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New Concepts

Short, Solubilized Polyalanines Are Conformational Chameleons: Exceptionally
Helical If N- and C-Capped with Helix Stabilizers, Weakly to Moderately Helical If
Capped with Rigid Spaceérs
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ABSTRACT: Isolating spacers introduced between solubilizing lysine regions and a polyalanine core permit
rigorous characterization of context-free alanine helices. The preferred building blocks for isolating spacers
are amino acids with rigid, extended conformations such as proline, isonipecotic acigraledcine.
Replacing isolating spacers by conventional N- and C-caps dramatically increases the helicity of
dodecaalanine. Solubilized, isolated polyalanines provide optimal tools for testing polypeptide helicity
algorithms, central to resolution of the protein folding problem.

A full understanding of the protein folding problem in either spaced within the core region or sited at the eids (
chemical terms awaits clarification of the detailed structure- 8) have been studied in their stead, but the high helicities of
dependent energetics of formation of polypeptide sheets,these peptides have been variously attributed to alanine itself
turns, loops, and helices. Helicity correlations have received or to interactions of the alanine regions with the charged
much recent attention, in part because unique insights intosolubilizers. The ideal alanine context is both solubilized and
the stabilities of early protein folding intermediatd$ and maximally insulated from helicity effects of neighboring
native protein structure2) would accrue from improved amino acids. We now demonstrate such contexts.
correlations of peptide helicity with amino acid composition  Our strategy is embodied in the generic structure of Figure
and sequence. Although helix-stabilizing effects of particular 1. Its novel feature is the pair of isolating spacers(i8at
interacting amino acid pairs have been documergdr{ore flank the polyalanine core and shield it from linked solubi-
fundamental helicity issues remain unresolved and contro- lizers (SO). This work breaks important ground; comparisons
versial. The helical propensity of alanine, the simplest of of helicities of these constructs with analogues lacking IS
the natural helix-forming amino acids, has been assigned aregions should settle the dispute about the helix-stabilizing
large range of values, primarily because there is no agreementole of charged caps. These new constructs are also ideal
on appropriate contexts in which it can be measu#eeb. hosts for guest mutation tests of a rigorous helicity algorithm.
Low water solubility and a high tendency toward aggregation ~ We first explored solubilization through optimization of
render simple polyalanines unsuitable as contexts. Alanine-the SO region of the Figure 1 general structure. Solubilization
rich peptides solubilized by side chain-charged amino acids and suppression of aggregation have previously been reported
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Ficure 1: Schematics depicting water-solubilized, isolated, spaced
polyalanine. (A) General form: features a UV reporter (white) for
concentration determination, two SO regions (red), and two spacing

regions (yellow) that isolate the core polyalanine of interest (green) Figure 2: Three-dimensional representation of the IS element
from the ef‘fe@:ts of the UV reporter _and the polar solubilizing LInp,. The bulkytert-butyl group biases the geometry'bftoward
regions. (B) Final form as developed in the text: the UV reporter the extended conformation. The rigidamino acid linkage of Inp
(white) is W, and SO regions (red) are short (length3 or 4) requires a fully extended conformation. This picture was generated

polylysines. Rigid spacing regions (yellow) flanking the polyalanine with Quanta 98 from Molecular Simulations Inc.
core (green) are N-terminal Igip and C-terminalLInp, (see Figure

2). With SO= K,, polyalanine is both soluble and unaggregated
up to at least 28 residues.

symmetrical peak shape and baseline resolution by analytical
HPLC. Purified peptides were lyophilized twice from 18.2
for block copolymers in which polyalanine oligopeptides MQ purified water and stored in polypropylene conical tubes
served as the core, flanked by charged polylysine or @t or below 0°C. Electrospray MS taken on a Waters
polyglutamate termini§). We have adopted this proven Mu;romass ZMD 4000 yieldedn/z ratios within 0.5 mass
strategy for shorter peptides, selecting for the SO functions UNit of the expected values. UV spectra between 250 and
of Figure 1 polylysine N- and C-terminal sequences of length 300 nm all showed th_e same c_haracterlstlc peak shape of
sufficient to ensure solubiliity and lack of aggregation as the W chromophore with a maximum at 279 nm.
judged by AUC (0). CD experiments were performed on an Aviv 62DS
A successful isolating spacer (IS) must leave the helicity SPectrometer equipped with a thermoelectric temperature
of the alanine core invariant when small structural changes controller and an Osram XBO 450 W high-pressure xenon
are made in the IS or Kregions. In accord with convention  lamp. Background scans (taken immediately prior to use)
(11, 12) we use the circular dichroism molar ellipticity at for each CD cell (Hellma 1.0 or 10.0 mm straln-fre_e Suprasil)
222 nm, molar §],22, as a measure of alanine core helicity, and all data were collected as an average of five scans at
under the testable assumption that contributionge{from 1.0 nm _bandW|dth and 0.5 nm step size. Cpncentrauons were
the IS, Ky, and W regions are modest as expected. For a détermined by the UV absorption of W withgo = 5.56 x
fixed A, we evaluate a candidate for IS by probing the 10° M~ cm™* (13) on a double-beam Varian Cary 100 Bio
sensitivity of its molar §]»2»to small changes in IS structure UV —Visible spectrometer. Except as noted, ellipticities are

and in the length of K. expressed as molar, rather than per residue, quantities due
to uncertainty in defining the limiting helical lengths of most
MATERIALS AND METHODS peptides.

Peptides were prepared on a 0.025 mmol scale by RESULTS AND DISCUSSION
automated continuous-flow solid-phase synthesis on a PE

Biosystems Pioneer peptide synthesizer using standard Fmoc Candidates for IS might embody flexibility or rigidity.
chemistry on cross-linked PAL and PEG functionalized Among the natural amino acids, glycine and proline are the
po|ystyrene at a |0ading of 0.17 mequi\//g_ Fmoc removal obvious ChOiCGS, since they respectively occupy the most and
was accomplished using a 1:1:48 (v/v/v) mixture of DBU/ leastg, y conformational spaced4, 15). Short polyglycine
piperidine/DMF and was monitored by UV absorbance of sequences have been frequently incorporated into designer
the cleaved Fmoc chromophore. Coupling conditions in- Protein sequences to create flexible linkers between regions
volved a 3-fold excess each of Fmoc-amino acid and HATU of defined secondary structure. The rigidity of polyproline
and excess DIEA in DMF. Peptides were cleaved with an conformations is well documented®). Unnatural amino
82.5% TFA, 5% phenol, 5% water, 5% thioanisole, 2.5% acids offer a wider range of conformational options. tap
1,2-dithioethane cocktail f® h and precipitated by dropwise ~ 4-carboxypiperidine, a simple achiral proline analogue,
addition to cold, dry diethyl ether. The precipitate was Maximizes rigidity and linear extension while the side chain
washed three times with diethyl ether, dried under vacuum, bulk of 'L = tert-leucine strongly favors extended peptide
dissolved in 18.2 M water, and purified by HPLC. HPLC ~ conformations relative to heliced§). Significantly, CD

was performed using Waters DeltaPalg GO0 A or YMC anaIySiS shows that although it is Compatible with helical
ODS-AQ 200 A reverse-phase packing and a mobile phaseStrUCture,{L is a helix breaker when incorporated within core
of 0.05% TFA in water/0.042% TFA in acetonitrile and Peptide regionsi(7).

monitored at 214 and 280 nm. The criteria for purity were ~ Our CD studies were first carried out with peptides
WKnlSA1SKNH; containing IS regions composed of, G
uronium hexafluorophosphate; DIEA, diisopropylethylamine; TFA, 2=j=1, as_ well as B Inps, tl_-?” and a combination of
trifluoroacetic acid; HPLC, high-performance liquid chromatography; Inpz and'L (Figure 2). An alanine core length of 12 was
MS, mass spectroscopyyz, mass-to-charge ratio; UV, ultraviolet; CD,  chosen since LifsonRoig modeling suggests that a helix
circular dichroismiezz,, molar extinction coefficient at 280 nm; Inp,  f this |ength should be maximally sensitive to capping
isonipecotic acid (4-carboxypiperidindl); tert-leucine; AUC, analytical L . .
ultracentrifugation; MW, molecular weightg], molar ellipticity; 3, stabilization. Figure 3A shows CD spectra of two peptides
B-aminoalanine. that use Gand G as IS isolating spacers. The spectra have
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_ 212 299 232 242 nm tioned at the N-terminus, at the C-terminus, and at both
T Ot 4 . : termini. The respectived]»., values were—5.16 x 10,
g —5.06x 1(°, and—5.16 x 1CP. There are thus no detectable
J"“ effects on §].22 from changes in either the isolating spacer
5-100. or UV reporter functions.
_§’ If solubilizing K, regions are effectively isolated from the
gt alanine core, CD spectra should be accurately approximated
2 L0l as a sum of independent contributions from core and caps.
g Figure 4A shows the wavelength dependencegpiglues
,5? for three models, WKINp,'LA JLInp.K:NH, (m= 3, 4, 7),
= for which the A region is expected to contribute insignifi-
cantly at 222 nm. Ellipticities negligible at high and
~ 0 pronounced at lowi are consistent with CD spectra9)
'g' expected for unordered polylysines with a short polyalanine
5 segment. Figure 4B shows the corresponding wavelength
5_100_ dependences of molaf] values of three peptides, WK
2 INp'LA 1dLInpKNH, (m= 3, 4, 7). These CD spectra differ
T for A < 212 nm but not in the helical region as expected for
'?‘c_: peptides with noninteracting caps and identical core poly-
><_'2°°" alanines. The difference spectra are shown in Figure 4C and
3 are coincident within experimental error, validating the
= hypothesis of CD independence for core and cap. The residue

length that contributes to the difference spectra must thus
FiGure 3: Tests of flexible and rigid IS candidates. The helicity be the alanine core length, and th@] [values can be

a: ?(je:issljgﬁgeg)s/itwgl%ﬂi[ﬁﬁ c(:LrE;.rl]aletfggttiigﬁlsyirift?llgtleg’respigﬁe((jA) expressed as per residue molar ellipticities. To establish their
IF\)/IOFI)ar ellipticity ([6]) vs wavelength 1) for WK3GJ-AlszK3£(’j, k monomeric Cha_raCter’ tWO_sztLA”tLIanKmNH.Z con-
=2, 4 or 4, 2) in pure water at 2C and 146-200 uM. The jugates, withm = 4 andn = 19 and 28, were subjected to
structural exchange of &and G significantly enhances the partially ~AUC. The data clearly indicate that the peptides are
helical character of the peptide. This large variation@it{, due monomeric in 0.1 M aqueous NaCl and show the correct

to a simple permutation in the flexible IS region excludes glycine molecular weight with no detectable evidence of aggregation
spacers as IS candidates. (B) Moléf {s 4 for WK,ISA121SKr, (see Supporting Information)

(IS containing P, Inp!L; m = 3, 4) in pure water at 2C and . . . L .
10—20 uM. Consistently nonhelical CD spectra are observed for A fundamental issue addressed in this communication is

peptides with structurally diverse rigid spacers. the degree to which the helicity of a short polyalanine is
influenced by changes in its N- and C-caps. Although strong

a partially helical form but exhibit significantly different  helix capping interactions are well documenteq ),

[6]222 and thus these jmust be rejected as IS choices. In  capping effects for polyalanines have been recently argued

further studies the length of,@as varied through= 3—7, to be minor §). The data of FigureZor the first time allow

but convergence with increasing length to a constéhb{ a comparison between the nonhelical CD spectrum of an

was not seen, and peptide aggregation was detectgd=for  isolated A, peptide and the helical spectra of analogues that

7. Possible explanations for these failures are a length-bear a variety of interactive cap®Q 21). Clearly, for short

dependent C-terminal helix-stabilizing capacity of (&8) polyalanines N- and C-capping can generate exceptionally

or stabilizing interactions between LysNH3™ cations and large helix-stabilizing effects.

the C-terminal helix dipole that are tolerated by the excep-  This initial study has focused on polyalanines, but a single

tionally flexible (15) glycine IS regions. example suggests that the isolating solubilizing principle can

CD spectra (Figure 3B) of A peptides flanked by the  pe generalized. The highly lipophilic 19-residue core se-

rigid IS elements B Inps, L3, or a combination of Inpand quence WHKINPALAIA sL2AIAIA SLAIALINDK4NH; is

‘L lack evidence of significant helicity at 222 nm and highly helical in water. AUC analysis in dilute solution in

resemble spectra of unordered peptidd3.(A more sensitive

test of these isolating spacers was carried out with the longer—, . . . .

alanine sequence VWIS A1l SKiNHz, which exhibits detect-  hical length of the peptide have becn set a6 follows: réd. 12: black

able CD helicity. We observed molaf]p,, values of—5.17 and green, 14; blue, 18. The red, green, and black curveséjivallies

x 10P for IS = Inps, —5.05 x 10 for IS = P;, and—5.16 for sequences of 12 conformationally independent alanine residues

: t bearing N- and C-caps that add no independent residues to the sequence
x 10° for the IS N, C pair IngL and'Linp,. These values and therefore add no new conformations to thg Aanifold. The

are identical within limits of measurement, a key first step N-terminal cap Ac-Hel extends by two oriented proline-like residues
in validation of the isolating spacer principle. For further the sequences of the preexisting 8onformations that join it. Ac-Hel

work we picked the general sequence Wi,LA {LINpoK - is thus counted as two residues in calculating per residle [
N, which embodies the IS functions Used in this last {-2minoalanine acts as a pure C-caping stabiia®) (witout
2 lengthening preexisting conformations or generating new ones. Lys

example (see Figure 2). These IS choices combine the normatesidues may terminate the chain with charg@ole helix stabilization
peptide backbone of the core-flankifigresidues with the at the C-terminus or may join and extend the chain; the combined N

maximum extension of the Iapsequence. Further tests and C K caps of the peptide of the blue curve are counted as six
’ residues. Cumulative interactions of Lys side chain charges are expected

explored dependence df]p2, on the w site usipg the fixe_d to destabilize even short polylysine helices; preliminary NOE evidence
sequence KInp LA LInpKy, but with W residues posi-  suggests that the N-terminal residues are nonhelical.
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FiGurRE 4: Test of the CD independence of core polyalanine regions and W, SO, and IS regions. (A) Nlolarl[for WK InpLA 4-
LinpKm (M= 3, 4, 7) in pure water at 25C and 16-20 uM. (B) Molar [6] vs A for WK pInplLA 1¢'LINpK iy (M= 3, 4, 7) in pure water
at 25°C and 10-20 uM. (C) Per residue difference spectra of WKp,'LA 4LInpKy and WK INptLA 1oLINpK ey (M = 3, 4, 7) in pure
water at 25°C and 16-20 uM. These corrected spectra correspond to a context-free CD spectruig, @ftfose ellipticity is appropriately
expressed in molar per residue units.
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Ficure 5: Caps greatly influence helicity. Per residé# ys 1 in pure water at 2C and 16-20 uM for N- and C-capped & peptides.

The large change ind]»22 seen (red curve to black curve) when the pair of isolating capgLinfinp; is replaced by the pair Ac-Hel,
p-aminoalanine defines the largest capping effect we have observed to date. The chatige se¢n for the green curve reflects the
substantial drop in helicity that results whgns replaced byLInp,. The significant value of]2, (blue curve) seen when both caps are
replaced by K sequences reflects the substantial helix-stabilizing effect of charged solubilizing residues directly linked;toctire A-or

this peptide, the overall length was used to define per res#lusven though helicity is expected to be weak or nonexistent in the N-terminal
peptide cap. Sinced] is calculated for a length including this ca@] [is likely to be underestimated.

water alone shows it to be monomeric, although associationongoing refinement of the ellipticity function, as well as
with enhancement of helicity at high temperatures is observedassignment of the helix N- and C-capping parameters for
at increased salt concentrations. This result suggests that théhe IS elements. The magnitude of capping effects observed
isolating solubilizing principle may permit characterization in this study suggests that one can now generate a length
in water of the helicity of hitherto intractable hydrophobic range of structurally well-defined alanine-rich helices. More-
peptides. over, the helicities of core alanine regions should prove

Polyalanines and alanine-rich peptides have previously tunable over a wide range by changes in charge or polarity
been used to assign the helical propensity of alanine. Usingat a few sites within the capping regior#5). Such versatile
NMR measurements applied to template-nucleated shortstructures are likely to find fertile practical applications in
alanine peptides Kemp and co-worke2®)(have assigned fields as diverse as medicinal chemistry, molecular recogni-
arange 1.0x w < 1.15, consistent with earlier studies of tion, supramolecular chemistry, and materials science.
the Scheraga group). Using ellipticity functions that relate
fractional helicities to experimental values fa#]{, the ACKNOWLEDGMENT
Baldwin an_d St_ellwagen groups have as&gnedﬁ.ﬁ_/ b We thank Prof. Robert Sauer for providing access to his
1.8 to alanine in (AK), oligomers 23). These ellipticity .

) S ultracentrifuge.

functions have been recently shown to significantly overes-
timate fract_ional helilcity, and we have provisionally proposed g PPORTING INFORMATION AVAILABLE
an alternative function2d). At 2 °C we find 1.1<w < 1.3
for short polyalanines typified by 4; for longer polyalanines AUC sedimentation equilibrium results, representative
typified by Ajgthrough As, 1.3 < w < 1.35 (see Supporting HPLC chromatograms, HPLC and MS data summaries, and
Information). Definitive fitting of alaninen values awaits  calculations ofw values. This material is available free of
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charge via the Internet at http://pubs.acs.org.
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