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In characterizing peptides, fractional helicities (FHs),[1] are
calculated from per-residue molar ellipticities at l= 222 nm
[Eq. (1)].[2] Here, for a partially helical peptide of length n,

FH ¼ ½q�222,Exp,n=½q�222,n ð1Þ

[q]222,Exp,n is the observed per-residue molar ellipticity at l=

222 nm, and [q]222,n is the corresponding length-dependent
calibration value for a completely helical peptide. FHs are
often used to construct quantitative helicity algorithms,[3] but
for the important cases of alanine-rich peptides and poly-
alanines, the calculation is inaccurate[4] and requires calibra-
tion. Spaced, solubilized, helical Alan peptides (Figure 1) that
span a large range of lengths and are characterized by FHs
that approach 1.0 provide this calibration.

NMR experiments show that strong helix-stabilizing caps,
like b-aminoalanine beta or theN-acyl-Pro-Pro analogue Hel,
restrict the helical regions of these peptides to the Alan
sequences.[5] NMR studies on simpler analogues of the
sequence in Figure 1b[6] demonstrate literature-prece-
dented,[7] short-range stabilizing contacts between caps and
Alan termini by 1H TOCSY, ROESY, and NOESY experi-
ments, but tertiary interactions are not observed. 1H, 13C, and
15N NMR chemical shifts, 3JHNHa values, and a-helical struc-
ture are assigned from HNCA, E.COSY HNCA, and
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H(N)CO experiments on simple and
13C,15N-labeled Alan peptides. The Alan
peptides are unaggregated in water by
analytical ultracentrifugation.

The chemical shifts for amide NH
protons at sites 5 to (n�4) of Alan
sequences with n> 8 are independent of
both site and length n. For the first four
alanines of each peptide, the HN reso-
nances are resolved, and for a particular
site their chemical shifts are constant
throughout the series; this property is
also seen for the three resonances
assigned to the last four alanine NHs.
NMR-assigned rate constants for back-
bone NH!ND exchange in D2O at 2 8C,
pH 4.5–6.0, yield protection factors PFi

for each peptide,[8] from which the FHis
and an average FH can be calculated.
Most FHis are equal to or greater than 0.985, but at C-
terminal sites NH(n�3) through NH(n�1), a monotonic decrease
is seen from 0.98 to 0.94. The FHn, defined by PFn+1 of beta,
have respective lower and upper limits of 0.1 and 0.7.[6] For the
overall Alan series, FHs lie in the range 0.90 to 0.98,[9] but for
the central Alan region, residues 2 through n�4, FHi is
consistently equal to or greater than 0.993.[10] The calibrating
circular dichroism (CD) relations [Eq. (2) and Eq. (3)] apply
rigorously to a series with the above properties that meets the
linearity test described below.[6]

½q�l,n ¼ ½q�l,1ð1�X=nÞ ð2Þ

½qMolar�l,n ¼ n½q�l,n ¼ ½q�l,1ðn�XÞ ¼ n½q�l,1�X½q�l,1 ð3Þ

A CD-based calculation of FH for a partially helical
peptide requires [q]222,n, the ellipticity for an analogous
peptide with FH= 1.0, [Eq. (1)]. Estimates for [q]222,¥ and X
are usually applied to Equation (2) to obtain [q]222,n,

[2] but
their unambiguous assignment has been problematic.[11] Both

[q]l,¥ andX can now be assigned from those [qMolar]l,n

values of our Alan series that correlate linearly with
n, as required by Equation (3).

Figure 2 shows CD spectra of five peptides from
Figure 1b measured in water at 2 8C, pH> 4.5. A
linear regression in n for the ten-member data set of
[qMolar]222,n values, 9	n	 24, yields a slope of
�59 600 (standard deviation (SD) 1300) and an
intercept of 202 000 (SD 20 700); the calculated
error in slope at 222 nm corresponds to a relative
precision of 
 2%, within measurement error.[12]

Restrictions of the data set to 11	 n	 24 and 14	
n	 24 yield respective slopes of �59300 (SD 1700)
and �58800 (SD 3100). Within SD limits, these
assignments are indistinguishable. For n> 8 and for
all l, the slopes, which are per-residue ellipticity
increments, converge to limiting values, plotted as
the red curve in Figure 2. This CD spectrum of [q]l,¥

values reflects the length-independent core properties of
completely helical polyalanines. A notable feature is a value
of 1.3 for the ratio [q]222/[q]208, typical for alanine-rich helical
peptides.[4c]

The value of X must reflect deviations from FHi = 1.0
within the Alan termini. A linear regression on n and
[qMolar]222,n data that have been corrected by subtracting
[qMolar]222,0 values and dividing the resulting differences by
the length series of FH values yields [q]222,¥=�60600 (SD
1200), X= 3.0 (SD 0.3) for FHn= 0.1, and [q]222,¥=�60500
(SD 1200), X= 3.25 (SD 0.3) for FHn= 0.7. This X range is
consistent with earlier reports.[10,13]

Applied to Equation (2) these parameters yield the
calculated length dependences for [q]222,n given in Figure 3,
which includes estimates of the precision of currently feasible
assignments of FH from CD data. For a 24-residue peptide,
the maximum error in X translates into a 10 % error in the
assignment of [q]222,n and in a calculation of FH that uses this
parameter. For a 12-residue peptide, the error increases to
16%.

Figure 1. a) Molecular structure of the helical bAspHel-Alan-beta subunit shared by all
spaced, solubilized peptides of this study. Blue: a-helical H-bonds within the Alan region;
green: H-bonds that link beta to the Alan region; red: H-bonds that link

bAspHel to the Alan
region. b) Functional regions within the peptide series used for CD calibration Ac-Trp-Lys5-
Inp2

t
l-bAspHel-Alan-beta-

tLInp2-Lys5-NH2, n=4–11; n=12–24, n even. Only residues of the
blue Alan core are helical.

[5b,c] Pink: helix-stabilizing N-cap; green: helix-stabilizing C-cap;
purple: polyLys solubilizer; yellow: spacing elements[5a,d] drawn from the list: tL= tert-leu-
cine, Inp=4-carboxypiperidine, Acc= trans-4-aminocyclohexanecarboxylic acid. See Experi-
mental Section and Supporting Information for details.

Figure 2. Length-dependent CD spectra, [qMolar]l,n, for the Alan peptides described in Figure 1,
in water, pH>4.5, T=2 8C, (blue-green curves, left-hand axis, blue arrow). For clarity, five rep-
resentative spectra from the data base of ten are shown. Linear regressions for each wave-
length l (see text) yield slopes (red dots) from [qMolar]l,n data (blue-green circles linked by verti-
cal lines). These l-dependent slopes (red curve, right-hand axis, red arrow) yield a CD spec-
trum of [q]l,¥ values calculated for length-independent cores of completely helical polyala-
nines.
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Inspection of Figure 3 shows that for n< 12, the value of
[q]222,n is very sensitive to errors in the X assignment; X is
expected to reflect changes in solvation at the helix termini,
the presence terminal charges, and end-region contributions
from 310-helical structure. For short peptides that belong to a
particular structural series, maximal precision for calculation
of FH from [q]222,Exp,n may require tailoring of X to mirror the
CD properties of that series.

We have validated our earlier estimates[4] of [q]222,¥ for
alanine-rich peptides by a method that can be generalized to
other peptide series. The literature [q]222,¥ values of
�37 000[11a] to �44 000[11b] underestimate [q]222,n for alanine-
rich peptides, but they almost certainly remain relevant to
most highly helical fragments derived from natural protein
sequences.[11a] For what cases should our [q]222,¥ value assign-
ment be used? The best criterion is the value of [q]222/[q]208,
measured for members of a new peptide structural series
under helix-stabilizing conditions. If this ratio exceeds 1.2,[4c]

[q]222,¥ values of �60000
 1000 are appropriate choices.

Experimental Section
Peptides were synthesized, purified by repeated reverse-phase HPLC,
characterized by electrospray ionization mass spectrometry (EI-MS),
and analyzed by CD spectroscopy (Aviv 62DS circular dichroism
spectrometer) following experimental protocols published previ-
ously.[4,5] The instrument was calibrated as described in its operating
manual using titrated water solutions of sublimed 9-camphorsulfonic
acid. Peptide concentrations were determined on a Cary 300 UV/Vis
spectrometer utilizing the Trp chromophore of the peptide, as
previously reported. A Bruker Avance 600 instrument (Karlsruhe,
Germany) equipped with four channels and a pulsed field gradient
triple probe with z gradients was used for all NMR studies. For
convenience, NMR studies were initially carried out on AcbAspHel-
Ala8-beta-NH2 and the series AcbAspHelAlanbetaAccLys2TrpNH2,
where Acc is derived from the spacer trans-4-aminocyclohexanecar-
boxylic acid. Where appropriate, parallel NMR studies were carried
out on the CD-calibration peptides of Figure 1b. PF measurements

and chemical shift assignments for the Alan cores of these peptide
series were in agreement. PF measurements on a similar Alan peptide
have been reported previously.[4b]

The Supporting Information contains peptide AUC (Analytical
Ultracentrifugation Equilibrium) and MS characterization, details of
NMR structural assignments and chemical shift correlations, PF data
and calculation of FHi from PFi data, and discussion of correlations
underlying the analysis of Figure 2.
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Figure 3. Length dependence of [q]222,n, [Eq. (1)] calculated [Eq. (2)]
from [q]222,¥=�60600 (SD 1200), X=3.0 (SD 0.3) for FHn=0.1, and
[q]222,¥=�60500 (SD 1200), X=3.25 (SD 0.3) for FHn=0.7.[11] The red
region of the graph [q]222,n was calculated from these mean parameter
values. The pink region defines boundaries of values calculated from
variations of X and [q]222,¥ by one SD unit. Values of the ten experimen-
tal ([qMolar]222,n�[qMolar]222,1)/FH used to assign X and [q]222,¥ are plotted
(green). For comparison, two corresponding values calculated from
[qMolar]222,n, n=6 and 8 are also shown (violet).
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