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Abstract: Proteins are characterized by extensive hydrogen bonding that defines regular and irregular
substructures. However, hydrogen bonds are weak and insufficient for stabilizing peptide conformation in
water. Consequently, the biological activity of peptides is reduced. This led us to test whether a covalent
mimic of the hydrogen bond could be used to stabilize peptide conformation in water. A solid-phase synthesis
is described for replacing a main-chain hydrogen bond (NHD=CRNH) with a hydrazone link (NN=
CH—CH,CH,) in peptides. The synthesis is easy to implement, rapid, and capable of high yields. The
replacement of a putativei (+ 4 — i) hydrogen bond with the hydrazone at the N terminus of
acetyl-GLAGAEAAKA-NH; (1) to give [JLAZJAEAAKA-NH ; (2) converts it to a full-lengtte-helix in water

at ambient temperature as indicated by NMR spectroscopy. The observation oflyéiak + 3), medium

dun(i, |+ 1), and strongdys(i, i + 3) NOEs that spa2 establish the formation of a full-length-helix in

water. Jon coupling constants and amide proton chemical shifts and temperature coefficients are consistent
with a model involving rapidly equilibrating extended aaehelical conformers. Substitutingalanine with
L-proline to give [JLPZ]JAEAAKA-NH; (3) enhancesx-helix nucleation and shifts the equilibrium further
toward full-lengtho-helix. The hydrazone link displays many of the properties required of a hydrogen bond
mimic and could find use as a general means for constraining peptides to a range of biologically relevant
conformations.

Introduction conformations, it is important to consider the effect that peptide
conformation has on binding energy. This question, first treated
formally by Anfinsen’ led to the conclusion that the binding
energy of a peptide is directly proportional to the free energy
required for folding the peptide into the receptor bound
conformation. The free-energy barrier to folding a peptide can
be considerable. When synthetic peptides are constrained to
shapes that mirror the binding pockets of receptors, the energy
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Hydrogen Bond Mimic

converting immunologically inactive peptides into active pep-
tides1011 Conversely, this implies that many peptide leads and

receptors are lost because peptides unfold. Synthetic vaccine

development may be even more dependent on the mimicry of
protein structuré2%12 Consequently, there are compelling

reasons for developing methods for constraining peptides to the a-helix
substructures occupied by their cognate sequences in proteins

J. Am. Chem. Soc., Vol. 121, No. 16, 133%3

Table 1. Representative Regular and Irregular Protein Structures
Defined by Main-Chain to Main-Chain Amide Hydrogen Boftls

To address this need, we proposed the development of 2:4 loop (rare, irregular)

covalent hydrogen bond mimiédOn average, more than 60%
of the amino acids in globular proteins form intramolecular
hydrogen bonds between main-chain peptide badfts addi-
tion, secondary and irregular structures can be defined by
different hydrogen-bonding patterfsWe therefore reasoned
that the replacement of putative structure-defining hydrogen
bonds with a covalent mimic could yield a general approach

protein substructure hydrogen bond ring size

3io-helix; g-turns i+3—i 10

B-hairpin loopsn > 0 i+3+n—i 10+ 3n
i+4—i 13

3:3 loop (rare:irregular)

2:2 loop (defined) i—i+3 14

p-hairpin loopsn > 0 i—i+3+n 14+3n

4:4 loop (defined and irregular) i+5—i 16

3:5 loop (defined and irregular) i—i+4 17

4:6 loop (irregular) i—i+5 20

antiparallels-sheet, parallef-sheet i —i +n variable or
i+n—i discontinuous

aReference 15° The hydrogen bond is indicated by an arrow. The
arrow points from the residue donating the amide NH proton to the

for constraining peptides to different protein substructures basedresidue bearing the accepting carbonyl oxygen atom-{NB=CRNH).

on the position of the link and the amino acid sequence.

Initially, Arrhenius and Satterthwaf developed a solution-
phase synthesis for replacing a main-chain hydrogen bond with
a hydrazone link. However, the synthesis was lengthy, yields
were low, and solubility problems arose with fully protected
peptides. In this paper, we report a synthetic protocol for the
insertion of the hydrazone link into a peptide by solid-phase
synthesis. It allowed us to explore thehelix-stabilizing poten-
tial of the hydrazone link in water. Work on medium-sized loops
is being reported separatély’

The a-helix is an important structure in proteif§:d.18|t
presents a definitive test for any main-chain hydrogen bond
mimic since structural incompatibilities are more likely to be-
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the Principles of Protein Conformatiofllenum Press: New York, 1989;
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The reference residug,is N-terminal to the second residue which is
separated by the indicated number of amino agid3he ring size is
defined by the number of atoms connected by the hydrogen bond.

come evident in the-helix than in less crowded structures such
as loops. Several synthetic approaches to helix stabilization have
been taker? One approach builds on templates to propagate
helices?2921 A second approach links amino acid side chains
in a position-dependent manner to stabilize helf@es.third
approach uses linkers, bridges or synthetic scaffolds to position
peptide chains in proximity for helix-stabilizing interactiofis.

Design

A review of hydrogen bonding in proteits'> shows that
different substructures can be defined by their hydrogen-bonding
patterns between main-chain peptide bonds on the basis of ring
size and orientation (Table 1). The hydrazone link-(N=CH—
CH,CH,) was designed to replace the hydrogen bond, (NH
O=C(R)NH) that forms between the main-chain amide proton
of an upstream amino acid and the main-chain carbonyl oxygen
of a downstream amino acid  n — i). The hydrogen bond
is replaced by the &#CH double bond, and the associated
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Figure 1. The substitution of ani (+ 4 — i) hydrogen bond in one

N
(a) (b) NaOH
)k \ HN" " COy
turn of ano-helix (a) with a hydrazone covalent hydrogen bond mimic 'll

(b). The depicted structure (b) isIJAZ]-. Circled letters at the )K
o-carbons are one letter codes for amino acids and modified amino
acids used at these positions. L replaces HGJCH(CH),. A replaces ,/Fmo ¢-Cl/Na,CO4

HC(CHs). G, J, andZ replace CH. Frmoc-N~CO,H o~ .
1. HCI Fmoc-N~ "CO,

peptide link is replaced with an ethylene group (Figure 1). N
Although neither hydrogen bond length nor angles are precisely )K 2. Acetone )K

mimicked by the double boritthe attached hydrocarbon chain FmocZ(Act)

provides enough flexibility for the hydrazone link to substitute

for structure defining hydrogen bonds in molecular models of Table 2. Linear and Constrained Peptides Prepared for This Study

peptides in many djfferent conformations. ) . 1 acetyl-G1-L2-A3-G4-A5-E6-A7-A8-K9-A10-Nbi
The a-helix is defined by a pattern of sequential{ 4 — i) 1a: acetyl-GLAIGAEAAKA-NH ,

hydrogen bond*1%2d When an N-terminal i(+ 4 — i) 1b: acetyl-GLAGAEAAKA-NH ,

hydrogen bond is replaced with the hydrazone link, a 13- lc: acetyl-GLAGAEAAKA-NH.

membered ring is formed that corresponds to the 13-membered 19" acetyl-GLAGAEAAKA'-NH,

hydrogen-bonded turn of a-helix (Figure 1). The hydrazone : [J1-cL2-CASZ4]-AS-E6-AT-AB-KI-AL0-NH

; _ ure 1. _ 2a: [JLAZJAEA?AIKA*NH,

is formed by the reaction of an activated acetdl With a 2 [JLAZ]ASEA‘AIKA4NH,

hydrazino derivative4). The hydrazone link fits compactly into 2c: [JLAZ]A‘EASA*KAL-NH,

a space-filling Corey Pauling-Koltum molecular model of an 3 [J1-cL2-cP3Z4]-A5-E6-A7-A8-K9-A10-NH

o-helical peptide.Z is restricted to am-methylene carbon aAmino acids (in bold) are in one-letter code and numbered

(glycine equivalent) to alleviate a steric clash of side chains according to their position in the sequence: c indicates the amino acid

with the —N=CH— bond that would occur in aa-helix. is from the cyclized segment of the peptideandZ are identified in
The hydrazone link was substituted for the putative-(4 Schemes 1, 2[JLAZ] is the cyclized peptide in Figure 1b.*As

— i) hydrogen bond at the N terminus of a linear pepide, acetyl- --2anine-2dx; A s L-alanine-3,3,34; A*is L-alanine-2,3,3, k.

GLAGAEAAKA-NH ; (1), to give PLAZ]JAEAAKA-NH ; (2).
[JLAZ]- is depicted in Figure 1. The constrained peptide should
form about three turns of a-helix which is about the average
size for ana-helix in a globular proteid®@ The alanine-rich
extension, -AEAAKA-NH was selected on the basis of its
potential fora-helix formation and disinclination to aggregéte. The insertion of the hydrazone link into peptides by solid-
The conformations of these two peptides were compared usingphase peptide synthesis requires the prior preparation of 5,5-
principally NMR spectroscopy. Alanine-based peptides are dimethoxy-1-oxopentanoic acidJ), (1-methyethylidene-2-
preferred for NMR studies with helical peptides because alanine Fmoc)hydrazinoacetic acid (Fm@Act) and anN-a-Fmoc-

is both a helix-stabilizing amino acditland the only amino acid  L-amino acid chlorideJ was prepared as the methyl ester in
with equivalents protons. Thus, distances to these protons are three steps according to Stevens and?Lead converted to
independent of side-chain rotamer distributions and consequentlythe acid (Scheme 1). The acid is stable as a neat liquickat
predictable for specific conformations. Sineehelices are °C. FmocZ(Act) was prepared in a one-pot synthesis according
characterized by a unique pattern of short, sequential distanceso Scheme 2N-o-Fmoc+t-amino acid chlorides were prepared
das(i, i + 3), alanine-based peptides can be used to test for thefrom theN-a-Fmoc-amino acid and thionyl chloride according

for ana-helix (¢ = —57°), could enhance-helix stabilization.
L-proline often initiatesx-helix formation in proteing®

Synthesis

o-helical conformation on a per residue ba&8fAlthough NMR to Carpino et af®

signals for alanine often overlap, they can be edited and assigned A list of peptides synthesized for this study is in Table 2.

by means of deuterated alanine analogiie#\ second con-  Linear peptides including were synthesized using standard

strained peptide, JLPZJAEAAKA-NH ; (3), was synthesized = Fmoc synthesisJLAZ]JAEAAKA-NH ; (2) and its deuterated

to test whether-proline with¢ = —60°,'5 close to the ideal ~ analogues were synthesized on Rink’s amide resin according
>2) The mean hvdrogen bond lenath and anales for parallel and © Scheme 3. Standard Fmoc chemistry was used for coupling

am(ipa),a"e‘fﬁ_sﬁgets g?,&?ﬁelixbgrﬁ N?.,%, 2_5’ Aa;l ﬂﬁ?.oic'f’alggf and N-a-Fmoc-amino acids, Fmag{Act) andJ. The most critical

N—H--+0, 16("; Chothia, CAnnu. Re. Biochem 1984 53, 537-572. The reaction in peptide assembly was the coupling\Ned-Fmoc-

C=N bond length for pyridine, etc. is 1.34 A; Gordon, A. J.; Ford, R. A. _ ; ; ;
The Chemists Companion; A Handbook of Practical Data, Techniques, and L-alanine to the Second_ary ar.nlnE(ACt)' Se\./eral coupling
Referencesjohn Wiley: New York, 1972; p 108. procedures were tested including prior reactiorNed-Fmoc-
(25) (a) Presta, L. G.; Rose, G. $xiencel988 240, 1632-1641. (b) L-alanine with EDC to form the anhydride and activation of
Richardson, J. S.; Richardson, D. Sciencel988 240, 1648-1652.

(26) (a) Marqusee, S.; Baldwin, R. Proc. Natl. Acad. Sci. U.S.A987, (27) Stevens, R. V.; Lee, A. W. M. Am. Chem. Sod979 101, 7032~
84, 8898-8902. (b) Scholtz, J. M.; Marqusee, S.; Baldwin, R. L.; York, E.  7035.
J.; Stewart, J. M.; Santoro, M.; Bolen, D. \Wroc. Natl. Acad. Sci. U.S.A. (28) Carpino, L. A.; Cohen, B. J.; Stephens, K. E., Jr.; Sadat-Aalaee, S.

1991, 88, 2854-2858. Y.; Tien, J. H.; Langridge, D. CJ. Org. Chem.1986 51, 3732-3734.



Hydrogen Bond Mimic

Scheme 3
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A/B

“

5 19 15 min

Figure 2. HPLC chromatogram of the crude product from the solid-
phase synthesis & The major product i2. Two minor products,
A/B are indicatedA (peak) is a dimer oR; B (shoulder) is an isomer

of 2.

group, and hydrazone formation (Scheme 3). The rapid cycliza-
tion suggests that hydrochloric acid catalyzes the formation of
an oxocarbonium ion that in turn reacts either with the imine
nitrogen or the free amine. The acetone-protecting group is
removed by hydrolysis. Since similar yields were obtained with
either 1 or 5 equiv of hydrochloric acid, the poorly bable
amino group is not significantly protonated under the reaction
conditions. The methoxocarbonium ion may undergo an ex-
change reaction with 2,2,2-trifluoroethanol to give the more
electrophilic, trifluroethoxocarbonium ion. However, 2,2,2-trifluor-
oethanol is not necessary for cyclization since the yield2 of
were only partially reduced when the cyclization reaction was
carried out either ilN-methylpyrrolidone oMN,N-dimethylfor-
mamide.

Following cyclization, the peptide was cleaved from the Rink
resin and protecting groups removed with trifluoroacetic acid.
Analytical HPLC of the crude product (Figure 2) showed a
single major product?2. Peptide2 was purified by HPLC to
give a final yield of 47%. Two minor productA(B) were
further purified and identified as a dimek) and an isomer of
2 (B) by mass spectroscopy. The dimer displays an NMR signal
corresponding to that for a hydrazone proton while the isomer
does not. Apparently, whehis activated, it reacts witd on
an adjacent chain. This is followed by cyclization to yield the
“bis” compound. The isomeB is unidentified. However, a
reaction between the oxocarbonium ion and the cL2 amide
nitrogen would give a 6-membered heterocycle with a mass
identical t02.2°

N-o-Fmoc+-alanine with PyBOP/HOBt or DIC/HOBt. How- [JLPZ]JAEAAKA-NH > (3) was synthesized in the same
ever, none of these methods proved as effective as couplingmanner as2. However, the final yield of3 following two

with N-a-Fmoc-alanine chloride. For the most efficient coupling, purification steps was lower (4.7%) than that ®rthe major

the acyl chloride inN-methylpyrrolidone was preequilibrated  product was a dimer o8. This suggests that-proline slows

with Z(Act)-Rink-resin before adding diisopropylethylamine. the cyclization rate of the monomer.

The coupling reaction is complete within 15 min. Either pre-  Since the biological activity of peptides is normally measured
mixing the acyl chloride with diisopropylethylamine or adding in aqueous media, and synthetic vaccines must withstand weeks
the base t& (Act)-Rink-resin prior to the acyl chloride reduced of exposure to physiological conditions, the chemical stability
the yield of the final product. Premixing of acyl chloride with  of 2 was assessed under physiological conditions of temperature
diisopropylethylamine is expected to yield a quaternary amide and pH by monitoring it in water at pH 7.4, 37°C by HPLC.

that while highly activated could be sterically hindered from After one month, no change was observed in the retention time,
reaction withZ(Act). Steric hindrance could also account for and there was little detectable degradation. No change was
reduced yields from all coupling reagents other than acyl observed in2 after 1 day in 10% BO/90% HO, pH 2.9,

chlorides. (29) Proposed structure f@. Proposed by Barry Noar.

The assembled peptide was cyclized on the solid support with
o
@ /¢ AZAEAAKA-NH,
o
=

catalytic quantities of hydrochloric acid in 20% 2,2,2-trifluo-
roethanol/dichloromethane. Cyclization is complete within 15
min. Several events must occur for cyclization to occur including
activation of the acetal group, removal of the acetone-protecting
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Figure 3. UV spectra for 1«M 1—-3 at pH 2.9, ambient temperature;
path length is 1 cm (upper panel). CD spectra for 480 1—3 at pH
2.9, 22°C (lower panel).

conditions used for 2D NMR spectroscopy. Howeashowed
slow decomposition at pH 2.9 which became evident in NMR
experiments. The lower yield and faster rate of decomposition
of 3 may reflect ring strain. Peptide® and 3 showed little
degradation under the acidic peptide cleavage conditions.
However, the addition of ethanedithiol to the cleavage mixture
rapidly destroys the hydrazone link and should be avoided in
peptide deprotection reactions.

Conformational Analysis

CD Spectroscopy.Peptides1—3 were analyzed by UV,
circular dichroism (CD), and NMR spectroscopy. UV and CD
spectra forl—3 are compared in Figure 3. The CD spectrum
for 1 in water at ambient temperature shows little evidence for
helix while the CD spectra fd2 and3 are complex. CD spectra
are often analyzed in terms of UV spectfalhe difference in
UV spectra for1—3 indicates that the acylhydrazone link

(30) (a) Holzwarth, G.; Doty, Rl. Am. Chem. Sod 965 87, 218-228.
(b) Sears, D. W.; Beyechok, ®hysical Principles and Techniques of
Protein ChemistryAcademic Press: New York, 1973; pp 46066.
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absorbs strongly in the UV with a broad band(s) centered at
about 230 nm. The slightly stronger absorbanceibetween
204 and 232 nm compared withmay reflect conformational
effects on absorption by the conjugated acylhydrazone3fink.
The UV absorption band(s) attributable to the acylhydrazone
are reflected in the CD spectra by positive mean residue
ellipticity at 229 nm @: ©229= 1064) and 228 nm¥ Ozs=
3990) and negative mean residue ellipticity at 243 Bm®,43
—3005) and 246 nm3 O245 = —2030).
The a-helix is characterized by a positive ellipticity at 190
nm and a double minimum at about 208 and 222%#f The
CD spectra for2 and 3 could include bands from both the
hydrazone link and.-helix which would be difficult to separate
since they would overlap. Also, the higher mean residue
ellipticity for 3 compared with2 at 228 and 246 nm suggests
that the hydrazone link like the peptide bond contributes to CD
spectra in a conformationally dependent manner that would be
difficult to correct for. However, ®]190 Which increases from
—9161 (@) to 1857 @) to 13003 B) and a shifting minimum
from 198 (1) to 202 @) to 206 nm B) are consistent with
increasinga-helicity.

NMR Spectroscopy.Peptidesl—3 were principally analyzed
by NMR spectroscopy. Several criteria have been developed
for identifying a-helical peptides including upfield shifts in
signals for main-chain amide NH protons, decreases in amide
proton temperature coefficients and—B exchange rates,
decreases inJony coupling constants, and specific distance
patterns in two-dimensional (2D) proteproton nuclear Over-
hauser enhancement (NOE) speéf& NOEs which appear
as cross-peaks in 2D NOESY spectra provide the most important
data sincen-helices are characterized by sequential distances,
dun(i, T+ 1), dan(i, i + 3), anddeg(i, i + 3), which allow
conformational analysis on a per residue b&%OE data are
the least subject to mitigating factors that often complicate the
interpretation of other spectral data and is considered the most
reliable indicator of peptide structure in soluti®e.34

NMR spectra were acquired on—20 mM peptides at pH
2.9, 22°C. Although lower pH is expected to decrease the
o-helical propensity of the peptidé,it optimally separates
signals for the amide protons in NMR spectra which is important
for the unambiguous assignments of NOEs. NMR studies on
helical peptides are generally carried out at&® since the
a-helix is significantly stabilized at lower temperatufés.
However, low-temperature NMR requires specialized equipment
that was not available to us. A comparison of chemical shifts
and line shapes of the amide protons for 1 and 20 mN\2 of
showed no discernible differences0.01 ppm, indicating that
self-association is not significant at these concentrations. The
resonance positions for all protons 1n-3 were assigned by
using standard approaches to 1B NMR and 2D COSY,
TOCSY, and ROESY (rotating-frame NOESY) spectra of
undeuterated and deuterated analogues (see the Experimental
Section and Supporting Information). Deuterated alanine ana-
logues of the peptides (Table 2) were used to identify alanine
amide proton signals fdt and to isolatel.s(i, i + 3) NOEs for
2. The use of deuterated analogues2ohad an additional
advantage of reducing noise in the crowded regions of the
ROESY spectra which enhanced signal/noise ratios for weak

(31) Buchwald, M., Jencks, W. Biochemistryl968 7, 844—859.

(32) (a) Dyson, H. J.; Wright, P..EAnnu. Re. Biophys. Biophys. Chem.
1991, 20, 519-538. (b) Waltho, J. P.; Feher, V. A.; Merutka, G.; Dyson,
H. J.; Wright, P. EBiochemistry1993 32, 6337-6347.

(33) Withrich, K.; Billeter, M.; Braun, WJ. Mol. Biol. 1984 180, 715—
740.

(34) Bradley, E. K.; Thomason, J. F.; Cohen, F. E.; Kosen, P. A.; Kuntz,
I. D. J. Mol. Biol. 199Q 215 607-622.
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Table 3. Summary of NMR Data ofl.—3? manner (Figure 5) which as discussed later may reflect shielding
At G L A G A E A A K A NH, NH, effects from the cyclic portion of the molecule. Differences in
TempCoet. | # |65 | 73| ¥ |43 [ 60 |43 |63 |62 |64 |50 |45 the signal for the hydrazone=KCH proton are also evident
(W) (Figure 4). Coupling constants for the hydrazone proton change
JowMz |« f o« [sajr S5t | |t |t |- |- from 2 (3.6, 8.2 Hz) ta3 (2.5, 9.5 Hz), indicating that the linker
adjusts its conformation in response to the substitution of alanine
g L A ZI A E A A K A NH NH (2) with proline 3).3¢ These changes in conformation at the
amino terminal end o2 and3 are reflected by changes at the
TempOoct |+ |80 [0 | ¢ RS )159 43 |4 AT 48 4186 carboxyl terminal end. NMR signals for the two C-terminal
o ex Les | - 1as lex lsale | = |ss carboxamide protons (Figure 4) converge from a difference of
i 0.50 @) to 0.42 @) to 0.38 ppm 8). Both coupling constants
dnnti i+ 1) NA . and signal convergence provide sensitive and easily measurable
- parameters for conformational changes that must be occurring
ki — e el . . BN through the full length o and 3.
dpn(hi+ 1) B A NA e+ DL Hydrazone Link. Secondary amides often form mixtures of
dghis® "_b:,__'_;;_qﬁ L cis and trans isomers that interconvert slowly on the NMR time
Fo—pososdo scale and are distinguishable in NMR speéfra’he data,
doglli+d —_— however, pr_ovides strong evidence that the acylhyqlrazone (main-
y —__, chain C-N link) adopts the trans configuration which relegates
L — the hydrogen bond mimic (NN link) to the required tis’

position (Figure 1). First, only one set of NMR signals is
observed fo2 and3, indicating that only one geometric isomer
: is present (Figure 4). Second, no NOE was observed between

Temg-xw‘f- o U B B R T U A - 0 B B A ] the cA3 a or § protons and th&Z methylene protons fog,
ot whereas stronggd(i, i + 1) NOEs are observed for cis peptide
JonHz N Dl R B el il IR TR R L T I bonds3® Likewise, no NOE was found between the cB3
dravti 1+ 1) S ... protons and th& o protons. It is possible that thg hydrazone
link could enforce a cis bond at another position, the most

dunG, 1+ 1) M _ . BN . .+ . mmm vulnerable being the cL2-cP3 peptide bond3inThe strong

L NOE between cL2 NH and cR8CH, for 3 (Figure 7), however
Gt i+ 1) . — - e 2 : L ’

B indicates that the cL2-cP3 peptide bond is tréiEhere is also
daniyi+3) LR LY S o no evidence for cis isomerization along the main-chain peptide

Fro=sd- -y

bonds in either the cyclic or linear portion @&for 3.
Additional NOEs agree with the targeteehelical conforma-

Aol i +3)

O I
_ i s P tion (Figure 1). Strong NOEs between the hydrazoreG¥
daslhi+ — L proton and th& methylene proton(s) (not shown) indicate that
doniyi +49) —_ the vinyl N—=N=CH proton is trans to the main-chain amide

nitrogen. Also, an NOE between theXCH proton and the A5
aTemperature coefficients were determined from linear regression NH proton (Figure 62 and3) and a medium strength cL2-cA3
analysis of five measurements between-25 °C with R > 0.996; the dan(i, i + 1) NOE (Figure 72b) with similar intensity to the

data is plotted in the Supporting Information. # indicate that the G1/ ~ - .
G4 oN cross-peaks fot overlap in the TOCSY spectra; temperature cL2-cA3dwn(i, i + 1) NOE (Figure 62) support the structure.

coefficients for G1 and G4 are similar to those for E6. Nid NH Distances.Helices are characterized by sequentigl(i, i
are the carboxyl terminal cis and trans carboxamide protogs. J  + 1), dun(i, i + 3) anddqs(i, i + 3) NOEs3? ROESY spectra
coupling constants are from 1D NMR spectra with a resolution of 0.33 for 2 and3 showdnn(i, i + 1) NOEs, in every case where signal

Hz/datapoint. * and dashed lines indicate overlapping signals. Hatched . : : = ) )
bars are for NOEs from cL2 NH to cRBCH,, from cL2 3 to cP36 separation permits, for CL2-CA3, A5-E6-A7 and K9-A10-BH

CH, and from Z4 N=CH to A5 NH. NA, not applicable. Strong, ~ for the whole length of the peptide in accordance with helix
medium, and weak NOEs are identified by the height of the filled bars; stabilization (Figure 6). The strongest evidence for a helix is

thick lines correspond to strong NOEs thin lines to weak NOEs. provided by the midrang@un(i, i + 3) anddys(i, i + 3) NOEs

; ; that span the length d (Table 3). These NOEs span cL2-

NOEs. Jun coupling constants and amide proton temperature . . . )
coefficients forl—3 and NOEs for2 and3 are summarized in CAS'_Z4 n _the cyclic peptide and A5'|.56'A7 in the appended
Table 3. peptide (Figures 7, 8a). Althougth,(i, i + 3) NOEs for the

Amide NH Region. Portions of 1D NMR spectra fot—3 cL2 and cA3a protons are unambiguous, those for therotons
are compared in Figure 4. Signals for the main-chain amide of the 'ZAEAAKA' extension are potentially overlapped with
protons of2 and 3 show major differences in chemical shifts other NOEs. To isolate these signals, alar_mandﬁ_ protons
from corresponding protons fdrwith signals for the AAKA- were.d.euteratedza) and.a spectrum acquwed. o identify the
NH.is amide protons shifting upfield. The trend in signals 2or remaining K9 NOEs (Figure 8b). Proton pairs from A& (
are accentuated By(Figure 5). T_he upfield shifts for the AAKA- (36) In a further test, glycine was substituted feleucine in2 to give
NHcis amide protons are predicted for hydrogen bonding that [JGAZ]JAEAAKA-NH ,. A comparison of NMR data fod[GAZ]JAEAAKA-

accompaniea:helix formatiorf* with the larger differences for - i e e 8 T o et the ke, 1t ncicates
3 indicative qf grea.ter helix Stabll!ZatIOn. that glycine relaxes the conformation of the NucSite and reduces its ability
The chemical shifts for the amide protons ®and 3 that to propagate a helix. Cabezas, E.; Satterthwait, A. C., unpublished data.
are located near the acylhydrazone link shift in a discordant (37) Grathwohl, C.; Wthrich, K. Biopolymers1976 15 2025-2041.
(38) Chazin, W. J.; Wright, P. El. Mol. Biol. 1988 202, 623-636.
(35) Reymond, M. T.; Huo, S.; Duggan, B.; Wright, P. E.; Dyson, H. J. (39) Withrich, K.NMR of Proteins and Nucleic Aciddphn Wiley: New
Biochemistry1997, 36, 5234-5244. York, 1986; pp 122-125.
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Figure 4. Amide proton region of 1D NMR spectra @f3in 10% D,O/H,0 at pH 2.9, 22C. Main-chain amide proton signals are identified for
each amino acid according to the numbering scheme in Table 2. The sigiZat feifrom the N=CH proton. NH and NH are for the C-terminal
cis and trans carboxamide protons.* Hydrolysis product that forms slowly at pH 2.9.
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Figure 5. Differences in the chemical shifts for the main-chain amide protor2ysthiaded bars) ari(open bars) compared with those forData
are from the spectra in Figure 4

proton) and A8 § protons) and from A7d proton) and A10 a weak NOE that was observed betweeroEd and K99CHs.

(8 protons) were then added back to give respecti2éhand However, a similar pattern of upfield shifts in signals for the
2c (Table 2) to unambiguously identifys(i, i + 3) NOEs for amide protons for AAKA-NHs indicates thaB3 propagates a
these proton pairs (Figure 8c,d). helix in the same way a2 (Figure 5).

Midrange dan(i, i + 3) anddeg(i, i + 3) NOEs that span The 3o-helix, a-helix and hybrid 3s-a-helices are closely

cL2-cP3-Z4 and A5-E6-A7 were also observed Bo(Figure related structures that are difficult to distinguish by NMR
7,9) indicating that helix nucleation occurs &in the same spectroscopy®e“°However, a comparison of distances for the

manner as irg. Overlgpping signals preventeq the assignment ™ (40) Osterhout, J. J.; Baldwin, R. L.; York, E. J.; Stewart, J. M.; Dyson,
of midrange NOEs within the appended peptid& eicept for H. J.; Wright, P. EBiochemistryl989 28, 7059-7064.
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Figure 6. The amide proton region from a ROESY spectra2dh
10% D,O/H,0 at pH 2.9, 19C (upper panel) an@ at 22°C (lower
panel). Cross-peaks are foin(i, i + 1) NOEs identified according to
the numbering scheme in Table 2. TA4-A5 NOE is for Z4=CH-
A5N,
310 anda-helix lead to several predictiof¥§41that can be tested
with the NOE data foR and 3. Two sets of distances for the
310- anda-helix, derived from similar models, were converted
into relative NOE intensities (Table 4) for comparison. Since
NOE intensities are to a first approximation proportional to
1/d®,3* even small differences in models can affect the predicted

NOE intensities. However, these uncertainties do not affect the

following predictions?! (1) a-helices but not g-helices are
predicted to display very wea#t,n(i, i + 4) NOEs. (2) 3o
helices are predicted to display very wedk(i, i + 2) NOEs
and wealdun(i, | + 3) NOEs.dyn(i, i + 2) NOEs are predicted
to be negligible for thex-helix. (3) For ana-helix, the relative
intensities of NOEs are predicted to 8g(i, i + 3) = dun(i, i
+ 1) > don(i, i + 3) NOEs. For a grhelix, the predicted relative
intensities aren(i, i + 1) > des(i, | + 3) ~ 1.5 x don(i, i +
3) NOEs.

The NOE data for2 and 3 strongly support aru-helical
structure with no indication of a;@structure. First, a very weak

(41) Withrich, K.NMR of Proteins and Nucleic Acidgphn Wiley: New
York, 1986; p 162-166.
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Figure 7. The fingerprint region from a ROESY spectra2if, [JLAZ]-
ASEA*ATKA4NH, (upper panel) an® (lower panel) in 10% BO/
H.O at pH 2.9 at 22C. * indicates signals from a small amount of
hydrolysis product 08 that forms at low pH. N* indicates overlapping
don anddgy (i, | + 1) NOESs to the indicated NH.

don(i, i + 4) NOE for cL2-E6 8) is observed (see Supporting
Information). Second, fo2 and3, dus(i, i + 3) NOEs for cL2-
A5, cA3/cP3-E6, and Z4-A7 are stronger thegn(, i + 1)
NOEs for A5-E6-A7 and far stronger than the corresponding
don(i, i + 3) NOEs (Figures +9, see Supporting Information
for stack plot for3). Overlapping signals prevented a determi-
nation of whethedn(i, i + 2) NOEs were present or absent.
Althoughdnn(i, i + 1) NOEs can potentially arise from unfolded
forms and other conforme?d? any contributions from these
sources would be additive. This would lower the observed ratio
of dg(i, i + 3)/dun(i, i + 1) NOEs. Insteaddqs(i, i + 3) NOEs

are more intense thaayn(, i + 1) NOEs, indicating that the
o-helix is a major conformer. Since strongs(i, i + 3) NOEs
span JL(A/P)Z] and -A5-E6-A7- of the appended peptide, the
observed NOE ratios constitute strong evidence ddnelix
nucleation with no apparent distortion from the acylhydrazone
link. Similarly, strongdeg(i, i + 3) NOEs for A5-A8 and A7-
A10 in 2 indicate that thex-helix is propagated to the carboxyl
terminal end.

In addition to the evidence for an-helix, the observation of
strongdyn(i, | + 1) NOEs for -AEAAKA-NH;s for 2 and 3
(Table 3, Figure 7) indicates that a fraction of the appended
peptide is unfolded Strongd.n(i, i + 1) NOEs are charac-
teristic of 3-extended forms (Table 4) and not predicted for an
a-helix3% The NMR data for the constrained peptide is most
readily interpreted in terms of a model that includes unfolded
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Figure 8. Theap region from ROESY spectra f& and deuterated analoguesdin 10% D,0O/H,O at pH 2.9 at 22C. A 1D slice centered on
the column for the K proton is superimposed on NOEs from the column to indicate the relative strengths of the NOE cross-pealdertifies
cL2*-A58, cA3*-E®, and Z4-A7# NOEs. B: 2a, [JLAZ]A‘EA*AKA“NH,, identifies the K7 NOEs by eliminating overlapping NOEs. @b,
[JLAZ]ASEA*AIKA*NH,, identifies the AB-A8 NOE. D: for 2¢c, [JLAZ]A*EASA*KAL-NH,, identifies the AT-A10° NOE.

Table 4. Distances in A Between Designated Pair of Protons for
Polyalanine in an Antiparallgs-Strand, 3,-Helix and a-Helix?

distances, A p-stran@ 3j-helixd@  3j-helix’  a-helix@  a-helix?

dun(,i+1) 4.3(1.00) 2.6(1.00) 2.59 (1.00) 2.8(1.00) 2.57 (1.00)
dn(i,i +1) 2.2(55.00) 3.4(0.20) 3.47(0.17) 3.5(0.26) 3.51(0.15)

dan(i, i + 2) 3.8(0.10) 3.79(0.10) 4.4 (0.07) 4.32 (0.04)
don(i, i + 3) 3.3(0.24) 3.42(0.24) 3.4(0.31) 3.43(0.17)
don(i, i + 4) 5.54 (0.01) 4.2(0.09) 4.18 (0.05)
dag(i, i + 3) 3.1(0.35) 3.25(0.26) 2.5(1.97) 2.65(0.83)

2 Data is from Withrich et al®3; thedys(i, i + 3) distance is for the
closest approach of A&-methyl proton? Based on helices generated
by MSI Insight soft-ware. The alanin&methyl protons are staggered
relative to the alanine-proton. The distance(i, i + 3) is a weight-
averaged distance to the three alanfivenethyl protons. Predicted
intensities, in brackets, are relativedan(i, i + 1) and based on df.

states in dynamic equilibria with folded states, including a full-
lengtha-helix.

Dihedral Angles. Since Jun coupling constants follow the
Karplus equation, they are predicted to fall fron® Hz for
randomly coiled peptide (9 Hz for the extended chain) to about
4 Hz for an ideabi-helix.*2 The J,n coupling constants for cL2
(6.1 Hz) and cA3 (6.5 Hz) ir2 are higher than predicted and
indicate that the carbonyl oxygen atoms ddrand cL2 tilt out
about 20 on a weight-averaged basis from the axis of an ideal
a-helix.*2 This tilt could reflect contributions from nonhelical
forms of 2 which are not stabilized by hydrogen bonding3n
proline ( ~ —60°)>dreplaces alanine and shifts the equilibrium
further toward thea-helix. The accommodation of a bulky
L-proline with a constrained angle by3 provides an important
test for the targeted structure (Figure 1) that is well met.
Proline’s ability to enhance-helix nucleation is probably due
in part to better alignment of cL2 carbonyl oxygen along the
helix axis.

The Jun coupling constants for the appended peptide2on
and 3 are not significantly reduced from those observed. in

(42) Calculated on the basis of the Karplus relationship that appli¢s to
angles in proteins; Wtarich, K. NMR of Proteins and Nucleic Aciddphn
Wiley: New York, 1986; pp 166 168.
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Figure 9. Theoy region from a ROESY spectrum 8fin 10% D,O/
H,O at pH 2.9 at 22C. Identifies cL2-A5f, cP3-E6%, Z4*-A7f and
a weak EB-K9” NOEs. a* indicates overlapping,s anday NOEs.
o8* indicates overlapping A7 and A8 protons.

(Table 3). However, coupling constants are weight-averaged
values for mixtures of different conformers that could contribute
in different ways to the observed values. It has been noted before
that Jun values are the least sensitive NMR parameter for
detecting structuré?

Temperature Coefficients.a-Helices are characterized by
sequential i¢ i + 4) hydrogen bonds that are associated with
lowered H-D exchange rates, upfield shifts in signals for main-
chain amide protons and decreases in the magnitude of amide
proton temperature coefficientss6 ppb/K)32:35 Temperature
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coefficients for1—3 are summarized in Table 3; the data is Table 5. Data is for1—3 at pH 2.9, 22°C?

plotted in the Supplementary Information. parameters peptide peptide2 peptide3
The temperature coefficients farare> 6 ppb/K except for CD Spectral Data

the AS amide proton (4.3 ppb/K). This indicates that a fraction 3 [g],q, degcm?/dmol 9161 1857 13003

of the A5 amide proton is sequestered, probably by hydrogen 2. 2y, nm 198 202 206

bonding. The structure formed ly may be more local than NMR Spectral Data

propagated, although a small amount of helix cannot be ruled 1.6 NH upfield shift, Appm

out*3 The upfield shifts in signals for the amide protons of A7NH 0.18 0.27

-AAKA-NH ¢ for 2 and 3 (Figure 5) are accompanied by NHis 007 011

lowered temperature coefficients from approximately 6.3 ppb/K 2 Rzc-crz Hz - 36,82 2595

0 p PP ely 6.5 pp 3. C-terminal carboxamide protonsppm 0.50 0.42 0.38

(1) to about 4 ppb/K Z, 3) as expected of a peptide that has 4. Ry = dwn (i, i + 1)/dan (i, i + 1)

been stabilized as am-helix. However, changes in chemical for A5-E6 0.39

shifts and temperature coefficients for the preceding A5-E6 ;Or i?bA'ZIH_ 0.23 016

amide protons diverge from the norm (Figure 5). Specifically, or ALY ais :

the signal for the E6 amide proton moves downfield, and its 5'?3?(:;)22‘?.2@;/;5%)_?&'3 (11 1.15
temperature_ coefficient decreases slight_ly from &pt¢ 5.9 aCD spectral data are from Figure 3. Differences in the chemical
.(2) .and thenncreases’[o. 7.6 ppb/K ). This qud normally shifts for the amide protons fd& and3 are relative tdl; data is from
indicate that the E6 amide proton ®increases its exposure to  Figure 5. Coupling constants are from spectra in Figure 4. The
water compared td, which contradicts the conclusion from differences in chemical shifts for the carboxamide protons were derived
the NOE data tha8 nucleatesu-helix formation. The corre- from temperature dependence data. The distance data are based on NOE
sponding data for A5 shows large upfield shifts in the amide Volumes from spectra in Figures-§.
proton signals (Figure 5) and a reduction in temperature
coefficients to low values of 2.52) and 1.0 ppb/K §). This
trend to divergence for the A5-E6 protons is accentuated further
for a related peptide in 2,2,2-trifluoroethartbHowever, H-D
exchange rates for A5-E6 amide protons wieoth depressed
to identical low values in 2,2,2-trifluoroetharfdThus the large
differences in temperature coefficients for the A5-E6 amide
protons do not necessarily reflect differences in their exposure
to solvent. Instead, it is probable that the chemical shifts for
the amide protons of A5-E@( 3) are influenced by shielding
effects from the hydrazone link. In a-helical conformation
the A5-E6 amide protons abut the cyclic peptide. This migh
account for downfield shifts in the signal for the E2 amide
roton and enhanced upfield shifts in signals for the A5 amide : ™ ) .
Eroton. The higher tempgrature coeﬁicier?ts for E6 amide protons NOE |nten3|t|r_es which a_re_representaﬂye of qqfolded fo_ﬁﬁé'
(2, 3) could then arise from the added effect of a decrease in 1 "€ observation thades(i, i + 3) NOE intensities are similar
a-helix and shielding as temperature is raised (enhanced upfield!® & dan(i, | + 1) intensity (Table 5, stack plots fd3 in
shifts with increasing temperature) while an opposite effect is SUPPOrting Information) despite the shortgn(i, i + 1) for
predicted for A5 amide protons (dampened upfield shifts). extende_d forms (Table 4) suggests a very qonS|derabIe fract_lon
The amide protons for -AAKA-NH (2 and 3) which lie of a-helix. The general trend of the data indicates a progressive

beyond the shielding effects of the cyclic peptide shift upfield Shift for 1=3 toward a larger fraction oé-helix. It indicates
as predicted for an-helix. This agrees with the NOE data that f(hat the subst|_tut|on _(’_f'pfo"”e for L-alanine in2 to give 3 .
indicates JL(A/P)Z]AE nucleatesu-helix formation. If the N |mp_rovesa-h9I|x sta_tblllzatlon by up to Z'f(.)ld' The decre_ase n
termini of 2 or 3 were nonhelical, the observed upfield shifts UPfield chemical shifts for the A10-Nid amide protons (Figure

for the -AAKA-NH; amide protons would not be expected. Data 5 Taple 5) indicates that thue-helix ffa}ys at the end.

for the amide proton chemical shifts and temperature coefficients Estimates of the percentage of .hel'x are ge_nerally based on

are thus consistent with increasiaghelix stabilization forl—3. CD mcza?;urements— the mean reS|d_ue eII|pt_|C|t_y at 222 nm,

Indeed, the divergence in chemical shifts and temperature [©]222"*For1, [61.2253: —1268. This could indicate a minor

coefficients for the A5-E6 amide protons which increases from POPUlation of a-helix.** However, the determination of the

2 to 3, more likely indicates the extent af-helix nucleation. percentage of helix from low ellipticity values_ is very deper_1dent
on a reference value for the unfolded or “coiled” state. It is not

(43) Percenta-helix is generally calculated from the mean residue clear what this reference value should beffoDifferent alanine-

ellipticity, @222, and an extinction coefficient based on the length of the ; ; ;
peptide (21). The reference state for 0% helixig> = 0. Since®2, = based peptides level off at different negative values@if,

—1268 for 1 at pH 2.9, 22°C, 1 forms 4% a-helix by the standard @S temperatures are raised, which suggests that the reference
calculation: calculated from a ratio 69220 ©max, Where®max= —39 500 value for 0% helix is peptide-dependéftn addition, the basic

x [1 — (2.57h] (= — 29 349 forn = 10). ; i ity
(44) A comparison of chemical shifts, temperature coefficients an®H relationship between CD and helicity is not well understéod.

exchange rates for the amide protons of acetyl-A5-E6(OEt)-E7(OEt)-E8- A_theoretical treatment by Manning et AéI-SUggeStS_ that a
(OEt)-E9(OEH) (4) was made with those fod[AZ]-A5-E6(OEt)-E7(OEt)- minimum length (2-3 turns) is required for am-helix CD
E8(OEt)-E9(OEH (5) in 2,2,2-trifluroethanol and 2,2,2-trifluroethandi- spectrum, that®] .., is length-dependent for short peptides, and

The E6 amide proton d shows a large disproportionate downfield shift . . L i
relative to other amide protons when compared witThe amide proton  that intensities are significantly reduced by outward tilting of

temperature coefficients for -AEEEE)(are 0, 7.8, 4.0, 3.2, and 3.9 ppb/k  the carbonyl oxygen group from the helix axis. These factors
respectively; Arrhenius, T.; Satterthwait, A. C., unpublished observations. could explain several differences between CD spectra and other
The relative deuterium exchange rates for -AEEBEFafe >10, >10, > 10,
>10, 10, respectively, while the corresponding rates5are 1, 1, 2, 2, (45) . Manning M. C.; llangasekare, M.; Woody, R. Biophys. Chem.
and 5, respectivelif 1988 31, 77—86.

Correlates of a-Helicity. A comparison of the CD and NMR
data forl1—3 reveals several measures that indicate or correlate
with increasingo-helicity and provide measures for estimating
the extent ofa-helicity. These data which were noted above
are compared in Table 5. Increasir]fso andAmin in the CD
spectra are characteristic of increasinelicity 3° Upfield shifts
in signals for the -AAKA-NH;s amide protons are characteristic
of a-helical peptide$® Coupling constants for the hydrazone
N=CH proton diverge, whereas chemical shift differences
between the two C-terminal carboxamide protons converge,
¢ reflecting conformational change over the full-length2@ind
3. The dun(i, i + 1) and dus(i, i + 3) NOE intensities,
representative of an-helix, increase relative tdun(i, i + 1)
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measurement®.*>For 2 and3, additional problems arise, since conformations that it defines in proteit’s.The propylene

the acylhydrazone link very likely contributes t®].,2 in a extension of the hydrazone is also flexible and provides the
conformationally dependent manner that would be difficult to linker with a capacity to adjust to different amino acids and
correct for. peptide conformation¥:36 While the —N=CH— bond length

The CD data leaves uncertain the statud ehd the degree  and angles are fixed and differ somewhat from the mean values
to which the hydrazone link stabilizes the peptide as.drelix. for hydrogen bonds in protei#$,its preference for the “cis”

The NMR data forl—3, however, identifies a new measure position, small size, and the flexibility of the linker are sufficient
that is precise, easy to acquire, and very sensitive to changes irfor satisfying many of the properties required of a hydrogen
a-helical content. The decreaseAppm for the two C-terminal bond mimic.
carboxamide amide protons fio+-3 is striking (Table 5). Since o-Helix Nucleation. The observation that a hydrazone link
1-3 differ at their N termini, far removed in space from the C stabilizes ar-helix implies that enforcing one hydrogen bond
termini, the changes in the carboxamide protons are almostis sufficient for stabilizing ar-helical conformation in water.
certainly related to the degree to which a full-lengttnelix is The hydrazone link creates a nucleation site (NucSite) overcom-
formed. As the percentage of full-length helix increases from ing the most significant energy barrier ¢ehelix formation in
1-3, the difference in the chemical shifts for the carboxamide agreement with the ZimmBragg model fori-helix formation?®
protons decreases from 0.50 to 0.38 ppm. Consequently, thisOnce the initial turn of aro-helix is made, further turns are
simple measure can be used to detect small changes in thegropagated. The propagation of the hexapeptide extension,
amount of full-lengtha-helix. -AEAAKA-NH ,, as a full-lengtho-helix in water sets a lower
This prompted us to measure the differences in chemical shiftslimit on the number of turns<2) that can be propagated as a
for the C-terminal carboxamide protons of acetyl- AEAAKA- full-length a-helix in water.
NH,. A small increase frorAppm= 0.50 ppm forl to Appm NucSites are functionally related to templat@32'However,
= 0.52 ppm for acetyl-AEAAKA-NH was observed for they differ in design. Indeed, template designs differ, reflecting
measurements made under the same conditions. This smalh rich diversity of possibilities. NucSites are formally character-
difference AAppm= 0.02, indicates that acetyl-GLAG has very ized by a main-chain link that can encompass different amino
little effect on the C-terminal end df. It provides a reference  acids. Templates include side-chain linked2%i=¢ and tri-
for measuring the effectiveness oflJAZ]- and [JLPZ]- at prolineg® and nonpeptidomimetic helix inducerd! The type
propagating a full-lengtho-helix. The absolute change in  and extent of helix propagation is a function of the number of
AAppm for the C-terminal carboxamide protons increases from hydrogen bond acceptors on the nucleation site, their disposition
1(0.02) to2 (0.10) to3 (0.14) indicating significant stabilization  in space, and the strength of hydrogen bonds between the
of the peptide as an-helix in aqueous solution at 22 by appended peptide and the nucleation site versus the strength of
the hydrogen bond mimic. hydrogen bonding to solvent.
NucSites and templates share a common feature, three
carbonyl oxygen groups. Three hydrogen bond accepting groups
The development of a solid-phase synthesis for replacing can potentially propagate in addition to itéhelix, several other
main-chain hydrogen bonds with the hydrazone link reduces helices including the 3, hybrid 30 and mixed 3ra
the assembly time ai-helical peptides from 6 weeks to 3 days  helices!5447 The 3-helix which is often found at the carboxyl
and improves overall yields at least 10-fold. The assembly termini of a-helices in proteins is characterized by sequential
process is also amenable to automation and multiple peptide(j + 3 — i) hydrogen bonds and is more tightly woutkd:47a
syntheses. It requires little more effort to assembledrelical One consequence of this is that side chains are projected in
peptide than a peptide. Although yields depend on the individual different orientationd5¢47aAlthough thea-helix is generally
peptide, the solid-phase synthesis makes accessible constraineghore stablé’2 interconversion between the-helix and 3o
peptides that were previously inaccessible. This developmenthelix is readily achieve@c47aSince NucSites and templates
provides the wherewithal for assessing whether the hydraZOHEpresent only three hydrogen bond accepting groups, a fourth
link is a hydrogen bond mimic and whether it can be used in a hydrogen bond must be accommodated to nucleatelaglical
general sense to constrain peptides to a range of conformationgurn. This can be achieved in different ways.
defined by different hydrogen-bonding patterns (Table 1). Kemp and co-workers have reported extensive studies on the
Hydrazone Link. Conformational analysis df—3 by NMR templated peptide, Ac-HeRlas-OH, in a variety of solvent&ce
spectroscopy clearly indicates that the hydrazone link stabilizes Ac-Hel, is characterized by three amide carbonyl oxygens.
a peptide as a full lengtr-helix in water. These studies further  Back-bonding from the first three amino acids appended to the
establish that the-N=CH— bond, like the hydrogen bond, template could lead to a;@ or 3g-a-helical turn2°c To
positions itself tis’ to the main-chain peptide bond (Figure propagate am-helical turn, the amide linking the template to
1). NOE patterns for amino acids that span the hydrazone link peptide must forego hydrogen bonding to the template in order
(Table 3) indicate that it fits well into aa-helix in agreement for the next three amide groups to hydrogen bond to the three
with model building. A further indicator of the preference of accepting carbonyl oxygen atoms on the temp88lOE data
the mimic for a tis” position is provided by3. Whereas X-Pro  for Ac-Hel, in water indicated helix stabilizatic#¥¢ In 20 mol
peptide bonds form cis,trans equilibA&the Leu-Pro peptide 9 trifluoroethanol-water, NOEs that were characteristic of both
bond shifts to an all-trans geometry $indicating that the a 3 anda-helix were detected’® suggesting that solvent can
hydrazone link satisfies the need for a cis bond better than participate ino-helix propagation.
L-proline. The hydrazone link also positions itsedfs’ in larger - .
loopsl? demonstrating that this preference 2nand 3 is not gi% (ﬂ?%n%lg"c?rggr?éciét};:]ﬁ?gﬁgBﬁggrsmleﬁgsﬁbgf%,sggb—

dictated by the small ring size. Presumably, this preference is 353 (b) Toniolo, C.; Benedetti, Blacromoleculed991, 24, 4004-4009.
steric; the—N=CH- link is less bulky than—CH,—CO-—. (c) Karle, I. L.; Flippen-Anderson, J. L.; Gurunath, R.; BalaranmPmtein

; e i ; Sci. 1994 3, 1547-1555. Karle, I. L.; Gurunath, R.; Prasad, S.; Rao, R.
An important property of the hydrogen bond is its unique B.; Balaram, PInt. J. Pept. Protein Red.996 47, 376-382 (d) Toniolo,

flexibility. This provides the hydrogen bond with a capacity to ¢ polese. A.: Formaggio, F.; Crisma, M.; Kamphuis,JJAm. Chem.
adapt to different angles and lengths required by the different Soc.1996 118 2744-2745

Discussion




Hydrogen Bond Mimic

Bartlett and coworke?d devised another solution. They
observed little helix propagation by N-linked templat@s\.
However, when the amide group that linked the peptide,
-AAEALAKA-NH2, to the template was replaced with an ester,
the resultingS,S-9-Otemplated peptide displayed anhelix-
like CD spectrum in water. They attributed the lack of helix
propagation by th®-N template to an initial nonproductiveg
like hydrogen bond. By replacing the linking amide with an
ester, the initial hydrogen bond was eliminated, making way
presumably for the following amino acids to hydrogen bond to
carbonyl oxygens on the templata carboxylate anion, carbonyl
oxygen and ester carbonyl oxygen were available for the
propagation of am-helix.

A different approach to template design was taken bylédu
et al2 They described two templates that incorporate the initial

J. Am. Chem. Soc., Vol. 121, No. 16, 138%3

native peptides ag-helices could aid studies on protein folding
by identifying determinants of helix stabilit§>*and enhance
the activities of peptides for specific reacti&h&a55or for
general peptide screenifg®ec

Wider Role. In principle, a hydrogen bond mimic could be
used to stabilize peptides in different conformations defined by
position and sequence (Table 1). The solid-phase synthesis for
insertion of the hydrazone link into a peptide provides a facile
method for exploring this possibility. Medium-sized loops have
been prepared by extendirdy with increasing numbers and
varied sequences of amino acids before capping Wwits is
being reported separately’

Conclusion

The hydrazone link was substituted for an+4 4 — i)

amide link to the appended peptide into the template, either aspygrogen bond at the N terminus of a short peptide stabilizing

a secondary lactam or imide which replaced the initial amide
hydrogen. These templates provide, in addition, either two
carbonyl oxygens and a “relay” lactam carbonyl oxygen or two
carboxylate oxygens and a “relay” imide carbonyl oxygen which
are available foi-helix propagation.

NucSites establish an-helix by replacing the initial N-
terminal {, i + 4) connection with an acylhydrazone link. The
two amide carbonyl oxygens and a third “relay” carbonyl oxygen
atom from the acylhydrazone (Figure 1) provide hydrogen
bonding sites for the following three appended amino acids,
-AEA. Thus, each of the four amide protons in the first
propagated turn of an-helix are accommodated.

o-Helix Stability. The average size of achelix in a globular
protein is about 11 residu®8 with 88% of helices from a

it as a full-lengtha-helix in water at ambient temperature as
indicated by NMR spectroscopy. The link is stable for long
periods under physiological conditions of pH and temperature.
The advantages of the current method are that (1) it provides
the first solid-phase synthesis of arhelix nucleation site, (2)
the synthesis is rapid, convenient, and capable of high yields,
(3) the nucleation site can accommodate different amino acids,
and (4) the same synthetic protocol can be combined with
multiple peptide synthesis procedures to synthesize different
structures simultaneously.

This work establishes the hydrazone link as a hydrogen bond
mimic, that a hydrogen bond mimic is sufficient for stabilizing
a biologically relevant conformation in water, and that it is
flexible enough to allow different amino acid sequences to exert

representative sample of proteins between 4 and 15 amino acidsheir natural conformational preferences.

in length252 Although a few native peptides in this size class
form detectable levels af-helices in water at low temperatures
(3—7 °C),22h49many, including longer peptides (5 residues)
from the helical regions of proteins do ri8t.NucSites,
templates;2°2tand other method323might therefore find use
in stabilizing native peptides ashelices. However, the amino

Experimental Section

General. Acetone, acetonitrile, dichloromethaéN-dimethylfor-
mamide N-methylpyrrolidone, methanol, and 2-propanol from Burdick
and Jackson were of high quality and were used without further
treatment. Ethyl hydrazinoacetate hydrochloride, 1-hydroxybenzo-

acid sequences of protein helices are diverse and include helix-triazole hydrate (HOBt)N,N-diisopropylethylamine, 2,2,2-trifluoro-

destabilizing as well as helix-stabilizing amino acids. The helix
propensities of amino acids have been revie#®€8! Model
studies with alanine-rich peptides suggest that very little helix
formation is expected for peptides not rich in alanfOn

the other hand, sequence-dependent effects have been observ

to play important roles in helix stability, suggesting a compli-
cated reality’®52To sort out these effects, it may be important

ethanol, deuterium oxide, chlorofordh; and ninhydrin were from
Aldrich. N,N-diisopropylethylamine was purified by distillation and
stored over 4-A sieves. Trifluoroacetic acid (TFA) was from Pierce
Chemical Co. Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium

%‘gxaﬂurophosphate (PyBOP) and 9-fluorenylmethyl chloroformate

moc-Cl) were from NovaBiochenN-a-Fmoct-amino acidsN,N-
dicyclohexylcarbodiimide (DIC), and 4-(2'-dimethoxyphenyl-Fmoc-
aminomethyl)-phenoxy resin (Rink resin) were from Advanced Chem

to stabilize native peptides as helices in water. Consequently,Tech. Fmoc corresponds to the 9-fluorenylmethyloxycarbonyl group.

it is of interest that a parallel study indicates that NucSites
stabilize a native peptide sequence asiamelix.53 Stabilizing

(48) (a) Scholtz, J. M.; Baldwin, R. LAnnu. Re. Biophys. Biomed.
Struct.1992 21, 95-118. (b) Chakrabartty, A.; Baldwin R. IAdv. Protein
Chem.1995 46, 141-176.

(49) (a) Bierzynski, A.; Kim, P. S.; Baldwin, R. LProc. Natl. Acad.
Sci. U.S.A1982 79, 2470-2474.

(50) Reymond, M. T.; Merutka, G.; Dyson, H. J.; Wright, P.Htotein
Sci. 1997 6, 706-716.

(51) Woolfson, D. N.; Alber, T.Protein Eng.1995 4, 1596-1607.
Schneider, J. P.; Lombardi, A.; DeGrado, WHelding Des.1998 3, R29—
R40.

(52) Lesk, A. M.Nature 1991 352, 379-380; Serrano, J.; Sancho, J.;
Fersht, A. RNature1992 356, 453—455. Zerkowski, J. A.; J. A.; Powers,
E. T.; Kemp, D. SJ. Am. Chem. S0d.997 119, 1153-1154. Williams,
L.; Kather, K.; Kemp, D. SJ. Am. Chem. S0d.998 120, 11033-11043.

(53) A peptide (underlined) from MSP-1, Rlasmodium falciparum
merozoite protein, was inserted into acetyl-GLAGALFQKEKMAKA-KNH
and PL(A/P)Z]JALFQKEKMAKA-NH ,. 1D and 2D NMR experiments,
similar to those Treported fot—3, show that the constrained peptide is
stabilized as am-helix in 10% DO/H,O at pH 5.0 at ambient tempera-
ture: Cabezas, E. and Satterthwait, A. C., unpublished data.

L-Alanine-2-d, l-alanine-3,3,34; and L-alanined, were from MSD
Isotopes. The pH test strips—24.0 (P4536) were from Sigma. All
amino acids are-amino acids. Proton chemical shifts are relative to
tetramethylsilane except were noted.

Resin packets were made from style 67221030 polypropylene fabric
from Synthetic Industries, Gainesville, GA, by sealing with a TISH-
300 Impulse sealer from San Diego Bag and Supply. Shaking was
carried out on an Eberbach 6010 two-speed reciprocating platform
shaker.

5,5-Dimethoxy-1-oxopentanoic Acid Methyl EsterThe compound
was synthesized according to Stevens and# ee.

5,5-Dimethoxy-1-oxopentanoic Acid (J). The compound was
prepared by adding 5,5-dimethoxy-1-oxopentanoic acid methyl ester
(10 g, 56.8 mmol) to a solution of sodium hydroxide (3.028 g, 75.7

(54) Kemp, D. S.; Oslick, S. L.; Allen, T. J. Am. Chem. Sod.996
118 4249-4255. Renold, P.; Kwok, Y. T.; Shimizu, L. S.; Kemp, D.B.
Am. Chem. Sod 996 118 12234-12235.

(55) Chorev, M.; Roubini, E.; McKee, R. L.; Gibbons, S. W.; Goldman,
M. E.; Caulfield, M. P.; Rosenblatt, MBiochemistry1991, 30, 5968—
5974.
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mmol) in 100 mL of an equivolume mixture of methanol in water and (2) The Fmoc-protecting group was cleaved from the protected peptide
stirred fa 2 h at room temperature. The reaction mixture was resin with 5 mL of 20% piperidine itN,N-dimethylformamide for 10
rotoevaporated, and the residue was dissolved in a mixture of 50 mL min, and the resin was washed four times with 5 mL NyN-
of water, added to 100 mL of ethyl acetate, and cooled to ice dimethylformamide, once with 5 mL of 2-propanol, once with 5 mL
temperature. The mixture was vigorously stirred and acidified to pH of dichloromethane, and once with 5 mL Nfmethylpyrrolidone. (3)
2—3 with 1 N hydrochloric acid. The pH was monitored by spotting Coupling was carried out withNl-o-Fmoc+-amino acid (0.092 mmol)
pH 0—14 test strips. The organic and aqueous layers were immediately or FmocZ (Act) (32.5 mg, 0.092 mmol), 1-hydroxybenzotriazole (12.4
separated, and the aqueous layer was extracted with 100 mL of ice-mg, 0.092 mmol), benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
cold ethyl acetate. The combined organic layers were washed with 100hexaflurophosphate (47.9 mg, 0.092 mmol), &hN-diisopropylethy-
mL of ice-cold brine, dried over magnesium sulfate, filtered, and lamine (0.032 mL, 0.184 mmol) in 1 mL df-methylpyrrolidone by
rotoevaporated to yield 8.2 g (88%) of a colorlessilNMR (CDCl) shaking for 30 min. After the coupling reaction, the resin was washed
01.55-1.8 (m, 4), 2.2-2.6 (m, 2), 3.33 (s, 6), 4.39 (t, 1). Anal. Calcd  twice with methylene chloride and air-dried. A small amount of resin
for C;H140,4 C, 51.8; H, 8.7. Found C, 50.58, 50.65; H 8.88, 8.75. FAB was removed from the resin packet and tested for primary amine by
MS Calcd (MNa) 185.0790; found 185.0793.is stable for>1 year the Kaiser ninhydrin te$ The coupling step was repeated if necessary.
at— 20°C. J-Leu-Ala-Z(Act)-Ala-Glu( t-But)-Ala-Ala-Lys(t-Boc)-Ala-Rink
(1-Methylethylidene-2-Fmoc)hydrazinoacetic Acid (Fmoc-Z(Act). Resin.Peptide assembly was continued from above in exactly the same
The compound was synthesized by dissolving ethyl hydrazinoacetate manner except for the coupling (step 3) of Fmeatanine chloride to
hydrochloride (15.4 g, 100 mmol) in 300 mL of an equivolume mixture Z(Act). Since the acetone-protecting groupZ{Act) is labile to strong
of water and acetone, refluxing for 10 min, and cooling to room acids, it is critical that Fmoc-alanine chloride be freed of adventitious
temperature. Sodium hydroxide (8.4 g, 210 mmol) was added to the hydrochloric acid by briefly drying it under vacuurh-a-Fmoct.-
reaction mixture and stirred for 30 min at room temperature to hydrolyze alanine chloride (30.3 mg, 0.092 mmol) was dissolved in 1 mL of
the ester. Sodium carbonate (10.6 g, 100 mmol) was dissolved in 50 N-methylpyrrolidinone, added to the resin packet, and briefly shaken
mL of water and added to the reaction mixture, and the mixture was before adding 0.016 mL dfi,N-diisopropylethylamine (0.092 mmol).
cooled to ice temperature. A solution of 9-fluorenylmethyl chloro- Shaking was continued for 15 min. The Kaiser ninhydrin test is not
formate (25.9 g, 100 mmol) in 50 mL of dioxane was added dropwise applicable for this reaction. Fmacleucine (32.5 mg, 0.092 mmol)
to the reaction mixture dur@nl h with stirring. Stirring was continued  and thenJ (17 mg, 0.092 mmol) were coupled to the peptide resin
for 15 h while the reaction mixture came to room temperature. The using the coupling protocol for Fmoc-amino acids. Following the
reaction mixture was rotoevaporated and the residue suspended in 20@ddition ofJ, the resin packet was washed four times with 5 mL of
mL of ice-cold ethyl acetate. This mixture was then vigorously stirred methylene chloride and air-dried.
and acidified to pH 3 by addin1 N HCI. The two phases were [J-Leu-Ala-Z]-Ala-Glu( t-But)-Ala-Ala-Lys(t-Boc)-Ala-Rink Resin.
separated, and the agueous phase was extracted with 200 mL of ethyirhe dry resin packet from the previous step was shaken for 15 min in
acetate. The ethyl acetate extracts were combined, extracted with brineg 15 mL solution of 20% 2,2,2-trifluoroethanol in methylene chloride
and dried with magnesium sulfate. After filtration and rotoevaporation that had been premixed with 0.02.r4 N hydrochloric acid in dioxane
to dryness, the product was dissolved in 100 mL of acetone, refluxed (5.3 mM final). The resin packet was washed four times with 5 mL of
for 10 min, and again rotoevaporated to dryness. Crystallization from dichloromethane. A slight pink coloring of the resin was used as an
ethyl acetate with hexane yielded 31.4 g (80.7%) of white crystals: indicator that sufficient acid had been added for cyclization.
mp 146-148°C; *H NMR (acetonegs) 4 1.5-1.75 (br s, 2), 1.72.0 [J-Leu-Ala-Z]-Ala-Glu-Ala-Ala-Lys-Ala-NH  (2). The cyclic pep-
(brs, 4), 4.19 (m, 2), 4.27 (m, 1), 7.33 (dd, D= 7.4, 7.4), 7.42 (dd,  {jge-resin from the previous step was added to 15 mL of 10%
2,J=17.4,15),7.68(d, 2)=7.4),7.87(d, 2)=7.6), 11.06 (s, 1). trifluoroacetic acid in dichloromethane in a capped polypropylene bottle
Anal. Calcd for GoHzoNz0: C, 68.17; H, 5.72; N, 7.95. Found C, 67.97; 4 shaken for 15 min. The solution containing the cleaved protected
H, 5.71; N, 7.85. FAB MS Caled (MH) 353.1422; found 353.1511.  pentide was removed and the packet treated again in the same manner.

FmocZ(Act) is stable when stored dry at*C. The acidic solutions were combined and rotoevaporated to leave a
N-a-Fmoc- -alanine-2d;, N-a-Fmoc- -alanine-3,3,3d; and N-a- residue that was treated with 2 mL of trifluoroacetic acid for 15 min.
Fmoc- -alanineds. The compounds were prepared according to peptide was precipitated from the acid solution by adding 30 mL of
Lapatsanis et akt mp 142-143°C [N-o-Fmoc+.-alanine, lit.= 142~ cold diethyl ether. The precipitate was centrifuged, washed with cold
143°C]. diethyl ether and dissolved in 1 mL 10% acetonitrile in water.

N-o-Fmoc-.-alanine chloride andN-a-Fmoc- -proline chloridez. The crude product was initially analyzed by high-pressure liquid
The compounds were prepared by the procedure of Carpino®t al. o omatography (HPLC) on a Merck Lichrosorb analytical C-18 column
The crystalline products were dried under vacuum to remove trace (4.6 x 25 mm, 10 micron). Products were eluted with a 100% water
amounts of hydrochloric acid. Both compounds wei@7% pure by 100% acetonitrile gradient in 0.1% TFA over 15 min at 2 mL/min.
the methanol test. . . The chromatogram (Figure 2) showed one major prodjcind two

Fmoc-Z(Act)-Ala-Glu(t-But)-Ala-Ala-Lys(t-Boc)-Ala-Rink Resin. minor productsA andB. These products were separated by HPLC on
The compound was assembled on 44dimethoxyphenyl-Fmoc- 5 \yqgac preparative C-18 column (201TP1022, 2.25 cm, 10um)
aminomethyl)-phenoxy resin (Rink resin) (100 mg, 0.046 mmol) sealed py gjyting with a 100% water60% acetonitrile gradient in 0.1%
in a 2 cnf polypropylene mesh packet.The packet was included i, oroacetic acid over 40 min at 5 mL/min. Fractions were lyophilized
among _several packets for 5|m_ultaneous multiple peptide s_yntﬁe5|s. to yield 19.2 mg of2 (47% yield, based on initial resin loading.
The resin packets were placed in capped 30-mL or 60-mL wide-mouth ;.- iqentified by NMR spectroscopy and FAB-MS: Calcd (K1896:
polyethylene bottles for common wash and deprotection steps. Washqq4 896. HR FAB-MS: Calcd (MCs*) 1027.3977; Obsd 1027.4019
solutions were added to the packets in the bottle, shaken for 1 min on TheA andB fractions from several HPLC runs \;vere combined and
a platform shaker, and poured off. Single packets were placed in Cappedpurified further for analysisA was identified as a dimer ¢ by low

2-mL micro tubes for coupling reactions. Otherwise, when several | . vion (| R) FAB MS: Calcd (MH) 1791; Found 1791B was
packets required the same amino acid, they were combined and reaCt'o'?dentified as an isomer &f by FAB MS: 895.5001, Found 895.5109

solutions scaled up for coupling i_n a capped bottl_e. The following 1H NMR (10% D,0/90% HO) of A but notB showed a signal at 7.21
protocol reports the reagents required for a synthesis with one packet.ppm (dd, 1) that is characteristic of a hydrazone®H proton.

A standard coupling cycle involved the following steps: (1) The [J-Leu-Pro-Z]-Ala-Glu-Ala-Ala-Lys-Ala-NH - (3). The compound

resin was swelled in its packet by shaking with 5 mL of dichlo- ; !
romethane and then washed with 5 mL MN-dimethylformamide. was synthesized by the same procedure dmit with N'(%'Fmof:t',
proline chloride used in place df-a-Fmoct-alanine chloride. Rink’s

(56) Lapatsanis, L.; Milias, G.; Froussios, K.; Kolovos, Bynthesis resin (1 gm, 0.42 mmol) was sealed in six resin packets for this
1983 671-673.

(57) Houghten, R. A.; De Graw, S. T.; Bray, M. K.; Hoffman, S. R; (58) As described in Stewart, J. M.; Young, J. $olid-Phase Peptide
Frizzell, N. D. Biotechniqued 986 4, 522-528. Synthesis2nd ed.; Pierce Chemical Co.: Rockford, IL, 1984; p 105.
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synthesis. The coupling reactions were scaled up proportionately. The 1D NMR spectra in 90% kD/10% DO were run with presaturation
wash and reaction steps were carried out in 60-mL Nalgene wide-mouth of water.J,n coupling constants for amide protons were determined at
polyethylene bottles. Cyclization was carried out by shaking the six 0.34 Hz/data point after zero filling. 2D ROESY experiments were
resin packets for 15 min in 40 mL of 20% 2,2,2-trifluoroethanol in  run in the phase-sensitive mode using TPPI for quadrature detection
dichloromethane that had been premixed with 0.1a54mN hydro- in f1. In a typical experiment, 48 transients of 1024 data points were
chloric acid in dioxane. The product was cleaved from the resin by acquired in the, dimension at a spectral width of 5555 Hz and 512
scaling up the procedure used @by 10-fold. increments which were zero filled to 1024 data points.

Two major products were separated by HPLC with multiple runs  »p ROESY spectra were acquired @with mixing times of 100,
on a Merck Lichrosorb semipreparative C18 column (@50 mm, 200, and 400 ms and compared with a 2D NOESY spectrum on the
7 um) with a 100% water100% acetonitrile gradient in 0.1%  g3me sample. NOES were far more intense in the ROESY spectra than

trifluoroacetic acid over 30 min at 3 mL/min. A dimer 8feluted at in the NOESY spectrum, indicating that the product of the Larmor
19 min, while3 eluted at 19.7 min. The fractions 8fwere combined, precession frequency and the correlation time) is close to unity.

Iyop()rlili;ed, and purified by repe?;ing the HPLC runs to yield 16.5mg - grong NOES with high signalinoise ratios were proportional to the
&4'3/0)’%}? FAB;JMS.' g‘?"cgg(;\" )?(12%5158h Of_bSd 92#:51?2'.”‘9 mixing time. The NOE data that is reported is from 2D ROESY
imer of 3 was obtained in 23% yield from the first purification; LR experiments carried out with a mixing time of 400 ms.

FAB MS: Calcd (MH") 1842, Obsd 1842. - :
Acetyl-GLAGAEAAKA-amide (1). The compound was synthesized Temperature coefficients were determined from 1D and 2D TOCSY

in a resin packet by using the coupling cycle and cleavage procedures€XPeriments run on a _Brukc;:;r AM':?)OO Spectrometer. Spectra were
described above. The peptide was acetylated on the resin by first@cduired from samples in 90%8/10% DO which was suppressed

removing the final Fmoc-protecting group with 20% piperidindini- using a jump-and-re_turn selec;ive excitation sequence. Probe temper-
dimethylformamide and then washing and shaking the peptide-resin atures were determined by using a methanol standard.

with 15% acetic anhydride iN,N-dimethylformamide for 30 min. The 1D and 2D data was processed and analyzed on a Silicon Graphics
peptide was purified by HPLC as a single peak and identified by NMR Iris Indigo XS24 computer using Molecular Simulation, Inc. (MSI) Felix
spectroscopy and LR FAB MS: Calcd (M)899; Obsd 899. 95 software.

Acetyl-AEAAKA-amide. The compound was synthesized and
purified in the same manner 4s Acknowledgment. We acknowledge Dr. Lin-chang Chiang

Deuterated analogues, lad and 2a—c. The compounds were  for his initial synthesis of FmoZ(Act). We thank Drs. Thomas
synthesized in resin packets as described above. Resin packets Wer - -henius and James Tam for helpful conversations. Dr. John
combined for common steps and separated for individual coupling Waltho aided us in obtaining NMR measurements 1:he r.nanu-

reaction8’ with N-o-Fmoc+ -alanine-2é, N-o-Fmoc+ -alanine-3,3,3- . ) .
ds, andN-a-Fmoc+ -alanined,. Products were purified by HPLC and ~ SCTipt benefited from reviews by Drs. Elena Dovalsantos and

their compositions confirmed by comparing their 1D NMR spectrawith Philip Dawson and from thoughtful suggestions by the final

the 1D NMR spectra for the fully characterized, undeuterated com- reviewers. This work was supported by grants from the United

pounds. States Agency for International Development (DPE-5979-A-
Spectroscopy.Purified peptide samples were lyophilized at least (00-1035-00) and the National Institutes of Health (Al119499).

twice to remove trace amounts of TFA, weighed, and dissolved in Thjs js publication 11533-MB.

doubly distilled water or 90% kD/10% D:O. The aqueous samples

were adjusted to pk 2.9 by adding small quantities of HCl and NaOH. . . . . 1
UV spectra were recorded in a 1-cm quartz cell (1-cm path length) Supporting Information Available: ~ Tables of "NMR

with a Varian Cary 3Bio UV/Vis spectrometer. CD spectra were chemical shift data fol—3, the amide proton region from 1D
recorded on samples in a 0.2-cm quartz cell (0.2-cm path length) with NMR spectra forla—d, fingerprint region from a 2D TOCSY
an Aviv model 62ADS circular dichroism spectrometer. The observed spectrum ofl, 2D TOCSY spectrum a2, stack plots and a 1D
spectra were corrected by subtracting a spectrum for water. Molar slice from a 2D ROESY spectrum 8fand plotted data for the
ellipticities for 13 are calculated for 10 residues. determination of temperature coefficients for3 (PDF). This

Most NMR Spectl’a of peptides were vaUired with a Bruker AMX- mate”a' |S ava”ab'e free Of Charge Via the Internet at
500 spectrometer. Except where noted, all spectra were recorded Orhttp://pubs.acs.org.
approximately 20 mM peptide, pH 2.9 at a probe temperature of 22
°C. Chemical shifts are relative to internal dioxaneat 3.75 ppm. JA983212T



