroethanol, a low dielectric
constant solvent which denatures the peptides. In hydrogen
bonding solvents with high dielectric constant, the observed
identical electron transfer rates Inand2 may be an effect of
the perturbation of the local electric field by helix unfolding
and/or of the decrease of the electric field in the high dielectric
medium.

Helix unfolding could also be accomplished by replacement JA963269K

Conclusions
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