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ABSTRACT. Vibrational circular dichroism (VCD) and Fourier transform IR (FTIR) were measured for a
series of short alanine-based peptides having the general formula Ac-(AAK@¥)-NH, (n = 1—-4)

from 5 to 50°C in D,O and at room temperature in both TFE angDH In both of these latter solvents,

the dominant structural form at the lowest temperature for the longest oligome+iselical. The same

is true for then = 4 peptide in DO, but under these more dilute agueous conditions, the sharter3|
peptides have mixed helixcoil structures and the = 1 and 2 peptides are random coils. The VCD data

do not support the 13-helix as a dominant contributor to the conformation of these oligomers in any of
these solvents. These vibrational spectral data are consistent with lower-concentration electronic CD
results and additionally indicate increased helical stability at higher concentrations. VCD amide | data
for the 22mer f = 4) in D,O indicate that the peptide undergoes a transition from a highly helical
conformation at 5°C to a dominant random coil structure a5 °C with a T, of ~25 °C (effective
midpoint). Factor analysis of the thermal data showed that three principal components were required to
describe both the VCD and FTIR data for the= 4 peptide in RO. The transition is characterized by

a gradual loss of contribution from a spectral component representing-tiedical fraction. The third
component is evidence of an optically detected intermediate conformation best viewed as a mixed coil
helix structure resulting from end fraying of the helical peptide as the temperature is increased. The
nature of the junction between the interior helix and frayed ends is not determined by these data and
could involve local ¢ andy) angles mimicking a 3-helix that would provide consistency with ESR and
NMR results from Millhauser and co-workers.

The mechanisms contributing to helix formation for they can be made relatively free of problems associated with
peptides and proteins in water have been subjects ofaggregation and peptidgeptide interactions.

considerable interest that is ultimately aimed at gaining a An extensive body of research has developed following
better understanding of the important factors in the protein the demonstration of Marqusee et al. (1989) that peptides of
folding process. These processes have often been charactegnly moderate length containing a high fraction of Ala
ized by spectroscopic or thermodynamic study of helix residues have a relatively high fraction of helix formation
formation of peptides of defined length and sequence, with at low temperatures as judged by their electronic (UV)
the hope that such specific structural studies might model circular dichroism (ECD) spectral band shapes. These
the early stages of the global protein folding problem (Scholtz designed sequences interspersed Ala with charged residues
& Baldwin, 1992, and references therein). The peptide to maintain solubility while inhibiting aggregation. Alternate
species studied have been based on both fragments fronversions used salt bridges to stabilize specific forms (Mar-
actual protein sequences and productslefnao design. gusee & Baldwin, 1987; Merutka & Stellwagen, 1990; Lyu
The former are used to explore the relationship between theet al., 1989; Perutz & Fermi, 1988). While considerable data
isolated peptide conformation and that present in the intacthave arisen with regard to various factors that stabilize such
protein from which it was derived. With a few notable helical formation in water, including length effects (Scholtz
exceptions such as the C and S peptides from RNase Aet al., 1991a; Rohl et al., 1992), it remained clear that these
(Brown & Klee, 1971), such a protein-based approach often peptides were exceptionally stable, particularly with respect
does not provide well-formed helices in isolation since the to the helix stability predictions of ZimmBragg theory
tertiary structure can play a crucial role in initiating and using parameters determined from “hegtiest” experiments
stabilizing helix formation in the native protein. Peptides (Scholtz et al., 1992; Zimm & Bragg, 1959). More recently,
resulting fromde nao design, on the other hand, can provide the field was given a new twist in a series of papers from
controlled insight into the factors important for helix forma-

tion, and allow better probing of the intrinsic helix propensi- 1 Abbreviations:Cj;, matrix of principal component loadings; ECD,

ties of the various amino acid sequences. Through design,electronic circular dichroism; ESR, electron spin resonance; FA, factor
analysis; FTIR, Fourier transform infrared; NMR, nuclear magnetic
resonance; PC/FA, principal component method of factor anakysis;
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Millhauser and co-workers (Hanson et al., 1996a,b; Mill- that result during such a thermal transition. Bringing together

hauser, 1995; Martinez & Millhauser, 1995; Fiori et al., 1993; these observations with those noted above requires recogni-
Miick et al., 1991, 1992, 1995) which provided evidence of tion of the means by which various techniques sense

the possibility of some of these peptides being at least secondary structure, as will be addressed in the Discussion.
partially in a 3g-helical conformation, particularly the shorter

ones (Millhauser, 1995; Miick et al., 1992, 1995). Addition- MATERIALS AND METHODS

ally, even longer peptides were proposed to undergo an Synthesis The peptides Ac-(AAKAA)-GY-NH, (n =

a-helix to 3o-helix transformation as they were heated before 1—4) were prepared by solid phase synthetic techniques and
eventually assuming a high-temperature coil form (Mill- very kindly provided to us by C. Rohl and R. Baldwin of

hauser, 1995; Miick et al., 1995). These data depend on ) X . :
o ; o : Stanford University. Full details of the synthesis for these
substitution of selected residues of the helix with spin probes peptides will be published separately (Rohl & Baldwin,

either bound to substituted Cys residues or as part of specific, 1997)

3io-helix-promoting residues. Various studies of this group U ) ) _

indicate that very short oligopeptides (hexamers) are pre-. Vibrational CD. Peptld_e samples were dissolved directly

dominantly 3chelical, including crystal structure data N Poth DO and TFE to yield concentrations %5 mg/100

(Toniolo et al., 1995), and longer ones have a misednd uL. For spectroscopic measurement, these were transferred
to a demountable cell composed of two Gakndows

3ir-helical conformation with the balance between these
conformational types changing with length. Later studies SeParated by a 2sm spacer (Teflon for BO samples and

by this group have refined the description of this mix so it Mylar for TFE samples). Spectral measurements for these
is expected to be characterizeddshelical central domains ~ PePtides in HO utilized higher {-20 mg/10QuL) concentra-
with 3;c-helical ends. Studies from this and other groups 0N samples and a cell having a«th Mylar spacer. These
have indicated the longer helix-forming peptides are most €XPeriments only proved to be possible for the two longer
stable in the middle and next at the N terminus which is °ligomers in the seriesi(= 3 and 4) which remained soluble

consistent with their unfolding by fraying from the ends under_ these higher concen_tration conditions_. _A dispersive
rather than via a two-state cooperative transition (Rohl & VCD instrument whose design and characteristics have been

Baldwin. 1994: Rohl et al.. 1992: Scholtz et al.. 1991a: described elsewhere (Keiderling, 1981, 1990) was used to
Millhauser, 1995: Todd & Millhauser, 1991; Miick et al., collect VCD spectra at-10 cnT* resolution using a 10 s
1991, 1993, 1995). Just as this paper was being finalizeqtime constant and averaging of four scans. For the purpose

for submission, Millhauser et al. (1997) published a new of baseline correction, an identically collected solvent
quite detailed NMR study of a modified Ala-rich 16mer SPecCtrum was subsequently subtracted from the sample

peptide sequence that provided data which could be inter-SPECtrum. A dispersive IR absorption spectrum was mea-
preted in terms of the relative contributions @30 a-helix sured under the same conditions for purposes of normaliza-
to both the center and end sequences. The interpretation of" Of the VCD spectra to allow a uniform presentation.
the role of the &-helical conformation in these peptides has ~ For the temperature variation study, the samples4@® D
evolved with time, but remains controversial. Thus, inde- Were placed in a homemade variable-temperature cell
pendent studies that could clarify these issues or further COnsisting of two Cafwindows separated by a 2&n thick
restrict the analysis are needed. Teflon spacer and contained in a small brass mount, which
Here, we focus on one variant of this class of compounds, incorporated two O-ring seals for inhibiting leakage (Wang,
Ac-(AAKAA) ~GY-NH, (n = 1—4), which does not have 1993). This cell was then tightly flt_ into a homemade
salt bridge stabilization, yet does have reduced aggregationdouble-walled brass jacket through which water was pumped
due to dispersion of the Lys residues around the helical wheelfrom & thermostatically controlled Neslab RTE-110 water
(Rohl & Baldwin, 1994; Rohl et al., 1992; Marqusee et al., bath. Th(_a bath was regulated via a thermocouple placed in
1989). As such, these peptides are suitable for study with the outer jacket of the cell to achlgve a constant temperature.
FTIR and vibrational CD (VCD) techniques which require Measurements were made atG intervals starting from 5
concentrations higher than those normally used for ECD. We “C to about 5C°C, or until a consistent final spectrum was
have previously demonstrated that VCD can reliably detect obtained.
formation of well-defined @-helices in peptides (Yasui et FTIR and ECD The IR absorption spectra were recorded
al., 1986a,b; Yoder et al., 1995, 1997; Keiderling, 1996). using a Bio-Rad Digilab FTS-40 (FTIR) spectrometer at 4
VCD has also been used qualitatively to detect mixed cm! nominal resolution as the average of 1024 scans using
and 3¢-helical formation (S. C. Yasui et al., unpublished; an MCT detector. The same samples were measured under
Keiderling, 1996), in peptide systems with a high-3o the same conditions described above. To correlate with
a-helix ratio. However, quantification of the smaller amounts previous studies and monitor concentration effects, ECD
of 3;¢-helix in globular proteins, due to more variation in  Spectra were measured in the far-UV range on solutions of
their detailed secondary structures, has not yet been achievethese peptides at various concentrations i@ ldsing quartz
with optical spectra (Pancoska et al., 1995). VCD may cells and a JASCO J-600 spectropolarimeter. A temperature
provide new insights into the ongoing fundamental discussion variation study 6a 1 mg/mL (0.7 mM) sample of the
of the role of the &-helix conformation in helical formation ~ 17mer was carried out.
initial folding events. Our temperature and solvent variation  Factor Analysis The VCD, FTIR, and ECD spectra as a
studies demonstrate that the important conformational vari- function of temperature and chain length were decomposed
able of these peptides is, in fact, theihelical contentand  into a linear combination of subspectra (principal compo-
furthermore reveal that an intermediate in the thermal nents) using factor analysis (FA) (Malinowski & Howery,
unfolding pathway, which we assign to a mixed helooil 1980) which is the basis of most of our protein spectra-based
form, must be explicitly considered to explain the spectra secondary structure analyses that have been thoroughly
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detailed in the literature (Pancoska et al., 1991, 1994, 1995; 4
Pancoska & Keiderling, 1991; Baumruk et al., 1993). The
variation of the component loadings (subspectral expansion 27
coefficients) with temperature was used to monitor the full
spectral variation that accompanies any structural transitions. 0

Mathematically, these orthogonal components (subspectra),
¢;(v), are obtained by projection from the set of experimental
spectra@i(v), by using the matrix of eigenvectors resulting
from diagonalization of the correlation matrix of the input
spectra used in the analysis. When subspectra are combined

x10%) ]

via the coefficient (or loadings) matrixCj, the result 67
represents the original experimental spectral set as

O,(v) = [¢j(V)]Cij (1) 1
By organizing the subspectra in order of their decreasing 8

contributions to the overall spectral variance (as quantified
by the corresponding eigenvalues), we can reduce the number
(2) of significant subspectra to just those components needed
to describe the spectral band shape variation in the data set.
This process is mathematically equivalent to finding the rank
of the matrix Bi(v)] or to determining the number of linearly
independent subspectral components needed to reconstruct
the experimental spectra while preferentially eliminating the 0
random noise. We have typically used the criterion that the
number §) of subspectra retained for the analysis should be
sufficient to describe 9899% of the total spectral variance. Wavenumbers (cm-1)

Ideally, the number of significant subspectra found indicates igyre 1: Amide | and amide Il VCD (top) and FTIR (bottom)
the number of detectable independent structural componentspectra for Ac-(AAKAAY-GY-NH, in TFE.

in the conformational mixture making up the spectra studied

Absorbance
H
1

T T T T T
1750 1700 1650 1600 1550 1500

(Johnson, 1985). cm L. The two smaller oligomers in the series=€ 1 and
2) display amide'lfrequencies at-1643 cnt?, even at low
RESULTS temperatures.
IR Absorption FTIR absorption spectra were measured  Vibrational Circular Dichroism The dispersive VCD and
over the amide | and Il regions for Ac-(AAKAAGY-NH, IR absorption spectra over the amide | and Il region for Ac-

(n=1-4)in TFE and 0 = 3 and 4) in HO at 25°C and  (AAKAA) -GY-NH, (justn = 4) in TFE and ( = 3 and 4)

(n = 1-4) in D;O for a range of temperatures. It is in HzO at 25°C are shown in Figures 1 and 2, respectively.
important to measure both the amide | and Il modes to For the sake of comparison, all VCD spectra were normalized
establish a g@rhelical conformation with VCD and to  so that the corresponding IR spectra had a peak absorbance
compare those spectra to FTIR. The reference base of VCDOf 1.0 for the amide I. This method offers an approximate
for peptide structures is for samples in nonaqueous solution,normalization of the VCD for peptide content and is
so the spectra of the Ac-(AAKAA)GY-NH; series in TFE functionally more precise than the concentration and path
provide a starting reference point. TheQHdata, more length determinations we are able to make under these small
relevant to questions at hand, while limited to only the 22mer sample, short path conditions.

and the 17mer, primarily differ from the TFE result in the The amide | VCD of the 22mer in TFE has a positive
amide | frequencies, which are shifted down considerably couplet shape and negative bias, and the broad negative
from TFE values {1655 cnt?), to 1643 and 1645 cni for amide 1l VCD is shifted to lower frequency from the
the 22mer and 17mer, respectively (see Discussion andabsorption (Figure 1), closely matching previously observed

Figures 1 and 2). The shoulder atl672-1678 cn1! in spectra for-helical (NH-protonated) peptides in nonaqueous
both solvents is due to residual TFA from the peptide environments (Yasui et al., 1987a,b; Singh & Keiderling,
synthesis and purification. 1981; Sen & Keiderling, 1984; Lal & Nafie, 1982; Yasui &

In D,O, at 5°C, both the 22mer and the 17mer display Keiderling, 1986a). Both the intensities and shapes of these
amide | maxima which are somewhat broader (than those bands remain fairly uniform for the 17mer and 12mer
in H,O) and are found at1637 cn1?! (Figure 3), a value peptidesii = 3 and 2) in TFE. For the heptamer, the VCD
which is much lower than the expected value éohelical pattern changes, losing most of the amide | positive lobe
structures in proteins (Byler & Susi, 1986; Surewicz et al., intensity and shifting the amide Il t91530 cn7?, indicating
1993). This result is in good agreement with previous FTIR some significant residual structure. Quantitatively, the VCD
studies of highly helical, Ala-rich peptides inO (Williams intensities of then = 2, 3, and 4 oligomers in TFE are weaker
et al., 1996; Martinez & Millhauser, 1995; Miick et al., 1992, (by about a factor of 2) compared to those of pphpenzyl-
1995). At shorter oligomer chain lengths, a shift up in L-glutamate) (Singh & Keiderling, 1981), a high-persistence
frequency is observed, and for the 22mer and 17mer, amidelengtha-helical polypeptide, and even weaker than that for
I' frequencies remain constant 4630 and 20°C, respec- (Met,Leu), a helical oligomer which has a similar broad
tively, whereupon they broaden and steadily shift up to 1643 VCD band shape in CDglYasui et al., 1987a), indicating
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Ficure 2: Amide | and amide Il VCD (left) and FTIR (right) spectra for the peptides Ac-(AAKAG)Y-NH, (n = 3 and 4) in HO.

n=4
4
i n=4
20+ n=3
VA Y d
AA 8 n=3
\_,
(x 10%) &
g
n=2 g 2]
07 <
n=2
"
n=1
0_‘
T T T T T T
1700 1650 1600 1750 1700 1650 1600 1550
Wavenumbers (cm-1) Wavenumbers (cm-1)

Ficure 3: Amide I VCD (left) and FTIR (right) spectra at 8C for the peptide series Ac-(AAKAA)GY-NH, (n = 1—4) in D,0O.

less stability for the Ala-rich peptides in TFE than for these of H,O-based solutions which are restricted to very high
model peptides. concentrations for reasonable S/N VCD (Baumruk & Keider-
The amide | and Il VCD intensities and band shapes ling, 1993). In HO, the amide | VCD bands for both time
relative to their absorption bands are critical for distinguish- = 3 and 4 peptides (Figure 2) appear to be nearly conserva-
ing a- and 3¢-helical conformations. This requires the study tive positive couplets, negative to higher energy, and have a
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somewhat narrower band shape than those for the TFE result.
These spectra have the same shape, but are sharper and more
intense than VCD spectra obtained for several highly helical
proteins in HO (Baumruk & Keiderling, 1993) but are
similar to spectra obtained for highly helical glucoamylase
in H,O (Urbanova et al., 1993). As seen in the FTIR, the 101
amide |l bands are sharper than those seen in TFE solutions
but have most of their VCD intensity in the lower-frequency
component £1520 cn1?!), which is opposite the FTIR
intensity distribution and is distinctly characteristic of an A
a-helical conformation (Singh & Keiderling, 1981; Sen & A s
Keiderling, 1989; Gupta & Keiderling, 1992). Quantita- (x10°)
tively, the amide |1 VCD in HO is nearly twice as intense, oy
in terms of AA/A, as seen in TFE for both peptides. The
amide Il intensity is relatively high compared to that of other
a-helical peptides, but is still substantially weaker than the
amide | VCD, and the frequency position of its negative
extreme is shifted down significantly from the absorbance
maximum.

For the study of lower-concentration agueous solutions, -104
IR absorption and VCD spectra for each peptide in the series
were measured at 8 in D,O (Figure 3) for the amide' |
band (N-deuterated). The more dilute samples possible with

5 Degrees

15 Degrees

25 Degrees

30 Degrees

40 Degrees

50 Degrees

D,O permit reversible temperature variation, but-Bi 1700 1650 1600
exchange of most residues (Rohl & Baldwin, 1994) shifts
the amide I out of this region so that it is no longer a useful Wavenumbers (cm-1)

diagnostic. These 8C VCD spectra in RO vary from Ficure 4: Amide I VCD spectra for Ac-(AAKAA)-GY-NH; in
having a band shape (negatively biased positive couplet)D:0 as a function of temperature from 5 to 0.
typical of a highly helical form 1t = 4) to one (a three-  allow determination of the number of independent compo-
lobed w-shaped VCD pattern) indicating a mixed helix and nents in a mixture, but will not necessarily provide their
coil structure § = 3) to ones (negative couplet) mainly a detailed identification. Three and two orthogonal compo-
characteristic of a coiled structura € 2 and 1). nents for the VCD were needed to reproduce the sets of
The thermally induced unfolding of the alanine-rich temperature-dependent experimental spectra fonthe4
peptide series, Ac-(AAKAAYGY-NH, (n = 4 and 3), in (22mer) anch = 3 (17mer) oligopeptides, respectively. These
D,O was studied with VCD and FTIR, measured ifG subspectral components are plotted with their correct relative
increments, and the results are summarized by only selectedntensities in Figure 5 (the third subspectrum for the 3
example VCD spectra for the 22mer in Figure 4. The amide set is shown to emphasize its insignificance). To test if the
I" absorbances maintain a relatively consistent band shapespectral variances seen with the 22mer and 17mer were
and a slight upward shift in frequency as temperature is independent or represented the same basic change from an
increased (Yoder, 1997, not reproduced here), much as isaltered starting point, a combined analysis was also carried
seen in Figure 3 in going from longer to shorter peptides. out from which the resultant first and second subspectra are
As seen in Figure 4, above 2C, the VCD band shape for  qualitatively similar to those found with the separate analyses.
then = 4 peptide quickly transforms to a w-shaped profile, The thermal behavior of the loadings for the separate analyses
which gradually transforms between 35 and°@5to a very is better behaved and is thus presented here, but the similarity
broad, negatively biased negative couplet that is most likely of the two and the lack of any additional principal compo-
characteristic of a disordered or coil structure (Dukor, 1991; nents confirm that the spectra of both peptides monitor the
Baumruk et al., 1994; Yasui & Keiderling, 1986b; Paterlini same process. The VCD band shapes observed for the data
et al., 1986). The data for the 17mer (Yoder, 1997, not set are described primarily by the first two subspectra whose
presented) have the same trend as those of the 22mer, excettensities are the most dominant in the group, but the third
that the initial band shape at*& is a w-shaped spectrum subspectrum is significant and is definitely needed to fully
(Figure 3) similar to the 28C result for the 22mer, and fit the n = 4, 22mer, data. This has important structural
becomes fully changed to a negative couplet by °85 consequences.
(Yoder, 1997, not presented). Since the shorter peptides ( As illustrated in Figure 6, in the separate= 3 and 4
=1 and 2) already gave a negative VCD couplet (Figure 3) analyses, the contribution of the first subspectrum remains
at 5°C, their temperature variation was not studied further. steady in each throughout the measured temperature range.
Factor Analysis The principal component method of The contribution of the second subspectrum, which has a
factor analysis (PC/FA) as adapted by us (Pancoska et al.positive couplet pattern, has the greatest variation (nearly
1979, 1991, 1994, 1995; Pancoska & Keiderling, 1991; linear decrease) over the temperature range studied. For the
Baumruk et al., 1996) was applied to the amitl¢D,0) 22mer, the midpoint temperature for this broad transition is
VCD and FTIR thermal unfolding data. The goal of PC/ about 25°C if we assume that th& = 5 °C state is the
FA application in this study is to identify those subspectral maximally formed helix for this oligomer in water.
components that represent the major, thermally dependent For then = 3 series, a similar, nearly linear variation of
band shape variances in our data set. This method can ofterthe coefficient of the second subspectrum with temperature
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Ficure 5: Three most significant factor analysis-derived VCD
subspectra for the temperature-dependent 4 (top) andn = 3 5
(bottom) peptides Ac-(AAKAA)-GY-NH; (n = 4 and 3) in BO.
Higher subspectra were representative of noise components, such
as no. 3 fom = 3 (17 mer, bottom). -10 . -

] 10 20 30 40
is also the largest variance. The midpoint transition tem- Temperature (°C)
perature fom = 3 is more difficult to assess, at minimum 0.20
lacking a stable initial state, but probably is close to°C5 <)

As we (Baumruk et al., 1996; Wi et al., 1997) and others 0.15 1
(Williams et al., 1996; Fabian et al., 1996) have noted, 0.10 -
representing the FTIR as difference spectra enhances the
detectability of the variance in temperature-dependent ab- 0.05 1
sorption spectra. For this purpose, an average FTIR spectrum _ O/O/o
was calculated using the sum of all FTIR data measured G 000
within the specified temperature range. A set of difference 005 |
spectra was created by subtracting the average FTIR '
spectrum from each individual spectrum. -0.10 -
For the 22mer, factor analysis of the difference spectra 045 -
yields two major subspectral components with the others ’
being reduced in intensity by at least 1 order of magnitude .0.20 —
(Yoder, 1997, not presented). The first subspectrum, which 0 10 20 30 40 50 60
had a strong couplet shape (corresponding to a frequency Temperature (°C)

shift), exhibits the Iarge;st variation in contribution over this - . -« 50 of subspectral loadingg; as derived from factor
temperature range (Figure 6). The second subspectrumynalysis for (a) VCD subspectra-B of then = 4 peptide, (b)
contribution varies from positive to negative and back to subspectra 1 and 2 of thre= 3 peptide, and (c) difference FTIR
positive with an increase in temperature. These two tem- subspectra 1 and 2 of the= 4 peptide for Ac-(AAKAA)-GY-
perature variations mimic those of the second and third NH, in DO as a function of temperature (subspectra 1, solid circles;

subspectral loadings for the 22mer VCD spectra subspectra 2, open circles; and subspectra 3, solid triangles).

FA of the temperature-dependent ECD spectra of the DISCUSSION

17mer 1 mg/mL in HO) from 1 to 50°C vyielded two Our combined studies of the VCD and FTIR spectra of
significant components, the first of which had slowly Ac-(AAKAA) -GY-NH, (n = 1-4) in TFE, HO, and RO
decreasing loadings, while the second had a much fasterfirst lead to some conclusions in regard to the low-
increase Tm ~ 15—20°C), much like that seen for the second temperature structure of this peptide which has been the topic
component loading in VCD (Yoder, 1997, data not pre- of some controversy. Additionally, the temperature variation
sented). study in DO suggests an intermediate in the thermal
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denaturation of the longer oligomers studied which reflects of an ECD band shape discrimination betweenand 3¢
on the probable mechanism for the unfolding of a helix. helical conformations, originally suggested by theoretical
These observations address some outstanding questions notethlculations of Manning and Woody (1991), has recently
at the outset of this project which are discussed in the sectionsbeen proposed by Toniolo et al. (1996). The ratio of
below. ellipticities at 222 and 208 nmR(= 0,246009) is used as a
Low-Temperature StructureThe dominant structural form  diagnostic, witho-helices having aR of ~1 and 3q-helices
for the longer examples of these peptides at low temperatureshaving anR of <1. In most cases, knownjghelical
is clearlya-helical. This helical form is made more complete molecules have aR of <1. Our ECD studies of thexMe)-
by TFE addition, low temperatures, increased peptide lengths,Valg octapeptide concentration dependence in TFE indicated
and increased concentrations in aqueous environments. Irthe 3¢-helical ECD band shape was, in fact, stabilized at
TFE, the amide | shifts up and the amide Il shifts down in high concentrations (Yoder et al., 1997), but studies of
frequency as the chain length of these peptides decreaseselected (Aib-Ala)oligomers had no such dependence (Silva
which could correlate with a reduction in the hydrogen bond and Keiderling, unpublished results). Yokum et al. (1997)
strength as well as with a decrease in the helical fraction. have shown interconvertability of these ECD band shapes
This pattern is also evident inD, correlating with the loss  upon variation betweemn@ ando-helix induced by amphi-
of the helical fraction. Because we were able to make VCD pathic interaction with aqueous submicellar SDS.
measurements comparing the amidef IN-deuterated (ED) If we assume that the proposeg-8elical ECD band shape
samples with the amide | and Il of N-protonated,(Hand of Toniolo et al. (1996) is appropriate for these (AAKAA)
TFE) ones in both aqueous and nonagqueous environmentstype molecules, the published ECD results of the intermediate
and compare that data to FTIR and ECD for similar samples length peptides and also those for longer peptides seen at
in a variety of conditions, we can confidently conclude that higher temperatures are indeterminant. At low temperatures,
these spectral data yield no evidence for an extended 3 all of these longer peptides have ECD spectra witliRaof
helical conformer in either the 22maen € 4) or the 17mer ~1 (Marqusee et al., 1989; Scholtz et al., 1991a,b; Fiori et
(n=3). This confidence is based both on a comparison of al., 1993; Miick et al., 1992; Todd & Millhauser, 1991)
band shapes with previous model compound spectra (Yasuiwhich favors a dominang-helical conformation. Concen-
et al., 1986a,b; Yoder et al., 1995a,b, 1997) and on the VCD tration-dependent ECD for Ala-rich peptides was studied by
intensities in terms oAA/A. Measurements based on FTIR Marqusee et al. (1989) up to 8M, and we have now
(Williams et al., 1996; Miick et al., 1992, 1995; Martinez & extended that to the millimolar range for the 17mer peptide.
Millhauser, 1995) could not distinguish between these forms. All low-temperature ECD we have measured for the 17mer
In particular, early arguments (Miick et al., 1992) suggesting give typical qualitativeo-helical band shapes (Toniolo et
that the low amide’ lfrequency found for these peptides was al., 1996) as seen for the lower concentration (Marqusee et
indicative of 3¢-helix formation reflect a misinterpretation al., 1989). Even under our most concentrated IR and VCD
of the IR frequency shifts (Martinez & Millhauser, 1995). measurement conditions, the room-temperature ECD has a
Use of VCD band shapes avoids such assignment ambiguitiedand shape close to that of the dilute sample (Yoder, 1997).

(Pancoska et al., 1993; Dukor et al., 1992). But at high temperatures, our 17mer (Yoder, 1997) as well
The early suggestion that for a spin-labeled 16mer “the as other Ala-rich peptides has ECD with Riof <1, which
more likely peptide geometry is aghelix” (Miick et al., can result from a mix of coil and helix forms (Andersen et

1992) must be viewed as being inconsistent with our VCD al., 1996; Brown & Klee, 1971) as well as from partiah-3

and FTIR data in concentrated solution as well as with all helical formation (Toniolo et al., 1996; Yoder et al., 1997).
the ECD data we and others have obtained under dilute Shorter peptides also have & of <1 even at lower
conditions (Yoder, 1997; Miick et al., 1992; Fiori et al., 1993; temperatures.

Marqusee & Baldwin, 1989). As noted in the introductory ~ Two difficulties of using ECD alone foo- vs 3¢-helix
section, in more recent work, this interpretation has been determination become apparent. First, the added coil
altered to one supporting a mix of and 3¢-helix (Mill- component can partially diminish the strong positive ECD
hauser, 1995) and, with the latest NMR study (Millhauser from an a-helix at ~195 nm, as well as contribute to the
etal., 1997), a proposal for a lower bound to the component negative ECD above 200 nm. The latter can cause an
of 310-helix. We again find no evidence of such a mixture, apparent decrease iR. Normalization errors of ECD

but it is important to realize that the sensitivity of optical instruments for & of <200 nm when light levels are low
techniques for a mixed structure is probably limited. From can also cause a nonlinear response. Second, the frequencies
a simulation exercise that computationally summed the VCD and intensities of these transitions are somewhat dependent

band shape obtained wittrhelical (MetLeu) (Yasui et al., on side chains and solvents (Woody & Dunker, 1996). Thus,
1987a) with that of g-helical @Me)Valg (Yoder et al., while ECD cannot definitively settle the;@3 vs a-helical
1997b), both nonaqueous, it appeared that 3e94&lix in question, it does imply that the low-temperature structures

70% a-helix (i.e. 0% coil) might be detectable by VCD. are most probablyo-helical and that the concentration

However, there are numerous problems in comparing suchdifference between EPR and VCD conditions does not induce

idealized spectra to real data due to solvent aie any major structural variations.

substitution effects on the IR frequencies and band shapes. Thermal Denaturation The suggestion (Millhauser, 1995;
For comparison to the dilute conditions used for the ESR Miick et al., 1995; Fiori et al., 1993) that aghelical

studies (Miick et al., 1992; Millhauser, 1995), ECD should intermediate or a mixedighelicalo-helical intermediate

be a suitable method. The issue of whether ECD is a reliableoccurs as temperature is varied is more difficult to test and

diagnostic tool for the discrimination betweeng-3and remains an open question, but is indirectly addressed by our

o-helical character in biomolecules has not been fully data. The ECD data in the literature can be fully explained

resolved (Sudha et al., 1983). An experimental realization as a helix-coil transition, but are inconclusive with regard
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to helix type. FA of the temperature-dependent ECD of the That the FTIR- and VCD-detected temperature variations are
17mer is also satisfactorily fit with two components, one so similar in behavior and that both require a third subspec-
having a pattern which could be consistent with eithefpa 3  trum indicating formation of an intermediate conformation
or a-helical conformation and the other with a random coil for then = 4, 22mer, data sets strongly support these spectral
pattern (Yoder, 1997). Two components explain the 17mer changes having the same origin. Further, that these FTIR
changes, but are more helix selective. By contrast, FA of and VCD data parallel previously reported ECD data
the VCD and FTIR temperature dependence of the 22mer(Marqusee et al., 1989; Scholtz et al., 1993; Miick et al.,
demonstrates that the mechanism involves two steps, the firstL993) as well as our remeasured temperature-dependent ECD
involving ana-helix to mixed coit-helix and the second a  of the 17mer (Yoder, 1997) suggests that all three techniques
mixed to coil transition. This is not a solely VCD property are measuring the same structural transition at different
since the variance of the first FTIR subspectral loading concentrations, but that each technique is offering different
closely parallels that seen for the second VCD subspectruminsight into its character.
(Figure 6)? Also, the loadings for the second difference Nature of the Intermediate What such an intermediate
FTIR subspectrum vary as seen in the third VCD subspec-would be is not restricted by our data, but is suggested by
trum. the overall spectral response. Based on a growing body of
A comparison of then = 3 and 4 results suggests both previous work (Miick et al., 1991, 1993; Chakrabarty et al.,
peptides unfold by the same mechanism. It is quite clear 1991; Rohl & Baldwin, 1994; Millhauser et al., 1997), the
that the low-temperature 17mar € 3) form (Figure 3) is most logical mechanism for unfolding of the helix to a
analogous in spectral band shape, and thus presumably irflisordered form is to increase steadily the degree of fraying
secondary structure distribution, to the midtemperatw2s( ~ Of the ends as the temperature is increased. The most
°C) n = 4 result (Figure 4). That both thermal variations reasonable model for a process encompasses a structurally
can be simultaneously analyzed with only three subspectradistinct helix—coil junction which leads to spectrally distinct
(Yoder, 1997) and that the separate FAs yield similarly characteristics for both VCD and FTIR. On the other hand,
shaped subspectra for both sets of data strongly suggest thahe precise nature of the hetixcoil junction, the number of
both peptides follow the same unfolding mechanisms, but junctions in a peptide (Pancoska et al., 1996, 1997), or, for
obviously start from different initial states. The second VCD that matter, the nature of the coil conformation (Dukor &
subspectrum is essentially the same shagles(ical) for both Keiderling, 1991) cannot be precisely determined from these
peptides, and provides the largest contribution to the variancedata (see below).
in the amide I spectral intensity over the temperature range  The relatively short-range length dependence of IR and
intensity. This is inconsistent with it being due tg-Belix VCD spectra (Yasui et al., 1986b; Dukor & Keiderling, 1991;
formation, which would have a weak amideviCD (Yasui Dukor et al., 1991; Yoder et al., 1995a, 1997) can be used
et al., 1986a). These VCD and FTIR correlations of FA to sense formation of such a short-range structure as a
component variations are consistent with their monitoring junction and follow its development faithfully. In addition,
the same process in both peptides and with that procesgjue to their intrinsically fast time scale, VCD and FTIR can
involving an intermediate structure between the low-tem- provide sensitivity to the distribution of conformational types
peraturea-helix and high-temperature coil formdsThus, in a dynamically changing structure. Each element of the
the FA result for the 17men(= 3) supports the qualitative ~ Structure will additively contribute its own characteristic
band shape interpretation of the thermal transition being from response to the overall band shape. As these structural
a mixed o-helix—coil form (the same as the 22mer inter- €lements vary in population, the band shape will vary, and
mediate) to a coil over the range studied. Furthermore, our this variance will be detectable with PC/FA methods. The
analysis demonstrates that this intermediate unfolding struc-behavior of the loadings of the= 4 subspectra (third, VCD,
ture must be a distinct conformation (as opposed to anand second, differential FT|R) shows a decrease as the
equilibrium mix of helix and coil molecules). peptide begins unfolding and an increase when the transition

The gradual loss of helical contribution and growth of the 1S complete. This downup variation (the sign ofj is
coil contribution are apparent without any analysis just from arbitrary) is consistent with formation of a steady state
qualitative band shape comparisons, but the presence of goncentration of junctions during the transition.
contribution from an intermediate structure in these spectra VCD and FTIR can both sense the hetisoil junction
requires the more objective quantitative decomposition with (Viewed as a distinct conformation of several residues) as a
FA. We have some confidence in qualitatively interpreting differentiable structural element contrlbl_Jtlng to the _me_a_sured
the shapes of the low- and high-temperature forms but needSPectra, but they cannot resolve contr|bu_t|ons of mdmdgal
FA methods to determine the distinctness of the intermediate."€Sidues (Pancoska et al., 1996). In a mixed conformation,

the intrinsic shape of the junction spectral contribution is

2 By using the difference FTIR approach, two independentsubspectrahard j[O predict. This is because of its small size and its

have the same implication with regard to independent conformers as coupling to the segments before and after it. Thus, our FA

do three subspectra for analysis of VCD or unmodified FTIR spectral t€chniques are used to PrOVide in_Sight into separate_ly varying
changes. As a test of this assertion, we carried out an analysis of thespectral components without assigning the underlying struc-
“normal” FTIR and found that in this case second and third subspectra {,ra| variations to specific parts of the molecule.

and the thermal dependence of their loadings were identical with what L . .
was obtained for the first and second subspectra from the difference " NMR by contrast, the individual residues should yield

FTIR data, while the first, as expected (Pancoska et al., 1991, 1994; chemical shifts, for example, that are characteristic of their
Baulmrulé et al.,, 1996), is basically the average of the data set being|ocal conformations and less dependent on their neighboring
analyzed. : P . L2

3The value of the second loading for= 4 plotted vs that fon = residues. This will make NMR more sensitive to individual
3 at each temperature is a straight line with a slope of 0.94 and a ¢ andy angles for mixed conformations than VCD and FTIR

correlation coefficient of 0.99. probably are. This difference in technique sensitivity may
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be at the root of the differences in our interpretations and inconsistent with the recent NMR results of Millhauser et
the most recent ones of Millhauser et al. (1997). The VCD al. (1997) in that this junction, if it were;glike, could give
of the junctions most likely reflects the fact that there are rise to the intermediate NOEs found. That the NOEs are
structural distortions of the segments being connected. Thusgevidence of g character for the central residues can be
the precise nature of the junction, as opposed to a continuoughought to suggest that the peptide is relatively unstable,
segement, is less important for VCD or FTIR than for NMR. sampling various unfolded conformers even at low temper-
Thus, if the junction between am-helix and a frayed coil  atures.
were 3o-helical in terms of locap andy angles, it is likely With the intermediate and its nature established to the
that VCD would not show a qualitativesg@helical band  extent possible with optical spectra, one can discuss its
shape, but rather some minor distortion of the helix and coil impact on the numerous efforts to use such data to determine
contributions to the spectral response. However, the varia-thermodynamic and kinetic parameters. Many of the ther-
tion of this contribution with temperature allows its presence modynamic studies based on Lifson-Roig (1961) or Zimm
to still be detectable with PC/FA. and Bragg (1959) theory seek to model the conversion
The VCD spectral patterns, the parallellof= 3 and 4 between conformers as each residue having either helix or
temperature variations, and the interpretation of the junction coil conformational parameters (Scholtz et al., 1991a,b).
state as an intermediate do not support the idea that a separatdowever, CD or even FTIR does not sense such local
3i0-helical intermediate state is important (Millhauser, 1995). structural parameters directly. Thus, the assumption that
The FTIR frequency shift of the amidé (~1637 to 1643 such a correlatiora priori would be valid is a large one.
cm1) with an increase in temperature also is consistent with That such modeling of ECD data with such assumptions does
helix—coil (Williams et al., 1996) and inconsistent with a work so well might be viewed either as a coincidence or,
3io-helical form (Miick et al., 1992). The low frequency more realistically, as being due to the particular structural
seems to be characteristic of a fully solvated helix, as hassensitivities of ECD. Peptide ECD is primarily sensitive to
been previously suggested to explain time-dependent tem-long-range dipole coupling of the amides which in general
perature variation experiments on a similar peptide (Wiliams depends on the stereochemistry of several residues along the
et al., 1996). Thus, our model for the intermediate is a chain. VCD has shorter range sensitivity, but still is affected
peptide whose fraction of frayed end residues increases withby the conformations of the residues making up a turn of
increasing temperatures rather than an intermediate peptidéhe helix (or coil) (Keiderling, 1996; Dukor & Keiderling,
structure of some definite conformation. That the central 1991). IR in turn depends on hydrogen bonding (a few
helix decreases in fraction and the frayed ends increase isgesidues away) as well as local dihedral angles. Thus, while
reflected in the variation of the first and second FA all of these technigues will sense both the helix and coll
components for the VCD. That helix is decreasing at the components of the frayed intermediate, the vibrational
expense of coil is reflected in the stability of the loading of spectroscopic measurements will be more significantly
the first component. affected by the specific junctions and the interactions across

Finally, we offer no conclusions on the structure of very them (Pancoska et al., 1996). In an oligopeptide, such
short helices (Hanson et al., 1996b) which may indeed contributions are not negligible, and due to the intrinsically
contain a 3r-helical turn. However, our VCD data for them fast time scale of optical spectra, all dynamically accessed
in DO (Figure 3) indicate a dominant coil contribution even conformers will contribute to the observed result.
at 5°C, while in TFE, they probably do form a turn with Similarly, as recognized by Williams et al. (1996), using

frayed ends that could be like a@helix in the middle (Yasui ~ an equilibrium constant to determine a reverse kinetic
et al., 1986b). pathway depends on microscopic reversibility. In the

presence of a definite intermediate state, interpreting the
value obtained as the rate constant for folding a helix from
a fully unfolded state is dangerous. At best, one might be

Mechanistic Implications If the junction between an
a-helical segment and a frayed end involved,@&t8rn, our
data could neither discriminate against nor confirm this. ) 5 !
However, such a junction alone would not constitute@ 3 Measuring a rate from a partially folded (helix already
helical intermediate conformation. It could however repre- Nitiated) to a more fully folded form which would be a helix
sent a mechanistic step for the local residue by residuePropagation rate rather than a folding rate. In our suggested
unfolding froma-helix to random coil. Our data do suggest model, this would be a sequential change for specific residues

that in such a mechanism the role of the-Gonformationis ~ TomM a helical to an extended turn to a coil charater.
better viewed as an extension of the chain while maintaining Previous studies have indicated a difference between thermal-

some inter-residue hydrogen bonding rather than as the@nd chemical-induced unfolding of these peptides (Miick et

formation of a new helical form. Thus, the model might &l 1993). The thermal “unfolded” state may well be a

more accurately be put forth as chain propagation-b&lix distribution of local structures with a significant population
to extended (@-like) turn to random coil. This is not of “extended helices” which have been interpreted to be

characterized by a left-handed twist (Dukor & Keiderling,

1991). That it also might locally samplgghelical forms

4 The fact that the VCD and FTIR temperature variations are both j5 reasonable (Millhauser, 1995).
sensitive to the presence of such junctions gives strong empirical support . T -
for the extensions of analyses of optical spectra beyond evaluation of ~While few would be surprised that TFE stabilized the
just the traditional fractional secondary structure, for utilizing this helical form, another observation we have made, albeit
junction sensitivity for enumeration of segments of secondary structure
(Pancoska et al., 1994, 1996, 1997). That it should be possible to detect
components of a structure without establishing their isolated contribu-  ® The ~20 °C temperature jump used in these studies (Williams et
tions to a spectrum logically follows from the use of these techniques al., 1996) would leave the junction concentration roughly constant. The
to detect turns in globular proteins without assigning them a unique observable conformational change would be just between the popula-
band shape (Pancoska et al., 1996; Wi et al., 1997). tions of helix and coil, a pseudo-two-state problem.
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somewhat indirectly, is that thesehelical structures are
stabilized by peptidepeptide interaction. This is suggested
by comparing the room-temperaturg®data for then = 3

Yoder et al.

Gupta, V. P., & Keiderling, T. A. (1992Biopolymers 32239
248.

Hanson, P., Martinez, G., Millhauser, G., Formaggio, F., Crisma,
M., & Toniolo, C. (1996a)J. Am. Chem. Soc. 11871-272.

and 4 peptides which are both predominantly helical with Hanson, P., Millhauser, G., Formaggio, F., Crisma, M., & Toniolo,

those obtained in a f» solution 4-fold more dilute where
then = 4 form is a mixed helix-coil structure and tha =
3 form almost completely coil at room temperature. ECD

studies on solutions at least 1 order of magnitude more dilute
certainly should not be evidence of any complications due

C. (1996b)J. Am. Chem. Soc. 118618-7625.
Johnson, W. C. (198%)lethods Biochem. Anal. 351—-163.
Keiderling, T. A. (1981)Appl. Spectrosc. Re 17, 189-226.
Keiderling, T. A. (1990) inPractical Fourier Transform Infrared
SpectroscopyFerraro, J. R., & Krishnan, K., Eds.) pp 263
284, Academic, San Diego.

to peptide interaction, but NMR measurements as well as Keiderling, T. A. (1996) inCircular Dichroism and the Confor-

these IR and VCD studies are potentially subject to them. It
is interesting to note that the ECD thermal studies for these
peptides are concentration-independent up to the millimolar

range and qualitatively follow the VCD and FTIR results
(at>10 mM) which suggests that our concentrations ¥®D

mational Analysis of Biomolecul¢sasman, G. D., Ed.) pp 555
598, Plenum, New York.
Lal, B., & Nafie, L. A. (1982)Biopolymers 212161—-2183.
Lifson, S., & Roig, A. (1961)J. Chem. Phys. 341963-1974.
Lyu, P.-C., Marky, L. A., & Kallenbach, N. R. (1989) Am. Chem.
Soc. 1112733-2734.

are not a significant problem. It should be noted that the Malinowski, E. R., & Howery, D. G. (1980Factor Analysis in

kinetic studies by Williams et al. (1996) used more dilute

samples than our FTIR ones and a different sequence whic

may reduce peptidepeptide interactions in their case.

CONCLUSION

Chemistry Wiley, New York.
anning, M., & Woody, R. W. (1991Biopolymers 31569-586.

M
hI\/Iarqusee, S., & Baldwin, R. L. (198Proc. Natl. Acad. Sci. U.S.A.

84, 8898-8902.

Marqusee, S., Robbins, V. H., & Baldwin, R. L. (198%)oc. Natl.
Acad. Sci. U.S.A. 86286-5292.

Martinez, G., & Millhauser, G. (1995). Struct. Biol. 11423—-27.

VCD and factor analysis for the alanine-rich peptide series Merutka, G., & Stellwagen, E. (199®jiochemistry 29894—-898.

Ac-(AAKAA) -GY-NH, have proven to be useful tools for
monitoring the helix-coil transition as well as for character-
izing helix stability. Correlation of these data with parallel

Miick, S. M., Todd, A. P., & Millhauser, G. L. (199Biochemistry
30, 9498-9503.

Miick, S. M., Martinez, G., Fiori, W. R., Todd, A. P., & Millhauser,
G. L. (1992)Nature 359 653—-655.

FTIR and ECD studies strengthens the impact of the \jick, s. M., Casteel, K. M., & Millhauser, G. L. (1993)
conclusions. Temperature as well as peptide chain length Biochemistry 328014-8021.
impacts the helical stability of these molecules to a very high Miick, S. M., Martinez, G., Fiori, W. R., Todd, A. P., & Millhauser,

degree. Variations in solvent composition and concentration

also affect the stability of the-helical form. This study is

another example which demonstrates the ability of VCD to

G. L. (1995)Nature 377 257.
Millhauser, G. (1995Biochemistry 343873-3877.
Pancoska, P., & Keiderling, T. A. (199Bjochemistry 306885—
6895.

describe the detailed helical nature of biomolecules when Pancoska, P., Fric, ., & Blaha, K. (197@pllect. Czech. Chem.

other spectroscopic methods may fall short of this goal.
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