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Abstract: NMR and CD studies are reported for two length series of solubilized, spaced, highly helical
polyalanines that are N-capped by the optimal helix stabilizer #Asp-Hel and C-capped by -aminoalanine
beta and that are studied in water at 2 °C, pH 1—8. NMR analysis yields a structural characterization of the
peptide Ac’AspHelAlagbetaNH, and selected members of one #AspHelAla,beta series. At pH > 4.5 the
fAspHel cap provides a preorganized triad of carboxylate anion and two amide residues that is
complementary to the helical polyalanine N-terminus. The C-terminal -aminoalanine assumes a helix-
stabilizing conformation consistent with literature precedents. H(N)CO NMR experiments applied to capped,
uniformly $3C- and '*N-labeled Alag and Ala;, peptides define Ala, hydrogen bonding signatures as a-helical
without detectable 3,0 character. Relative NH—ND exchange rates yield site protection factors PF; that
define uniquely high fractional helicities FH for the peptide Ala, regions. These Ala, calibration series,
studied in water and lacking helix-stabilizing tertiary structure, yield the first 13C NMR chemical shifts, 2Junna
coupling constants, and CD ellipticities [6molar]z,» Characteristic of a fully helical alanine within an Ala, context.

CD data are used to assign parameters X and [6],.., required for rigorous calculation of FH values from
CD ellipticities.

Introduction 45, in water, but these lack conformational homogeneity.
Fractional helicitie% FH for the Alg, region are substantially
: - ) ) less than 1.8, since the completely helical conformation
and polyalanines are natural choices for modeling helical ¢qilibrates with nonhelical and partially helical conformations
structure and energetié®Bio-relevant tests of modeling predic- comparable stability. In the first part of this report we
tions require helicity data for fully helical Alapeptides in characterize the first water-soluble, maximally helical Ala

aqueous solution. A definitive X-ray fiber diffraction structure |engih series and use it to assign structure and fundamental NMR
of helical polyalanine in the solid state was reported nearly forty narameters for hydrated:-helical alanines.

years agd,but up to now, comparable structural studies in water oy is maximal helicity achieved? Our research strategy was

have been unavailable. Low A,Iaolubi_lities and high aggrega-  gefined by Lifsor-Roig modeling If a homopeptide derived
tion have long been addressed by triblock constructs that flank from g residue with a high helical propensity is N- and C-capped

central polyalanines by solubilizing N- and C-terminal peptide py strong helix stabilizers, the completely helical conformation

caps? is selectively stabilized and can dominate the manifold. The
As well as inhibiting formation of Ala-sheet aggregatés,  peptide AcfAspHel-Ala-betaNH,, with the N-cag? Asp-HeP

an ideal pair of caps must suppress extension of the helix beyondand the C-cag-aminoalanine= beta!®was previously shown

the boundaries of the Alaregion as well as interactions of from NH— ND exchange-derived site protection factorsd®F

charged solubilizers with the helix. Heteropeptide constructs

i i i (5) (a) Miller, J. S.; Kennedy, R. J.; Kemp, D. Biochemistry2001, 40, 305~
shpwp wy Figure 1.%solve.these prpblems anq allow analysis 300, (by Miller. 3. S.- Kennedy. R Kemp, D. $. Am. Chem. Soc.
of intrinsic properties of simple helical Alpeptides, 6z n < 2002 124, 945-962. (c) Kennedy, R. J.; Tsang, K.-Y.; Kemp, D. B.
Am. Chem. SoQ002 124, 934-944.
(6) For each peptide under particular experimental conditions, FH is defined
as the ratio of helicaft-carbons to all Alao-carbons; its range is 0 to 1.

Alanine is the simplest strongly helix-formirngamino acid,

(1) (a) Wieczorek, R.; Dannenberg, JJJAm. Chem. So@003 125, 8124

8129. (b) Mahadevan, J.; Lee, K.-H.; Kuczera, KI.Phys. Chem. B001, Owing to charge repulsion, Lysregions are nonhelical.
105, 1863-1876. (c) Levy, Y.; Jortner, J.; Becker, O. Hroc. Natl. Acad. (7) (@) Zimm, B. H.; Bragg, J. KJ. Chem. Phys1959 31, 526-535. (b)
Sci. U.S.A2001, 98, 2188-2193 (d) Lee, S.-H.; Krimm, SBiopolymers Zimm, B. H.; Doty, P. Iso, KProc. Natl. Acad. Sci. U.S.A959 45, 1601
1998 46, 283-317. 1607. (c) Lifson, S.; Roig, AJ. Chem. Physl1961, 34, 1963-1974.
(2) Arnott, S.; Dover, S. DJ. Mol. Biol. 1967, 30, 209-212. (8) Kemp, D. S.Helv. Chim. Acta2002 85, 4392-4423.
(3) (a) Gratzer, W. B.; Doty, Rl. Am. Chem. S0d.963 85, 1193-1197. (b) (9) Maison, W.; Arce, E.; Renold, P.; Kennedy, R. J.; Kemp, DJSAm.
Ingwall, R. T.; Scheraga, H. A.; Lotan, N.; Berger, A.; Katchalski, E. Chem. Soc2001, 123 10245-10254.
Biopolymers1968 6, 331—368. (10) Deechongkit, S.; Tsang, K.-L.; Renold, P.; Kennedy, R. J.; Kemp, D. S.
(4) (a) Forood, B.; Pez-PayaE.; Houghten, R. A. Blondelle, S. Biochem. Tetrahedron Lett200Q 41, 9679-9683.
Biophys. Res. Commut995 211, 7—13. (b) Blondelle, S. E.; Forood, (11) Bai, Y.; Milne, J. S.; Mayne, L.; Englander, S. Rfoteins: Struct., Funct.,
B.; Houghten, R. A.; Pez-PayaE. Biochemistry1997, 36, 8393-8400. Genet.1993 17, 75—86.
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a.

NH,

Figure 1. (a, b) Schematics depicting peptide sequences for spaced, solubilized polyalanines. (a) Color code: red, solubilizing polylysine regipns; yellow
spacers that confine helical structure to the green, Adgion and isolate it from interactions with the chargedlysgions. (b) Added are the helix-
stabilizing N-capping region$AspHel, blue, and the helix-stabilizing and terminating C-degta= -aminoalanine, purple. Spacing elements Sp include
combinations ofi-tert-leucine, Inp= 4-carboxypiperidine; Ace= trans-4-aminocyclohexanecarboxylic acid. (c) Depiction of the helical hydrogen bonding
connectivity of the’AspHel-Ala,-betasequence, as demonstrated in this report.

to have a FH= 0.955¢ In this report we generalize this result familiar eq 1. In subsequent sections, we use NMR and CD
to members ofAspHel-Ala-betalength series, characterizing data to assign this minimum length.
their Ala, region FH values by NH— ND exchange. These
provide a hitherto missing calibration for CD-based FH [0],,=1[0) (1 — XIn) =[0],, — [0],.. XIN) (1)
assignmentg?12

This study is timely. It introduces model systems that may [6]1nis the molar per residue ellipticity atnm of a peptide of
be used to confirm predictions of recent polyalanine modeling lengthn with FH 1.0;X, with dimensions of length in residues,
experimentd;it takes a key step toward improving the accuracy corrects for capping effects;0],. is the convergent core
and precision of CD-based helicity assignmértand it may ellipticity
provide insight into sequences and experimental conditions_thatDesign of N- and C-Capped Peptides Containing a
predispose or inhibit sheet or helix formation by polyalanine ~qqtral Sequence AAspHel-Ala ,-beta for NMR and CD

peptide sequences of current relevance to materials séfence Spectroscopic Roles: Peptide 1 and the Peptide Series
and to mediciné® 2 and 3

An Overview of NMR and CD Structural Issues NMR and CD experiments require differetAspHel-Ala,-

A key question underlies both NMR and CD studies. Do the Petapeptide series. The CD series must span a large range of
N- and C-caps of thé/AspHel-Ala-beta series selectively M and the lengths of the Lysscaps must be sufficient to inhibit
enhance the mole fractions of the completely helical,Ala 2adgregation. NMR structural studies require spectra that are
conformations without globally distorting their structures? In dominated by Ala resonances, with minintéd, *°C, and*N
other words, can one treat the capping effect as a structural’€sonance overlaps. The initial NMR structural assignments
perturbation, confined to terminal regions? The intrinsic structure €mployed the previously studied Alpeptidel, which lacks
of ano-helix renders cap-initiated global distortions implausible. Solubilizing regiong®
The helical backbone defines a cylinder of fixed diameter, and

all its intramolecular hydrogen bonds, van der Waals contacts, A°'BASPHel'A'aS'bf’”'NH2 A°'$ASPHCI“:‘a"'be’“"ZC%YSZT’PNHZ
and nonpolar interactions occur locally, between pairs of fevem &

residues belonging to contiguous three-residue loops.nFor Ac-Trp LyssInp,'Leu-P AspHel-Alay-beta-"Leulnp,LyssNH,
larger than an experimentally assigned minimum length, and 3 4<n<sll;neven, 12-24

for an ideal fully hydrated Alahelix, the properties of core ) ) )
residues that are isolated from the terminal regions should Peptides of serie8 were designed to meet the needs of CD
converge to limiting cap-independent values. This principle calibrations® The Trp residue, which is isolated from the helical

underlies CD-based quantitation of FHhat relies on the  region, was required for accurate concentration determination,
and the ten Lys residues were chosen from previous stBlies.

(12) (a) Wallimann, P.; Kennedy, R. J.; Kemp, D./Ahgew. Chem., Int. Ed. Although PF measurements and other NMR characterization

g%i?oﬁgb}\z,a‘;ﬁ&;ﬁg; (b) Wallimann, B.; Sﬁﬁgggﬂ’z@ Jomier. - S+ experiments were carried out on representative members of this

(13) (@) Chakrabartty, A.; Kortemme, T.; Baldwin, R. Rrotein Sci.1994 3, series, assignments &¥nHo coupling constants and residue-
843-852. (b) Park, S. H.; Shalongo, W.; StellwagenBichemistryl993 e . s
32, 7038-7053. (c) Myers, J. K.; Pace, C. N.; Scholtz, J.Blochemisty ~ SPecific PF-values were complicated by anomalous splitting

1997, 36, 10923-10929. and broadening of Ala NH resonances, attributable to the Inp
(14) (a) Nakazawa, Y.; Asakura, T. ¥lacromolecule2002 35, 2393-2400. . . . . . L.

(b) Rathore, O.; Sogah, D. Y. Am. Chem. So@001, 123 5231-5239. spacers. Inp itself is achiral, but its simple N-acyl derivatives
(15) (a) Baxter, S. W.; Choong, D. Y. H.; Ecles, D. M.; Campbell, IGancer i i i i i

Epidemiol., Biomarkers Pee 2002 11, 211—214. (b) Bruneau, S.; Johnson, Coma".] a Chlra.l center, .Flgure .2’ and the (_:orrespond_mg Series

K. R.; Yamamoto, M.; Kuroiwa, A. Duboule, DDev. Biol. 2001, 237, 3 peptides, which contain a pair of Infunctions, are diaster-

345-353. (c) Perutz, M.; Pope, B. J.; Owen, D.; Wanker, E. E.; Scherzinger, i i i inlicie
E. Proc. Natl. Acad. Sei. U'S 2005 99, 55965600, eomeric mixtures. The expected NH peak widths and multiplici

(16) (a) Chen, Y.-H.; Yang, J. T.; Martinez, H. Biochemistry1972 11, 4120~ ties are restored if Ingds replaced in seriegd by a single achiral
4131. (b) Woody, R. W.; Tinoco, I., J8. Chem. Physl1967, 46, 4927— ; ; _ami _
4945, (c) Johnson, W. C., Jr.; Tinoco, I., Jr Am. Chem. Sod.972 94, Acc spa(_:lng F‘tlemen_t dem(ed fromrans-4 ammocyCIOhexane
4389-4390. carboxylic acid. This series, patterned on structlyewas

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1691
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Figure 2. (a) Depiction of a pair of isoenergetic mirror imalyeacyl-Inp o)
functions; owing to amide resonance, these are in slow equilibrium on the o Y
NMR time scale at ambient temperatures. A pair of diastereomers is N/
generated by each Inp function, accounting for the multiplicities and line ‘H le)
broadening observed for AldH NH resonances of seri&peptides. (b) N
Depiction of the achiral, rigid Acc used as a spacing element for s2ries 6 k
peptides. Derived fromrans-4-aminocyclohexane carboxylic acid, this g8 13{ N X
element joins peptide regions by secondary amide bonds that assume the 7
s-trans conformation. Modeling estimates the Acc distance between #s 1-C 9 'S 12
O and 4-NH atoms as 6.7 A. (TE)

) ) ) ) Figure 3. Three conformational states of a peptide conjugate oitheyl-
designed for both CD and NMR studies. To avoid aggregation Hel N-cap. On the NMR time scale in water at@, the (ts) and (te) states

we fixed the upper length limit for seriéspeptides at 16. For equilibrate and appear as a single set of resonances; owing to sle)(c)
pais of members of seriésand3 with identical Ala, regions,  red TR o TR0 B e B e (e9) and () states o
cap-corrected CD spectra are equivalent within measurementnot. For the highly helical peptides of this report, the (te) conformation is
error, as are FH values calculated from; Rfeasurements. dominant®

Application of AUC under CD and NMR measurement
conditions to selected peptides that span the full length range
of series2 and3 demonstrated absence of detectable aggrega-
tion.r” A preliminary test of NH— ND exchange rates in @ Capping Region NMR Assignments for Peptides 1 and
revealed that all non-Ala NH resonances exchange at rates2; Conformations and Interactions with the Ala g Region
expected for solvent-exposed protons. This result implies that for #AspHel and beta; Helical Stabilization by an
hydrogen-bonded or solvent-shielded NH functions appear solelylonized #Asp Function
within the Ala, regions for peptides of each series. Initial 600 MHz NMR structural studies were carried out on

A brief review of helical structure introduces the next section peptidel, Ac*AspHel-Alas-betaNH, in aqueous solution at
which presents NMR evidence for cap conformations and 2 °C, pH 3. Analysis of atH NMR spectrum together with
interactions characteristic dfAspHel-Ala,-beta peptides. An TOCSY and ROESY spectra allowed assignment of1#lll
a-helix, Figure 1c, is spanned by three chains of successively resonances; no evidence for tertiary structure was detected. The

also form one or more strong hydrogen bonds to the three helical
C-terminal carbonyl oxygens.

hydrogen-bonded amides. A central helical amide at sitesl major conformer was assigned a (t)-state structure, analogous
(i + 1) forms a donor H-bond to the amide CO of site<(3) to that previously characterized for Ac-Hel-peptide conjugates,
and an acceptor H-bond to the amide NH of site-(4). Each Figure 320 The spectra show eight resolved alanine NH

of the three amides at the two helix ends forms only one resonances, linked by a continuous ladder of N,N¢ 1) cross-
intrahelical H-bond and carries an unsatisfied H-bonding peaks. The Ala-1 resonance was assigned by cross-peaks that
valence. At each terminus, local amide dipoles sum to an tie it to single Ala and to the Hel function. The NH resonance
experimentally demonstrable partial charge, positive at the assigned to Ala-8 showed a pair of i(+ 1) cross-peaks with
N-terminus, negative at the C-termintfsNative structures of  the NH resonance of Ala-7 and with the backbone NHbetg
globular proteins often contain side chain functions that the latter in turn showed an, { + 1) cross-peak with one of
terminate helices by providing stabilizing terminal charges as the two resonances of the C-terminal pRffhese are consistent

well as missing hydrogen bond donors or acceptbidelix with the expected Alahelical structure, terminated by the N-
stabilizing N- and C-caps are designed to incorporate theseand C-caps.
features. A left-handed helical conformation is assigned foeta

The#AspHel N-cap provides an anion that can stabilize the Figure 4a, from a pair of cross-peaks between the resonance
local N-terminal helical dipole and act as an H-bond acceptor. Orresponding to the-proton of Ala-6 and both the and one
The anion and two more H-bonding amides are preorganized©f the f-protons ofbeta together with a cross-peak between
to match orientations of the N-terminal helical NHs, Figuré 1c. ©ne of the C-terminal Nbiprotons and thg-proton of Ala-8.

The C-cagbetaprovides an oriented positive charge, which may Similar corlformations are reporteq forhelix C-termination
by Nagarajaram et al. from analysis of Asn and Gly examples

from the protein X-ray crystallographic databdse.

(17) Although the serie8 peptidesif < 16) are unaggregated, longer members
of this series have not been studied, and the aggregation-free upper limit
of n for this series at millimolar concentrations in water is currently (20) Kemp, D. S.; Allen, T. J.; Oslick, S. L1. Am. Chem. Sod995 117,

unknown. 6641-6657.
(18) Tidor, B.Proteins: Struct., Funct., Genet994 19, 310-323. (21) Nagarajaram, H, A.; Sowdhamini, R.; Ramakrishnan, C.; BalaraREBS
(19) Aurora, R.; Rose, G. [Protein Sci.1998 7, 21—-38. Lett. 1993 321, 79-83.

1692 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005
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b.

Figure 4. Computer-generated stereodiagrams consistent with ROE data. (a) ThbefdC-terminus. (b) Thé/AspHel-Alas N-terminus. Color code:
black, Alas bonds and atoms; blubgtaand?AspHel atoms and bonds; red, Ala-Ala H-bonds; orangeg-BietaH-bonds; green, Al’AspHel H-bonds.
Structures were generated by Quanta (Molecular Simulations, Inc.).

TOCSY assignments of CH chemical shifts and connectivities with those assigned for peptideThese assignments correspond
for resonances attributable to the Hel function correspond closelyto a helix-nucleating (te) state dAspHel, Figure 4b. Reso-
to a previously reported NMR characterization of the Hel nances belonging to Aé&sp exhibit intraresidue cross-peaks,
function of AcHel-Alag—OH.2° The R—-CO—Hel function is but none defined contacts with the Alaegion. The pH
remarkably rigid, but it embodies three degrees of two-state dependences of NH resonances of peptidand selected
conformational freedom. Its tertiary N-acylamido group can members of serie® are more informative. If the pH is varied
assume either (c) or (t) orientations; thedihedral angle of its from 1.5 to 8.5, three correlated changes in chemical shift are
peptide-linked carboxamido function can assume either helical observed: 0.45 ppm for the resonance of the NH function of
or y-turn orientations, and its eight-membered lactam can Ac-fAsp, 0.19 ppm for the NH resonance of Ala-1, and 0.13
assume either helix-initiating (e) or noninitiating (s) conforma- ppm for the NH resonance of Ala-2. lonization of the carboxylic
tions. All are defined for the major NMR conformation. A cross- acid of Ac#Asp is expected to have a large chemical shift effect
peak links the resonances assigned to protons;aad the on its own NH, since these groups are proximate. The observed
p-CH, of the Asp function and establishes the orientation of shift changes for Alaand Ala NH resonances imply that in
the Asp-Hel amide bond as (t). A cross-peak linking Hel C-9 the ionized structure the carboxylate anion is also proximate to
and C-13 proton resonances establishes the orientation of thehese protons.

eight-membered ring of the Hel function as (e). Three cross-  The titration curve for each chemical shift yield&values
peaks are detected between the resonance of the NH proton obf 3.29 in water, 2 to 50C, that correspond to ionization of

Ala-1 and resonances corresponding to C-6, C-7, and C-8 Helthe Aspa-carboxylic acid (Figure 5). Thisky value, calculated
protons. These establish the orientation of the HelyCebhedral from local chemical shifts of single NH protons, is also
angle as helica? assignable from the pH dependence 6J},, which reflects
TOCSY, NOESY, and 1D'H NMR spectra were also  the global anior-dipole helix stabilization. lonization results
measured at pH 4.5, Z in aqueous buffer for members of the  in a ca. 20% increase in CD fractional helicity for Afzeptides,

peptide serie2 Ac-#AspHelbetaAccLys,TrpNH;, n even, n= 7 to 9, confirming our postulated role for the carboxylate
8—16. Resonances of the capping regions of these peptides anénion of N-cap’AspHel?
their NOE cross-peaks with end regions of Aleere consistent Resonances attributable to a minor conformation can also be
(22) Cammers-Goodwin, A.; Allen, T. J.; Oslick, S. L.; McClure, K. F.; Lee, J. det?Cted at _IOW pH in NMR sp(_actra of Alpeptldes. These are_

H.; Kemp, D. S.J. Am. Chem. S0d.996 118, 3082-3090. assigned, Figure 3, to the previously documented weakly helical

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1693
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H Ala-1 NH PPM

7.50

7.40
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Figure 5. Titration of thefAsp carboxylic acid of Peptide in water at 2

°C, monitored by changes in the chemical shift of the first alanine NH
function (similar curves result from monitoring chemical shifts of the second
alanine NH or the Asp NH). The curve is calculated from respective limiting
chemical shifts for the conjugate acid (7.3%40.003) and base (7.49%
0.002) and from an assignepvalue at 2°C of 3.27+ 0.035; at 25 and
49°C, respective i, values of 3.3H 0.02 and 3.2 0.02 were assigned.

(cs) state for which the N-cap is a poor helix stabilizer. We
have previously introducetic, the ratio of integrated areas of

to the literature database, protein or peptide chemical shift data
can be used to predict local regions of helical structtigelical
backbone'HN chemical shifts are sensitive to hydrogen bond
length and strength, solvent exposure, deviations from helical
rod structures, and residue positioning within either the N- or
the C-terminus. Experimental constancy %N shifts thus
provides a sensitive test for Alatructural convergence.

Resonances of eight AldIN residues belonging to the two
end regions of members of serizexhibit distinctive chemical
shifts and are consistently resolved. At the N-terminus for the
series members with = 10 to 16, chemical shifts for Ala-1
appear in the unusual range 7.480.02 ppm, but thé HN
chemical shifts for Ala-2 and 3 appear within a more normal
helical range of 8.3 0.02 ppm. Chemical shifts for Ala-4
fall in the distinctive range 8.1% 0.02 ppm, which may reflect
a local structural transition from hydrogen bonding acceptor
oxygens of tertiary amides of the Hel function to the oxygen of
the secondary amide at the Hel-Alanction.

Resonances fdiHNs at the § — 3) and ( — 2) sites appear,
respectively, at 8.0% 0.01 ppm and 8.08 0.01 ppm, and
resonances at then (— 1) andn sites appear, respectively, at
7.93+ 0.02 and 7.95t 0.02 ppm. From the PDB, downfield
shifts for lHNs at a helical N-terminus and upfield shifts at a

(c) and (t) state resonances, as a quantitative measure of helici=-terminus ggve been documented and attributed to a helix
and have shown that any experimental variable that increasedJiPole effect™ This effect as well as helical fraying at the

helical stability also increaseé.2° Consistent with this assign-
ment, the relative intensity of the resonances of the minor
conformations of the peptiddsand?2 is substantially decreased

C-terminus of these peptides may account for these systematic
site-specific changes. Corresponding chemical ghifts the
Alag peptide of serie® are qualitatively similar. The NMR

by helicity-increasing variable changes: lower temperatures, a Properties of the eight N-terminal and C-terminal residues of a

pH increase above 3.4, an increase in/A¢angth, and addition
of trifluoroethanol. The CD and RRmeasurements of this study
were conducted in aqueous solutions &C2and above pH 4.5;
under these conditiong/c is large?3

From the evidence of this section, the C-dagiahas been
shown to interact locally with the C-terminal loop of the Ala
sequence, terminating the helical sequéh@nd optimally
positioning the positive charge tketafor helix stabilization.
Above pH 4.5, the ionized N-cafAspHel assumes the
previously characterized (te) conformation that allows two amide
oxygens of the Hel function to form donor hydrogen bonds with
NHs of the second and third amides of the Atagion. The
carboxylate anion of théAsp function is positioned to hydrogen
bond with the first amide NH of the Alaregion, allowing its
charge to stabilize the N-terminus of the Alelical conforma-
tion initiated by the’AspHel cap. The peptides are unaggregated
in water and show no evidence of tertiary structure; NH
hydrogen exchange is slow within the Alegion but rapid for

series 2 Ala, peptide sequencen 8 or larger, show
characteristic site-dependent values that are independent of the
lengthn.

TheHN chemical shifts for resonances found at all remaining
sites 5 to (1 — 4) within the five peptides of serieg n = 10—

16 are unresolved, with a mean value of 820.02 ppm. For

the centraln — 8 residues of these peptides, thést NH
chemical shifts demonstrate convergence, consistent with their
structural isolation from capping regions.

The chemical shifts 0¥3C=0 and!3Ca functions correlate
with FH valued’” and are reliable reporters of helical structure
within protein sequence’.Invariably the largest3C chemical
shifts are seen for helices. The reported averages for protein-
derived values of3C=0 chemical shifts of alanine residues
within respectives-strand, coil, and helical regions are 175.0,
177.6, and 179.6 ppm; the values of alarfit@o chemical shifts
are 50.3, 52.4, and 54.7 ppm. Coil values are in good agreement
those observed for short peptidédG=0, 177.6 ppm:**Ca,

all other residues; and NMR evidence defines the structures of52.2 ppm), and the helical values are consistent with values

the fAspHel and beta caps and demonstrates their local
interactions with the Alaregion. As summarized in Figure 4a,b,

assigned from a recent study of a highly helical alanine-rich
peptide at °C in water {3C=0, 180 ppm;3Ca, 54.0 ppm).

these observations demonstrate peptide-cap interactions of these To assignt3C chemical shifts to members of Alaeries and

peptides that are consistent with an pAtechelix and confined
to its first three and last three residues.

Assignment of H and 13C Chemical Shifts to Alanine
Residues of the Ala , Region

Assignment of protein secondary structures from NMR

chemical shifts has received much recent attention. By reference

(23) As detailed in the Experimental Section, for pH values greater than 4.5,
and for Ala lengths of at least six residud#; values= 50 are expected.

1694 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005

to facilitate measurement of other key helicity parameters, three
peptides were synthesized containing alanine residues labeled

(24) Wishart, D. S.; Sikes, B. DMethods Enzymoll994 239, 363-392.
(25) Wishart, D. S.; Richards, F, M.; Sikes, B.D.Mol. Biol. 1991, 222, 311~

333.

(26) The following™HN chemical shifts (ppm) are seen for the sei2eélag
peptide: site 1, 7.50; site 2, 8.29; site 3, 8.26; site 4, 8.00; site-5 ),
8.02; site 6 f — 2), 8.00; sites 7 and & (— 1, n), 7.90.

(27) (a) Shalongo, W.; Dugad, L.; Stellwagen JEAm. Chem. S0d994 116
2500-2507. (b) Werner, J. H.; Dyer, R. B.; Fesinmeyer, R. M.; Andersen,
N. H. J. Phys. Chem. B002 106, 487—494.
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Ala 13C=0 ppm above the peptide values, with pairs linked with N-terminal Ala
residues appearing at the upper right of the;Asequence. The

s | three pairs that lie at or in the pink zone correspond to residues
wiof | m within the Ala;; C-terminal loop. Like the site dependence of
e IH NH chemical shift values, this pattern is consistent with
sosk | O 8= progressive helical fraying toward the AjaC-terminus. For
' E‘Eh; the core Ala-5 and Ala-6 residues of this sequence, the carbonyl
100k I carbon shifts are identical, 180.90 ppm, asa@@rbon chemical
: | shifts, 54.87 ppm; these lie at the upper end of values assigned
= from protein structures. These are the convergent valuédGor
17951 | o chemical shifts of alanine residues within core helical regions
of polyalanines in water at 2C.
1790f | Chemical shift data can be diagnostic for helical structure,
| but detailed conformational assignments are usually based on
17851 0O NOESs, which for Alg peptides require site-labeled peptides.
| Even with a definitive labeled series3x structural distinctions
178.0[ |E' can be problematic. As noted recentfya more reliable
alternative is available. The modified H(N)CO NMR experiment
sl — — — — — — — of Cordier and Grzesiék32yields1°N—13C=0 scalar couplings
| 3hJyc that directly define helical amideamideSN—H:--O=
177.0 ' L . L L . ' 13C hydrogen bonds.
520 525 530 535 540 545 550 555

The schematic of Figure 1a identifies pairs of alanine residues
of a labeled Alg peptide withH and 3C nuclei that are
Figure 6. Correlation of'3C=0 and3Ca chemical shifts for the labeled expected to exhibit scalan-helical 3"y couplings. For a

series2 Alag peptide (water, pH ca. 3) and the Adgeptide (water, pH- - . - e

4.5). The red dashed lines are derived from the protein database and are arpept'd_e withn labeled a_lla_ln'nes' the modified H(N)CO NMR
interface between helix and coil valu¥$s The pink area defines the  €xperiment should exhibit — 4 cross-peaks that correspond
average, within one SD unit, of théC=0 values reported for a highly to hydrogen bonds that linkkC=0 at each sité with a 1H—

helical peptidé’ Pairs of Ala chemical shift values for the Aapeptide 15\ at site { + 4). For the seried Alag peptide in which all
appear as cyan squares (owing to overlap, only 10 pairs of values are ’ 8

i i i 15
plotted). Pairs for the (te) state of the Alaeptide appear as yellow squares; Ala rg3|dues are. unlformly labeled witHC and ™N, the
the small green square corresponds to the chemical shift pair of the Ala-1 following four residue pairs should show®&lyc: 1 and 5, 2

(cs) state. The large green square corresponds to the average, within 1 SDgnd 6, 3 and 7, 4 and B Figure 7a shows results of applying
?;Sti':ij;eg‘gig'gr%é%st)sségﬁ dr?fo‘;”;;ﬁ:agecause of weak signal intensities,\ o oy H(N)CO experiment to this peptide. (It should be noted

that the seven purplei + 1 cross-peaks allow assignment of
with 13C and'®N. Their 3C=0 chemical shifts were assigned covalent amide connectivities and tF€=0 chemical shifts
from a 2D version, H(N)CO, of a standard HNCO experin®nt,  of Figure 6.) The four greem-helical i, i + 4 cross-peaks
which correlates a@*C=0O chemical shift for a residue at correspond t¢"Jyc scalar couplings that link residues 1 with
sequence sitewith the previously assignediN chemical shift 5 and 2 with 6; a confluent region defines the couplings that
at sequence site+ 1. An unambiguous assignment requires link residues 3 with 7 and 4 with 8. These verify thenelical

Ala 13Co. ppm

that no resonance overlaps occur, within either #iHeor the structure.

13C set. This condition was met by the labeled Abeptidel, Figure 7b shows the corresponding 2D spectrum for the series
but it is unlikely to be met for longer members of serg24ll 2 Alag, peptide in which residues—712 were labeled. An
Ala resonances of the seri@sAla;, peptide were assignet a-helical hydrogen bonding pattern requires that the spectrum
and*3C chemical shifts by studying two peptides, one doubly should reveal twan-helical 3\Jye scalar couplings that link
labeled at alanines-16, the other at alanines—7.2. residues 7 with 11 and 8 with 12. Both of these are evident.

Figure 6 shows the results of measurement®6fchemical  Application of the same experiments to the Alpeptide with

shifts observed for th&¥C=0 and'*Ca resonances at & in labeled sites Ala-1 through Ala-6 confirmed the presence of

aqueous buffer for the labeled peptides. The plot includes red y-helical hydrogen bonds that link amides of residue 1 with 5
dotted lines that define the literature boundary between helix and 2 with 6 (spectrum not shown).

and coil for alanine residues of the PDB and a pink region that  £or the Jabeled Alg peptide of Figure 7b, the presence of
corresponds to the range 5€=0 chemical shifts reported for  gjgnificant contributions of conformations with;g3helical
the alanine-rich peptid®.Our Als peptide was studied at pH  grycture should be signaled by appearance of cross-peaks

3 at which the helix-stabilizingAspHel cap functions subop-  corresponding to hydrogen bonds that link residues 7 with 10,
timally; as a result both its (te) and (cs) state resonances can be
detected. With the exception of the borderline resonance that(2g) kemp, D. S.; Allen, T. J.: Oslick, S. L.: Boyd, J. G. Am. Chem. Soc.
R i i i ithi 1996 118 4240-4248.
CorrESpondS to th.e Cc termlnal alanine, the for.mer lie well within (30) Dehner, A.; Planker, E.; Gemmecker, G.; Broxterman, Q. B.; Bisson, W.;
the expected helical regions, and the latter lie close to random" " Formaggio, F.; Crisma, M.; Toniolo, C.; Kessler, B. Am. Chem. Soc.
coil values 2001, 123, 6678-6686.
' . i L. (31) Dingley, A.; Grzesiek, SJ. Am. Chem. S0d.998 120, 8293-9297.
The Ala, peptide was studied at pH 4.5. The majority of (32) Cordier, F.; Grzesiek, S. Am. Chem. S0d.999 121, 1601—1602.
;i i i i ithi i ; i (33) For the N- and C-capped Alpeptides of this study, one could in principle
its (te) chemical shift pairs fall within the protein helical region, demonstrate four more hydrogen bonds between the caps and the Ala
region if the appropriaté’C=0 labeled’AspHel and of'*N labeledbeta
(28) Grzesiek, S.; Bax, Al. Magn. Reson. Set992 96, 432—440. were available.
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8 with 11, and 9 with 12. In the figure, the sites of these potential
cross-peaks are indicated by gold crosses. Even for the 7, 10
link, which would appear without overlap, no cross-peak is
evident. This issue is explored more rigorously in Figure 7c,
which shows optimized 1D slices measured at =0
chemical shifts of the Figure 7b green cross-peaks. fyor8ss-
peak can be detected within the signal-to-noise limits of the
experiment.

If an amino acid sequence has been independently established
asa-helical, the’Jynne coupling constant defines tigedihedral
angle, which for am-helix can fall in the range of 30 to—80°.

An a-helix has a parametric dihedral constraigt,+ v =
—103, allowing vy to be defined from the assigned* The ¢
value for the PaulingCorey heli¥®is —47 °, and that assigned
by Arnott and Dovet from an X-ray fiber diffraction study of
polyalanine is=57.4, but the average value for helices within
the PDB is—62 + 7°.36

The 3JunHe coupling constants were assigned to the helical
alanine residues in the three peptides from an E.COSY HNCA
experimen®’ The average for the twelve amino acids of the
series2 A1, peptide in water at 2C is 3.4 Hz (SD 0.5), and
the pair of core alanines at sites 5 and 6 showed identical values
of 3.0 Hz. Fits of the latter value to the Karplus equation using
parameters of Vuisté® Pardi®® and Ludvigseff yield respec-
tive ¢ values of— 50.4, —48.6°, and—52.7. The average of
these is close to that of the PaulinGorey and the Arnott
Dover¢ values but substantially lower than the average assigned
by Barlow and Thornton from the X-ray crystallographic protein

- cor--@ :
NlH-B m|+9 NlH-'ID NH-12,11 database.
| 1 1 L I I L
8.10 805 8.00 7.95 7.90 Protection Factors PF ;s for Ala HN functions of the

8.10 8.00 7.90 7.80 7.70 7.60

THN ppm c.

Figure 7. Assignment of dominant-helical structure to th&*C- and>N-
labeled peptides Akgl, and Alay, 2. (a) Results of 2D H(N)CO NMR
experiments in water at 18C, pH > 4.5, applied to Ala Cross-peaks

Peptide Series 2 and 3

Protection factors RBE measured for the serie8 Ala,
peptides allow a residue-by-residue assignment of helicity, and
this quantitative energetic characterization complements the
NMR structural assignments. Pd=provide the definitive test
of the efficiency of helix stabilization by théAspHel N-cap
andbetaC-cap, and for representative members of setiasd
3 they allow calculation of length-dependent FH values. For
series2, they also allow calculation of site helicities FH

A PF, defines the relative tendency of a backbone amide NH
at sitei of a peptide or protein sequence to undergo an NH
ND; exchange reaction in4®. An amide NH that is part of
the H-bonded structure of completely helical peptide exchanges
very slowly#! The exchange rate for an NH at sitef a frayed
helix reflects the presence of conformers in which the amide
NH; is nonhelical and solvent exposed. A;-defined, eq 2,

PR = Konpsid kZPeptideNHi )

(magenta) result from an experiment with dephasing time optimized for ; o
correlation of chemical shifts for a site®C=0 with the sitei + 1 *HN. as the ratio of two rate constankeepicens the exchange rate

Cross-peaks (green) result from a dephasing time optimized for detection CONStant for an NH at siteof a partially helical peptide, and
of 3Jyc scalar coupling. These demonstrate hydrogen bonds linking residues
1 and 5, 2 and 6, and through a confluent pair of cross-peaks, 3 and 7, 4(34) Besley, N. A.; Hirst, J. DJ. Am. Chem. Sod999 121, 9636-9644.

and 8: anu-helix. (b) Results of application of the experiments of Figure (35) Pauling, L.; Corey, R. B.; Branson, H. Rroc. Natl. Acad. Sci. U.S.A.

7a to the Ala; peptide with six labeled C-terminal residues. The green (36 %B%Srljé\f/?bz.o.]%'zrﬁgmton J. MI. Mol. Biol. 1988 201, 601—619.

cross-peaks correspond to the expeatetelical hydrogen bonds thatlink — (37) weisemann, R.; Rerjans, H.; Schwalbe, H.; Schleucher, J.; Bermel, W.;
residues 7 with 11 and 8 with 12. Gold crosses mark the expected positions Griesinger, CJ. Biomol. NMR1994 4, 231-240.

)
)
for 310 3"y coupling; these cross-peaks are not detected. (c) Top (383 Vuister, G. W.; Bax, AJ. Am. Chem. Sod.993 115 7772-7777.
)
)

R ; o : ; (39) Pardi, A.; Billeter, M.; Wthrich, K. J. Mol. Biol. 1984 180, 741-751.
sépectrum. a slice of an optimized Figure 7b spgctrum at the regm_ (40) Ludvigsen, S.: Andersen, K. V.: Poulsen, F. JMol. Biol. 1991 217,
resonance (180.45 ppm). Bottom spectrum: a corresponding slice for 731-736.

residue 7 (180.61 ppm). Gold arrows identify sites of undetectgedr8ss- (41) Englander, S. W.; Kallenbach, N. R. Re. Biophys.1983 16, 521—
peaks. 655.
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konmste the exchange rate constant for solvent-exposed NH in
a simple, analogous model peptide. The atom fraction of the
solvent-exposed NH proton is calculated as 1/BRd eq 3

®)

defines the fraction of the NHhat is hydrogen bonded within
a helical structure, which is Rigi, @ measure of local helicity.
Although the'3C=0 and™Ca chemical shifts of aith amino
acid residue can also be used to calculate site helicity>FH
FHuni is more valuable for study of highly helical peptides.
The chemical shift reflects the fraction of the conformer
population that is helical at &C site, but a PFAs proportional
to the fraction of nonhelical conformers, which varies by a factor
of 10 if FH; increases from 0.90 to 0.99. Pcan be used to
draw fine distinctions within a series of highly helical sifés.
Practical features of the measurement of' $Rave been
reported by Englander et al.; these include quantitative effects

FHy = 1 — 1/PF

PF,
150
70

20}
10}

v

1 L L L L L L L L |

4 5ton4  n3 n2nlnn+l
NH Sitei

Figure 8. Average values of protection factorsiRFmeasured in BO at

2°C pH > 4.5 for Ala, regions of serieg peptides wittm > 8. Variations
within one SD unit are shown as red and blue bars; the green region
corresponds to the low average and large range of uncertainty for PF
(see text for details).

of pertinent experimental variables and a database of referencghus corresponds to the relative abundance of conformations

rate constant&nysig Needed to calculate P& At a given
pH the overall exchange rate constant is a sum of acid- and
base-catalyzed terms, but for normal peptides studied at pH

that are helical at sites ¢ 1), ( — 2), and { — 3).
Figure 1c depicts the sequence of hydrogen bonds that can
be formed by the amide residues of a representativgr&fgion

values greater than 3.5, the base-catalyzed mechanism dominategf series2 and3 peptides. Three of these are absent for an Ala
and the second-order rate constant depends on concentrationgggion that is N-capped by an acetyl and C-capped by an NH
of hydroxide and substrate as well as temperature and theThe green hydrogen bonds are common to both regions and

hydrophobic bulk and charge of the two amino acids that flank
the exchanging amide NHCorrections for these effects have
been reporteédt

The PR measurements for Ala NI of series2 and 3
peptides were carried out in;D at 2°C. Rates were measured
at pH values above 4.5 and were followed for at least three
half-lives by analyzing both peak heights and curve-fitted areas
for the THN NMR resonances. Rate constants for se?iemd
3 peptides were in reasonable agreement.

As noted earlier, the presence of multiple Inp residues within
the sequences of seridpeptides results in substantial broaden-
ing and overlap of théHN resonances. The normal resonance
widths observed for serie® peptides allowed RRand FHyui
site assignments to the four NHs at the N-terminus of each Ala
sequence and to the corresponding four NHs at the C-terminus
Figure 8 plots averages with standard deviations of thege PF
at each Ala NH site. The central region of the graph plots
averages of P for the 20 nearly coincident resonances of
the Ala, cores of serieg peptides. These averages exceed 100,
and with their likely error limits, they define limiting core kg
values as lying within the range 0.990 to 0.994. Individual
resonances usually could not be resolved for s&ipsptides,
but the time dependences of the collective integraetl

consists of bonds formed between pairs of Ala amides or that
are formed between a single Ala amide NH at site 4 Idraty!
carbonyl oxygen or then(— 3) amide carbonyl and the
C-terminal NH. The first three NH sites of a simple Ac-Aa
NH, are solvent exposed, their PFalues at these sites equal
1.0, and their corresponding RH equal 0. As assigned from
experimental P helical stability for a peptide of length is
defined by i — 2) nonzero FRRyi’'s at sites = 4 through 6 +

1).

We have proposed the blue hydrogen bonds of Figure 1c as
linking NH residues of the first three residues of the helix to
oxygens of thé’AspHel N-cap. The PE PR, and PR values
reported in Figure 8 demonstrate their presence and their helix-
initiating efficiency. These RForrespond to FRly; values of

0.98 to 0.99. The value of Rif1 solely reflects interactions of

the first peptide NH with the N-cap. Formation of an intramo-
lecular hydrogen bond by the NH of Ala-1 requires adoption
of the helix-initiating (te) conformation b§AspHel, and the
magnitude of Flly1 corresponds to &/c value equal to or
greater than 50, in accord with the estimates cited in earlier
sections. The values for Kjd, and FHu3 reflect the adoption

of helical ¢, ¥ angles by residues 1 and 2, a structural
precondition for formation of hydrogen bonds between their

resonance intensities were compared for the two series and werdNHs and carbonyl oxygens of the pair of tertiary amides within

found to agree within measurement error.

What structural properties of a peptide helix are reflected by
an FHyni value? Each FRh; corresponds to the overall mole
fraction of peptide conformers for which the amide NH at site
i forms a helical H-bond. This bond can be formed, only if each
of the sets ofp andy dihedral angles adi-carbons allow the
three preceding residues to form helical H-bonds. AnykH

(42) This point is demonstrated by trios of values for (1) iRRhe range of 2
to 100, (2) Fhiyi calculated from eq 4, and (3) the percent error inviH
under the assumption of a 10% error in;FFor example: 2, 0.5, 24%; 5,
0.80, 7%; 10, 0.90, 2%; 20, 0.95, 1%; 50, 0.98, 0.4%; 100, 0.99, 0.2%. PF
values of 50+ 5 thus allow assignment of Rd; with greater than two-
decimal-place precision.

the Hel function. Finally, FiRus reflects the energetics of
formation of thea-helical loop that defines helical, 1y angles
for the first three residues of the Al@equence. The small
standard deviations and similar values seen foxdrHFHNH2,
FHyus, and FHy4 suggest that no structural mismatch occurs
at the junction between the N-terminus of the peptide helix and
the preorganizedAspHel N-cap. They confirm the presence
of the H-bonds of Figures 1c and 4b. A total af{ 1) nonzero
FHyni's characterize siteis= 1 through 6 + 1) of serie2 and
3 peptides.

The remaining f — 2) PFR’s of Figure 8 characterize the
helicity of the Ala region itself, and those defined at sites 4
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throughn reflect NH— ND exchange properties of Ala NH
residues. An additional PRt site 6 + 1) reflects the relative
exchange rate of the-amide NH of the C-capping function
beta It monitors local helicity for the three contiguous residues
at the Alg C-terminus. Owing to the rapid exchange of this
NH at a pH> 4.5, accurate time-dependent rates could not be
assigned, but upper and lower bounds fop,Pffwere estimated
from the pH dependence of the NH resonance broadening in
H,O within a pH region where intermediate line broadening
due to proton exchange is observed. Calibration through
measurement of an exchange rate for an Ala NH in a short
model peptide showed consistency with; R&lues measured

at internal Alg sites. The resulting helicity limits are 0.2
FHNH(n+1) < 0.7.

A monotonic decrease with length is seen for,RFPF,—2,
PF.-1, and P values. A plot of PFvs site for a helical peptide
that lacks strong cap stabilization has an inverse parabolic
appearance with a maximal value at $ite (n/2 + 2) and values
at the terminal sites 4 aneh (- 1) that can fall below 1.811

Table 1. Length-Dependent FH Values for Series 2 Ala, Peptides
in Water at 2 °C

n calculated FH? extrapolated FH? extrapolated (B9

8 0.862, 0.944 0.96- 0.04 7.2£0.3

9 0.91+0.04 8.2+ 0.4
10 0.888, 0.954 0.92 0.03 9.2+ 0.3
11 0.92+ 0.03 10.1+0.3
12 0.905, 0.961 0.9% 0.03 11.2+-0.4
14 0.918, 0.966 0.94 0.03 13.2+£0.4
16 0.927,0.970 0.9% 0.02 15.2+£ 0.3
18 0.95+ 0.02 17.1+0.4
20 0.96+ 0.02 19.2+0.4
22 0.96+ 0.02 21.1+£04
24 0.96+ 0.02 23.0£0.5

2 The two series of FH correspond respectively ta,FH0.1, combined
the lower limits for other Fiis for the serie peptides, and to FH= 0.7,
combined with the upper limits for other sl © Values calculated from
values in the first two columns, as described in the text and Appendix section
of the Supporting Informatiorf. (M= nFH.

slightly lower value, 0.987, which, from eq 5, can be assigned
to FH,;. Application of eq 6 yields all but one of the remaining

The C-terminal length decrease seen in Figure 8 is much lessassignments: Fiig = FHg = 0.988; FHyp10 = FHo = 0.986;

dramatic. The Pffor the C-terminal Ala NH is slightly below
20, corresponding to an kg, of 0.94. This value is consistent
with substantial helical stabilization by the positively charged
C-terminalbetg consistent with the positioning of its ammonium
ion at the C-terminus, as seen in Figure 4a.

What is the relationship between the set ofygHassigned
for the seriex peptides and the corresponding site helicities
FHi? An FH is defined as the atom fraction of heliealcarbons
at sitei, and an Ala peptide has one FHor each Alaa-carbon.
Their average is the peptide fractional helicity, FH. Each of the
(n — 2) FHyyi reflects local three-residue helicity at sités
1), ( — 2), and { — 3), and as seen in eq 4,

FHyyi = (FH_g+ FH_, + FH,_))/3 4)

the value of FH; sets a lower bound for the average of the
values of FH_;, FHi_», and FH_3.43 If the value of a PF

FHNH11 = FH10 = FHNH12 = FH11 = 0.955. Generalized to the
series2 Ala, peptides forn > 8, this analysis yields FH
assignments for Ala sites of seridpeptides. Setting FH =
FHwn1s yields the previously defined lower and upper limits of
0.1 and 0.7.

For a serie® Ala, peptide and a given value of the average
of all FH; values is its overall fractional helicity FH, and the
sum of all FH values is the average helical lendiii) eq 7.

()

By averaging the lower and upper bounds of error limits for
each Fhlvalue, lower and upper bounds for FH were calculated,
and these are listed in the first and second columns of Table 1.
Consistent with this analysis, interpolated and extrapolated
length-dependent values are calculated by deleting or adding
core values to the calculation, as described in the Supporting

(1/n)=FH, = FH; n FH = SFH, = [0

approaches or exceeds 100, the lower bound can be replaced tinformation. The averages and ranges of these are given in the

a good approximation by an equality. For example, ifukiH
closely approaches 1.0, so must FHH,, and FH. If, in
addition, the contiguous Rids = 1.0, then FH = 1.0. This
pair of FHywi defines the values of four Rid. Generalizing
this result to a region, one sees that if the values foyrifor

j contiguous NHs are close approximations to 1.0, it follows
thatj + 2 of the associated Ftare also approximated by 1.0.
The sets ofn FH; and fi — 2) FHyni thus contain equivalent
conformational information. As shown in the Supporting
Information, the inequalities of eqs 5 and 6

FOI’ FH\IHI > 0.9, and < n/2’ FH73i I:HNHi
For FHy; > 0.9, and > n/2, FH_; = FH.

®)

(6)
allow assignment of FHvalues for sites at or near the ends of
an Ala, sequence. The case of an plpeptide is representative.

At sites 5 through 8, the Rl values are 0.992, implying that
FH = 0.99 at sites 2 through 7. At site 4, Rkl assumes a

(43) As detailed previoush(also see Supporting Information) the conformations
of the manifold for FHyi consist of the logical intersection of sets of
conformations that define the values ofiEH FH;—,, and FH_3. For highly
helical peptides and for either small or large values, dhis intersection
set is closely approximated by the conformations of the manifold associated
with the smallest FH
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third column. Multiplication of each value by yields values
and ranges for the average helical lengihs clearly M= n
—1.

The CD analysis of the following section relies on sefles
data, and an essential issue is a confirmation that the FH values
of Table 1, which were derived from seri2slata, are relevant
to the CD analysis. This confirmation can be obtained by
applying the same FH criterion to members of both data sets.
Weighted averages of PF values derived from time-dependent
integrations of the entire Ala\NH resonance region for series
2 peptidesn = 14 and 16, yield a mean FH of 0.94 0.02.
Similar averages of PF values were conducted for se3ies
peptides and converted to FH values to yield,rio+ 18, 0.95
+ 0.02, and, fom = 22, 0.955+ 0.02. These are within the
error limits of the corresponding values seen in the third column
of the table. This finding justifies application of its extrapolated
FH andmlvalue to CD data for both peptidzand peptide3
series.

The results of all NMR analyses can be summarized. (1) The
helical region is confined to the Alasequences, which form
o-helices with ¢ angles consistent with polyalanine fiber
diffraction data. (2) From NOEs and modeling evideri¢t;-

IH contacts detected between the N-cap and the C-cap Ala
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sequence occur, respectively, with the first and last three

sequence residues, as depicted in Figures 1c and 4. (3)For

A more recent role for CD-derived FH values requires a
higher accuracy. Predictive algorithms, constructed to assign

8, both chemical shifts and PF measurements identify core peptide helicity from amino acid structure and sequence, are

regions of lengthn — 8, consisting of Ala residues with
essentially invariant NMR properties. (4) For the pairs of four
residues at the cap-Afgunctions, both chemical shifts and PF
values depend on the sitdut are independent of the overall
n. (5) The FH values for residues in the core regions exceeds
0.99. (6) The mean AlaFH at 2°C in water lies in the range
0.90 to 0.96.

often based on FH values calculated frofizp» exp data
measured for hostguest substitutions in alanine-rich peptiés.
We have recently argued that spaced, solubilized pégotides,
Figure 1a, are the natural hosts for hegtiest helicity studie$,
and as a preliminary to hosguest studies, we have presented
CD andt/c evidence characterizing helical propensities for the
Ala residue®®¢ We have also noted that literature values for

These data are consistent with the principle advanced in an[6];. fail as satisfactory models for the CD properties of

earlier section, that the structural effects of the helix-stabilizing
N- and C-caps of the Alapeptides of serie® and 3 should
perturb helix structure locally, but not globally. Deviations from

(AlasLys), peptides and polyalanines, which usually exhibit
exceptionally large ratios o222 to [¢]208 as well as curved
parametric plots of temperature-dependefil,d vs [0]20s

core helical properties are confined to the eight Ala residues at datal?® Using the calibration peptides of this study, we now

the helix ends. This is the necessary condition for apply@ng
and3 Ala, peptidesn > 8 as standards for CD calibration.

Assignment of Core Per Residue Molar Ellipticities

[6],,00 from Experimental Molar Ellipticites [ Owojar] 4,n fOr
Series 3, n = 9 through 24, and Series 2, n = 10
through 16; Calculation of the Limiting Polyalanine CD
Spectrum in Water at 2 °C. Calculation of the Limiting
Polyalanine CD Spectrum in Water at 2 °C. Assignment
of the Length Parameter X

clarify these issues.

9)
(9)

[GMoIar]/l,AIa,n = n[a]),,n = n[e]i,oo - X[e]/l,oo
[Onotad z.a180 = [01)(N = K) + [6]; (k= X)

[9Molar]/l,n,Exp = [gMolar]).,AIaCoren + [eMoIar]/l,S&Capsz
[60];(n — k) + [9Mo|ar],1,ssrCaps (10)

As a preliminary to data analysis, we rewrite eq 1 as its molar

The use of eq 8 and eq 1 to calculate FH values for peptides equivalent, eq 9. With no loss of generality, eq 9 can be rewritten
and local sequences of proteins from experimental CD residueas 9, which introduces a parametkrthat corresponds to the

ellipticities [0]2225,exp has a long history® Owing to the strength

of the limiting helical ellipticity [p]222, relative to that of other
conformations, the rigorous form of eq 8 is commonly ap-
proximated as a simple ratio of experimental to limiting residue
ellipticities.

FH= ([0]222n,Exp - [‘9]222,R&/ ([9]222n o [9]222,R& =
[0] 222n,Ex;l[0] 222n (8)

(012220 = [0] 222, (1 — X/N) 1)

Recent developments have increased the accuracy with whic

protein conformations can be assigned from CD data for proteins.

of known native structure, and more than thirty years of
deconvolution of CD spectra for highly helical proteins of
known native structufé4>have provided reasonably satisfactory
assignments for the empirically defined parame¥asnd 0],

of eq 1. However, errors of fit to helices of the protein database

remain large’* Extrapolations of solvent dependencies for the
CD properties of helical alanine-rich peptides of short-to-
medium length have also yielded values ¥&and [0], .. that

are in approximate agreement with protein assignnfénts,

although the assumptions underlying these extrapolations hav

been recently questionédFH values calculated in this manner

are used to rank the “ballpark” helicities of heteropeptides and

to monitor temperature or denaturant-induced unfolding of
helical proteing?’

(44) (a) Greenfield, N. JAnal. Biochem1996 235 1-10. (b) Sreerama, N.;
Venyaminov, S. Y. Woody, R. WAnal. Biochem200Q 287, 243-251.

(45) (a) Woody, R. WJ. Polym. Sci. Macromol. Re1977, 12, 181-320. (b)
Manning, M. C.; Woody, R. WBiopolymers1991, 31, 569-586.

(46) (a) Gans, P. J.; Lyu, P. C.; Manning M. C.; Woody, R. W.; Kallenbach, N.
R. Biopolymers1991 31, 1605-1614. (b) Scholtz, J. M.; Qian, H.; York,
E. S.; Stewart, J. M.; Baldwin, R. IBiopolymers1991 31, 1463-1470.
(c) Luo, P.; Baldwin, R. LBiochemistryl997, 36, 8413-8421.

(47) Peterson, R. W.; Nicholson, E. M.; Thapar, R.; Klevit, R. E.; Scholtz, J.
M. J. Mol. Biol. 1999 286, 1609-1619.

number of alanine residues of Alith ellipticity contributions
that are perturbed from core values by capping or other end
effects. The NMR data of preceding sections suggest an
assignment ok = 8, subject to CD validation.

Two assumptions underlie application of eqs 1 ahéréd
their equivalent, eq 10, to the calibration sefi&Eirst, for any
series2 or 3 peptide that contains an Alaore with convergent
properties, the value offfoadinexp Can be accurately ap-
proximated as a sum of two regional molar ellipticitie®, [, ]

A.core @Nd [Pmolar] 1,55-caps Second, the former, which is the core
hmolar ellipticity, can be written a9, .(n — k), where 6 — k)

is the core length, and]; . is the constant incremental increase
in peptide molar ellipticity that results if a core region length is
increased by one residue.

Figure 9 shows-plots of [Dmolar 4,nexp fOr five representative
lengths of the serie8 peptides for whictm > 8. The evident
strong length dependence reflects dominance of ellipticities
attributable to the Alacores over the capping effects, which
include ellipticity contributions by the first and last four residues
of the Ala, sequence. In the previous section; RPEasurements
for core regions were observed to be length independent, with
eIimiting FH; values of at least 0.99. This result implies that the

per residue increase ifhjoiar 2,n,exp dO€S Not reflect a length-
dependent increase in FHIt must be attributed to the
incremental effect of adding a new, fully helical Ala residue.

IS [Omorar 2,s5-capsin fact length-independent, consistent with
the length independence ¥4 chemical shifts and BB (Figure
8), and as required by eq 10? A first answer is provided by
calculated regression intercepts far= 8, which can be

(48) For a detailed discussion of this point, see the Supporting Information.
The equivalence of egs 1,,%nd 10 follows directly from:X = k —
[Ovolar] 1,s5-capd[ 0] 1.00; the ratio of this assignment scales the molar ellipticity
[Omotar] 1.ss-caps @s @ length by dividing it by the core per residue molar
ellipticity, [0],; X is thus the difference between the actual lerignd
this scaled length.
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Figure 9. Wavelength plots offmolar]2.nexp fOr series3 Ala, peptides in
water pH> 4.5, 2°C. Units: deg crhidmol. Spectra increase in intensity
through the series = 9 (green), 12, 16, 20, 24 (blue-green).
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Figure 10. Length-dependent linear regressions at four wavelengths of
[Owmolar] 20 for series3 Ala, peptidesn > 8. Units: deg cridmol™t. Data
from the spectra of Figure 9 appear as correspondingly colored dots.
Extrapolated values fok = 8 appear at the intersection of the red lines
with the vertical axis.

compared with the experimental values f0f§iad1,8,exp At all

wavelengths, these values agree within measurement errors. Dat

at 201 nm provide a second answer. At this wavelength, the

contribution to Puoladinexp from the Ala, helix vanishes,

consistent with the isoellipsoidal point of Figure 9. Equation

10 is reduced to its second term. The valuestaiok] 201n,Exp

in units of 16 deg cn? dm™! for the 10 series members ane

=9, —254.3; 10,-255.6; 11,—-250.6; 12,-254.6; 14,—253.6;

16, —265.2; 18,—242.5; 20,—245.0; 22,—233.0; 24,—277.2.

The ellipticity-length correlation coefficient is0.002. There

is no detectable length dependence of the capping contribution
At constantA, from eq 10, Pmola] inexp Values should

correlate strictly linearly witm. The quality of this correlation

at four wavelengths is seen in Figure 10. A quantitative test of

linearity is provided by linear length regressions applied to

[Omolar] 2.n,Exp data sets from which the shorter Alengths are

230 240 nm

-60

Figure 11. Extrapolated CD spectrun#]; .. of a completely helical Ala
peptide in water at 2C. The red dots correspond to the slopes calculated
from the linear length correlations ofjioiar] 2,0 that appear in Figure 12.
Units: deg crddmol~ residue . Except for the two regions within which
[60]1. approaches 0, its least squares error is ca. 2% of its value.

CD spectrum of a fully helical alanine residue within the core
region of a polyalanine helix, measured in water &2 The
spectrum is qualitatively representative of benchmark literature
spectra for limitingo-helices, but it is distinguished by the
intensity of [f]222, and by the ratio ]222,/[0]208. = 1.30,
larger than most literature values but consistent with our
previous reports for alanine-rich peptidé@s.

To calculate both X and#],., we corrected serie$
[Omolar 222n data for capping contributions by subtracting
[Omolar 222,0values and dividing the resulting differences by the
series of FH values listed in Table 1. In the normal process for
calculating the FH of am-residue peptide, eq 8, the experi-
mental P]222p,exp Value is divided by @moiar] 2225, calculated by
applying literature values of X and],22. to eq 1. This process
is reversed to calibratX and [F]222. from corrected molar
ellipticities. Three linear length regressions were carried out
Hsing the low error limits, the mean values, and the high error
limits of FH. Resulting values forf]z22. are —61 200 (SD
1300), —60 500 (SD 1250), and-59 800 (SD 1200). Corre-
sponding values foK are 2.6+ 0.3, 2.84 0.3, and 2.9+ 0.3.
Similar results are obtained if both serand serieS peptides
are included?®

Values of P]20s are also relevant to FH calculations. Linear
length regressions of the correct&hfiar 20en,exp data set yield
values for P]aose Of —46 000 deg crhdmol~! with X in the

range 4.3-5.1. Notably, this §]20s lies close to the range of

literature values.
Discussion

How general are the results of this study, which has been
directed at clarifying problems with assigning NMR parameters

deleted. If core convergence is valid, the assigned slopes mus@nd CD-based FH values to polyalanines and by analogy to

be invariant. At 222 nm, the linear regression of the full data
set yields a slope=59 600 (SD 1300), and an intercept:
202 000 (SD 20 700); if the first two data points are deleted
(data set: 1k n < 24), the slope is-59 300 (SD 1700); further
restriction (data set: 14 n < 24) yields a slope of-58 800

alanine-rich peptides? The value 614, water 2°C, assigned

in this report, is 40% more intense than the upper limit of current
literature valueg**6which fall in the range-37 x 10°to —44

x 10® deg cn? dmol! residue?. For typical helical peptide
fragments derived from globular proteins, this range remains

(SD 3100). Within standard error, these assignments areappropriate, but it is almost certainly underestimai@szp

identical, and no deviations from linearity are detected at either
low or high length limits.
Slopes for these regressions can be equated Wjth,[ and

these values are plotted in Figure 11. This is the first extrapolated

1700 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005

for that class of helically disposed peptides that exhibit a ratio

(49) Least squares linear length regressions of combined, correctedXeaniés
series3 [Owolarl 222,0 data resulted in a ca. 2% decrease i, and a
20% decrease iX.
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Figure 12. Green region graphs the length dependencedbbd,, eq 1,
calculated from @]2220 = —60 500 (SD 1250) deg chdm™! residue®
andX = 2.8+ 0.3 residues. Values of the 10 experiment@itia]222n —
[Omolad222,0/FH values used to assighiand [0]222. are plotted (red); for
comparison, two corresponding values calculated frégik]222n, N = 6
and 8 are also shown (violet).

[0]224[60] 208 greater than 1.2 and curved parametigyf, vs
[6]208 plots1?® These include polyalanines and alanine-rich
peptides. For these, our nel]§.2. value of —60 500+ 1300
is the appropriate choice.

Figure 12 shows the calibration curve that results if the

FH
1.0

0.8
0.6
04}

0.2

0.0 8 70
Peptide Sitei

Figure 13. Lifson—Roig modele8FH values for a 16-residue homopeptide
assigned a helical propensityof 1.2. Blue curve: site-dependent FH values
calculated for N- and C-terminal capping parameters of 1.0. Green curve:
results of increasing capping parameters to 7.0. Red curve: N-capping
parameter of 200; C-capping parameter of 7.

Why have we failed to detect@structure for our serieg
N- and C-capped Ala peptides? The strong bias toward
o-structure provided by the three preorganized hydrogen bond-
ing sites of the’AspHel N-cap is a likely answer. Can the
observed examples ofi@structure seen with peptides derived
from simple amino acids result from the reduced hydrogen
bonding potential of water molecules or other functions available

parameters derived in the preceding section are applied to edat helix ends? The presence of only two unsatisfied N-terminal

1. The large uncertainties M generate correspondingly large
errors in Pla22p and FH. For a peptide of 24 residues the error
in [0]222.24is £4%, but if the length is halved the error increases
to £7%. Is there a need to calibrate helicity for short peptides?
Peptides in the length range of 5 to 12 residues have been

NH hydrogen bonding valences for they3ielix may reduce
its sensitivity to these factors.

Lifson—Roig modeling provides insight into the magnitudes
of the helix-inducing capping effects we have observed in this
study. The blue curve of Figure 13 demonstrates typical FH

reported to exhibit weak CD.spectra with helical f.eatL#bs.. values for a medium-sized helically disposed homopeptide that
Rec.e'ntly repprted examples mclude short,. lanthanide cation- |, stabilizing N- and C-caps. Conformational averaging or
stabilized helical polyalaniné$ Figure 12 provides needed “ball “fraying” is responsible for the marked decrease of Ftat is

park” estimates of limiting §]22, values for short peptides.

Can one improve the precision #fassignments for water-
solubilized peptides? Unliké]; ., which is defined largely by
the CD properties of medium to long helical peptides, ¥he
assignment must be based on experimerttiahid] ;. data for
short peptides. These data have intrinsically problematic features.
Large assignment errors attend their weak ellipticities, and these
are compounded by length uncertainties.

SinceX reflects local effects of N- and C-caps, it must ideally
be tailored to the particular capping structure of each new
peptide series. The value Hfis likely to depend on the nature
of the polar atoms or charges that appear within end regions,
which can influence N- and C-terminal conformations. The
contribution of 3¢ helical conformers to helical peptides of short
to medium lengtP? poses a further ambiguity, sincé]}2s is
weak for 3o helices?® and variations in the/3,o ratio are poorly
understood.

(50) (a) Zerkowski, J. A.; Powers, E. T.; Kemp, D.B5Am. Chem. S0d.997,
119 1153-1154. (b) Gallo, E. A.; Gellman, S. A. Am. Chem. S0d994
116, 11560-11561. (c) Karle, I. L.; Balaram, Biochemistry199Q 29,
6747-6756. (d) Parthasarathy, R.; Chaturvedi, S.; GoPKc. Natl. Acad.
Sci. U.S.A199Q 87, 971-875.

(51) (a) Siedlecka, M.; Goch, G.; Ejchart, A.; Sticht, H.; Bierzynski,P&oc.
Natl. Acad. Sci. U.S.A1999 96, 905-908. (b) Chin, D.-H.; Woody, R.
W.; Rohl, C. A.; Baldwin, R. L.Proc. Natl. Acad. Sci. U.S.£2002 99,
15416-15421.

(52) (a) Miick, S. M.; Martinez, G. V.; Fiori, W. R.; Todd, A. P.; Millhauser,
G. L. Nature1992 359, 763-655. (b) Long, H. W.; Tyko, RJ. Am. Chem.
S0c.1998 120, 7039-7048.

evident in the end regions.

The green curve results from a recalculation that introduces
stabilizing N- and C-caping effects. A marked increase in FH
is seen which is largest at the ends. A leveling is evident in the
central region. Both effects are attributable to an increase in
the mole fractions of substantially helical conformations. The
red curve shows the effect of retaining a moderately stabilizing
C-cap and introducing a highly stabilizing N-cap. The asym-
metric site dependence of FHow shows little or no hint of
fraying at the N-terminus. We believe the parameters used in
calculating the red curve are reasonable approximations to the
capping properties ofAspHel andbetg yet this curve under-
estimates the FH values we have documented for the capped
peptides of this study. A second essential requirement for
achieving FH values close to 1.0 is the presence of an amino
acid with a high helical propensity. We have demonstrated a
substantial length increase of the helical propensitf alanine
for short to medium-sized polyalaningsgnd subsequent studies
show thatw assumes large values for peptides containing 20 or
more residue®! This length dependence contributes to confor-
mational homogeneity and compensates for an expected decrease
in cap efficiency as the helical length is extended.

(53) Toniolo, C.; Polese, A.; Formaggio, F.; Crisma, M.; Kamphuid, Am.
Chem. Soc1996 118 2744-2745.
(54) Kennedy, R. J., Ph.D. Dissertation, MIT, February, 2004.
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Our success with generating a tractable length series ofinterpretation of subtle conformational features of helical
polyalanines with exceptionally high helicity almost certainly peptides that currently lie beyond its scope.
guarantees extension of the concept to other peptide classes.
Previously studied highly helical alanine-rich heteropeptides are Summary
obvious candidates, but work in several laboratories has also .. gng C-capped polyalanines that lack helical stabilization

demonstrated that unnatural amino acids with straight aliphatic y,,,gh tertiary interactions can approximate single fully helical
side chains can have helical propensities equivalent to that of ¢\ ,ctures. Two series. with general structu?eand 3, have

alanin_é?5 F_’rovided aggregatipn can be_inhibited by appropriate peen shown by AUC to be unaggregated in water. NMR
solubilization, these are obvious candidates for future study. A experiments with seriedpeptides have characterized structure
necessary condition for all such studies is proof that the currently 5, energetics. Literature-precedented conformations of the
available strongly helix-inducing N- and C-caps can function BAspHel N-cap and the C-cagetahave been shown to interact
as efficiently for more general peptide series as they have for gnq stabilize the first and the last helical loops of the Ala
the polyalanines. A particularly important goal is improving the - sequences. The fully ionized carboxy! function of the N-cap,
efficiency of helix-stabilizing C-caps. pKa 3.27, is required for maximum helical stability. Analysis
As tools for molecular engineering, peptides that assume fixed of Ala PF values and chemical shifts of Ala resonances lead
conformations have seen relatively little application. Given their us to the conclusion that the properties of the capped, solubilized
conformational homogeneity, the capped Apeptides of this Ala, peptides can be classified into N-cap, core, and C-cap
study may become an important exception. They provide regions. For Ala peptides withn > 8, the residue fractional
versatile cylindrical structures with defined lengths that can be helicities FH of then — 8 core residues lie at or above 0.99.
extended within wide limits. Almost certainly these constructs The NMR resonances assigned to the central alanine core region
will find roles as substrates for further NMR characterization of lengthn — 8 exhibit convergent helicdHN and*3C chemical
of water-soluble peptide helices that lack stabilization from shift values. The measurédunna coupling constants for the
tertiary structure. Conformational averaging has hitherto plagued core region of the Alg peptide allows assignment of the
interpretation of physical data measured for simple helical backbone dihedral angt as— 50.5’, andoa-helical structure
peptides in aqueous solvents, but as this study has shownjs proved by detection 6f'Jyc scalar couplings. Core length-
structurally relevant databases comprising chemical shifts anddependent linear regressions carried out 6ok, values
coupling constants can now be measured through isotopicmeasured for serief and 3 with n > 8 residues over the
labeling of peptides similar to those of Alaeries?. wavelength range of 195 nm 4 < 350 nm yield slopes that
The interpretation of CD spectra of helical peptides raises define the ellipticity parametef]; ... Collectively these define

many unresolved issues. How good is the widely accepted the. first e.xtr.apolated Cb gpectrum of a fglly heIlicaI alanine
approximation that side chain substituents do not influence CD _re3|due within the core region (_)f a ponaIanlr_1e hghx, mea_sured
ellipticity? New second-generation calibration standards should in water at 2°C. The value aSS|g_nled w]_bzzﬁ" in this stud_y IS
allow this question to be addressed rigorously. A particularly (_60'5.j: 1.3) x 1.03 degrﬁ%r;z dm™, _co_n_flrmmg_ our previous
important issue concerns temperature effects. Although they areagproxmat_e azglgn? et d Thehllrgglgg e”'P“.C'ty Vj;e

the formal equivalents of the familiar extinction coefficients of E_L];O)SZ ai‘;gggg ':n; 'dsnf,tllj %a;:)p?oximz;r(? gg@;@nt v%ith
electronic molecular spectroscopy] alues differ in that they literature values ’

have been reported as exhibiting significant temperature de- ‘

pendence that may reflect conformational changes. Without gyperimental Section

helical calibration standards, and without the support of parallel

NMR studies, it is difficult to draw rigorous distinctions between Synthesis, Purification, and Characterization of PeptidesPeptides
ellipticity changes that define this effect and those attributable Were synthesized on a 0:69.03 mole scale by automated continuous-
to helix melting. We have recently reported a pertinent curvature g(zlvr\lltr?;lliczj;ghv%istﬁ 32:2225 ;ﬁ:ﬁe‘?‘yife;ﬁzﬁgi;ggﬁ)ellr (Efnp;ge
test, based on a parametric plot ®ff:. vs [0]20s data, and

. ; - HATU) chemistry, and peptides were cleaved from the resin as reported
have concluded thad]2., values for alanine-rich peptides are  ,q\iousiys? purification was carried out on a Waters 2690 HPLC with

probably exceptionally temperature sensifi&Further studies  ayto-injector and 996 detector using YMC ODS-AQ 200 A %.350

can be envisaged that employ FH-calibrated ellipticity standards mm? columns. Characterization tables of mass spectrometric data
to identify features of amino acid composition and sequence obtained on a Waters ZMD mass spectrometer and AUC data obtained
that correlate with the large temperature dependencé]efz] on Beckman Optima XI-A centrifuge equipped with a six-channel cell
The immediate goals of such studies are potentially within reach in an An-60 Ti analytical rotor can be found in the Supporting

and work toward a deeper predictive understanding of the factors!nformation. The published syntheSior Fmoc-Hel-OH from Cbz-
that influence ellipticities for helical peptides. Hel-OH was modified as follows: hydrogenation on-Relwas carried

- ] out in EtOH for 24 h yielding 94% of H-Hel-OH, which was
More ambitious goals can also be envisaged. CD spectroscopyransformed into Fmoc-Hel-OH, 71%, by prior esterification with TMS-
remains the most convenient, efficient, and inexpensive tool for cJ, reaction with Fmoc-Cl, and hydrolysis, following the procedure of
detecting and quantitating helical structure within polypeptides Bolin et al>® The N-Fmoctrans-4-aminocyclohexane carboxylic acid,
and proteins. One can hope that the scope of CD analysis ofFmoc-Acc-OH, required for synthesis of peptides of seflewas

helical peptides can be expanded to include assignment andorepared by reaction afans-4-aminocyclohexane carboxylic acid with
Fmoc-Cl in aqueous buffer. Details of preparation and characterization

(55) (a) Lyu, P. C.; Sherman, J. C.; Chen, A.; Kallenbach, NPRc. Natl.
Acad. Sci. U.S.A1991 88, 5317-5320. (b) Moreau, R.; Kemp, D. S. (56) Bolin, D. R.; Sytwu, I.-l.; Humiec, F.; Meienhofer, lirt. J. Pept. Protein
Unpublished observations. Res.1989 33, 353—359.
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of Fmoc-Acc-OH and preparation of Fmoc-Hel-OH can be found in
the Supporting Information.

Resonance intensities were measured for baseline-correcteH 1D
spectra (16384c, sweep width 8992.9 Hz, presaturated for solvent

pH Assignments.Measurements were made at ambient temperatures suppression) using the integration menu of XWINNMR. For the series

in the pH range 1 to 9 with a Radiometer Copenhagen PHM240 pH

2 Alag peptide uniformly labeled with*C and**N (see below), a 2D

meter equipped with a Cole-Parmer EW-55529-08 glass electrode, version H(N)CO of a standard HNCO experintérin water at 8°C,
standardized daily with pH 4.0 and 7.0 standard buffers purchased from pH 4.5 yielded cross-peaks that correl&&=0 chemical shifts for a

VWR Scientific. The rate measurements for amide NHND exchange
were conducted in BD; the pD meter readings were converted to pH

sitei Ala residues witHtHN chemical shifts at the siiet+ 1. In addition
to the cross-peaks expected for the major resonance, this experiment

values that are cited in the manuscript using the standard formula: pH also showed much weaker cross-peaks for the minor resonances in the

=pD + 0.4.

CD Experiments. Circular dichroism measurements were obtained
on an Aviv 62DS circular dichroism spectrometer as described
previously>?® The instrument was calibrated as described in the

13C=0 chemical shift range 177-9.78.5 ppm, characteristic of random

coil values. An approximate integration ratio gave values in the range

40-70 for t/c measured with an Algpeptide under these conditions.
Studies of A¢AspHelAla,betaAccLys,TrpNH , n even, 8-16;

operating manual using previously titrated water solutions of sublimed Peptide Series 2Assignment of the AldH HN resonances was carried
9-camphorsulfonic acid. Peptide concentrations were determined on aout on each member of the series in the pH range 35434 from

Cary 300 UV~vis spectrometer utilizing the Trp chromophore of the
peptide, as previously reportédcrom the deviations in linear length
regression of 222 in the region 12< n < 19 for the Alg series of
Miller et al.’® the precision of §] is taken to lie in the range 3% to
5%.

NMR Experiments. All spectra were collected on a Bruker Avance

standard TOCSY (512¢*4096¢,, = 70 ms) and NOES% spectra
(512c*4096¢;m = 400 ms) using a sweep width of 7183.9 Hz in both
dimensions and watergate solvent suppression.

E.COSY HNCA and H(N)CO Experiments with Ac’AspHelAlag-
betaAccLys,TrpNH , and  Ac’AspHelAla;betaAccLys,TrpNH ,
Containing Uniformly 3C and °N Labeled Ala Residues.Eight

600 instrument (Karlsruhe, Germany) equipped with four channels and residues of the Alapeptide were doubly labeled, but to minimize

a pulsed field gradient triple probe withgradients. Processing and
data analysis were carried out on a SGI O2 workstation using
XWINNMR 3.5 software (Bruker). Unless stated differently, all spectra
except those for the NHND exchange experiments were obtained in
H,O/D,O (95/5, viv), 40 mM phosphate buffer, and spectra were

measured with a relaxation delay of 1.8 s or greater. As noted below,

resonance overlap, Alapeptides were synthesized in which labeling
was confined either to residues-@ or to residues 712. The'Ca
chemical shifts were assigned from a standard HNCA experiment, and
the 3Junna coupling constants were assigned from an E.COSY HNCA
experiment (2048c*4c*64c). The sweep widths for both experiments
were 5387.5, 426, and 1207 Hz respectively for #He1°C, and'*N

the pH was adjusted as necessary by addition of small amounts of NaOHdimensions. The values for th&a chemical shifts are shown in Figure

or HsPO,. DSS was used as an internal referencétfochemical shifts,
and*C and'®*N chemical shifts were referenced indirectly in accord
with [IUPAC recommendation®. For data processing in the indirect

7a,b.
For the two labeled Ala peptides thé3C=0 chemical shifts were
assigned from a 2D version, H(N)CO, of a standard HNCO experffhent

dimensions, zero filling was applied, and a square sine bell shifted by (1024c*256c) with a sweep width of 5387 and 980 Hz, respectively,

n/2 was used for apodization in all dimensions.

Studies of the (te) and (cs) Conformations of A¢AspHel-Alag-
betaNH, Peptide 1.A 1D *H NMR spectrum was measured followed
by standard TOCS¥ (512c*4096¢c,7m = 70 ms) and ROESY¥
(512c*4096¢,rm = 300 ms) spectra with sweep widths of 6613.76 Hz

for the *H and3C dimensions. For the Alapeptide with the last six
Ala residues labeled, the nitrogen to carbonyl dephasing tiffiev(as

set to 0.024 s, which corresponds to a value of slightly shorter than
1/(2*Inco), 3nco = 15 Hz, a commonly used value for correlations
of chemical shift values for a residiilg*C=0 with residud +1 *HN.

in both dimensions, using presaturation for solvent suppression. From For the hydrogen bonding experiméatata were measured at 1G
these spectra, all chemical shifts were assigned as reported in the textjn 40 mM phosphate buffer, pH 4.46, at a sample concentration of
and a listing appears in the Supporting Information. To assign the pH 2—4 mM in a Shigemi NMR tube (Tokyo, Japan) on the Bruker

dependences of resonances, a series of pH-dependehi pectra
(16384c, sweep width 8992.0 Hz, pH range-183 were measured for
a sample of peptidé containing uniformly?H-labeled Ala residues.

spectrometer, equipped with &, °C, N triple resonance 5 mm
CryoProbe. A data matrix of 2048c*32c was collected with a sweep
width of 3894 and 203.7 Hz for the respecti¢ and*3C dimensions.

As reported in the text, significant pH dependences were only observed The hydrogen bonding spectrum of the C-terminally labeled peptide,

for the chemical shifts of three NH resonances.

Figure 7b, was measured witfi 2 0.1316 and 512 scans, which allows

A second, minor conformation could be detected in some spectra detection ofye scalar coupling® Similar measurements were carried
that showed a distinctive chemical shift of the C-12 resonance, linked out on the labeled Alapeptide and the N-terminally labeled Ala
by a cross-peak with a 9-H Hel resonance; these are signature featuregeptide, Figure 7a. The spectrum of Figure 7c was measured With 2

of the previously characterized (cs) state of a Hel-peptide conjdgate.
The eight Ala NH resonances of the minor conformation were identified

by their TOCSY signatures; they appeared downfield of resonances

for the major conformation, implying weaker helicity. The resonance

= 0.1303 and 1024 scans, and data from this experiment were used to
calculate signal-to-noise values.

Protection Factor Measurements on Peptides of Series 2 and 3.
A PF value for base-catalyzed amide NH ND exchange in BO is

intensities of resonances associated with the (cs) conformation increaséhe ratio of the second-order rate constantisqmeasured for a model
with an increase in temperature and decrease with an increase in pHunstructured amide NH and the analogous rate constatidenti

or the length of Ala. At pH values below 3.8 and for the Ala-deuterated
peptide, the (cs) state is sufficiently abundant to alimto be estimated
as a ratio of intensities of the Hel 12-H (t) and (c) proton resonaffces.

measured under the same conditions for a backbone NH atcfite
test alanine peptide. Values reported by Bai et'dor pH and
temperature dependence &fnnsig Were used in this study and

At pH 3.8, a value of 6 was observed at 320 K, which increased nearly independently confirme#. Amide proton-deuterium exchange experi-
linearly to a value near 12 as the temperature was decreased to 280 Kments were conducted at € in D;O (20 mM phosphate buffer)

(57) Markley, J. L.; Bax. A.; Arata, Y, Hilbers, C. W.; Kaptein, R.; Sykes, B.
D.; Wright, P. E.; Withrich, K. Pure Appl. Chem1998 70, 117—142.

(58) (a) Bax, A.; Davis, D. GJ. Magn. Resonl1985 65, 355-360. (b)
Braunschweiler, L.; Ernst, R. R. Magn. Reson1983 53, 521-528.

(59) Bax, A.; Davis, D. GJ. Magn. Reson1985 65, 207—-213.

(60) Kemp, D. S.; Curran, T. P.; Boyd, J. G.; Allen, TJJOrg. Chem1991,
56, 6672-6682.

containing +2 mM peptide samples; the pD measurements for these
experiments were converted to the reported pH values with the standard
equation: pH= pD + 0.4. An optimal pH for NH— ND exchange

(61) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.-Chem. Physl1979
71, 4546-4553.
(62) Kennedy, R. J.; Kemp, D. S. Unpublished observations.
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for all alanine NH resonances was found to lie in the range-4.8, for a betacontaining random coil model to estimate likely upper and
which ensured that théAspHel helix-inducing cap was maximally  lower bounds for Pf1.8 Calibration with Ala NHs showed satisfactory
effective and allowed convenient measurement of the slow exchangesconsistency with PF values measured above.

observed for the core alanine NH functions. Time-dependent peak

heights and curve-fitted resonance areastit NMR resonances were ]
carried out for both serie® and series peptides and found to be in Grant CHE-0131250 (G.E.J. and B.H.), by NIH Grant GM13453

reasonable agreement; satisfactory fits to pseudo-first-order behavior(S'M'W' and R"]'l_(')’ and by Pfizer Research. We also thank
were observed over at least three half-lives. Curve fitting was performed € NIH for funding through Grant 1S10RR13886-01 that
using the spreadsheet and graphing software package Origin. The NMRallowed purchase of the Bruker CryoProbe, located in the MIT
spectra were fit with Lorentzian peaks through the Fit Multi-Peaks Chemistry Department Spectroscopy Laboratory.

option from the Analysis menu. Each identifiable peak was fitted with  sypporting Information Available: An appendix of equation

a single Lorentzian peak; thus, for the longer peptides, the core alanine;,stifications and calculation derivations, synthetic details for
residues were fitted with a single peak. TReevalues for the fits were key intermediates, peptide NMR and MS characterization tables,

typically greater than 0.99; the lowest value observed was 0.96. Al and AUC data. This material is available free of charge via the
fitted peaks had appropriate line widths for amide protons. Owing to
Internet at http://pubs.acs.org.

its rapid NH— ND exchange at a p& 4.5, upper and lower limits
for the PF1 value for the NH obetawere assigned by estimating for  jp0457462

an Ala; peptide the relative pH dependence of the NH resonance - .

broadening in KO in the pH region where intermediate line broadening (63) gorHa gﬁﬁgﬂggt 3\?9l;&m;g:tneg?gt'girﬁgogﬂéﬁsgﬂﬂgf_eéesfgég%ark’
due to proton exchange is observed. These were compared with values 33, 167-178. ' ' '
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