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ABSTRACT. Itis commonly assumed that urea denatures proteins by promoting backbone disorder, resulting

in random-coil behavior. Indeed, it has been demonstrated that highly denatured proteins obey random-
coil statistics. However, the random-coil model is specified by the global geometric properties of a polymeric
chain and does not preclude locally ordered backbone structure. While urea clearly disfavors a compact
native structure, it is not clear that the resulting backbone conformations are disordered. Using circular
dichroism (CD) spectroscopy, we demonstrate that urea promotes formation of left-handed polyproline Il
(Pi) helical structures in both short peptides and denatured proteins. The observed increasenie it

is sequence-dependent. These data indicate that denatured states possess significant amounts of locally
ordered backbone structure. It is time for the formulation of new denatured-state models that take into
account the presence of significant local backbone structure. Criteria for such models are outlined.

To understand the process by which a protein folds, it is propensities observed in surveys of coil regions in proteins
necessary to acquire knowledge about not just the final foldedof known structure 7). In coil libraries, each residue
state of the protein but also its unfolded states. There is awould have defined propensities to adopt certain conforma-
long history of using chemical denaturants to unfold proteins. tions. These propensities would be insensitive to both the
Characterization of unfolded (or denatured) states began inlocal sequence and solution conditions.
earnest with the groundbreaking work of Floy,(followed The final possibility is in line with the hypothesis of
by experimental corroboration by Tanford and colleagues Tiffany and Krimm @, 9). According to this model,
who used guanidine hydrochloride (GdnHGIs a denaturing  denatured states contain local structure, the specificity of
agent ). Tanford et al. demonstrated that proteins denatured which depends on both sequence and solution conditions.
in high concentrations of GdnHCI exhibit random-coil Tiffany and Krimm observed that the circular dichroism (CD)
behavior. However, he warned that denatured proteins dospectra collected for chemically denatured proteins bear a
not need to be devoid of structure to obey random-coil strong resemblance to spectra obtained for proline, lysine,
statistics ). glutamate, and aspartate homopolymers. The latter polymers

Recent work by Plaxco and co-workei®) feconfirmed adopt the left-handed polyproline Il (Phelical structure as
that chemically denatured proteins obey random-coil statis- their dominant conformation in aqueous solution. This
tics. The extent or type of local backbone structure presentresemblance led Tiffany and Krimm to hypothesize that
in denatured states remains unknown. One can imagine fourproteins denatured in urea or GdnHCI possess significant
possibilities for the behavior of proteins and peptides in P, helical content&). Much attention has been given to this
chemical denaturants. At one extreme, denaturants promotehypothesis in recent yeard(—21).
complete backbone disorder. All sterically allowable con-  Here, we study the effect that urea has upon local backbone
formations would then be of equal energy. At the other structure in a series of peptides and unfolded proteins. Using
extreme, denaturation only disrupts tertiary packing, whereasCD spectroscopy, we demonstrate that urea promoges P
the backbone remains highly ordered. Recently Fitzkee andhelical structure. The P helical content increases with
Rose §) deliberately constructed a “physically absurd” model increasing concentrations of urea. This is true for both
at this extreme and demonstrated that it reproduces randomypeptides and proteins, supporting the hypothesis of Tiffany
coil statistics. and Krimm. Clearly, new/revised models for denatured

One can imagine two possibilities between these two proteins are required to explain random-coil statistics and
extremes. One is that each residue follows conformational the presence of local structure. The lack of specificity of
the former needs to be reconciled with the observed
s " This vlgork évat:_s supl\r/)lcggecci) ffo?z%ramT;]O TUP-_C- fr_CtJm t?eKNattbnkal specificity in the latter. This is the reconciliation problem
Cglr?tr;-?for%?mgtlj?;ticgnal Sciences p)r'ovidid sr:JI\pl)g[)Srlt};o?B.V\e}.nCL.jc Y Ou“!ned l_)y I_DIaXCO and CO-WorkerQZ)'. In this work, we
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Table 1: Peptides Employed in This Work 5000 a
name sequenée F
p7 Ac-Pra-Gly-Tyr-NH, 0
A3 Ac-Pros-Alas-Pro-Gly-Tyr-NH, /
V3 Ac-Pros-Vals-Pros-Gly-Tyr-NH; ~ -5000 /
KAK Ac-Lys -Alar-Lys,-Gly-Tyr-NH; [
KQK Ac-Lysz-Alas-GIn-Alasg-Lys,-Gly-Tyr-NH; ~°
KVK Ac-Lys -Alas-Val-Alas-Lys,-Gly-Tyr-NH; '_. -10000 |
aPeptides are blocked to remove electrostatic interactions. The -Gly- & g \ /
Tyr pairs facilitate concentration determination. © -15000
(7}
T -20000

Foundation Biotechnology Resource Laboratory at Yale \
University (New Haven, CT). They were purified t05% \ /
homogeneity by reverse-phase HPLC, and their identities ~25000
were confirmed using mass spectrometry. Stock solutions
were prepared by dissolving peptides in a buffer containing
5 mM potassium phosphate, 5 mM sodium fluoride, and
0.02% sodium azide, with the pH adjusted to 7. The peptide Wavelength
concentration was determined using the method of Brandts nm b
and Kaplan23). Absorbance was measured in a 1.0 cm path- 4000 ————————
length cuvette in a Beckman-Coulter DU 640B spectropho- e
tometer. N
Equmt_a skeletal muscle myoglobin, hen egg_-whne Iysozyr_ne, o 3000 i - \\\‘
and boving3-casein were purchased from Sigma (St. Louis, £
MO) and used without further purification. Apomyoglobin

-30000
190 200 210 220 230 240 250 260

cm
N
/

#
e

was generated using the protocol of Te@é) (The disulfide "‘.T:; i Y
bonds in lysozyme were reduced in freshly prepared 5 mM & g 2000 ] o
dithiothreitol (DTT). Purified rat intestinal fatty-acid-binding T ;';' / \\"\\,
protein (IFABP) was the kind gift of Dr. Ira Ropson of the o 1y \ ":'-‘.
Pennsylvania State University. We used £#7GG variant © 1000 ," ,’ Y Q\‘ 3y
where 27 residues encompassing a flap-like region over the 1,' -=-2M <3
binding cavity are replaced with two glycine residugs)( & Iy -

Circular dichroism (CD) spectra were measured with a ,'" I
Jasco J-810 spectrapolanr_ngter emplgym 1 mm pqth- 0220 : 505 230 235 540
length quartz cuvette containing solutions of approximately
100uM peptide or 2-10 uM protein. Spectra were collected Wavelength

nm

at 5°C with a 0.5 nm resolution and a scan rate of 200 nm

min~%. Spectra are the averages of 30 scans. To facilitate FIGURE 1: (@) CD spectrum of peptide P7 in phosphate buffer at
analysis of uncertainties, each set of spectra were measure¢?H 7 and 5°C. (b) Increase in intensity of P7 positive band as a
unction of the urea concentration.

using at least three individually prepared solutions.

RESULTS It has been shown that the Pontent of proline polymers
and oligopeptides is significantly increased in the presence

Peptides Proline homopolymers and oligopeptides form of urea or GdnHCl as indicated by an increase in the intensity

Py helices in aqueous solution and possess CD spectraof the positive band in CD spectr§, (27). The increasing

diagnostic for this conformatior26—28). Such spectra have  intensity of the positive band with an increasing urea

a strong negative band at 205 nm and a weaker positive bandconcentration is shown in Figure 1b for the P7 peptide.

at 228 nm (Figure 1a). Because of the absorbance characBecause homopolymers and oligopeptides of proline are

teristics of tertiary versus secondary amides, the positionssterically restricted to formPhelices 80), we interpret this

of these bands shift to lower wavelengths for peptides without to mean that urea rigidifies the backbone.

prolines @9). A P, helical peptide devoid of proline would The peptides listed in Table 1 were examined to answer

have a positive band around 24822 nm (3). The R, helix the question of what happens to thed®ntent of nonproline

is the only secondary structure known to have a positive bandresidues in the presence of urea. Two proline-based peptides

in the wavelength range of 23828 nm @9). The intensity (peptides A3 and V3) were investigated. Alanine possesses

of the positive band is taken to be proportional to the P a high propensity to adopt the, elical structure 11, 14,

helical content. The lack of a positive band does not 27, 31, 32). V3 has been shown to have a low Eontent

necessarily indicate an absence gfdentent (1, 13, 14). (14), although the content can be modulated by small changes

The conformational averaging resulting from the presence in solution conditions 3). Because both peptides contain

of other local structures can lead to negative ellipticity in proline residues, each will have a base level pfcBntent

this region. Positively increasing ellipticity in this wavelength that is due to those residueb4( 27).

range with changing conditions can indicate an increase in  The intensities of the positive bands in the CD spectra for

the R helix content. peptides P7, A3, and V3 are plotted in Figure 2 as a function
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The alanine-based peptides KAK, KQK, and KVK (Table 2 20 ® KAK| |
1) are devoid of proline and have varying elix contents, e & KVK
generally less than proline-based peptides. This is evident O KQK
from the lack of positive ellipticity in the range of 23222 4.0 l
nm in CD spectra collected for these peptides in aqueous 0 2 4 6 8
solution (Figure 3). Valine has a low,Phelix-forming [Urea]

propensity; alanine has a high propensity; and glutamine has
a higher R pr'openSIty 14,27, 31). qun addpg 6 M urea, Ficure 3: (a) CD spectra of the alanine-based KAK, KVK, and
all three peptides adopt the Ponformation (Figure 3a). The  KQK peptides collected at 5C in the absence and presence of 6
ellipticity at 218 nm is plotted as a function of the urea M urea. Note that the KAK and KK 6 M urea spectra lie on top
concentration in Figure 3b. This wavelength corresponds to of one another. Spectra in the presenté M urea are truncated
the position of the positive band that appears at low urea &t 210 nm because of the absorbance properties of urea at lower
. . . - . wavelengths. (b) Increase in intensity of the ellipticity at 218 nm
concentrations with these peptides. The increasg @oRtent 5 4 function of the urea concentration for KAK, KVK, and KQK.
for these peptides is nonlinear, showing a rapid increase at
lower urea concentrations (up te-8 M), followed by more ensemble of backbone conformations is changing for each
gentle increases, appearing to converge and become asympparotein as the urea concentration is increased. Furthermore,
totic at high concentrations. We interpret the initial steep the spectra differ from one protein to the next, indicating
increase as being consistent with a transition from a broadthat there is sequence-specificity in the ensemble of denatured
ensemble of conformations to an ensemble dominated bystates. For all three proteins, the ellipticity around 2282
the R conformation. The shallower, more linear increase at nm increases with an increasing denaturant. Apomyoglobin
higher urea concentrations is probably due to further restric-and IFABP possess a local maximum in this vicinity,
tion in the ensemble to the,Ronformation. indicating an increase in the, Fhelix content. Although
Equine Apomyoglobin, Reduced Hen Egg-White Lysozyme)ysozyme does not possess an obvious local maximum, we
and RatA27GG-IFABP.We have chosen to examine a interpret the increasing ellipticity in this wavelength range

protein from each of three distinct fold classe34)( as indicative of an increasing, Pelix content.
apomyoglobin (predominantly helical in its native state), p-Casein.f-Casein is an intrinsically disordered protein
reduced lysozyme (mixed andf), and IFABP (mostlys (35, 36). This allows for examination of the effects of urea

sheet). CD spectra for these proteins in concentrations ofover the full range of concentrations rather than just high
urea at which they would be considered fully denatured are concentrations. CD spectra f@rcasein in urea concentra-
shown in parts ac of Figure 4. The absorbance properties tions ranging from 0d 8 M are shown in Figure 4d. As
of high concentrations of urea prevent collection of spectra with the other proteins examined, there is a clear increase
at wavelengths below about 215 nm. It is clear that the in ellipticity around 218-225 nm. A local maximum appears
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Ficure 4: CD spectra collected at® for (a) equine apomyoglobin, (b) hen egg-white lysozyme, (c) rat 27GG-IFABP, afidaiein

in increasing concentrations of urea.

at about 223 nm at higher urea concentrations, indicating anpeptides P7, A3, and V3, this is not surprising. Tiffany and
increasing B helix content.3-Casein has a high proline  Krimm (9) demonstrated over 30 years ago that the P

content (16% of the residue content), which would shift the content of homopolymers of proline could be increased by
observed local maximum to a higher wavelength than thosethe addition of urea or GdnHCI. P7, A3, and V3 are all

observed for the other proteins. proline-based; therefore, their behavior (Figure 2) could be
due to the effects of urea upon the prolines. The alanine-
DISCUSSION based peptides KAK, KQK, and KVK are however devoid

CD spectroscopy is incapable of determining the presence®f Proline and yet clearly adopt the Bonformation in urea
of random coil. This absorbance technique measures the(Figure 3). Similar behavior has been observed recently by
average local backbone conformational ensembles of peptided<@llenbach and co-workers for a peptide of sequence Ac
and proteins. The random coil is defined by global geometric C2A70:—NHx (O = ornithine) in GAnHCI 87). The R, helix-
properties of a chain such as the radius of gyratigg).( |ndu0|_ng effect of urea is therefore. not limited to prolmg.
CD spectroscopy and other ensemble-based spectroscopiehe differing slopes obtained from Figure 2 and the behavior
that directly probe the backbone cannot measure suchobserved for the three nonproline-based peptides in Figure
properties. This makes CD spectroscopy an ideal method for3 indicate that the Rinducing effects of urea are sequence-
examining the local backbone behavior of denatured proteins.dependent.
Given that an unfolded or denatured polypeptide chain exists The magnitudes of the ellipticities at 218 nm for KAK,
in an ensemble of conformations, a technique that probeskKVK, and KQK (Figure 3) appear to contradict existing data
the ensemble is more useful than one that provides higherthat indicate valine has the lowest Relix-forming propen-
resolution information on a single structure. sity (16, 27, 31). Eker et al. 88) have shown that a trivaline

All six peptides (Table 1) possess significant Relix peptide prefers more extendgestrand-like conformations
signals in CD spectra collected in the presence of urea. Forto the R helical conformation, providing additional evidence
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that valine has a low P helix-forming propensity. The  the polypeptide backbone. Such an interaction would influ-
alanine-based KAK, KVK, and KQK peptides employed in ence the conformational behavior of the backbone, perhaps
this work can readily adopt other secondary structures. Thefavoring the R helical conformation. This in turn would be
high a-helix-forming propensity of alanine3) will result modulated by the nature of the side chains, leading to the
in these peptides having a significant tendency to adopt thatobserved sequence dependence.

conformation. This is reflected in the negative bands Plaxco and co-workersS) recently performed an analysis
observed at 222 nm in Figure 3a. Valine possesses a lowof radii of gyration Rs) obtained from scattering experiments
o-helix propensity 89), reducing the amount of that con- on denatured proteins. They concluded that these follow the
formation in the KVK peptide when compared to KAK. statistical behavior expected for a random coil with excluded
Because the alanines in KVK are occupying tidaelical volume. According to the work of Florylj, the Rs of such
conformation to a lesser extent, we believe they default to a chains should depend on chain length, not sequence, and only
higher R content, leading to a higher overal| Bontent for weakly upon solution conditions. Plaxco and co-work&)s (
KVK when compared to KAK. Note that the valine in KVK  note that averagBs values determined in scattering experi-
is not necessarily adopting the, Rronformation to a ments do not change with increases in the denaturant
significant extent. These data reinforce the notion that the concentration once past the midpoint of the unfolding
observed P contents, both in the presence and absence oftransition. These data provide significant evidence for the
urea, are sequence-dependent. random-coil behavior of highly denatured proteins.

Spectra collected for the four proteins in increasing urea The fact that denatured proteins are random coils is
concentrations demonstrate that the ensemble of backboneeemingly at odds with our observations. We have found
conformations, as measured by CD spectroscopy, changesignificant local backbone structure that is sensitive to both
with the urea concentration (Figure 4). Increasing ellipticities the urea concentration and sequence. Increasing the urea
and the appearance of local maxima in the wavelength rangeconcentration leads to an increase jnhelix content in both
of the positive band diagnostic of; Pelix content indicate ~ peptides and proteins. One might expect an increase in
that these denatured proteins gain Helix content as the  extended P helix content would lead to an increaseRa.
urea concentration is increased. Each protein has its ownSegel et al.45) have examined the behavior of cytochrome
distinct set of CD spectra in urea, indicating that they have ¢ denatured with GdnHCI. Using small-angle X-ray scatter-
different ensembles of backbone conformations. The effectsing, they demonstrated thBg was insensitive to the GdnHCI
of urea are clearly sequence-dependent. concentration in the range 6f3.5—-5 M. However, analysis

The CD data collected for the four proteins agree with of associated Kratky plots indicated that the average size of
previous studies. Recently, Wright and co-workers used the denatured protein increased with an increasing denaturant
residual dipolar couplings to characterize unfolded states of concentration. Furthermore, Fitzkee and Rofedemon-
apomyoglobin 40). They found that for apomyoglobinin 8 strated thatRs values are insensitive to local backbone
M urea the backbone favored extengiednd R conforma- structure. Random-coil behavior is an important spatial
tions. These findings are in part echoed in our CD data, constraint given that denatured proteins conform to such
which indicate an increase in the Bontent at high urea  statistics. However, random-coil behavior does not impose
contents (Figure 4a). The denatured lysozyme spectra (Figurdimits upon the types of local conformations available to
4b) are similar to those obtained recently by Vernaglia et denatured proteins.
al. (41) who used GdnHCI as a denaturant. These authors We now return to the four proposed models for backbone
demonstrated that denatured lysozyme could form amyloid conformational behavior in denatured proteins. These are (1)
fibrils. We see no evidence of such a process in our completely disordered backbone conformations (i.e., all
experiments, most likely a result of differences in solution sterically allowed conformations are isoenergetic), (2) back-
conditions. TheA27GG-IFABP spectrumni 8 M urea is bone conformations that obey the distributions observed in
similar to that obtained by Burns et a#ig) for full-length coll libraries, (3) a Tiffany and Krimm-like model consisting
IFABP in 8.2 M urea. of a dynamic ensemble of conformations where local

pB-Casein is an intrinsically disordered protein possessing stretches of sequence fluctuate in and out of secondary
P helix (35, 36). On the basis of the presence qffructure structures, and finally (4) a highly structured model in which
in the absence of urea, plus the high proline content of much of the secondary structure remains intact but the tertiary
p-casein (16%), it would be reasonable to expect a significant structure is abolished. As pointed out by Fitzkee and Rose
increase in the Pcontent upon addition of urea. In support (4), the last of these models is physically absurd, even though
of this assertion, there is an increase in ellipticity at it reproduces random-coil statistics. As such, this model can
wavelengths corresponding to thedfagnostic positive band  be discarded without further discussion.
with an increasing urea concentration (Figure 4b). Interest- On the basis of our data and that of others, we can dismiss
ingly, Qi et al. B85 find that a peptide corresponding to the first of these models. Clear signals indicating significant
residues 125 of g-casein gains Pstructure upon addition Py helical content have been observed, negating the idea that
of sodium dodecyl sulfate (SDS). In contrast, Kallenbach the backbone is completely disordered in the presence of
and co-workers 37) find that SDS promotesx-helical high concentrations of urea. Indeed, we find just the opposite
structure in an alanine-based peptide known to form;a P result, with the backbone becoming more ordered at higher
helix. There are clearly important sequence and cosolventconcentrations. Specifically, we find that urea induces local
effects that require further examination. Py helical structure.

The mechanism by which urea promotes Relical The coil library model can also be dismissed as a model
structure is not clear. Nozaki and Tanfo#8)( and Robinson  for denatured states. Although such libraries demonstrate
and Jencks44) proposed that urea interacts favorably with varying R, propensities for residued€), the levels are not
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overly significant. More conclusively, propensities derived Smith for assistance. We are grateful to Dr. Ira Ropson for

from coil libraries are by definition independent of both the

sequence and solution conditions. However, our data indicate

gift of purified A27GG-IFABP.

that both the sequence and increasing urea concentratiofREFERENCES

affect the ensemble of backbone conformations. 1
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