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Abstract: A family of efficient helix-initiating N-terminal caps X-Hel is introduced that expand the scope and
versatility of the previously reported reporting conformational template Ac-Hel, (Kemp, D. S.; Allen, T. J.;
Oslick, S.J. Am. Chem. S0d.995 117, 6641-6657) and a working principle for predicting cap performance

is described, based on structurally specific intramolecular hydrogen bond formation. ReplacemeNtaxfehg

by urethane, urea, or sulfonamide generated less efficient polypeptide helix inducend-faimsyl cap is

found to be equivalent to tHé-acetyl and may provide more convenient quantitative helix reporting properties.
Anionic N-caps derived from the series X ~0,C-(CH,),-CO, 0 < n < 3, are superior tiN-acetyl, as are
N-acylglycyl andN-acyl3-aspartyl. The latter pair of caps permit introduction of the X-Hel functionality
within a polypeptide chain, allowing control of helicity of a peptide sub-sequence. Applications of these capping
functions are discussed. This work has been focused primarily on immediate practical goals directed toward
enhancing the maximum helicity of isolated short to medium-sized peptides in aqueous solution, but its
developing concepts and working hypotheses are likely to significantly enhance our understanding at a chemical
level of the protein folding problem.

The N-terminal peptide capping residue Ac-Hel, Figure 1, a
conformationally locked derivative of the dipeptide Ac-Pro-Pro,
is a versatile tool for initiating, enhancing, and quantitating

polypeptide helicityt Previous work has established that the o Peptide
acetamide function of Ac-Hel, which can be viewed as a cap N’

within a cap, is a modular component that controls the helix- H
enhancing properties of Hel itself. Can one improve on the helix- N

inducing capacity of the acetamide component of the Ac-Hel N’x

cap? We have modified our published synthesisthe Hel

function to generate analogues X-Hel, in which the acetyl of
Ac-Hel is replaced by other acyl or hydrogen bond donor
functions. In this report we provide details of these new

syntheses and evaluate the properties of a new generation of o ) ]
N-terminal helix initiation templates. Figure 1. The structures of the helix inducing conformational templates

. o . . Ac-Hel and X-Hel. (a) A tripeptide N-terminus bonded to the N-cap
Peptide helicity is dramatically enhanced by a variety of N~ ac.Hel. Intramolecular hydrogen bonds form between four NH donor

and C-caps, yet an understanding of the mechanisms of cappingunctions and three €0 acceptors introduced by Ac-Hel. (b) The
stabilization is incomplete, and the upper limit on cap-induced generic Hel-peptide structure, in which H-bond acceptor functions X
helicity remains largely unexplored. This report outlines our replace the acetamide of Ac-Hel.

recent efforts to address these issues. Relying on the X-Hel
framework we have constructed a new database of cappingN

X-functions and their experimental helix-inducing efficiencies. -

Along with new nonamide H-bonding caps, this data base We also seek X-Hel caps that are substantially better than Ac-
. . . Hel at initiating and enhancing peptide helicity. This goal has

contains X-caps that have been previously reported to increase

helicity when linked N-terminally to simple peptides. In building particular urgency, given the current need for CD calibration

this data base, we have postulated that many of the efficientStandards in the form of short to medium-sized peptides of
! oo P Y ) defined length that approach 100% helicitWe finally seek
helix stabilization mechanisms that allow an X-cap to induce

strona helicity in a simple peptide will also operate to increase & X-Hel function that strongly stabilizes a helix within peptide
the hglix-indgcin efficFi)en(I:J gf the CorTes oadin X-Hel ca residues that are C-terminal to it, that can be incorporated within
9 y P 9 P- a peptide sequence, and that blocks N-terminal helix extension.

(1) (@) Kemp, D. S.. Allen, T. J.; Oslick, S. Am. Chem. S0d 995 This .funct|o.n coulq serve as an N-terminal equivalent of
117, 6641-6657. (b) Kemp, D. S.; Allen, T. J.: Oslick, S.; Boyd, J. &. B-aminoalanine, which we have recently demonstrated to be a

Am. Chem. Socl996 118 4240-4248. (c) Kemp, D. S,; Oslick, S. L.;  strong C-terminal helix boundary definetUsed jointly, this
Allen, T. J.J. Am. Chem. S0d.996 118 4249-4255.

(2) McClure, K.; Renold, P.; Kemp, D. 8. Org. Chem1995 60, 454— (3) Wallimannn, P.; Kennedy, R. J.; Kemp, D. Sngew. Chem., Int.
457. Ed. 1999 38, 1290-1292.

Three practical goals have driven this study. We seek X-Hel
-caps that share the novel helix reporting feature of Ac-Hel.
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pair could permit construction of designer protéiosntaining
helices that are confined to particular regions within the peptide
sequence. In this report we demonstrate examples of X-Hel
functions that meet two of these three goals.

Background and Design Plan

The large helix stabilizing effects reported for simple peptide
N-caps set a high standard for our goal of optimizing X-Hel
helix stabilizers. They also provide clues to the mechanisms of
cap stabilization. In 1987 Shoemaker et al. noted helix stabiliza-
tion for succinyl capped analogues of the C-peptide of RNAse —H
A, which they attributed to an interaction between the backbone h
amide helix dipole and the negative charge of the N-terminal b
succinaté. Drawing from the protein X-ray crystallographic X
database, in 1988 Presta and Rose noted sequence correlatior
within the end regions of helices found in native structures of
globular proteins and argued that helix start and stop signals
are likely to exert more control over peptide helicity than Figure 2. Comparison of templated and nontemplated N-capped
sabiaing ffecs atrbuable o el progagatin 1994, OPLES () e e o) anecf ool poice
e e e e et L e bl 1 1.2, and . ) Th coroparang e

. - . of an N-acyl-Hel peptide, in which the constrained Pro-Pro sequence
Suc?'nyl cap dOUbI_ed thg value _OHG]ZZZ' implying an of Hel corresponds to the first two peptide residue®afThe potential
equivalent increase in fractional helicitythey also noted little  gjngle H-bonding donor site H-3 is labeled.
change in—[60]222 when the carboxylate anion of the N-succinyl
was replaced by a sulfonate anion or by an uncharged methylcan generate an H-bond with a single NH, but the remaining
sulfone. All these capped peptides are exceptionally helical. three NH residues must find H-bond donors within a complex
Studies by Nambiar et dland by Doig and Baldwit® with of hydrating water molecules. The additional stabilization noted
peptides containing 12 to 17 residues further showed that, Py Forood et al. when the monovalent H-bonding acetyl N-cap
relative to an uncharged alanine residue’ N}acety| cap is replaced with a potentially bivalent SUCCinyI can be eXplained
increases-[6],22 by an average of 70%. For the entire peptide if its charged carboxylate stabilizes the N-terminus by assuming
series the span of increase resumng fmmcety|ation was 40 the helix Stab|I|Z|ng roles of one or more water molecules.
120%, with larger increases observed for shorter peptides orBinding of anions by a helix N-terminus, usually attributed to
for weakly helical peptide sequences. Strongly helix stabilizing charge-dipole interactions, is well documented by protein X-ray
N-capping effects were also seen for natural amino acids crystallographic daté: However, the nearly equivalent helix
normally classified as helix breakers; for example, a 40 to 60% Stabilizing effects of uncharged and negatively charged bivalent
increase of-[6]22>was observed when N-terminal unprotonated €aps reported for N-capped peptides by Forood et al. suggest
alanine residues were replaced by asparagine, glycine, or serindhat the helix-stabilizing capacity of the second polar functions
residues, or by negatively charged aspartates. of their N-caps may correlate better with H-bonding acceptor

Three significant generalizations follow from these studies. &ffinity. _ , o
Large increases in peptide helicity can result from N-capping, ' certain respects the picture of Figure 2a is simplistic, but
even by functions as simple as an acetyl. Negatively charged® More incisive view of the roles of N-caps requires a more
N-caps are very strong helix stabilizers. Uncharged caps detailed and rigorous model for the structure of the highly

containing a variety of polar functions can match the effective- functionalized and solvated N-terminus of a normal helical
ness of negatively charged N-caps. peptide. Such models are unlikely to be forthcoming, given the

4imitations of currently available molecular modeling protocols
and the degree to which conformational averaging complicates
interpretation of CD-derived peptide helicity. To design a new
NH functions of the first four peptide amide residues lack generation Of. N-caps one would like answers to a series of
simple questions. Does a strongly helix stabilizing polar or

intramolecular H-bonds. As represented in Figure 2a, N-cappin X :
by a simple acyl-derived H-bgnd donor suc% as an aceteﬁ)rzidge?harged H-bond acceptor that is part of a peptide N-cap act by

interacting directly with a specific backbone NH residue of the
(4) Deechongkit, S.; Kennedy, R. J.; Tsang, K. Y.; Renold, P.; Kemp, peptide? Does it interact directly with more than one NH via

D. S.Tetrahedron Lett200Q 41, 9679-9683. bifurcated H-bonds? Does it stabilize the helix indirectly by
(5) (a) Tuscherer, G.; Scheibler, L.; Dumy, P.; Mutter, Blopolymers

These generalizations suggest key features of mechanism
by which highly efficient N-caps may stabilize helices. At an
N-terminus of am-helix formed by an uncapped peptide, the

1998 47, 63—73. (b) Imperiali, B.; Ottesen, J. Biopolymers1998 47, qual_ .charge-dlpole effects or by _mpdlfylng the s_tructurg or
23-29. (c) Kohn, W. D.; Hodges, R. Srends BiotechnolL99§ 16, 379— affinities of the water molecules within the N-capping region?
389. (d) Kemp, D. STIBTECH199Q 8, 249-255. These questions cannot be answered rigorously, but as a working

(6) Shoemaker, K. R.; Kim, P. S.; York, E. J.; Stewart, J. M.; Baldwin, i i it
R. L Nature 1087 326 563-867, model for design of new experiments, we have used heuristic

(7) (@) Presta, L. G.; Rose, G. [Bciencel988 240, 1632-1641. (b) comparisons of models for the structures of normal N-capped
Aurora, R.; Rose, G. DProtein Sci.1998 7, 21—38. helical peptides with models for analogous N-capped Hel-
11(8%5;2;?%%32-: Reddy, H. K.; Nambiar, K. B. Am. Chem. S0d.994 peptide conjugates. This comparison leads us to focus attention

?9) Forood, B:; Feliciano, E. J.; Nambiar, K. Proc. Natl. Acad. Sci. on H-bond formation by_a particular NH of the pep_tide Seql_Jence'
U.S.A.1993 90, 838-842. The structure of the interface between a peptide and its Ac-

(10) Doig, A. J.; Baldwin, R. LProtein Sci.1995 4, 1325-1336. See  Hel cap can be viewed in two ways. The Ac-Hel cap can be
also N—-Ac examples reported in: Chakrabartty, A.; Kortemme, T.; Baldwin,
R. L. Protein Sci.1994 3, 843-952. (11) Copley, R. R.; Barton, G. J. Mol. Biol. 1994 242, 321—-329.
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viewed as a unit, or as a peptide-derived module containing an Reptide Peptide
internal N-cap. Viewed as a unit (Figure 1), the Ac-Hel cap ¢

° (o] . 3 o Peptide
provides three amide carbonyl oxygens as H-bonding acceptor CH3  olow o fast W o
sites for the four N-terminal NH functions of the peptide. Not T ey T NJ(CHG = y L
surprisingly, the Ac-Hel cap is found experimentally to be 5 to g ¢ . § CHs
S ] TE

10 times more efficient than the simple acetyl N-cap, which c

provides qnly one donor site. . Figure 3. The three conformational substates of Ac-Hel peptide
Alternatively, one can regard an X-Hel function as a module ¢4njygates, as identified by analysis of thitit NMR spectra

that provides a rigid, helically oriented diproline that extends

the length of the peptide sequence N-terminally by two amino effects of X operate. Both issues are pertinent to our overall

acid residues. Its X-function then caps this extended sequencepractical objective of increasing the efficacy and versatility of

by introducing an N-terminal H-bonding acceptor site. One can the Hel family of helix-inducing peptide N-caps.

now compare helix stabilizing roles of X-caps for the simple

peptide and for its lengthened Hel-peptide analogue. Alternatives to Amide Functions at the X-Hel Junction

Specifically this comparison shows that for the Hel analogue,  |n this section we report results of replacing the Ac-derived

Figure 2b, two of the secondary amide NH functions belonging amide group of Ac-Hel by the pivalamide group (§C-CO-

to the simple X-capped peptide of Figure 2a have been replacedy by a urea group (CE.N-CO-N, a urethane C#O-CO-N,

by proline-type tertiary amides which lack H-bonding donor and a sulfonamide C#$0,-N. The likely effectiveness of these
capacity. Four potential H-bonding donor sites appear at the sypstitutions is suggested by literature data. If proton basicities
N-terminus of a normai-helix, but in the X-Hel analogue only  |argely determine the relative efficacies of these helix-inducing
one remains with an unsatisfied H—bonding valence. As seenin N_Caps’ then the he||C|ty order for X-Hel pep“de Conjugates is
Figure 2b, this site belongs to a residue that corresponds toexpected to be urea amide> urethane> sulfonamidel2 and

residue 3 of the simple peptide sequence of Figure 2a. a similar order is predicted for the first three series members
This structural comparison suggests an experimental com-from the limited data available for the strength of the intramo-
parison of the—[f]222 changes that result for two AeX lecular H-bond of peptide3-turns!® However, if the data

substitutions: the first for the simple N-Ac-peptide, and the observed by Forood et al. for simple peptides correlates with
second for an analogous Ac-Hel-peptide. For the simple peptide,that of X-Hel derivatives, then a sulfonamide is expected to be
a large increase ir-[0]222 is known to occur if the Ac cap,  more helix stabilizing than an amide. We included the highly
which carries only a single H-bonding acceptor site, is replaced hindered X= N-pivaloyl derivative in this study of nonamide
by a strongly stabilizing cap X, such as succinyl with its two caps because of an early report that short peptides capped by
potential H-bonding acceptor sites. For the Ac-Hel peptide, if N-pivaloyl-proline exhibit unusually high helicity.
a correspondingly large increase {60]222 is seen if Ac is The helix-initiating efficiency and the unique helix reporting
replaced by the same X, then the magnitude of the stabilizing feature of the Ac-Hel cap are controlled by the relative
X interactions that occur within the simple peptide must be energetics and rates of equilibration of its conformational
similar in magnitude to those that occur within the X-Hel substates. These in turn are strongly influenced by the properties
peptide. Since only the H-bonding interaction at peptide site 3 of its acetamido internal cap. The replacement of Ac-Hel by
appears in the latter case, this interaction must also largely X-Hel thus is expected to modify helix-inducing efficiency
control X-derived helicity for the simple peptide. Provided the directly by changing the H-bonding affinity of a major acceptor
effects of the two Ae-X mutations are similar, formation of  site and indirectly by modifying the relative stabilities of helical
the H-bond at site 3 must be a necessary and sufficient conditionand nonhelical Hel-derived conformational states.
for strong helix stabilization. As noted in Figure 3, modeling and NMR data establish the
One can argue independently for the control of peptide presence of three distinguishable conformational states for the
helicity by H-bonding at peptide site 3. Modeling of the Ac-Hel function, cs, ts, and teOnly the te state is capable of
N-terminal region shown in Figure 2a suggests that with any initiating helical structure in a helically disposed N-terminally
of the known strongly helix stabilizing bivalent N-caps, only linked peptide. Since ts and te are in rapid equiliorium at ambient
the NH of residue 3 can form an intramolecular H-bond that temperatures on the NMR time scale, the three states can
defines a loop with helical structure. The NH of residue 3 thus profitably be regrouped as= cs and t=ts + te. The c and t
may play a unique role in N-terminal helix initiation. states orient the acetamido function in respective s-cis and
In this study we construct a new X-Hel library by studying s-trans rotamers at the GON bond, and at ambient temperatures

a range of simple and bivalent X-caps. We address four these are in slow equilibrium on the NMR time scale, leading
experimentally resolvable questions. First, for X-Hel-peptide t0 SeparatéH NMR c and t state resonances. Ratios of helical
analogues, how large a change in helix stabilization occurs if to nonhelical mole fracnons'of Ac-Hel-peptide derlvat]ves have
the acetamide H-bonding site of Ac-Hel is replaced by a variety P&€n shown to be proportional to t/c, the relative integrated
of good hydrogen bond acceptors that are not amides? Secondntensities of these resonances.

among simple acyl functions is the acetyl maximally efficient _ 1€ barriers to rotation about-NCO bonds of ureas and

as a helix stabilizer? Third, are members of the X-Hel family RSQ—N bonds of sulfonamides are expected to be substantially
for which X is glycyl equivalent to Ac-Hel in helical N-capping  'ower than those of amidéS.The NMR resonances at ambient
efficiency and does replacement by succinyl to form succ-Hel t€mperatures for the corresponding peptide X-Hel conjugates
increase N-capping efficiency? In other words, does an-Xc are thus expected to comprise a single abundance-weighted

helicity change that is seen for simple peptides parallel the ~ (12) Amett, E. M.; Mitchell, E. J.; Murty, T. S. S. R. Am. Chem. Soc.

corresponding change seen for Hel-peptide conjugates? Resolu1974 96, 3875-3891.
tion of these questions should also address two goals: optimiza- &3& sgnmk%te%hgib;?“i"’i”'\?; g?g{|§£?ﬁ Clg;‘:t’l‘j‘rlef’l%()?gf"zgfgg _4227-
tion of the helix-inducing potential of the X-Hel family and (15) (a) Stilbs, P.; Moseley, M. El. Magn. Reson1978 31, 55-61.

clarification of the mechanisms by which the helix-stabilizing (b) Stilbs, P.Acta Chem. Scand.971, 25, 2635-2642.




10248 J. Am. Chem. Soc., Vol. 123, No. 42, 2001 Maison et al.

B L b ° J_MUJ%

l : 10 % TFE

[ ASAALARMEAMANL M AL MM AAM AAMAE MRS Aadas saaariasss onne Y Lk A Rl bbbkl skl b it ot et Sk TN Lt i Mo Lk ki i A A S Sk A M A sk
8483 82 01 00 73 TS V7 70 TS T4 73 72 ppm 85 84 83 82 81 80 79 76 7.7 76 75 74 73 7.2 71 70 8584 83 828160 70 78 7.7 78 75 74 7.3 72 71 10

D) S N * am

By B
Dl M ] s%Tre

B 0% TFE

85 84 83 82 81 80 79 78 7.7 78 15 74 73 72 74 1.0 85 84 83 82 81 80 78 7.8 7.7 78 75 7.4 73 7.2 74 70
Figure 4. NH regions in'H NMR spectra of (a) AcHel-&OH (1a), (b) MocHel-A--OH (1b), (c) PivHel-A--OH (1¢), (d) MesHel-A-OH (1d),
and (e) DMUHel-A-OH (1€ in water and water/TFEmixtures (mol % TFE given) at 28C. Chemical shifts in ppm, referenced to TSP (trimethylsily!
propionate).

conformational average of resonances expected for rotamers ato structural adjustments in the sub-optimal fit between the
the X-CO bond. Peptide conjugates of these X-Hel caps are H-bonding NH donor functions of the first two amino acids
thus predicted to lack convenient NMR-derived helicity- and the acceptor function of the Ac-Hel acetamide. Absence of
reporting features. NMR evidence for length and TFE-dependent structural adjust-
Although nearly optimal as a helicity reporter, Ac-Hel is sub- ments provides a criterion for judging candidates for replacing
optimal as a helix initiatot.The presence of significant amounts  Ac-Hel.
of nonproductive cs and ts conformers weakens it as a helix- The dependencies df on yrre in water for the peptide NH
stabilizing N-cap. Moreover, modeling and NMR evidence resonances of Ac-Hel-AlOH and the four new X-Hel-Ala
suggest that its acetamido cap is intrinsically deficient as an OH derivatives of this study are shown in Figure4a In water
N-terminal H-bond acceptdrl® As seen in Figure 2b, the thed NH values for alanine residues in unstructured states have
N-terminus of ar-helical peptide contains four backbone NH  been reported to fall in the range 6f8.15-8.45 ppm, while
H-bond donors, but the Ac-Hel cap provides only three amide those of tightly structured helicies fall in the rangedo?.5—
carbonyl oxygen H-bond acceptors. As seen in Figure 1, 8.1 ppm!’As seen in Figure 4a, in water the NH region of the
modeling predicts that the carbonyl oxygen of the acetamide *H NMR spectrum of Ac-Hel-AlgOH contains twelve partially
function takes part in bifurcated hybrid;g3o-type H-bond overlapping resonances; these correspond to the resonances of
formation to the NH functions of residues 1 and 2, with a the sixtand six c states. Tlevalues for the c state resonances
substantial out-of-plane distortion for the first of these H-bonds. fall in the predicted unstructured range while the t state
For Ac-Hel-Ala,-OR, R= H or t-Bu, in a variety of solvents resonances, which correspond to a frayed te state helix with
including water and trifluoroethanelwater, relative to the other ~ approximately equal contribution from an unstructured ts state,
IH NMR t-state NH resonances, that of NH-1 shows an fall within the helical range. Adding TFE in increasing amounts
anomalously large upfield shift with an increase in the peptide has three effects!®First, the ¢ state resonances are dramatically
length n or in the mole fraction of TFEytre. This shift is diminished in relative intensity fopree = 0.05 and the t state
ConSiSte.nt with the mo_deling prediCtion ofa heli_city-cor_related (17) Withrich, K. NMR of Proteins and Nucleic Acid$Viley-Inter-
change in the H-bonding environment at this site, attributable science: New York, 1986; pp 416. Wagner, G.: Pauli, A.; Whrich, K.

J. Am. Chem. S0d.983 105, 5948-5949.
(16) Kemp, D. S.; Curran, T. P.; Boyd, J. G.; Allen, J..Org. Chem (18) Cammers-Goodwin, A.; Allen, T. J.; Oslick. S. L.; McClure, K.;
1991, 56, 6683-6697. Lee, J. H.; Kemp, D. SJ. Am. Chem. S0d.996 118 3082-3090.
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resonances dominate the spectra. Second, with the exceptiorTable 1. CD Residue Molar Ellipticities at 2C for TFE Titrations
of the resonance of NH-1, the t state resonances are consolidate@ X-HelAKA-NH, (2a—g) and X-AKAs-NH; (3) in Water

in the narrow region 7.75 6 < 7.95 ppm. Third, the t state

resonance for NH-1 shifts from 7.62 to 7.25 ppm.
Inspection of théH NMR spectra in water of the NH regions

for four X-Hel-Alag-OH derivatives shown in Figure 4

H
shows that only the urethane spectrum shown in Figure 4b aoc—pp
contains more than six detectable NH resonances. This spectrunpiv

in water alone is consistent with a substantially unstructured
peptide region, but for water-TFfgree = 0.1, spectra for the
urethane and those for Ac-Hel-AH are similar. These data
suggest that substitution of a urethane for the acyl of Ac-Hel
diminishes the capping efficiency relative to Ac but does not
significantly change its character.

As evident in Figure 4ee, more dramatic changes are seen

—[6]222° —[6] 208
15 mol % 15 mol % isoellipsoidal
Xa entry water TFE water TFE point [nm]
2a 0 1 203
3 -2 -2 203
2b —4 -16 -3 —18 202
Moc 2c -6 —22 -11 -20 203
Mes 2d -7 -17 -8 -20 202
DMU 2e -8 -19 -8 -20 202
2f —-12 —-21 —-11 —-21 202
AcpfAla 2g —11 —18 -9 —18 202
AcGly 2h  —13 —22 —-11 —20 202

a Abbreviations: Ac-PP= N-Acetyl-prolyl-prolyl; Piv = pivaloyl;
Moc = methoxycarbonyl; Mes: Mesyl; DM&E= dimethylcarbamoyl,

for the remaining members of the X-Hel series. These spectraac = acetyl.? Per residue elipticities in ((deg?)/dmol residue)x

exhibit only six detectable lines, implying that at the temperature

of the study, only one averaged conformational state is detect-

103,

able. As noted above, this is the anticipated result for the urea< 0.15, are shown in Figure 5&, and landmark features of

and sulfonamide. The observation of a six-resonance NH

spectrum for théN-pivaloyl-Hel peptide Figure 4c must reflect

an anomalously rapid interconversion of the s-cis/s-trans piv-

alamide conformers. A likely explanation is the extreme

crowding of the planar conformations of tertiary pivalamides

relative to the nonplanar transition state for interconversion.
The spectrum of the sulfonamide, Figure 4d, withe >

the H, Ac, pivaloyl, sulfonamide, and urea derivatives X Hel-
A4KA3-NH, are shown in Table 1 (data for the A&lanyl
derivative2g and the Ac-Glycyl derivativh are also included
and will be discussed in a later section of this report).

Figure 5a shows a TFE titration series for the reference
conjugate Ac-Hel-AKA 3-NH>. Its CD spectrum in water alone
is clearly partially helical, and the addition of TFE acts to

0.1 shows a tight cluster of four rather than five NH resonances enhance the initial helicity. How are the features of this series

in the 0 range of 7.68-7.78 ppm and further differs from the
spectrum of Ac-Hel-AlgOH in exhibiting a pair of resonances
corresponding to two protons that shift by).4 ppm upon TFE
titration.

The final example in this series is the urea, which yields the
series of spectra shown in Figure 4e. At highe five NH
resonances are grouped in the helitahange of 7.657.9 ppm,
but one is found at a nearly TFE-invariahtzalue of 8.3 ppm.

In other contexts we have previously noted that a peptide NH
H-bonded to a urea is significantly deshielded relative to the
expected value for an amid@Though other interpretations are

changed if the acetyl cap is deleted? The TFE titration series
of Figure 5b addresses this questiéhand a very similar CD
series is observed for the TFE titration of Ac-Pro-PrgkA s-

NH,, which contains an N-terminal H-bonding acceptor but
lacks the conformational constraint that enforces a helical
conformation on the Pro-Pro sequence. These two spectra
closely resemble the temperature-dependent CD series observed
for unordered peptides,with the significant difference that the
plateau or weak extremum observed for 2453 < 220 nm is
positive at low temperatures for the latter and negative at high
xtre for the former. A satisfactory N-cap and an internal

possible, the data for the urea and sulfonamide suggest thatconstraint that imposes a helical conformation on the Pro-Pro

unless conformations of the NH-1 and NH-2 H-bonds are

sequence are necessary conditions for N-terminal peptide helix

optimal for helix extension, the strength of these bonds may be initiation by a member of the X-Hel family.

a counterproductive element for an X-Hel candidate.

The CD spectrum of Ac-Hel-&OH at 25°C in water-TFE
xtee = 0.2 is consistent with the presence of weak helical
structure® showing an ellipticity minimum at 206 and 226 nm
with approximately equal per residue molar ellipticities-cf0
x 10° (degcm?)/dmol and a steeply rising positive ellipticity
at 195 nm of ca. 8« 10° (degcn¥)/dmol. In pure water, the
experimental ellipticity® is dominated by random coil and
template CD contributions, and although negative below 250
nm, lacks distinctive helical features. Similar CD spectra are
seen for the X-Hel-A-OH species with X= pivaloyl and mesyl,
either in water or in water-TFEree = 0.2.

Even strongly capped, the five-residue helix of-@H is
expected to lie at the lower limit of CD detectability, and
solubility prevents further extension of the length of an Ac-
Hel-As-OH series. A more sensitive CD test of helicity was

The TFE titration curve shown in Figure 5c for the €30~
Hel-A4KA3-NH; conjugate differs from that of Figure 5a but
closely resembles those observed for the urethane, urea, and
pivaloyl congeners (not shown; see Supporting Information).
Although the CD spectra taken at highre are helical, the
minimum at 222 nm is invariably less intense than that at 208
nm, and more significantly, although a negative ellipticity is
observed as a shoulder at 222 nm, the features of the CD
spectrum in water alone only suggest helicity. A detailed
guantitative comparison of the six cappedKAs;-NH, se-
qguences is found in Table 1. It is clear from this comparison
that the helix-initiating capacity of Ac-Hel is matched by none
of the nonamide H-bonding replacements that have been
reported in this section. With the exception of the replacement
of the acetamido function of Ac-Hel by arsulfamate?* results
with which will be reported elsewhere, it appears that for Hel

provided by extending the chain to eight amino acid residues X-caps, despite its suboptimal features, a simple acetamide is

with the help of a solubilizing lysine. CD spectra for the peptide
conjugates Ac-Hel-A4KA 3-NH,, H-Hel-A4KA 3-NH,, and CH-
SO,-Hel-A4KA 3-NH,, in water and in water-TFE, 0.05 ytre

(19) Kemp, D. S.; Bowen, B. RTetrahedron Lett1988 29, 5081
5082.

(20) Greenfield, N.; Fasman, G. Biochemistryl969 8, 4108-4116.

(21) Oslick, S. L. Ph.D. Dissertation, MIT, June 1996.

superior to uncharged nonamide functionalities. This point is

(22) Groebke, K.; Renold, P.; Tsang, K.-W.; Allen, T. J.; McClure, K.;
Kemp, D. S.Proc. Natl. Acad. Sci. U.S.A996 93, 4025-4029.

(23) Woody, R. WCircular Dichroism and Conformation of Unordered
Polypeptides Biophysical Chemistry, Vol. 2; JAIl Press: Stamford, CT,
1992; pp 3779.

(24) Powers, E. T. Ph.D. Dissertation, MIT, June 1999.
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Figure 5. CD spectra for (a) Ac-Hel&KA;-NH; (2f), (b) H-HelAKA 3-NH; (2a), (c) Mes-HelAKA;-NH; (2d), and (d) AgAla-HelA4JKA -NH,
(29) in water and water/TFEmixtures (mol % TFE given) at 2C.

underlined if one compares the titration curves of Figure 5a (X  For X-Hel-NH,, X = chloroacetyl and acetylglycine, t/c
= Ac) and Figure 5d (X= AcfAla). The latter is one of the  approaches 3, narrowing the useful t/c window. For a particular

least efficientN-acyl caps introduced in Table 2 in a later X-Hel-NH, and change ofre in the range 0 to 0.1, the change
section, but is clearly similar to acetyl in CD-derived helicity. ;4 mole fraction of the ¢ state= 1/(1 + t/c) provides an

NMR Properties of Acyl-Derived X-Hel Caps approximation to j[he responsiveness of t/c '.[o the intrinsic helicity
o ) _ of an X-Hel peptide. This change, which is 33% for=XAc,
We have seen in Figure 4a that for Ac-Hel peptide conjugates fais in the range of 2528% for X = methoxyacetyl, chloro-

an increase in helicity is mirrored by an increase in t/c, the ratio acetyl, and formyl, and has an anomalously low value of 15%
of integrated t and ¢ statél NMR resonances. Table 2 contains for X = Ac-Gly. Therefore formyl appears to be the viable

our examples for peptide conjugates of N-caps X-Hel, where .

X is a simple acyl function. For all such cases that we have alternative to acetyl.

examined, detectable t and ¢ state resonances appéaNKIR A second important question concerns the correction of Hel-

spectra. Can these resonances be used as helicity reporters? peptide CD spectra for cap effects. For X-Hel capped peptides
Ease and accuracy of measurement provide the first criteria containing 10 or more amino acid residues, where X is a simple

for answering this question. Many of the X-Hel caps of Table acyl function, the contribution of the cap to the CD spectrum

2 are unsuited for t/c quantitation owing to peak overlaps . : PR .
between X-derived resonances and peptide CH resonances. Focr’f the conjugate is usually insignificant. For shorter helical

example, though spectra were consistent with their presence, tpep_tldes, a cap correction is needed. Studies with the Ac-Hel
and c resonances could not be easily integrated fopAda- conjugate$’ have shown that the CD spectrum of the fess)
Hel-NH,. An X-Hel candidate may also be unsuitable for t/c State of the template is characterized by a maximum at 195 nm
quantitative analysis of helicity if it has too narrow a range of [f]maxmoia=+90 000 (degen¥)/dmol, steeply declining through

t/c values, if its sensitivity to helicity changes is too high or zero at 207 nm to a minimum at 213 i finmolar= —45 000

too low, or if the limiting CD spectra for helix nucleating and (degcn?)/dmol. The helix-nucleating te state is significantly
nonnucleating states of X-Hel itself cannot be easily deconvo- reduced in intensity at all wavelengths, exhibiting a maximum
luted from models. at 195 nm, a weak minimum at 210 nrél]fin.molar = —7000

The useful range of t/c is an important issue because t/c is (jegcr?)/dmol and a second slightly more intense minimum
defined as a ratio of integrated NMR resonance intensities, andat 232 NM Plminmoiar = —12 000 (degerm?)/dmol, which may

for optimum accuracy its useful range is normally &1/c = correspond to the-Az* transition of the tertiary amides. The
10. Since t/c increases with length of a peptide and the helicalI |t f i f theN-acetvl th h.
propensities of its component amino acids, the t/c value for oca C cpn ormation ot thelN-acety .group us has a
X-Hel-NH, sets an approximate lower bound on t/c for substa.ntlal influence on the CD prqpertles of Ac-Hel, and the
analogous X-Hel peptide conjugates. A preliminary analysis of MOSt rigorous cap correction algorithm for the CD spectra of
these issues has been carried out with X-He,MHX = formyl, Ac-Hel peptide conjugates requires subtraction of separate
chloroacetyl, methoxyacetyl, aridtacetylglycyl.



Optimal N-Caps for N-Terminal Helical Templates J. Am. Chem. Soc., Vol. 123, No. 42, 20231

contributions of the te and (c5 ts) template states, weighted Table 2. Comparison of Helix Inducing Capacities of AcHel and
by their respective mole fractions. For Ac-Hel-Nih TFE— §H}f'|ga£2 f?EITW?(F\’/SP’EI'ge Sseq.“e”ie& §
water mixtures, the TFE dependence of these mole fractions i\ HElAKALINpKAW-NH, (Series 1) an
) . X-HelAg-'LInp,K4sW-NH; (Series 2)
easily calculate# from the Ac-Hel-OH t/c value, which

corresponds to the limiting (cs- ts) state, and the TFE entry x serie$ —[6]22F %"
dependence of t/c values for Ac-Hel-MH.inear regression of reference compounds
TFE-dependent CD spectra and mole fractions yields estimates 52 Ac 1 11.5 -
of limiting te and (ts+ cs) state spectra. CD comparisons of ob Ac 2 15.6 -
Ac-Hel-OH and Ac-Hel-NH with the analogous X-Hel deriva- weak caps

tives taken from the acyl and nonacyl X-caps show that the gg SLAC 11 %-73 :%g
spectra are qualitatively consistent within the acyl family, but 6c AcBAla 1 8.9 53

not for the nonacyl X-group. This point is reinforced by a

comparison of the CD spectrum of Ac-Hel-OH with Mes-Hel- moderate caps

OH. The latter exhibits a nearly featureless CD spectrum of ;ﬁ ,':ggy 11 113'2 +§
low intensity. Although a considerable variation in CD intensity 7c SSGly 2 13.9 -11
was seen for X-Hel-NEkl with the N-acyl caps= formyl, 7d Lev 2 141 —-10
chloroacetyl, methoxyacetyl-acetylglycyl,N-acetylsarcosyl, e MeOSucc 2 13.8 —12
and N-acetylg-alaninyl, the CD spectra in water generally i Glut 2 14.2 -9
resembled the spectrum assigned to theds) state of Ac- strong caps
Hel-NH,. These derivatives did, however, differ dramatically 8a Succe 1 1r1 54
. . . s . 8b Succ 2 21.0 +35
in tlhelr responsiveness to the presence of TFE. Within this 8c Mal 1 191 +66
series, the responsiveness of A®dla-Hel-NH, was most sd Mal 2 23.4 +50
similar to that of Ac-Hel-NH, a more modest change was seen 8e Ox 1 19.1 +66
for X = chloroacetyl or formyl, while the CD spectra for3X 8f Ox 2 18.0 +15
Ac-Gly and Ac-Sar were insensitive within experimental error 89 Glut 1 14.5 +26
to the presence of TFE. This insensitivity prevents rigorous cap &h AchASP ! 168 a5
. . S i AcfAsp 2 21.0 +35
correction in these cases. Assignment of limiting CD spectra  g; CHDC 1 15.2 +32
for cap te and (cs- ts) states for Ac-Hel-Nkirequires relatively 8k CHDC 1 14.0 +22
i?ggvea?:uoer;t.elated TFE-dependent changes in both CD spectra and a Abbreviations: HCG= formyl; Piv = pivaloyl; Ac = acetyl; CIAc

) ) = chloroacetyl; Pr= propionyl; Ac{3-Ala = N-acetylf-alanyl; AcGly
Only theN-formyl X-Hel cap potentially meets the practical = N-acetyl-glycyl; SSGly= WKu4np/L-Glycyl; Lev = levulinate;
requirements for a new NMR-based X-Hel helix reporter MeOSucc= succinate methylester; Glat glutarate; Suce= succinate;

function. Its most attractive feature is the unique chemical shift ©X = 0xalate; Mal=malonate, AQQ'ASF’; N-Ac-f-aspartate; CHDC
value for the formyl proton, which lies in the range ®B.2— = lranst,2-cyclohexane dicarboxylateSeries 1:  X-HelAKAs-
yl p ' g : L INpK,W-NH,. Series 2: X-HelALInp.K,W-NH,. ¢ Per residue

8.4 ppm, overlapped only by c-state backbone NH resonanceseliipticities in water at 2°C ((degcn?)/dmol residue) x 1072,
that can be completely deuterated prior to measurement of t/c.¢ Deviation in—[6]22, from standard compourtsh for Series 1 anéb

for Series 2.
Replacement of the Acetyl-Derived Tertiary Amide by ) )
Other Acyl and Amidoacyl Groups: CD-Derived Relative The X-Hel caps of Table 2 are grouped according to their
Helicities of X-Hel-Peptide Conjugates CD-characterized helix-forming capacity as weaka-c),

average [a—f), and strong&a—k), relative to the CD helicity

Table 2 compares values ef[0]22; measured in water at 2 of the Ac-Hel peptide$a and5h. Two of the three weak helix
°C for sixteen acyl or amidoacyl functions X-Hel, linked to two  formers of Table 2 (13 to 28% reduction [6].27]) result
different peptide sequences. The percent changd iz, that from replacement of acetyl by propionyl (GH> C;Hs) and
results from the Ac to X substitution is given in column 5 of introduction of an electron-withdrawing atom (gH CI-CHy).
Table 2. This provides a measure of the relative helix-capping With a helix-forming capacity within experimental error of the
efficiencies of the test cases. These range fro28% to + standard, formyl (Ckl— H) is the viable replacement candidate
66% of the standards, demonstrating that appropriate acyl-within the first two sections of the table. Among the average
derived X-functions dramatically improve the efficiency of helix formers with helix-forming capacity ca. 10% below that
helix-stabilizing X-Hel caps. of Ac, two, Lev and Me-Succ, share a common structural

Any of these 16 caps exhibit helix-inducing properties that replacement feature (GH> Y-CO-CH,-CH,), and a third, Glut
are superior to the nonacyl-derived examples considered earliefCHz — “OCO-CH-CH,-CH,) also falls in this class. The data
in this report. This point is evident from the comparison of the for the series Form- Ac > Prop suggests that only the smallest
TFE titration curve of Figure 5d with those of Figure 5c. In of the simple acyl functions are fully functional as internal
water the conjugates of the peptidgki 3-NH, with the X-Hel N-caps for Hel, since other properties of these groups, such as
urethane, sulfonamide, and urea caps show an averpje,, carbonyl oxygen basicity or acceptor H-bonding capacity, are
of 5 x 1 (degcm?)/dmol, an improvement over the zero value not expected to vary significantly. The observation that carbon
seen for the noncapped analogue H-HgkA3-NH; (see Table chains terminating in polar functions and containing two or three
1 and Figure 5b), but half the average value seen for the simplemethylenes are superior to Prop as acyl caps suggests compen-
amide caps of Table 2. In strong contrast to the nonamide sation by the polar groups for the presence of longer hydro-
derived caps, even a relatively inefficient cap, typified by the carbon functions.
Ac-f3-alanine example of Figure 5d, show CD spectra in water  The three uncharged functions of Table 2 that allow extension
that are identifiably helical. Moreover, on average, the value of the peptide chain in the N-terminal direction beyond the Hel
of —[6].22 doubles for peptide conjugates of the amide-capped moiety contain glycyl or5-alanyl residues. Significantly, the
X-Hel if TFE in the rangeyrtre = 0.1 is added. sequence Ac-G-Hel-&A3-NH, (2h) is more helical than the
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X =H (4a)
Oy _NH,  X=Ac(4h)
2
x 9 Y X = ClAc (4c)
N

\\\-‘LN X = AcpAla (4d)
O/D X = AcGly (4e)
" X = MeOAc (4f)
X = AcSar (49)

X = HCO (4h)
Figure 6. Modified Hel-NH, derivatives.

[6]_ (deg cm’/dmol) x 10°

1 —2°C
reference peptidef (see Table 1). Owing to the presence of its 20 —25°C
lysine residue derivativgh is freely soluble and unaggregated g —B0°C
in water, but experience with Ac-Hel conjugates suggests that -30+
substantial extension of the peptide sequence in either direction -
by nonpolar amino acid residues is likely to create solubility 190 200 210 220 230 240 250 260

problems. Recently we have introduced spaced solubilizers as wavelen nm

tools that permit the study of helical polyalanines, free of helix- gth (nm)

modifying effects of charge®.The eighth Table 2 entry contains  Figure 7. CD spectrum of WKInptL-BAsp-Hel-A;-'LInp;K4-NH,
the sequence WKInp,-'L-G-Hel-Ag-'L-Inp-NH; (7¢), where Inp at different temperatures in water.

is 4-carboxypiperidine, an achirgl-amino acid with rigid

spacing properties, and is tert-leucine, with a side chain that _15000_' o - -

selectively favors extended backbone conformatfénghe ] 0 WK,Inp, L-BDHelA -Linp K.-NH,

presence of the Infl. sequence isolates the helix-inducing cap ~__ 20000 © ®  AcHelALinp K WNH,

and its accompanying polyAla sequence from changes in helix E ] .

stability induced by the positively charged polylysine N- 5 250004

terminus. The need for this spacer is demonstrated by the <~ 1 ° ¢

substantially reduced helicity—(0]202 13900 — —9450; g -30000+ .

—32%) observed for the analogous sequence,MKG-Hel- ] .

Ag-'L-Inp-NH; (data not shown, see Supporting Information) .§> ~35000+ °

in which the rigid extender region lajs omitted. The ellipticity "8 40000

observed for the Gly-Hel cap for the spaced, solubilized ~— ]

derivative falls within 10% of the Ac-Hel standard, proving that 2 45000 °

for a strongly helix stabilizing cap of the X-Hel family one can . — . ————
8 0 12 14 16 18 20

extend the peptide sequence in the N-terminal direction.
The largest helical enhancements reported in Table 2 for Hel n
N-caps are seen for functions that bear negz_:ltive charges. Therigure 8. Comparison of §]22, for polyalanines N-capped h§Asp-
simple series X= Ox, Mal, Succ, Glut examines the conse- Hel (open circles) and AcHel (closed circles). CD spectra were
guence of varying the carbon chain length that links the Hel- measured in water at ZC.
capping acyl function to a carboxylate anion. For peptide Series
1, which bears a positively charged lysine residue at site 5 of orientation of the charged carboxylate is required to achieve
the octapeptide sequence, the helix stabilization order issOx  maximal helix stabilization.
Mal > Succ> Glut, with a maximum stabilization of-66% It was important to establish that anion-derived cap stabiliza-
for Ox and Mal. To test whether a portion of this stabilization tjon can also be achieved with a Hel cap that permits N-terminal
results from an electrostatic interaction between the negative extension of the peptide chain. These aims are fulfilled by the
and positive charges, we also studied a second series in whichg-amide derived froniN-acetyl aspartic acid. Relative to the
the C-terminal spaced solubilizing cap is applied to an octaAla corresponding Ac-Hel analogues, the conjugate of SAc-
sequence in which the pept.i(.je postive charge is absent (Seriesispartyl-Hel -Asp) with C-capped AKA 3 is 45% more helical,
2 of Table 2). Here the stabilization order is MalOx > Succ  and its A analogue is-35% more helical. Figure 7 shows CD
> Glut, and a maximum stabilization ef50% is observed.  spectra at three temperatures of the correspondingéptide,
This change suggests that a detectable electrostatic effect existgvK 4-Inp,-IL-BAsp-Hel-A;»- 'LInp2K4-NH,. For a helix of this
and is maximal for théN-oxalyl cap, yet for the malonate cap  |ength or larger, the contribution of capping residues to the
75% of the stabilization observed with thaksd s sequence is  overall ellipticities are small except at wavelengths below 210
retained with the 4 sequence. An interesting detail is added nm. Although the low-temperature enhancement of the 222 nm
by the last two entries of Table 2, which compare the helicities minimum relative to that at 208 nm that has been noted
of peptides bearing an X-Hel cap, where a pair of diastereomerspreviously is evidenced in this series, these CD spectra are in
formed fromtrans-1,2-cyclohexanedicarboxylic acid. These are  other respects unremarkable and in accord with literature models.
analogues of the succinyl cap; the smaller value—¢]222 Figure 8 plots the values of[6].2, for members of a
relative to succinate seen for both isomers doubtless reflectshomologous series of N- and C-solubilized, spgesHel-A,
the presence of the hydrophobic cyclohexyl moiety, but the peptides, 8 n < 20, with the corresponding reference series
significant difference between thei[6]22implies thatinthe  for C-solubilized Ac-Hel-A peptides, & n < 14, where 14 is
chiral environment of the helix N-terminus, a relatively precise the maximum length of the solubilizing effect if only the
: : : C-terminal polylysine cap is present. The dramatic effect of the
30é2_53)0’\é'"'e" J. S.; Kennedy, R. J.; Kemp, D. Biochemistry2001, 40, N-terminal negative charge is evident throughout the series, as
(26) Ramnarayan, K.; Chan, M. F.; Balaji, V. N.; Profeta, S., Jr.; Rao, IS thg convergence of t.he series at Iarger\(hich is. predictegl
S. N.Int. J. Peptide Protein Red.995 45, 366—376. by Lifson—Roig modeling of these peptides with plausible




Optimal N-Caps for N-Terminal Helical Templates J. Am. Chem. Soc., Vol. 123, No. 42, 20233

initiation, propagation, and capping parameters. The differences o o

in N-capping efficiencies of the two templates are maximal for

short peptides, and become less significant for longer peptides o :" 9 N’
in which spontaneous initiation of partially helical conformations N

within the central regions of the alanine sequences contributes

A )
. H
significantly to the overall helicity. N“ ) N
N . H o\\ "o
Discussion and Conclusions N N

I

H
In this study, the N-caps X within the helical cap X-Hel of o N N
Figure 1 have been varied to maximize the efficiency of X-Hel H
as a helix-initiating peptide N-cap. The following points have
been established. First, replacement of the acetamido function
of the reference cap Ac-Hel by a urethane, a sulfonamide, and
a urea has shown that these derivatives retain the capacity to
initiate helices in test peptides to which they were N-terminally
linked, and NMR evidence suggests that all form the required
intramolecular H-bonds with the backbone NH donors of the
peptide sequence. However, none of these three unchargedrigure 9. Stereodiagram of a MalHel-capped pentaalanine sequence,

candidates for nonamide H-bonding acceptors is as efficient asshowing the H-bonding interaction between the malonat anion and the
a simple amide. first NH of the peptide. The picture was drawn from a model that was

Among the simple amide candidates, the acetyl and formyl generated with Quanta 98 from Molecular Simulations Inc.
caps proved superior. Three effects could contribute to their In addition to embodying an acyl function linked to Hel, the
primacy. The H-bonding efficiency of amides has been shown negatively charged caps contain a terminal carboxylate anion.
to correlate with the basicity of the amide carbonyl oxygen. Does the molecular model proposed during the discussion of
Inductive withdrawal of electrons from the amide function by Figure 2b allow structural rationalization of the relative ef-
a-substituents is expected to reduce this basicity. This is aficiencies of oxalate, malonate, succinate, and glutarate as
plausible explanation for the superiority of Ac and Form over H-bonding acceptor caps for Hel? A stereodiagram af.-doelix
the peptide amide carbonyl. From comparisonskf gata for N-capped by malonyl-Hel is shown in Figure 9; malonate is
the parent carboxylic acids, tlhreamido function of a simple  optimal for the geometry proposed in this model.

N-capped amino acid residue is expected to be approximately As noted in the discussion of Figure 2b, a prediction of the
as electron withdrawing as am-chloro group. An inductive model embodied in this figure is that replacement of the acetyl
effect cannot explain the deficiencies of the propionyl group, function of Ac-Hel by succinyl, forming succ-Hel, should induce
nor the superiority of thé&l-acetylglycine group relative to other  a fractional increase in helical stabilization for a linked test
N-acetylated amino acids that lack polar side chains. Two other peptide of similar magnitude to that seen for simple Ac or
effects must be invoked to explain these cases. succinyl peptides. As noted in Table 2, the range of increase

A second-order hydrophobic effect may account for the seenin the Hel series lies between 35 and 66%. Somewhat larger
propionyl result. The high hydration of an N-terminus of a magnitudes were seen by Forood et al., and comparable
helical peptide is expected to be sensitive to the intrusion of magnitudes of stabilization for aspartate caps have been reported
hydrophobic elements in proximity to a site of H-bonding. Such by Doig and Baldwin. At least as a working hypothesis, the
an effect might bias the rotamer population at the propionate best explanation for the increase in peptide helicity induced by
CHs—CH, bond, favoring conformations in which the methyl N-succinyl andN-B-aspartyl caps is formation of an H-bond
is oriented away from the N-terminus, and entropically disfavor- between a negatively charged oxygen of the carboxylate and
ing the flexible propionate over rigid functions with smaller the NH of the third residue of the peptide chain, allowing
hydrophobic character. initiation of a helical conformation.

All other acyl caps in this study introduce polar hydrogen  The most significant results of this study are the demonstra-
bonding functions within the vicinity of the carbonyl oxygen tions that the same large stabilizations by negatively charged
of the acyl function. Although the issue is complex and difficult N-teérminal caps operate for simple capped peptides and for
to model, the most recent calculations for the preferred X-Hel-capped peptides, and the observation that as with simple
conformers ofo-amino acid residues in water suggest the C ~ Peptides substitution of a glycyl for an acetyl X-cap results in
and Pl conformations as important contributdt§he H-bond ~ essentially no change in the helix-initiating propensity of X-Hel
acceptor strength of an amide carbonyl oxygen is expected tocaps. Because the glycyl and the more efficigrspartyl-
be weakened if the oriented dipoles of neighboring H-bond derived X-Hel caps allow extension of the peptide chain
donors are proximatéas with the G conformation, or if they ~ N-terminally through and beyond the Hel region, we have
are capable of generating oriented waters within its proximity, formally achieved the goal of constructing N-terminal helix stop
which may occur with the £and PIl conformers. The unique ~ Signals that can be introduced anywhere within a peptide
behavior of glycine among the amino acids that lack polar side Sequence. The exceptional efficiency of thaspartyl-Hel caps
chains may reflect the much greater volume of its conforma- @s helix initiators and the demonstration that the spaced
tional space, which is expected to reduce the mole fractions of Solubilizers reported previously for polyalanines operate ef-

the ordered €and PIl conformers. ficiently for X-Hel-peptide conjugates permits study of a variety
of novel and versatile water-soluble, unaggregated polypeptides.
(27) Pettitt, B. M.; Karplus, M.; Rossky, P. J. Phys. Chenml986 90, We are currently investigating the promise of these species as
6335-6345. CD helicity standards and will report on this work subsequently.

28) (a) Jorgensen, W. L.; Severence, D.JLAm. Chem. Sod991], . . L .
né 2%&)216.9@ Blake, J. F.: Jorgensen, W.LAm. Chem. 504990 Beyond these obvious direct applications, the working hypoth_
112, 7269-7278. esis that we have developed in this study concerning the
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H-bonding requirements for N-terminal helical initiation, to- ler and an Osram XBO 450-W high-pressure xenon lamp. CD data
gether with our recent observations of potent helix-enhancing were collected after a 12 min temperature equilibration as an average
effects of certain anior®,are likely to provide models for key ~ of five scans at 1.0 nm bandwidth and 0.5 nm step size. After blank

aspects of the early folding events of globular proteins. correction, spectra were smoothed with Aviv 62DS version 4.0s
software polynomial fitting; high wavelength (25@55) intensities

were close to zero and were therefore left uncorrected. UV spectroscopy
was performed on a double-beam Varian Cary 100 Bio-Wigible

Synthesis and Purification of PeptidesPeptides were prepared ~ Spectrometer. Single-wavelength UV data were taken as an average of
on a 0.025 mmol scale by automated continuous flow solid-phase 5 scans. UV and CD cells (Hellma, QS, strain-free suprasil) were
synthesis on a PE Biosystems Pioneer Peptide Synthesizer with standargleaned prior to each use first with water, followed by drying under
9-fluorenylmethoxycarbonyl (Fmoc)/HATU chemistry. Fmoc-amino vacuum, then with concentrated sulfuric acid that was drained without
acids ¢3 equiv) were weighed into labeled, letter-coded, 1300 dilution, then again with purified water, followed again by drying under
mm test tubes; HATU €3 equiv, <28.5 mg) was then added to each vacuum. The outsides of the windows were then wiped with HPLC
test tube. For coupling of the helix template FmocHel-OH (see grade methanol immediately prior to placement in the spectrometer.
Supporting Information) only 1.5 equiv of the template and HATU Blank UV and CD scans with the appropriate solvents were taken
were used and a catalytical amount of DMAP was added. The coupling immediately prior to use of each cell. After a preliminary full UV scan
time was prolonged to 60 min. For the attachment of capping groups (190340 nm) indicated that only Trp absorbance was present, 5 scans
to the template a double coupling step was applied, and a catalyticalat 280 nm were taken. Concentration was determined by the UV
amount of DMAP was added. The coupling time was also prolonged absorption of tryptoph&hwith e2s0= 5.56 x 10° M~ cmi™* after taking
to 60 min. Fmoc removal (deblock) was accomplished using a 1:1:48 @ full UV scan of the CD sample (1940 nm); 5 UV scans at 280
(v:v:v) mixture of DBU:piperidine:DME® for 6 min at a flow rate of nm were taken. CD spectra were then obtained as indicated.

6 mL/min directly to waste and was monitored by integrating over time ~ Samples were generally prepared for CD measurement by dilution
the UV absorbance of cleaved Fmoc chromophore. of aqueous stock solutions to a concentration ofl¥B Stock solutions

Peptides were cleaved with 7 mL of a cocktail prepared directly Were prepared by dissolving purified peptides- (& mg, +-15umol)
before usage consisting of 82.5% TFA, 5% phenol, 5% water, 5% In a precisely measured (by mass; generall0 mL) amount of 18.2
thioanisole, and 2.5% 1,2-dithioethane (v:v:v:v:i) &ch under anargon M€ water or buffer in 15 mL PP conical tubes.
atmosphere and precipitated by dropwise addition to 35 mL of cold ~ Electrospray mass spectroscopy (ESMS) of CD samples in pure water
diethyl ether in a 50 mL polypropylene (PP) conical tube. The cold taken on a Waters Micromass ZMD 4000 yielded mass to change (
ether slurry was allowed to warm to room temperature over 30 min, at 2 ratios within 0.75 mass units of the expected values and in each
which time it was placed in a centrifuge at 3510° revolutions per ~ case showed several peaks corresponding to a range of valaésrof
min (krpm) for 8 min. The precipitate was washed three times with & single value ofn.
ether, the liquid was decanted, and the conical tube was closed and Materials and Abbreviations. All purchased chemicals were used
vortexed for<1 min, until the solid clump loosened. After the final ~ as received. Chemicals were purchased from the following suppliers:
wash was decanted, the conical tube was closed halfway and the peptid@mino acids and their derivatives from Novabiochem; biosynthesis grade
placed under vacuum and dried at least 10 min. The crude, pale brownN.N-dimethylformamide (DMF), high performance liquid chromatog-
or white solid peptide was dissolved in 18.XMwater and purified raphy (HPLC) grade methanol, and anhydrous diethyl ether from EM
by HPLC. Science,; trifluoroacetic acid (TFA) from Advanced ChemTech; HPLC

Preparative HPLC separations were performed on a Rainin Dynamaxdrade _acetonitrile from Mallinckrodt; 4-(Dimethylamino)pyridine
SD-200 system equipped with a two-channel Rainin Dynamax Uv-D (DMAP), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), piperidine, and
Il detector and Rainin Dynamax HPLC Method Manager software. diisopropylethylamine (DIEA) from Aldrich or Alfa Aesar, interchange-
Analytical HPLC separations were performed with a Waters 490 ably; [O-(7-azabenzotriazol-1-yl)-1,1,3,3,-tetramethyluronium hexafiuo-
Programmable Multiwavelength Detector with a Waters 600E System foPhosphate] (HATU) and polystyrene (PS) functionalized with poly-
Controller and a Waters 746 Data Module. All separations involved a (ethylene glycol) (PEG) and PE Biosystems’ Peptide Amide Linker
mobile phase of 0.05% TFA in water (solvent A)/0.042% TFA in (PAL) from PerSeptive Biosystems (PE Applied Biosystems). Water

acetonitrile (solvent B). HPLC output was monitored at 214 and 280 WaS purified and deionized to 18.2@by using a Millipore Gradient
nm. A10 water purification system equipped with a total organic carbon

Crude separations were performed with a Waters DeltaRaRaD (TOC) monitor reading under.5 parts per biIIior_1 (ppb). Deuterium oxid_e
A, 19 x 300 mm stainless steel column equipped with a short, hand- (D, 99.9%) was used as received from Cambridge Isotope Laboratories,
packed Gs (EM Science) guard column. !

Analytical HPLC characterization was performed with a YMC ODS-
AQ 200 A, 4.5x 150 mm stainless steel column equipped with a
similarly packed 4.5« 20 mm guard column.

Fine preparative separations were accomplished with a YMC ODS- ~ Acknowledgment. Generous financial support is acknowl-
AQ 200 A, 10 x 150 mm stainless steel column equipped with a edged from NIH grant GM13453, NSF grant 9727356-CHE,
similarly packed 10< 20 mm guard column. The criterion for purity  and Pfizer Research. W. Maison acknowledges a Feodor Lynen
was a single, symmetrical peak when rechecked by analytical HPLC. gohgarship of the Alexander von Humboldt-Stiftung. P. Renold

Purified peptides were lyophilized, transferred to 15 mL tared PP conical : ; ; :
tubes, then lyophilized from 18.2 8 purified water and stored in PP égﬁl%v;![ieodnges a Scholarship of the Swiss National Science

conical tubes at OC. Solutions of the peptides (see below) were also

stored frozen in PP conical tubes. _ Supporting Information Available: Synthesis and analyti-
Characterization. CD experiments were performed on an Aviv ¢ data of X-Hel derivatives and analytical data for peptides

62DS spectrometer equipped with a thermoelectric temperature control—(pDF)_ This material is available free of charge via the Internet
(29) Maison, W.; Kennedy, R. J.; Kemp, D. Sngew. Chem2001, in at http://pubs.acs.org.
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(30) Kates, S. A.; SOleN. A.; Beyermann, M.; Barany, G.; Albericio,
F. Peptide Res1996 9, 106-113. (31) Mihalyi, E.J. Chem. Eng. Datd968 13, 179-182.

Experimental Section

NMR. NMR spectra were obtained on a Varian Inova-500 MHz
spectrometer. Chemical shifts are reported in ppm and are referenced
to TMS (organic solvents) or TSP (water).




