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Residual Structure in Unfolded Proteins Revealed by Raman Optical Activity
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ABSTRACT. Because of its ability to probe directly the chiral elements of the peptide backbone, together
with the very short time scale of the scattering process, vibrational Raman optical activity (ROA) can
provide new information on structure in non-native states of proteins. Here we report ROA studies of
hen egg white lysozyme and bovine ribonuclease A in unfolded denatured states, prepared by reducing
all the disulfide bonds. ROA spectra of unfolded lysozyme at 45, 20, 46d &nd of unfolded ribonuclease

A at 35 and 20°C, are presented and discussed. At 45 an8CQunfolded lysozyme appears to contain

very little extended secondary structure, but 4C2there could be roughly 20% of the native amount of
o-helix present but littlgg-sheet. Unfolded ribonuclease A, on the other hand, appears to contain roughly
50% of its native-like secondary structure, including bathelix andg-sheet, at 20C; similar secondary
structure persists at 3, but the amount is reduced. The most striking result is the observation of three
sharp ROA bands in the extended amide Il region, originating in coupletHGand N—H deformations,

which might monitor directly the dominant intrinsic propensities for residues to adopt partigglar
angles, averaged over the different amino acids in the mobile heteropolypeptide. Specifically, positive
bands at~1300 and 1314 cri appear to monitor propensities farhelix andf-structure, respectively,

and a negative band at1237 cnt! appears to monitor that for the poalyproline) Il helix. These signals

are generated by individual residues clustering in the most favorable regions of the Ramachandran plot
and are present even in the absence of signals from the corresponding extended secondary structures. At
45°C, the 1300 and 1314 crhROA bands of unfolded lysozyme coalesce into a single sharp band from
which an analysis similar to that used for exchange effects in NMR suggests a rage6k 102 s™!

for interconversion between the individual residue conformations at this temperature.

Interest in non-native states of proteins is increasing rapidly individual residues and reveal the existence of elements of
on account of their importance in studies of protein folding, secondary structure.
stability, and function (Kim & Baldwin, 1990; Dill & Shortle, The reason ROA is proving so useful in this area is that
1991; Creighton, 1992; Shortle, 1993; Pain, 1994; Btll it combines the very short time scale of conventional Raman
al,, 1995). Itis now recognized that the term “non-native”, scattering {-3.3 x 1024 s for a vibration with wavenumber
or “denatured”, state embraces a plethora of structures1000 cnil), which is much shorter than that of conforma-
ranging from ideal random coils at one extreme to collapsed tional changes, with the ability to cut through the complexity
molten globules with native-like tertiary folds at the other of conventional vibrational spectra and probe directly the
(Dobson, 1994). Unfortunately, the heterogeneity of such chiral elements of the backbone and side groups. Thus ROA
states has made their detailed characterization extremelyprovides a superposition of “snapshot” spectra from all the
difficult, with NMR* and far-UV CD providing most  distinct chiral conformers present in the sample with second-
information to date. Recently, however, Raman optical ary structure, tertiary loop structure, and certain side groups
activity (ROA), which measures vibrational optical activity giving rise to distinct recognizable bands which can be
by means of a small difference in the intensity of Raman monitored independently. Furthermore, ROA signals from
scattering from chiral molecules in right and left circularly biopolymers appear to be generated by short-range mecha-
polarized incident light (Barron, 1982; Barron & Hecht, nisms involving relatively local vibrational coupling, which
1994; Nafie & Che, 1994), has emerged as an incisive new suggests that they are closely related to #he angles of
probe of biopolymer conformation in aqueous solution the individual residues and so might monitor directly ¢he
(Barronet al, 1996) and has already provided valuable new propensities of amino acids in denatured states that are
insight into the complexity of order within the molten globule currently the focus of much interest (Swindedisal.,, 1995;
state (Wilsonet al, 1995, 1996a). Here we report ROA  Serrano, 1995; Arcust al, 1995; Fiebiget al,, 1996). The
measurements on unfolded states of hen egg white lysozymeamportance of short-range mechanisms is reinforced by the
at 45, 20, and 2C and ribonuclease A at 35 and 2G realization that secondary structure irregularity and force
which give new information on the,y propensities of the  constant variation, which issine qua norof heteropolypep-

tide structure, can suppress collective extended modes of
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are of significantly higher quality, and the 45 and°@ The instrument used for the ROA measurements utilizes
spectra not measured before have turned out to be highlybackscattering, which is essential for agueous solution
significant. The ROA of unfolded ribonuclease A has not samples of biopolymers and employs a single-grating
been reported previously. stigmatic spectrograph based on a novel transmission dif-
fraction grating fitted with a backthinned CCD camera as
MATERIALS AND METHODS detector and a holographic notch filter to block the Rayleigh
We purchased hen egg white lysozyme from Sigma (gradeline (Hecht & Barron, 1994; Barrost al,, 1996). ROA is
I) and ribonuclease A from Fluka and used them without measured by synchronizing the spectral acquisition with an
further purification. The buffer solutions were prepared electrooptic modulator used to switch the polarization of the
using Analar grade chemicals and distilled and deionized incident argon ion laser beam between right and left circular
water. Native lysozyme and ribonuclease A were studied at a suitable rate. The ROA spectra are presented in the
in sodium acetate buffer at pH 5.4 and the reduced proteinsform of a circular intensity differenc — I-, wherelR and
in sodium citrate buffer in the pH range 2:8.0. I- are the Raman-scattered intensities in right and left
Unfolded lysozyme was prepared by reducing all four circularly polarized incident light. The conventional Raman
disulfide bonds using the method of Creighton (1989), spectra are presented as the corresponding circular intensity
modified at the purification stage to dialysis six times against sumIR + I-. The experimental conditions were as follows:
3 L of 0.01 M HCIl. We used this method of denaturation laser wavelength 514.5 nm; laser power at the sam{3ie0
because the other commonly used methods, namely, chemicamW; spectral bandwidth~12 cnml; ROA recording time
denaturation and thermal denaturation, generate samples~10 h.

which are UnSUil:abIe for ROA measurements (Chemically The tempera’[ures were established by b|OW|ng dry tem-
denatured proteins have intense Raman bands from theperature-controlled air over the sample cell using an FTS
denaturants, and thermally denatured proteins often ShOWSystems Model TC-84 air jet crystal cooler. The quoted
considerable light scattering due to the formation of ag- temperatures will be underestimates by several degrees of
gregates). Disulfide reduction is reversible so the free the true sample temperatures along the laser beam since

sulfhydryl groups are usually carboxymethylated to prevent measurements were taken at the outside wall of the cell.
reoxidation; however, we found that the resulting carboxym-

ethylated protein was insufficiently soluble for ROA mea- RESULTS AND DISCUSSION
surements, so we left the sulfhydryl groups unblocked and
maintained a low pH to prevent reoxidation as was done in  Native Lysozyme and Ribonuclease Fhe backscattered
an NMR study of denatured lysozyme (Evaeisal, 1991). Raman and ROA spectra of native hen egg white lysozyme
The solution was lyophilized and finally prepared for ROA and bovine ribonuclease A measured at room temperature
measurements by dissolving in citrate buffer at pH 2.0. A (~20°C) are shown in Figure 1. The main spectral regions
similar procedure was followed to prepare reduced ribonu- are marked on the lysozyme ROA spectrum, while on that
clease A except that citrate buffer at pH 2.6 was used becausef ribonuclease A the wavenumbers of several important
this sample tends to form a gel at lower pH. The number ROA bands are indicated. For a detailed discussion of the
of free sulfhydryl groups was checked for both proteins using assignments of the various ROA bands we refer to fetrd
the Ellman assay (Creighton, 1989) and found to be betweenal. (1995) and Barroet al. (1996). Small discrepancies (up
seven and eight per molecule before and after ROA datato ~5 cni?) in the quoted wavenumbers for some of the
acquisition. ROA bands between this and earlier protein ROA papers
Protein solutions at-70 mg/mL, prepared in small glass originate in different calibration protocols used with different
sample tubes, were mixed with a little activated charcoal spectrographs and also in uncertainties in some of the ROA
(pharmaceutical grade) to remove traces of fluorescing band peak positions due to noise fluctuations.

impurities and centrifuged. Solutions were subsequently ROA in the backbone &-C and G—N skeletal stretch
filtered through Millipore GV4 (0.2m) filters directly into  region appears to be dominated by secondary structure. Thus
quartz microfluorescence cells, which were again centrifuged g-helix generates positive intensity in the rang@880—960
gently (to clear any remaining dust particles) prior to c¢m?, together with a couplet centered atl100 cm?,
mounting in the ROA instrument. Residual visible fluores- negative at low wavenumber and positive at high (Véen
cence from remaining traces of impurities, which can give al.,, 1994a; Wilsoret al, 1996b). Positive ROA intensity
large background levels in Raman spectra, was allowed toin the range~1000-1060 cnt? has previously been associ-
“burn down” by leaving the sample to equilibrate for several ated withs-sheet (Weret al., 1994b), but a difficulty arose
hours in the laser beam before acquiring ROA data. This with this assignment when concanavalin A, which contains
procedure, which is standard in the Raman spectroscopy ofa large amount of multistranded antiparalfekheet, was
proteins (Cary, 1982), did not appear to harm our samples.found to have little ROA intensity in this region (Barret

For example, their conventional Raman spectra remainedal., 1996). However, this difficulty could be resolved by
unchanged, and there was no slow buildup with time of the our recent suggestion (Wils@t al, 1996b) that this positive
background fluorescence which usually accompanies pho-ROA band, together with negative intensity on either side
todegradation of proteins. Also, both native lysozyme and with the complete pattern covering the rang850-1070
native ribonuclease A were found to maintain their full cm™, originates in the right-twisted antiparallgtstrand
enzymatic activity after several days of exposure to the laserribbon (equivalent to a left-handed helical conformation of
beam (as measured for lysozyme by the standard procedurehe polypeptide backbone; Salemme, 1983; Maccalatm
based on cell wall hydrolysis dflicrococcus lysodeikticus  al., 1995) that occurs in the double-strang&dheet as in
and for ribonuclease A by that based on digestion of yeastribonuclease A which shows an archetypal example of this
nucleic acid). ROA band pattern (Figure 1). In general, the average twist
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_S|r_n|Iar toa r|ght-tW|sted3’-strand! which gives a character- Ficure 2: Backscattered Raman and ROA spectra of reduced hen
istic C,—C stretch frequency slightly higher than that for g white lysozyme in citrate buffer, pH 2.0, at %5 (top pair),

the o-helix and so could well correspond to the negative 20 °C (middle pair), and 2C (bottom pair).

ROA band peaking at975 cm! in the ROA spectrum of

ribonuclease A. that are prominent iff-sheet proteins have been assigned
Both secondary and loop structure generate ROA signalsto g-turns (Wenet al, 1994b).
in the extended amide Il region. A positive peak-dt296 Unfolded LysozymeFigure 2 shows the backscattered

cm! with a smaller negative peak atl265 cnm* has been Raman and ROA spectra of reduced lysozyme &G ftop
assigned to the-helix (Wenet al, 1994a), and a positive  pair), 20°C (middle pair) and 2C (bottom pair). Looking
peak at~1313 cnT? has been assigned to thesheet (Wen first at the 20°C spectrum, it is striking that most of the
et al, 1994b). There are two clear loop signatures in this ROA bands shown by native lysozyme have disappeared with
region (Barroret al, 1996): one, a positive band atL340 the spectrum now dominated by a relatively unstructured
cm%, has been assigned recently to a rigid loop structure extended amide Il couplet. However, the small amount of
with local order corresponding to that of g®elix (Wilson structure remaining in this couplet could be of great
et al, 1995, 1996b); the other, a negative band-d237 significance because it appears to monitorghge propensi-
cm1, was previously unassigned. However, as discussedties of the individual residues averaged over the different
below, from a suggested correlation of the dominant extendedamino acids in the mobile heteropolypeptide structure. Thus
amide 11l peaks of unfolded lysozyme with the majpwy the two positive ROA bands at1300 and 1314 cnt [which
propensities for individual residues in mobile heteropolypep- were not clearly resolved and went unnoticed in the earlier
tide structure, we now tentatively propose that the local order study of Fordet al. (1995)] are close to the extended amide
responsible for the negative ROA loop band-t237 cnt? [Il bands mentioned above which have been assigned to the
is that of a left-handed poly{proline) 1l (PPII) helix. Also, o-helix and-sheet, respectively, in native proteins. The
the negative ROA bands in the range340-1380 cnm?! negative band at-1237 cm? coincides with the second
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extended amide Il band assigned to the loop structure from the~14 cnt* separation of the-helix andj-structure
mentioned above; so if we identify the associated local order ROA bands that the rate constant at’@5for interconversion
with that of the PPII helix, which is now recognized as a between the corresponding conformers-2.6 x 10* s,
major conformational element in protein architecture (Adzhubei which happens to be of the same order as the rate of rotations
& Sternberg, 1993), we obtain a remarkable correlation of involving changes i andy about G—N and G—C bonds,
the three dominant extended amide Il ROA peaks of respectively, in single residues in the polypeptide backbone
unfolded lysozyme with the three majny distribution peaks  (Creighton, 1993).
associated witl-helix, g-structure, and M conformation, Recently, Swindellet al. (1995) found that there were
the last corresponding to the PPII helix, determined from an three main regions ap,iy space for individual residues in
analysis of all residues in a set of 68 proteins from the “coil” regions of native proteins which they deduced by
crystallographic structural database (Adzhultedl, 1987). including all residues not in thex-helix or S-strand.
In addition to the three main bands, a number of small bumps However, these regions, called a, b, and p, seem too diffuse
can be seen on the sides of the extended amide Ill ROAto correspond with the sharp appearance of the three extended
bands which might originate in smaller clusters of residues amide Ill ROA bands of unfolded lysozyme discussed above,
populating less favorable regions ¢fy space. which suggests that the actual propensities are more tightly
On reducing the temperature to°€, the two positive focused in a mobile heteropolypeptide in agueous solution
extended amide Il ROA bands have become sharper, whilethan in coil regions of native proteins where constraints from
the negative band at-1237 cnt! has split into two the structured environment can distort the intrinsic propensi-
components, one at1227 cm! and the other at~1242 ties.
cm?, suggesting that different types of local order are  One feature conspicuous by its absence from the ROA
becoming differentiated in the putative PPIl helix loop spectrum of unfolded lysozyme is any hint of the sharp
structure. Conversely, on raising the temperature té6GL5 positive band at~1340 cn1? in the native protein assigned
the positivea-helix andg-structure ROA bands at1300 to the 3¢-helix loop structure. We have previously noticed
and 1314 cm!® have coalesced into a single sharp band at that 3q-helix loops appear to be labile and are often
~1305 cnt?, which suggests that at this elevated temperature associated with mobile regions in both native and molten
the distinction between the two local residue conformations globule protein states, the nascent rigid structure being
is lost. Also the negative PPII helix peak afl237 cn1? encouraged to form by stabilizing perturbations such as
has become sharper, and a negative ROA band1&12 ligand binding or temperature reduction (Wilseinal,, 1995,
cm™! (of unknown provenance at the time of writing) that 1996a). It therefore seems that, unlike the PPII helix loop
appears as a shoulder in the lower temperature spectra novstructure, there is little propensity for individual residues to
stands out clearly. take up this conformation in mobile unfolded protein states
The coalescence and further narrowing of amide Il ROA despite appearing in coil regions in native proteins in the
bands with increasing temperature in unfolded lysozyme arestructural database.
reminiscent of chemical exchange effects in NMR where  The backbone skeletal stretch region of unfolded lysozyme
closely spaced lines collapse into a single line at the at 20°C shows only slight hints of ROA bands, indicating
temperature at which the lifetime broadening is greater than that there is very little extended secondary structure present.
the line separation. A similar mechanism might be operative However, the ROA spectrum at°Z shows small but clear
in the present ROA case, with the broadening produced by signatures ofu-helix, namely, the broad band peaking at
the finite lifetimes of the interconverting conformers. Infact, ~950 cm! and the positive component on the high wave-
the effect of exchange in vibrational spectroscopy has number side of the couplet at1100 cm! shown by native
attracted considerable interest and controversy (Wood & lysozyme (Figure 1). The intensities relative to that of the
Strauss, 1990; Turnet al, 1991; Strauss, 1992) and is still  native protein suggest that there might be, very roughly,
being hotly debated (Turnet al, 1995). The basic problem ~20% of the native amount af-helix present. However,
appears to be that the time spent in the transition state duringthere is no hint of any twisteg@-strand structure. The
the exchange process, and which is very short on the NMR tryptophan ROA couplet, positive at+1555 cm?! and
time scale, is on the vibrational time scale, which means negative at~1580 cn1?, which appears weakly in the 20
that the “reactive” motion involving transitions between the °C spectrum, has increased in step with théelix bands
potential energy wells associated with the separate conform-in the 2 °C spectrum, suggesting that the conformational
ers is mixed up with “nonreactive” motion involving large freedom of the tryptophans associated with the sections of
amplitude vibrations of a particular conformer within its own theao-helix has been reduced. Theasdelix sections might
well. This suggests that the simple analysis used in NMR include residues corresponding to the C «88) and D
is not directly applicable to the vibrational case. But despite (108—115) helices in the native protein which, from UV CD
this difficulty, some authors nonetheless use an analysisstudies on a peptide comprising residues-829 of hen egg
analogous to that for exchange in NMR to deduce ap- white lysozyme in water at pH 2.0 and 2&, have been
proximate values for rate constants at the temperature atshown to have a high intrinsic propensity fot-helix
which vibrational band coalescence is obsened [ Cav- formation (Yanget al, 1995). In another study, this time
agnatet al. (1992) and Turneet al. (1995)], and we shall  of a peptide comprising residues-3608, it was again found
do the same here. Thus from the uncertainty relation, the that residues corresponding to helix C had a high propensity
lifetime broadening is given byE ~ h/27t, wherer is the for a-helix formation (Uedaet al,, 1994). At 45°C virtually
lifetime, so that two spectral bands characteristic of two all traces of the secondary structure and tryptophan ROA
interconverting states and separated in frequenaybill bands have disappeared into the noise background.
coalesce whenis of the order of 1/26v. The rate constant A small amide | couplet remains in the 2 (and also in
k = 1/t is therefore of the order of/@v, so we deduce the 45°C) spectrum of unfolded lysozyme but is shifted
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Ficure 3: Backscattered Raman and ROA spectra of reduced
bovine ribonuclease A in citrate buffer, pH 2.6, at°&85(top pair)
and 20°C (bottom pair).
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band shows a small but definite shift by2 cm? to higher
wavenumber in the 383C ROA spectrum of ribonuclease
A, where it also now matches the height of the adjacent
p-structure band, concomitant with a general decrease in
othera-helix ROA bands fide infra), which suggests that
the band seen at1300 cnt! in unfolded lysozyme at 20
°C is characteristic of individual residues taking up #he
angles of-helix but without secondary structure. Also there
is a small negative band at1360 cnt?, suggesting the
presence of a small amount @kturn structure. As in
unfolded lysozyme, unfolded ribonuclease A shows no hint
of the positive ROA band at+1340 cn1?, assigned to the
3io-helix loop structure, that is present in the native protein.
In fact, it is striking just how narrow and smooth-sided most
of the extended amide Ill ROA couplet has become at 35
°C, with no sign of the many small bumps perceptible here
in unfolded lysozyme at all temperatures, which suggests
there are very few residues taking ¢éipy angles other than
those corresponding to the three main bands.

In the backbone skeletal stretch region, unfolded ribonu-
clease A at 20C shows ROA band structure in the range
~950~-1150 cnt?, similar to that of the native protein but
reduced in intensity by-50%. This suggests that this sample
of the unfolded protein containg50% of secondary structure
similar, but not identical, to that in the native protein,
including both right-twistegs-strand andx-helix. Some of
this a-helix might be associated with the amino-terminal
segment since residual structure has been detected here in
reduced ribonuclease A by nonradiative energy transfer (Haas
et al, 1988), the C-peptide of ribonuclease A (residue43)
was found using UV CD to populate helical conformations

along with its parent Raman band to higher wavenumber to ~30% at 1.7°C (Brown & Klee, 1971), and helical

relative to that in the native protein, in accord with the amide
| assignment of “random coil” in the conventional Raman
spectroscopy of proteins (Tu, 1986). This residue amide |

conformations have been detected using two-dimensional
NMR in an analogue of this C-peptide (Osterhaital.,
1989). On raising the temperature to 35, hints of the

couplet presumably arises from the local chiral environments ROA signatures of secondary structure in the backbone

of the carbonyl oscillators. The negative ROA band at
~1620 cnt! originating in aromatic side groups is now
clearly resolved from the negative part of the shifted amide
| couplet.

Unfolded Ribonuclease Arigure 3 shows the Raman and
ROA spectra of reduced ribonuclease A at°85(top pair)
and 20°C (bottom pair). Unfortunately, it was not possible

skeletal stretch region are just perceptible, suggesting that a
small amount of secondary structure is still present.

The Two-Group Model and Mobile Heteropolypeptide
ROA. A possible qualitative explanation for the general
appearance of the ROA spectrum of an unfolded protein, in
particular, the loss of ROA in the backbone skeletal stretch
region and the sharp peaks in the extended amide Ill region

to measure the ROA at temperatures much lower or muchreflecting local conformational propensities of individual
higher than these due to excessive light scatter from gelresidues, emerges from a consideration of the dependence

formation and aggregation, respectively. It is immediately

of ROA on torsion angles. Many prominent protein ROA

apparent that unfolded ribonuclease A has more orderedsignals appear to originate in short-range vibrational coupling

structure at 20C than unfolded lysozyme at this temperature.

for which a simple two-group model provides useful insight

In the extended amide Ill region the three bands assigned(Barron & Buckingham, 1974). In this model, two achiral

above to individual residues occupying regiongap space
associated witl-helix, 5-structure, and PPII helix are quite
clear. However, there are small but potentially significant
differences from the corresponding ROA bands in unfolded
lysozyme at 20°C. Thus in ribonuclease A the positive
a-helix band, as well as being slightly weaker than the
positive S-structure band, is shifted by4 cnr? to lower
wavenumber relative to its position in lysozyme, which could
be due to the presence of a significant amound.-dfelical
secondary structure (the amide Il signature cehelical

axially symmetric bonds are held together in a twisted chiral
structure with ROA being generated by interference at the
detector between two light waves scattered independently
from the two groups. In the special case where the axes of
the two bonds are perpendicular to the connecting bond, the
ROA intensitiedR — I- generated by idealized normal modes
corresponding to the symmetrié- and antisymmetric)
combinations of the locastretch coordinates of the two
bonds are proportional ta-sin 20, where@ is the torsion
angle, whereas for idealized normal modes corresponding

secondary structure in native proteins is a couplet with a to the deformationsof the angles between the two bonds

positive band at~1296 cnm! and a negative band at1265
cm1, which is clearly perceptible in the ROA spectrum of
unfolded ribonuclease A at 20C). This positivea-helix

and the connecting bond the ROA intensities are proportional
to Fsin 6 (Barron, 1982). For a more general geometry,
the ROA in stretch and deformation modes contains terms
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depending on both sinf2and sinf. A number of chiral ever, since secondary structure starts to become perceptible
two-group structures can be identified in the polypeptide in unfolded lysozyme at 2C, it would appear that stretches

backbone. In particular, the arrangement®,—N—H is of extended ordered structure are nascent and might be
likely to dominate the ROA in the extended amide Ill region encouraged to form with changes in the physical or chemical
since this is associated largely with coupleg-€l and N—H conditions (through suppression of mobility from loss of

deformations (Diem, 1993; Fordt al, 1994), while the solvation following hydrophobic collapse, for example).
arrangements £-C(O)—N—-C,, C(O)-N—-C,—C(O), These ROA observations reinforce recent NMR data which
N—C,—C(O)—N, Cs—C,—N—C(O), and G—C,—C(CO)-N fit models of protein folding in which local nucleation sites
will all contribute to ROA in the backbone skeletal stretch are latent in the denatured state (Aretisl, 1995). It would
region. ROA in the extended amide Il region is therefore be of great interest to characterize the nature of the transition
likely to depend primarily on the Ramachandrarangle by following the changes in the ROA spectra of selected
which is related to the two-group torsion angle throdgh unfolded proteins over a range of temperatures in conjunction
¢ — 60°. ROA in the backbone skeletal stretch region, on with differential scanning calorimetry measurements to
the other hand, is expected to have a complicated dependencdiscover whether it is gradual or, if cooperative, whether the
on both thep andy angles. Hence much less ROA intensity associated phase transition is first order or continuous. Such
in the backbone skeletal stretch region is expected to survivestudies would complement those on the development of the
than in the extended amide Il region as the residues explorenative-like tertiary fold in the molten globule state which
the range of¢ and y angles characteristic of mobile we have recently shown is controlled by a continuous phase
heteropolypeptide structure. transition (Wilsonet al, 1996a). Also, studies of unfolded
Essentially, then, the exquisite sensitivity of ROA to states in nonaqueous solvents might reveal whether or not
conformational mobility is a direct consequence of its Solvation by water molecules is an essential requirement for
dependence on absolute chirality which leads to cancellationthe maintenance of “dynamic disorder” in heteropolypeptides.
of contributions from enantiomeric structures such as two- It is remarkable that, by observing the coalescence and
group units with equal and opposite torsion angles, whereasharrowing with increasing temperature of ¢hg propensity
contributions to observables which are “blind” to chirality, ROA bands in the extended amide Il region, it is possible
such as the conventional Raman band intensities, are additiveto monitor the interconversion of conformers at rate'
This explains why the conventional Raman spectra of s 1. Since the simplest version of absolute reaction rate
reduced lysozyme at the three different temperatures intheory predicts a maximum rate for a chemical process of
Figure 2, and those of reduced ribonuclease A at the two 6.2 x 10*?s™* at 25°C corresponding to a zero free energy
temperatures in Figure 3, are virtually identical despite barrier (Creighton, 1993), or a little less than this when
significant changes appearing in the corresponding ROA collisional damping is included (Brooket al, 1988), our
spectra. UV CD is also sensitive to mobility, but less observations suggest that, at physiological temperatures, the

dramatically so than ROA due to its primary dependence individual residues in mobile heteropolypeptide structure in
on electronic rather than nuclear motion, because it too Unfolded lysozyme “flicker” between distinct conformational

depends on absolute chirality. states at rates close to the maximum theoretically possible.
We emphasize that, although the two-group model has Interestingly, our ROA studies also indicate that unordered
conceptual value, because of the complexity of biopolymer homopolypeptides such as palylfsine) at low pH behave
normal modes of vibration (even if relatively localized), it 9uite differently from unordered heteropolypeptides since,
has little practical value in predicting observed ROA spectral &S well as containing sections of wel_l-deflned conformano_nal
features. Ab initio methods appear to be mandatory for €léments such as anhelix and, possibly, a left-handed helix
realistic ROA computations (Polavarapu, 1990; Helgater corresponding to a right-twistgglstrand, there is no hint of
al., 1994), but the application to peptides and proteins the extremely rapid interconversion of conformers observed
(Polavarapu & Deng, 1994) is not yet developed sufficiently In unfolded lysozyme (Wilsoret al, 1996b). These ROA

to give reliable interpretations. exchange effects clearly warrant more detailed studies in the
future since they appear to be a source of valuable new
CONCLUDING REMARKS information about very fast processes in proteins.

The absence of any sign of a positive band-4840 cn1?

The first ROA spectra of unfolded proteins presented here in the ROA spectra of the two unfolded proteins which
suggest that ROA provides a unique perspective on residualappear in the ROA spectra of the native proteins where it is
structure, sensing both thgy propensities of individual  characteristic of @-helix loop structure reinforces our earlier
residues in mobile unordered heteropolypeptide structure andconclusions that the;ghelix is finely tuned and can only
the presence of sections of extended secondary structureexist in a relatively structured environment (Wilsenal,,
However, because the time scale of the Raman scattering1995, 1996a,b). This result is consistent with recent ESR
process is very short, it is not possible to tell from the ROA studies (Smytheet al, 1995a) which concluded that short
spectra whether the sections of secondary structure areglanine-based peptides exist primarily in tlhehelical
transient or persist for a significant length of time. conformation and not in the@form as previously suggested

The unfolded states of lysozyme and ribonuclease A at (Miick et al, 1992). It would therefore appear that the
room temperature show rather different characteristics. propensity for individual residues to take up thg-Belix
Unfolded lysozyme is highly mobile with individual residues ¢, angles in the mobile heteropolypeptide structure is
showing high propensities for thgy angles associated with  virtually zero, which seems to militate against the suggestion
the a-helix, g-structure, and PPII helix, whereas superim- that the 3¢-helix is a precursor to the-helix in the folding
posed on these propensities in unfolded ribonuclease A is apathway (Millhauser, 1995). A related suggestion is that
significant amount of native-like secondary structure. How- local a- to 3;p-helical transitions could be important for a
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number of biological processes (Smytsieal., 1995b). In The first ROA measurements on unfolded proteins pre-
fact, we have recently used ROA to monitor changes in the sented here have shown that ROA fills a crucial gap in the
structure of lysozyme on ligand binding (Foetlal., 1995) armory of existing experimental techniques in that it can
and do indeed detect a possible increase h8lix (via an monitor separately the small populations of conformers with

increase in the positive 1340 cnt! ROA band). However,  distinct secondary structure, together with the intringip
there appears to be no interconversion witthelix since propensities averaged over the different individual residues,
there is no concomitant decrease in thielix ROA bands; within a conformational ensemble of a heteropolypeptide and
rather, the g-helix seems to coalesce out of the mobile which are of crucial importance in the early stages of protein
conformationally heterogeneous structure. Nor does therefolding. More secure assignments of some of the ROA
appear to be any interconversionosfand 3o-helix between spectral features of unfolded proteins and a better under-
the native and acid molten globule statesoefactalbumin standing of how they are generated will evolve in the course
(Wilsonet al,, 1995, 1996a) despite the plausible suggestion of our ongoing ROA studies of non-native protein states.
(Smytheet al, 1995b) that it would facilitate the transition
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