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The helix-disfavoring, versus alanine, propagation values of

lysine (0.8) and arginine (1.0) residues placed centrally in an

(Ala)9 unit have been measured by 13C NMR.

The controversy1 concerning whether alanine is helix in-

different2 or has a uniquely high helix propensity1,3 has

prompted studies of the roles of the solubilizing residues

(Arg, Lys, and Gln) that are typically placed in Ala-rich,

(AAAXA)-repeat peptide helix models4 used to derive residue

helix propensities. It has been suggested2b,5 that the substantial

helicity of designed Ala-rich peptide helix models is due to the

solubilizing polar residues rather than a uniquely large Ala

helix propensity and experimental data of Kemp and co-

workers6 have been cited as supporting this view. However,

in a more recent account from the Kemp laboratory,7 the helix

propensity for alanine in an (Ala)15 segment, w = 1.5 (w is the

propagation constant in the Lifson–Roig helix-coil model8), is

in agreement with that obtained for (AAAXA)-repeat

peptides.4a,b The higher helix propensity of alanine is

supported by experimental studies confirming a decrease in

helicity associated with increasing Lys content in Ala/Lys

copolymers9 and with replacing a central Ala residue within

a long continuous stretch of Ala residues by Lys.1b

Experimental evidence indicating that both Lys and Arg

enhance helicity when placed near the C-terminus of designed

helices (where there is a favorable Coulombic interaction with

the helix macrodipole10) is clear-cut,11 but there is still some

controversy concerning the role of these residues (X) at central

positions in designed helices consisting of AAAXA-repeats.

The argument centers on whether polar sidechain-induced

backbone desolvation increases helicity.5b,12 An opposing

point of view, that helix backbone solvation is enthalpically

favorable and does not decrease helicity, has also been

published.3c Conformer ensemble energy calculations by

Scheraga5b indicate that Ac-AAAAAKAAAA-NH2 is 76%

helical while Ac-(A)10-NH2 is less than 10% helical when

simulated at the dielectric constant of water. A folding

trajectory simulation (continuum solvent) for Ac-YGAAKA-

(AAAKA)2-NH2 indicated an equilibrium helicity of 64%.13

MD simulations of Ala-rich sequences with and without added

Arg residues have, depending on the sequence and whether a

continuum or explicit water solvent was employed, indicated

both enhanced12b and diminished14 helix stability due to the

inserted Arg residues.

As a result, we saw a need for additional experimental data

on the specific effects of Lys and Arg residues at the X

positions in AAAXA-repeat peptides. To date, most experi-

mental measures of helix propensities have relied on CD

measurements. Since different investigators use CD values

([y]222) for 100% helicity that can differ by nearly 50%,15 we

turned to other probes to answer questions concerning helix

propensities. Changes in NH exchange protection and melting

data for mutations within the N-terminal helix of Trp-cage

miniproteins have provided two measures of the relative helix

propensities of Lys and Ala.

GAAXAAYAQWLKDGGPSSGRPPPS (X = A vs. K),

DTm = 6 1C ) w(Ala)/w(Lys) = 1.95 [ref. 1a]

DAYAQWLXDGGPSSGRPPPS (X = A vs. K),

DTm = 5 1C16 ) w(Ala)/w(Lys) = 1.75

Although this was viewed as strong evidence for Lys being

significantly helix destabilizing,1a it still leaves the question

about the effects of polar sidechains in Ala-rich peptides

unanswered.

Recently 13CQO (13C0) chemical shifts, which move downfield

upon helix formation, have emerged as residue-specific measures

of fractional helicity.11b,17 We have used this method to probe

the effects of Lys - Ala and Arg - Lys - Ala mutations in

two designed helices: Ac-WAAAHA-(AARAA)3-NH2 and

KKGG-K(AAAAK)3-GGKK-NH2.z The first system has been

extensively examined both experimentally and in MD simula-

tions.18 The second system included multiple Lys residues at the

termini to ensure solubility. (13C0)-Alanine isotopomers were

prepared in each case to provide chemical shifts for sites in

each of the repeats; NMR spectra were recorded in 20 mM

phosphate buffer, pH= 7.0 (10%D2O) with 13C labeled urea as

an internal reference. Melting curves (dobs versus T) over the

range 280–340 K were obtained for each site in each peptide. The

melts (vide infra) reveal helical structuring at low temperatures

which melts out (ca. 80% loss of structuring shifts) by 340 K. In

the case of Ac-WAAAHA(AARAA)3-NH2, the apparent

melting point (the point at which the dobs versus T slope is

maximal), 305 K, is in excellent agreement with the prior study.18

Chemical shifts were converted to chemical shift deviations

(CSDs)y using the coil values and methods previously
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described.11b,17b The results are shown below; the 13C0-labeled

sites are in bold. For the second system, CSD averages were used

within the first two repeats.

The RAAAAXAAAAR system indicates that propagation

values must be in the order w(Ala) 4 w(Arg) 4 w(Lys). The

melting curves for X =A and K appear in Fig. 1.

The CSD data for the KAAAAXAAAAX0AAAAK system

(below) indicate that the mutational effects can be observed

throughout the helical span. The diminished structuring shifts

in the final repeat reflect C-terminal fraying of the helix.

This result is in accord with expectations based on the

cooperativity inherent in helix–coil transition models. Assum-

ing that the value of w(Ala) is not position dependent over the

helical span examined, the observation of larger structuring

shifts for –AAAAAAKA– versus –AKAAAAAA– suggests, as

expected for a sidechain-charge–helix-macrodipole interac-

tion, that w(Lys) increases as the Lys residue moves closer to

the C-terminus of the helix.

To obtain propagation values, the changes in CSDs must be

converted to fractional helicity (fH) changes, and thus, local

DDGH values. This requires a value for the CSD expected for

100% local helicity. The Trp-cage provides a means for

obtaining such an estimate. A large body of evidence exists1a,16

to support the assertion that a Trp-cage species of the

DAYAQWLKDGGPSSGRPPPS sequence is 498% folded

at 280 K. The temperature dependence of the 13C0 CSDs for

the sites in bold was measured. The corresponding coil values

were obtained from the chemical shift melting behavior of a

truncated species (NAYAQWLKDGKK),z which lacks the

features required for Trp-cage formation and displays fH =

0.18 at the central sites at 280 K with melting complete by

320 K. For the intact Trp-cage system, a small degree of

melting is observed from 300–320 K with the plot of d13C0 vs.
T for each site over the 280–300 K range suggesting an

approach to a linear, pre-melting plot with essentially the

same slope as the dcoil line. Together, the two melting studies

afforded the following 100% CSD estimates at 280 K: A2

(3.35), A4 (3.71), and L7 (3.25 ppm). The melting curves for

A4 of the Trp-cage and the truncated species appear in Fig. 1.

Prior studies, with the Dd(13C0) for helix formation cali-

brated against CD estimates of fH, had placed the 100% CSD

for central residue in a helix at 3.04 ppm.17b Therefore,

we designed and prepared an N-capped Ala-rich peptide

(GASEDE(AAAAK)3GY-NH2)z that was expected to have

a very high fractional helicity with 13CQO units at specific

alanine sites. The largest 13C0 CSD (3.41 ppm) was observed in

the first repeat, immediately after the SEDE capping box, with

a 3.14 ppm CSD observed in the central repeat. Kemp has also

reported data indicating that Dd(13C0) Z 3.35 ppm for a

central alanine site in a helix.7 The prior estimate of the

CSD for 100% helix is clearly too small.

As a result, we have adopted a 13C0 CSD of 3.50 ppm as the

100% folded reference value for both protein and peptide

helices. With this value, and the current w(Ala) value (1.54) in

Helix1.54b (the same value has been reported recently for helices

templated by a La3+ binding capping/nucleation unit19), the

propagation values from the data reported herein are: w(Arg)

= 0.98 (for a central helical position), w(Lys) = 0.80 � 0.05

(for a central helical position), and w(Lys) = 0.87 � 0.02 (for

locations near the helix C-terminus). While the precise w values

may be disputed, there should no longer be any question about

the effects of either Lys or Arg inserted in long (Ala)n sequences.

Neither of these polar residues increases helicity; quite the

contrary, helicity decreases and the decrease is in proportion

to the propagation constants derived in earlier reports4a,b based

on CD measurements for Ala-rich helical peptides.

IR studies of unlabeled and 13CQO-labeled (AAAKA)-

repeat helices17b,20 support extensive solvation of the back-

bone amides of such helices: the amide I0 bands appear at

1627–1636 and 1587–1592 cm�1(or 1598 cm�1)20d (12CQO

and 13CQO, respectively). These are the same values as

observed for exposed Ala sites in coiled coil species (which

display amide I0 bands at 1648–1652 and 1605–1608 cm�1,
12CQO and 13CQO, respectively, for the buried sites)21 and

Fig. 1 Melting curves for 13CQO chemical shifts. The data for

DAYAQWLKDGGPSSGRPPPS and NAYAQWLKDGKK appear

in black with the derived 100% and 0% helix lines. The data for

Ac-WAAAHAAARAA AXAA ARAA-NH2 is color coded by

alanine position, with the X = A data shown as m connected by a

solid line and X=K as K connected by a dashed line. The 100% and

0% helix lines for –RAA AXAA AR– appear in the Electronic

Supplementary Information together with the method employed to

convert CSDs to helix propagation values.w
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the IR evidence of differential solvation associated with the

relative locations of Ala and Lys residues remains ambi-

guous.22 A desolvated 13CQO amide (1617 cm�1) has, how-

ever, been observed upstream from a valine in an Ala-rich

helix.17b We will leave the incorporation of the experimental

observations in this account into detailed theorizing regarding

the effects of helix backbone desolvation to others, but do note

that the present results are consistent with the view3b that

alanine is uniquely helix-favoring since the small methyl side-

chain has no entropic penalty for structuring and does not

hinder backbone solvation at its site or upstream in the helix.
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