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ABSTRACT

To elucidate the structural characteristics of alcohol-dena-
tured proteins, we measured the vacuum-ultraviolet circu-
lar dichroism (VUVCD) spectra of six proteins—myoglo-
bin, human serum albumin, «-lactalbumin, thioredoxin,
p-lactoglobulin, and a-chymotrypsinogen A—down to 170
nm in trifluoroethanol solutions (TFE: 0—50%) and down
to 175 nm in methanol solutions (MeOH: 0—70%) at pH
2.0 and 25°C, using a synchrotron-radiation VUVCD spec-
trophotometer. The contents of a-helices, f-strands, turns,
poly-L-proline type II helices (PPIIs), and unordered
structures of these proteins were estimated using the SEL-
CON3 program, including the numbers of a-helix and f-
strand segments. Furthermore, the positions of a-helices
and f-strands on amino acid sequences were predicted by
combining these secondary-structure data with a neural-
network method. All alcohol-denatured proteins showed
higher a-helix contents (up to ~ 90%) compared with the
native states, and they consisted of several long helical
segments. The helix-forming ability was higher in TFE
than in MeOH, whereas small amounts of f-strands with-
out sheets were formed in the MeOH solution. The pro-
duced a-helices were transformed dominantly from the f-
strands and unordered structures, and slightly from the
turns. The content and mean length of a-helix segments
decreased as the number of disulfide bonds in the pro-
teins increased, suggesting that disulfide bonds suppress
helix formation by alcohols. These results demonstrate
that alcohol-denatured proteins constitute an ensemble of
many long a-helices, a few f-strands and PPIIs, turns,
and unordered structures, depending on the types of pro-
teins and alcohols involved.
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INTRODUCTION

The structure of protein is stabilized with marginal energy
and then easily denatured to various conformations by
modification of the solvent conditions (e.g., type of organic
solvent, temperature, pressure, and pH).l_3 The structural
characterization of denatured proteins is of fundamental im-
portance for understanding the mechanisms of protein fold-
ing, stability, and amyloid formation.4=0 Among various
types of denaturation, alcohol denaturation is unique and
has been extensively studied using many proteins and alco-
hols.”~10 Alcohols disrupt the tertiary structure of a protein
by exposing the internal hydrophobic residues to the sol-
vent, but the denatured protein is rich in a-helices, in con-
trast to other types of denaturation mainly disrupting o-hel-
ices and producing considerable amounts of B-strands,
turns, and poly-L-proline type II helices (PPIIs).1 =14 One
conclusion of the recent studies is that the alcohol-dena-
tured protein forms an open helical structure with strong
local interactions within each helix but weak interactions
between helical segments,15 unlike the compact molten
globule state stabilized by the interhelix hydrophobic inter-
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actions. 16,17 However, although there is some evidence
for the existence of B—strands,9)18’19 the general features
of the secondary structures (i.e., their contents, numbers
of segments, and sequences) of alcohol-denatured pro-
teins remain unclear because of the technical difficulties
of studying highly fluctuating structures.

The structures of alcohol-denatured proteins have been
studied using various techniques, including differential
scanning calorirnetry,20 circular dichroism (CD),ZL22 nu-
clear magnetic resonance (NMR),4’23 ultrasound, !> mass
spectrophotometry,8 small-angle X-ray scattering,24’25 and
Fourier-transform infrared spectroscopy (FTIR).10 NMR,
FTIR, and CD can all be used to directly investigate the sec-
ondary structures, but CD spectroscopy is the most widely
used because it is very sensitive to the local secondary
structures and the CD spectra are measurable for any pro-
teins at a low concentration under various solvent condi-
tions. The secondary-structure analysis of proteins by CD
spectroscopy has been markedly improved by (1) the devel-
opment of programs (e.g., DSSP and Xtlsstr) for assigning
the secondary structures from atomic coordinates,26:27 (2)
advancements in the software (CONTIN, SELCON3, and
CDSSTR) for analyzing the CD spectra, 2829 and (3) the
extension of CD measurements to the vacuum-ultraviolet
region.30 The short-wavelength limit of CD spectroscopy
can be extended down to ~160 nm by using synchrotron
radiation as a high-flux source of photons, which yields
much more information that cannot be obtained with a
conventional CD spectrophotometer.31,32 Thus, synchro-
tron-radiation vacuum-ultraviolet CD (VUVCD) spectros-
copy is capable of estimating not only the contents but also
the numbers of a-helix and (-strand segments with high
accuracy.33’34 Furthermore, we have recently succeeded in
improving the sequence-based prediction of secondary
structures by combining VUVCD data with a neural-net-
work (NN) algorithm (VUVCD-NN method).35-37

In this flux study, to elucidate the structural characteristics
of alcohol-denatured proteins, we measured the VUVCD
spectra of six proteins—myoglobin (Mb), human serum al-
bumin (HSA), a-lactalbumin (LA), thioredoxin (Trx), B-
lactoglobulin (LG), and a-chymotrypsinogen (CGN)—in
trifluoroethanol (TFE) and methanol (MeOH) solutions.
The secondary-structure contents of these proteins deter-
mined by X-ray analysis are listed in Table I together with
the numbers of disulfide bonds. These proteins were exam-
ined because they encompass a wide variety of structures
from a- to B-types and their denaturation has been exten-
sively investigated using various techniques.4’8’9’23>38>39
TFE and MeOH were selected because they are among the
alcohols having the strongest and weakest helix-inducing
abilities, respectively, and hence are suitable for revealing the
general denaturing effects of alcohols. The secondary struc-
tures (contents, numbers of segments, and sequences) of
these alcohol-denatured proteins were compared with those
of other denatured states!# in order to generalize the struc-
tural characteristics of alcohol-denatured proteins.
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Table |
Structural Parameters of the Proteins Studied
Content (%)? of Number of

PDB disulfide Total
Protein code «-helices B-strands turns bonds residues
Mb TWLA 73.8 0.0 13.1 0 153
HSA 1E78 69.9 0.0 14.9 17 585
LA 1F6S 30.9 8.1 20.3 4 123
Trx 2TRX 33.2 21.8 26.0 1 108
LG 1BEB 9.3 40.8 235 2 162
CGN 2CGA 1.4 32.2 20.4 5 245

*From crystal data listed in Protein Data Bank (PDB) code.

MATERIALS AND VIETHODS
Materials

Mb (from horse heart), HSA, LA (from bovine milk),
Trx (from Escherichia coli), LG (from bovine milk), and
CGN (from bovine pancreas) were purchased from Sigma
(St. Louis, MO). These proteins were used without fur-
ther purification. TFE and MeOH of high purity
(>99.0%) were obtained from Sigma and Riedel-de Haén
(Seelze, Germany), respectively. All other chemicals were
analytical-grade products obtained from Sigma. The pro-
tein solutions dialyzed against double-distilled water at
4°C were adjusted to pH 2.0 with HCI to avoid aggrega-
tion with TFE and MeOH at various volume concentra-
tions (10-50% and 10-70%, respectively). The final con-
centration of proteins was adjusted to 0.1% by absorp-
tion measurements (V-560, Jasco) with extinction
coefficients of 17.9, 5.3, 11.4, and 9.6 dL g' cm™" at 280
nm for Mb, HSA, Trx, and LG, respectively, and 20.1 dL
¢! cm™ at 281.5 nm for LA, and 19.7 dL g ' cm™ at
282 nm for CGN.33:34 The protein solutions obtained
were centrifuged at 14,000 rpm for 15 min and then fil-
tered by a membrane with a pore size of 20 pum
(DISMIC 25AS020AS, ADVANTEC) to remove the aggre-
gates before CD measurements.

CD measurements

The VUVCD spectra of proteins were measured from
260 to 170 nm for TFE solutions and down to 175 nm
for MeOH solutions under a high vacuum (107 Pa)
using the VUVCD spectrophotometer constructed at Hir-
oshima Synchrotron Radiation Center and an assembled-
type optical cell at 25°C.40:41 The path length of the cell
was adjusted with a Teflon spacer to 10 um. The details
of the optical devices of the spectrophotometer and the
optical cell are available elsewhere.4! All of the VUVCD
spectra were recorded with a 0.25-mm slit, a 16-s time
constant, a 4-nm min~ ' scan speed, and 4-9 accumula-
tions. The ellipticity was reproducible within an error of
5%, which was mainly attributable to noise and to inac-
curacy in the optical path length.
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Secondary-structure analyses

The secondary structures of alcohol-denatured proteins
were analyzed using the improved SELCON3 program28
and the VUVCD spectra of the following 31 reference
proteins with known X-ray structures33>34 (their PDB
codes are in parentheses): Mb (1WLA), hemoglobin
(1G08), HSA (1E78), cytochrome ¢ (1IHRC), peroxidase
(1AT]), LA (1F6S), lysozyme (1HEL), ribonuclease A
(1FS3), insulin (4INS), lactate dehydrogenase (9LDT),
glucose isomerase (10AD), lipase (3LIP), conalbumin
(1IOVT), transferrin (1LFG), catalase (7CAT), subtilisin A
(1SBC), a-amylase (1BAG), papain (9PAP), ovalbumin
(10VA), LG (1BEB), pepsin (4PEP), trypsinogen
(ITGN), CGN (2CGA), soybean trypsin inhibitor
(1AVU), concanavalin A (2CTV), staphylococcal nuclease
(1EYO0), Trx (2TRX), carbonic anhydrase (1G6V), elastase
(3EST), avidin (1AVE), and xylanase (1ENX). The sec-
ondary structures of these proteins in crystal form were
assigned using the DSSP program26 based on the num-
bers and positions of hydrogen bonds between peptide
groups. The bends were treated as turns, and the single
residues assigned as turns and bends were classified as
unordered structures. Moreover, «-helices and B-strands
were divided into regular (ag and Bgr) and distorted (ap
and Bp) classes, assuming that four residues per a-helix
and two residues per B-strand were distorted.2® This
classification resulted in the protein structures being
classified into six types: regular a-helix (ag), distorted
a-helix (ap), regular B-strand (PBr), distorted B-strand
(Bp), turn, and unordered structure. The contents of
these secondary structures were estimated using the
SELCON3 program, and the numbers of a-helix and
B-strand segments were calculated from the ap and Bp
contents, respectively.29 The content of PPII, which is
grouped as an unordered structure in the DSSP program,
was also estimated using the SELCON3 and Xtlsstr pro-
grams2” for further comparison of the alcohol-denatured
structures with the cold-, heat-, and acid-denatured ones
previously elucidated by VUVCD spectroscopy.14

Sequence-based prediction of secondary
structures

The positions of secondary structures (a-helices and
B-strands) on the amino acid sequence were predicted by
the VUVCD-NN method.3> We adopted the NN algo-
rithm developed by Jones, 42 which predicts the position
of secondary structures using the evolutionary sequence
information based on the position-specific scoring matri-
ces generated by the PSI-BLAST algorithm. A training
data set of 607 proteins was prepared from the X-ray
structures in the PDB (September 2006 version)43 by
eliminating the short chains (<30 residues), unidentified
sequences, similar sequences (>25%), and chain
breaks.35 The weights and biases of 20 amino acids for
a-helices and B-strands were calculated from the second-

ary structures and amino acid sequences of these 607
proteins using a freeware simulation package (Stuttgart
Neural Network Simulator, version 4.2).44

The positions of a-helices and B-strands on the amino
acid sequence were assigned in descending order of the
a-helix and B-strand weights of the 20 amino acids until
the determined numbers of a-helix and B-strand residues
converged to those estimated from the VUVCD analysis.
Next, the numbers of a-helix and B-strand segments esti-
mated from the VUVCD analysis were introduced into
the NN calculation until the predicted numbers of seg-
ments converged to those obtained from the VUVCD
estimation. If the predicted numbers of residues and seg-
ments for a-helices and B-strands did not converge to
the VUVCD estimates, the sequence alignment that mini-
mized the difference between the two estimates was taken
as the final solution. The predictive accuracy of this
VUVCD-NN method was 75% for 30 of the 31 reference
proteins (the exception being insulin). The computa-
tional protocol for the VUVCD-NN method was detailed
previously.35

RESULTS

VUVCD spectra of alcohol-denatured
proteins

The VUVCD spectra of six proteins (Mb, HSA, LA,
Trx, LG, and CGN) were successfully measured down to
170 nm in the TFE solutions (0—50%) and down to 175
nm in the MeOH solutions (0—70%) at pH 2.0 and
25°C (Fig. 1). These spectra were constant during the
data-acquisition period (about 2 h) under all solvent
conditions, indicating that the synchrotron radiation (0.7
GeV) did not damage the protein structure. The molar
ellipticities at 222 and 192 nm are plotted against the
TFE and MeOH concentrations in the inset of each
graph.

Mb exhibited a typical acid-denatured spectrum at pH
2.0. This spectrum changed cooperatively into a-helix-
type spectra by the addition of TFE, with almost saturat-
ing behavior at 50% TFE [Fig. 1(a)], as observed by
conventional CD spectroscopy.“* Interestingly, the CD
intensities at 222, 208, and 192 nm were larger in 50%
TFE than in the native state, suggesting that the amount
of a-helices was significantly increased in 50% TFE.
Compared with TFE, MeOH at 70% showed a less coop-
erative transition and no saturation [Fig. 1(b)] although
apoMb showed the same intensity at 222 nm in both
80% TFE and 80% MeOH solutions.2! These results sug-
gest that the secondary structures of Mb differ in 50%
TFE and 70% MeOH. HSA and LA also exhibited o-he-
lix-type spectra with isoellipticity points around 202 and
175 nm in the TFE and MeOH solutions [Fig. 1(c—f)],
with the spectra in the far-UV region being similar to
those observed by conventional CD spectroscopy.42>40
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Figure 1

VUVCD spectra of alcohol-denatured proteins at pH 2.0 and 25°C. Panels from top to bottom represent Mb, HSA, LA, Trx, LG, and CGN,
respectively, in the TFE (left panels) and MeOH (right panels) solutions. Colored spectra refer to the native state (black), A-state (brown), and
alcohol concentrations of 10% (red), 20% (green), 30% (dark blue), 40% (light blue), 50% (pink), 60% (orange), and 70% (violet). Insets show

plots of the molar ellipticities at 222 nm (open circles) and 192 nm (solid circles) (left and right vertical axes, respectively) against the TFE and
MeOH concentrations.
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Table I

Secondary-Structure Contents and Numbers of Segments of Mb, HSA, La, Trx, LG, and CGN in the Native, Acid-, TFE-Denatured,

and MeOH-Denatured States as Determined by VUVCD Spectroscopy

a-Helices 3-Strands
Unordered
State® Content (%) Number® Content (%) Number® Turns (%) structures (%) PPII (%)°
Mb
Native (X-ray) 73.8 8 (14) 0.0 0 13.1 13.1 1.3
Native (pH 5.4, 25°C) 715 +£ 09 8 (14) —1.2 + 06 0 15.4 + 0.1 94 + 05 1.2 + 0.1
Acid-denatured 48 £ 1.0 2 (4) 212 £ 20 9 (5) 214 £1.0 496 + 1.8 16.4 &+ 0.6
TFE-denatured 933 +£ 1.3 7 (20) —27 + 05 0 114+ 04 2.0 + 06 0.3 + 0.1
MeOH-denatured 73.1 £ 05 6 (19) 33+ 17 1(5) 206 £ 09 53+ 1.7 —1.0 £ 0.1
HSA
Native (X-ray) 69.6 29 (14) 0.0 0 14.9 15.5 3.8
Native (pH 5.0, 25°C) 586 + 0.8 31 (11) —22 4+ 22 0 195 + 1.0 2711 £ 15 25+ 07
Acid-denatured 474 + 46 26 (11) 44 +22 9(3) 16.4 + 0.6 343 + 0.4 6.5 + 0.6
TFE-denatured 836 + 1.4 32 (15) —124+038 0 15.1 4+ 2.0 9.7 +£ 0.1 18 +£20
MeOH-denatured 76.8 + 3.9 31 (14) —-09 + 08 0 139 + 03 125 + 3.0 35+03
LA
Native (X-ray) 30.9 4 (10) 8.1 3(3) 20.3 40.7 15
Native (pH 7.3, 25°C) 318+ 18 4 (10) 16.1 + 2.4 4 (5) 201 £ 0.8 311+ 16 70 £ 0.8
Acid-denatured 202 + 09 5(5) 183 £ 15 5(5) 219+ 09 30.7 £ 3.0 84 +10
TFE-denatured 69.8 + 3.6 7(12) —03 + 4.2 0 16.0 + 0.9 16.8 + 1.0 32+ 0.1
MeOH-denatured 68.7 = 0.2 7(12) 514 0.3 1(6) 15.7 £ 0.1 16.7 + 0.6 31 £01
Trx
Native (X-ray) 33.2 4 (9) 218 5 (6) 26.0 13.0 42
Native (pH 5.8, 25°C) 328 £ 1.2 5(7) 235 + 05 4 (6) 241 + 14 20.0 £ 1.6 43 + 1.1
Acid-denatured 204 + 3.2 3(7) 23.7 + 38 5 (5) 211 £1.8 320 £1.3 8.0 + 0.8
TFE-denatured 87.1 £ 08 6 (16) —32+07 0 154 + 15 57 + 20 04 + 0.1
MeOH-denatured 455 + 0.7 4 (12) 128 + 1.4 2.(7) 187 £ 15 251 £ 1.1 52 4+ 0.4
LG
Native (X-ray) 9.3 2(8) 40.8 10 (7) 235 26.5 45
Native (pH 6.6, 25°C) M5+ 17 2 (9) 372 £ 46 9(7) 252 £1.2 28.7 £ 1.7 6.7 £ 0.6
Acid-denatured 14.0 + 2.0 2 (11) 36.5 + 4.2 9(7) 175 + 0.9 318 £ 05 6.8 + 0.1
TFE-denatured 88.2 + 0.6 9 (16) —37+22 0 98 £ 05 53+ 24 1.7 +£09
MeOH-denatured 839 + 0.3 9 (15) 0.6 + 0.6 0 135+ 04 37+03 23+ 06
CGN
Native (X-ray) 74 2 (9) 322 14 (6) 20.4 40.0 1.5
Native (pH 5.6, 25°C) 81 +08 3(7) 29.7 £+ 3.1 15 (5) 216 +£ 1.2 399 +19 125 + 1.0
Acid-denatured 121 £ 0.7 3 (10) 239+ 16 13 (5) 207 £ 0.8 40.8 + 0.7 89 £ 0.1
TFE-denatured 63.7 + 0.7 12 (13) 51+ 21 3 (4) 15.0 + 0.1 202 £ 1.3 43 + 0.1
MeOH-denatured 40.2 +£ 0.7 10 (10) 143 + 1.3 7 (5) 16.4 + 1.7 216 £ 25 6.1 + 0.7

*Acid-, TFF-, and MeOH-denatured states measured at pH 2.0 and 25°C.
®Values in parentheses are the mean numbers of residues per a-helix or B-strand.
“Assigned by Xtlsstr method.

The transition curves for both proteins were almost satu-
rated in 50% TFE and 70% MeOH, but LA appeared to
be not completely denatured in 70% MeOH. On the other
hand, Trx, which contains comparable amounts of a-heli-
ces and B-strands (Table I), exhibited significantly differ-
ent spectra in the TFE and MeOH solutions [Fig. 1(gh)].
TFE induced the typical a-helix-type spectrum, with
almost complete saturation in 50% TFE, whereas MeOH
induced the B-strand-type spectrum in a highly coopera-
tive manner, with saturation induced by 70% MeOH, sug-
gesting the complicated alcohol denaturation of Trx.

LG showed the B-strand-type spectrum at both pH 2.0
and neutral pH (native state), with a positive peak around
192 nm and two negative peaks around 215 and 175 nm
[Fig. 1(i,j)]. This spectrum was cooperatively transformed
into the a-helix-type spectrum with isoellipticity points
around 202 and 175 nm in the TFE and MeOH solutions,

as observed for Mb, HSA, and LA. CGN also showed the
B-strand-type spectrum at pH 2.0 as well as at neutral pH
(native state), with a positive peak around 185 nm, a neg-
ative peak around 205 nm, and a shoulder around 220-
230 nm [Fig. 1(kl)]. However, different from LG,
this spectrum was transformed into the a-helix type via a
B-strand spectrum in 30% TFE, as demonstrated by a
negative peak around 215 nm. The MeOH-induced spec-
tra were also different from the a-helix-type, suggesting
the presence of a considerable amount of B-strands in
both the MeOH-denatured CGN and Trx.

Secondary structures of alcohol-denatured
proteins

As shown in Figure 1, extending the short-wavelength
limit of CD spectra yields much more information on
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Histograms of the secondary-structure contents of native, acid-, TFE-, and MeOH-denatured Mb (a), HSA (b), LA (c), Trx (d), LG (e), and CGN
(f). The structures shown are a-helices (white rectangles), 3-strands (gray rectangles), turns (black rectangles), and unordered structures (hatched
rectangles). The values in parentheses attached to each rectangle indicate the numbers of a-helix and B-strand segments (see Table II).

the secondary structures compared with conventional CD
spectroscopy and increases the accuracy of estimates of
the contents and numbers of a-helix and B-strand seg-
ments of the alcohol-denatured proteins. The root-mean-
square deviation (8) and the Pearson correlation coeffi-
cient (r) between the X-ray and VUVCD estimates of the
secondary-structure contents for 31 reference proteins
were 0.058 and 0.92, respectively, demonstrating the high
accuracy of the VUVCD estimation.>

The estimated secondary-structure contents of six pro-
teins in 50% TFE and 70% MeOH are listed in Table II,
together with those in the native state and in the acid-
denatured (pH 2.0) state (A-state). For ease of compari-
son, the results in Table II are depicted as histograms in
Figure 2, with the secondary-structure contents normal-
ized to a total content of 100%, and the histogram for
the native state depicted with the results obtained from
the DSSP program.

The numbers of a-helix and B-strand segments have
been estimated from the CD spectra using two methods:
(1) Pancoska et al.47 used a matrix descriptor of second-
ary-structure segments for the NN-based analysis of pro-
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teins and (2) Sreerama et al.2? estimated the numbers of
segments from the distorted residues of «-helices and
B-strands, assuming that on average there were four and
two distorted residues per a-helix and -strand, respec-
tively. The results of these two analyses are comparable,
and hence we used the method of Sreerama et al.2? The
estimated numbers of a-helix and B-strand segments are
listed in Table II and Figure 2.

We also estimated the content of the PPII structure,
which is a left-handed three-fold helix,13 because there
were considerable amounts of the short PPII stretches in
the cold- and heat-denatured states, A-state, and urea-
and guanidine-hydrochloride-unfolded states.!4 The
0 and r between the X-ray and VUVCD estimates of the
PPII contents for 31 reference proteins were 0.053 and
0.71, respectively. Although both values are smaller than
those for a-helix and B—strand,3‘4’35 the PPII contents
of six proteins were estimated within a few percent
except for LA as indicated in Table II. Evidently, the
proteins in 50% TFE and 70% MeOH had a smaller
PPII content (less than 6%, average 2.3%) compared
with proteins denatured by other means (average
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13.8%),14 indicating that PPII is hardly formed in alco-
hol-denatured proteins.

Predicted sequences of secondary
structures

CD spectroscopy itself in principle yields no informa-
tion on the sequences of the secondary structures, and
hence an algorithm exploiting the correlations between
the X-ray structures and amino acid sequences of many
proteins is necessary for the sequence-based prediction of
secondary structures such as o-helices and B-strands. In
this study, we used the NN algorithm of ]0nes42 due to
the technical convenience of combining it with VUVCD
data. In this analysis, the weights of 20 amino acids were
calculated without considering the solvent dependence,
because the intrinsic solvent dependence is generally dif-
ficult to evaluate. However, the effects of the solvent on
the weights would introduce only small errors into
sequence prediction by the VUVCD-NN method because
VUVCD spectroscopy can predict the contents and num-
bers of secondary-structure segments much more accu-
rately than can NN analysis.3> Therefore, the VUVCD-
NN method will be valuable for predicting the sequences
of secondary structures in alcohol-denatured proteins. In
the predictions performed in this study, the turns and
unordered structures estimated using the SELCON3 pro-
gram were classified into “others.”

The positions of a-helices, B-strands, and others pre-
dicted for Mb, Trx, and CGN in the native, A- (pH 2.0),
TFE- (50% TFE), and MeOH-denatured (70% MeOH)
states are depicted on the amino acid sequence in Figure
3, which also includes those determined from X-ray data
for comparison. The secondary-structure sequences pre-
dicted for HSA, LA, and LG are given in Figure S1 (Sup-
porting Information). The prediction accuracies of these
sequences were 83.7%, 79.6%, 71.8%, 76.6%, 55.3%, and
72.2% for Mb, Trx, CGN, HSA, LA, and LG, respectively,
in terms of the success rate (quantified as the Q; value)
between the X-ray and VUVCD-NN estimates for the
native structure. Most of the alcohol-denatured proteins
consisted of several long a-helices and very few (or no)
B-strands, whereas the MeOH-denatured Trx and CGN
contained several 3-strands in addition to a-helices. The
numbers of segments predicted at the sequence level did
not necessarily agree with those predicted from VUVCD
data because sequence-alignment minimization was per-
formed in the VUVCD-NN method (see Materials and
Methods).

DISCUSSION

The present VUVCD study produced much more
detailed information about the secondary structures of
alcohol-denatured proteins than does conventional CD
spectroscopy, and has for the first time predicted the

numbers and sequences of a-helix and B-strand segments.
The newly obtained information is very useful for charac-
terizing the secondary structures of alcohol-denatured pro-
teins in comparison with the native state and other types
of denatured states. The analytical results for individual
proteins should be discussed first for deriving the general
features of protein structures in alcohol solutions.

Structures of alcohol-denatured proteins

Mpyoglobin—Alcohol denaturation of Mb has been
widely investigated using various techniques such as
NMR, FTIR, mass spectrometry, and CD spectros-
copy.&zL24 Mb is a simple monomeric protein without
disulfide bonds or B-strands, but its alcohol-denatured
state remains undefined, as is also the case for many
other proteins. Before addressing the alcohol-denatured
state, it is pertinent to briefly discuss the structure of the
A-state, which is a reference state for alcohol denatura-
tion.

As indicated in Table II and Figure 2(a), the A-state of
Mb comprises 4.8% o-helices (two segments), which is
much less than the 73.8% (eight segments) present in the
native state. These contents, numbers of segments, and
the predicted sequences of a-helices (Fig. 3) are consist-
ent with the results of two-dimensional NMR48 indicat-
ing that parts of the A-helix (residues 4-18) and H-helix
(residues 125-149) are preserved in the A-state of apoMb
(pH 2.3). However, our VUVCD analysis predicted
27.2% [-strands consisting of nine segments, although
no evidence for their presence was obtained in the NMR
experiments, probably because the fluctuations of the
denatured protein are much faster than the detection
time of signals associated with the Nuclear Overhauser
Effect of NMR. These results suggest that (-strands in
the A-state do not exist as B-sheets but rather as an en-
semble of numerous short peptide segments with the di-
hedral angles of a B-strand.10

The VUVCD spectra clearly reveal that adding TFE
and MeOH induces helix-rich structures [Fig. 1(a,b)].
The conformational changes seem to be essentially a two-
state transition, as judged from the ellipticity plots at 222
and 192 nm, and the isoellipticity points at 202 and 175
nm. However, some shoulders in the transition curve for
30-40% MeOH [inset of Fig. 1(b)] suggest the existence
of intermediate structures during MeOH denaturation,
which were detected by NMR?4 and H/D exchange
monitored by mass spectrometry.8 Although the transi-
tion curves do not appear to saturate, the structures of
Mb in 50% TFE and 70% MeOH would be close to those
that are completely denatured by the respective alcohols.
As indicated in Table II and Figure 2(a), TFE and MeOH
induce significant amounts of o-helices (93.3% and
73.1%, respectively) and negligible amounts of 3-strands,
which are similar to the results of a conventional CD
investigation of apoMb in 80% TFE and 80% MeOH at
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Figure 3

Sequence-based secondary structures of alcohol-denatured Mb (a), Trx (b), and CGN (c) predicted by the VUVCD-NN method. The a-helices, 3-
strands, and coil structures are shown in black, gray, and white, respectively. The secondary-structure regions of the wild type were assigned using
the DSSP program from the X-ray structure. The cysteine residues taking part in disulfide bonds are marked with asterisks (*). The predicted
sequences for HSA, LA, and LG are shown in Figure S1 (Supporting Information).

pH 2.0.2! Evidently, the increased helices are transformed
from the coil, turn, and B-strand regions of the acid-
denatured structure [Fig. 2(a)]. The a-helices induced by
TFE and MeOH comprised seven segments (with 20 resi-
dues) and six segments (with 19 residues) on average,

288 FrOTEINS

respectively, compared with eight segments (with mean
14 residues) in the «-helices in the native structure.
These findings suggest that the «-helices in alcohol-
induced proteins are considerably longer than those in
the native structures.
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It is of interest to estimate the positions of a-helix and
B-strand segments on the amino acid sequences of dena-
tured proteins. Figure 3(a) shows the sequences of sec-
ondary structures of Mb predicted by the VUVCD-NN
method in the native, A-, TFE-, and MeOH-denatured
states. Although the VUVCD-NN method—which is
based on the standards of the native structure—may have
limited applicability to the denatured proteins, we can
deduce certain characteristic features of alcohol-dena-
tured states from the sequence-based prediction because
this method has a high prediction accuracy for this pro-
tein (Q; = 83.7%). Most of the coil (turn plus unor-
dered) and B-strand regions in the A-state are trans-
formed into o-helices in the TFE and MeOH solutions,
lengthening the two helices present in the A-state. There
are only minor differences in the sequences of the struc-
tures induced by TFE and MeOH, with some coil and -
strand residues in the MeOH solution being replaced by
helices in the TFE solution. It is noteworthy that most
coil regions between adjacent a-helices present in the
native state are preserved in the A- and alcohol-dena-
tured states, whereas two coil residues between A-helix
(residues 4-18) and B-helix (residues 21-35) and six coil
residues between E-helix (residues 59-76) and F-helix
(residues 83-95) are transformed into a-helices, joining
the two adjacent helices to a single long helix. These
results suggest that there is no marked difference in the
arrangement of a-helices between the native and alcohol-
denatured states, although the tertiary structure is dis-
rupted in the alcohol solutions.

Human serum albumin—HSA is a helix-rich protein
(69.6%) consisting of 29 helix segments and three
domains with 17 disulfide bonds.4? As indicated in Table
IT and Figure 2(b), the content and number of a-helix
segments decrease to 47.4% and 26, respectively, in the
A-state (pH 2.0), but increase to 83.6% and 32 (with
mean 15 residues) in 50% TFE, and to 76.8% and 31
(with mean 16 residues) in 70% MeOH. These results
indicate that the two alcohols induce very similar second-
ary structures of this protein, as suggested in a previous
study.38 This similarity in the secondary structures can
also be found in the amino acid sequences predicted by
the VUVCD-NN method (Supporting Information Fig.
S1). As in the case of Mb, most coil regions connecting
the adjacent helices in the native state are preserved in
the alcohol-denatured states, but TFE might exert a
higher helix-forming ability than MeOH for some coil
regions such as residues 223—227, 362—365, and
371—373. Evidently, many helices induced by both alco-
hols maintain a longer average length than those in the
native structure.

a-Lactalbumin—LA is an o/B-type protein with four
disulfide bonds consisting of four a-helices (30.9%) and
three B-strands (8.1%). In the A-state of LA, which is
known as the partially folded molten globule state,”0 the
helix content decreases to 20.2% but its number of

segments increases to five, whereas the content and num-
ber of B-strand segments increase to 18.3% and five,
respectively [Table II and Fig. 2(c)]. Evidently, TFE and
MeOH induce helix-rich structures (about 70% and
seven segments), although a small amount of B-strands
may be produced in the MeOH solution (Table II).

The secondary-structure sequences of LA predicted by
the VUVCD-NN method are given in Figure S1 (Sup-
porting Information). Although the prediction accuracy
is low for this protein (Q; = 55.3%), it is assumed that
four a-helices present in the native state are preserved or
extended, several coil and B-strand regions change into
a-helices, and a long a-helix is formed in the C-terminal
region. NMR provides corroborative evidence for these
conformational changes: the content and number of helix
segments in guinea pig LA—whose tertiary structure is
very similar to that of bovine LA—increase in the TFE
solution, and the newly formed a-helices are mainly
localized in the coil regions of the native structure.4

Thioredoxin—Trx is an «/B-type protein (comprising
33.2% «-helices, 27.8% [-strands, 26.0% turns, and
13.0% unordered structures) with one disulfide bond
comprising a five-stranded twisted [-sheet surrounded
by four a-helices. As indicated in Table II and Figure
2(d), the «-helix content decreases to 20.4% and the
unordered-structure content increases to 32.2% in the A-
state, suggesting that the dominant conformational
change in the acid denaturation is a transition from heli-
ces to unordered structures. There are large differences in
the secondary structures induced by TFE and MeOH:
TFE induces 87.1% a-helices with mean 16 residues and
no B-strands, whereas MeOH exhibits no such strong he-
lix-forming ability (45.5% helices with mean 12 residues)
and induces 12.8% B-strands. Furthermore, an isoelliptic
point near 205 nm in the VUVCD spectra [Fig. 1(h)] at
higher MeOH concentrations suggests the formation of
intermediates during MeOH denaturation. These struc-
tural differences are also identified in the secondary-
structure sequences predicted by the VUVCD-NN
method (Q; = 79.6%; Fig. 3). Four a-helices present in
the native state, one of which (residues 66—69) is broken
in the A-state, are extended in the TFE and MeOH solu-
tions, with a longer average length for TFE. Three of five
B-strands in the native state are changed into a-helices
or coils, but two B-strands (residues 22—28 and 53—59)
forming an antiparallel sheet in the native state appear to
be preserved in the MeOH solution.

B-Lactoglobulin—LG is a B-strand-rich protein (com-
prising 40.8% [-strands and 9.3% a-helices) with two
disulfide bonds, and it forms a dimer in aqueous solu-
tion. As expected from the similar CD spectra [Fig. 1(i)],
there is no clear difference in the contents and numbers
of B-strand and a-helix segments between the native and
A-states (Table II and Fig. 3), which is consistent with
the NMR data indicating that LG maintains a native-like
structure and dissociates into monomer at pH 2.0.23,51
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In both TFE and MeOH solutions, all B-strands disap-
pear and about 85% o-helices (nine segments of mean
15 residues) are produced. The numbers of a-helix seg-
ments predicted by the VUVCD-NN method (Supporting
Information Fig. S1) differ considerably from those cal-
culated using the SELCON3 program (Table II and Fig.
3), but the predicted sequences of the denatured struc-
tures suggest that most of the B-strands in the native
state are changed into a-helices in the TFE and MeOH
solutions, and that the two alcohols induce similar struc-
tures.

a-Chymotrypsinogen—CGN is a B-protein comprising
7.4% a-helices (two segments) and 32.2% B-strands (14
segments) with five disulfide bonds. These compositions
are almost identical in the A-state [Table II and Fig.
2(f)], which is consistent with CGN being stable over the
pH range from 1 to 10.9 The a-helix content increases to
63.7% (12 segments) and 40.2% (10 segments) in the
TFE and MeOH solutions, respectively, whereas (3-strands
decrease to 5.1% (three segments) and 14.3% (seven seg-
ments). These results suggest that the denatured CGN
consists of several long a-helices and short B-strands
connected by coil regions. The secondary-structure
sequences [Fig. 3(c)] predict that about half of B-strands
in the native state change into a-helices, and two a-heli-
ces (residues 165—172 and 235—244) are preserved or
extended in the TFE and MeOH solutions.

Effects of disulfide bonds on alcohol-
denatured structures

As indicated in Table II and Figure 2, the helix-form-
ing abilities in TFE and MeOH vary with the type of
proteins, which are generally classified into a-, B-, (o +
B)-, a/P-, and disordered groups. However, the small
number of proteins investigated in this study makes it
difficult to deduce what type of protein is susceptible to
alcohol denaturation because the structure of a protein is
stabilized by many factors, including electrostatic, hydro-
philic, and hydrophobic interactions, and disulfide
bonds. Among these factors, the disulfide bonds would
play an important role in helix formation by alcohols
because the chain flexibility should affect the stability
and average length of helix structures. In fact, the sec-
ondary structures of disulfide variants of lysozyme are
more effectively stabilized through conformational en-
tropy forces as the number of disulfide bonds increases
and as they are formed over larger distances in the pri-
mary structure. 30 Therefore, to confirm whether the di-
sulfide bonds inhibit or enhance helix formation during
alcohol denaturation, we examined the correlation of the
helix-forming abilities in TFE and MeOH with the disul-
fide-bond density of six proteins, defined as the number
of disulfide bonds per 100 residues for each protein.

Figure 4(a) plots the increment in the helix content
induced by TFE and MeOH relative to the control state

290 FroOTEINS

Increment of a-helix contents / %

7

=

=

¢,

s 2

w =

i

£ 2

=

3

=

10 A -
0 1 2 3
Number of disulfide bonds
per 100 residues

Figure 4

Plots of the helix increment (a) and the mean number of residues of a-
helices (b) against the disulfide-bond density of six denatured proteins
in 50% TFE (circles) and 70% MeOH (triangles). Solid lines indicate
least-squares linear regressions with the correlation coefficient (r).

(pH 2) as a function of disulfide-bond density. Evidently,
the helix-content increment decreases with increasing di-
sulfide-bond density, with the extent being stronger for
TFE (correlation coefficient, r = —0.94) than for MeOH
(r = —0.52). This indicates that the disulfide bonds sup-
press helix formation by alcohol. To further examine the
effects of disulfide bonds on the average length of a helix,
the mean number of residues per a-helix involved in the
six alcohol-denatured proteins are plotted against the di-
sulfide-bond density in Figure 4(b), for which the mean
numbers of residues per a-helix of Mb, HSA, LA, Trx,
LG, and CGN were calculated from the contents and
numbers of helix segments in Table II to be 20, 15, 12,
16, 16, and 13, respectively, in 50% TFE and to be 19,
14, 12, 12, 15, and 10 in 70% MeOH. The negative
slopes suggest that the disulfide bonds disturb the persis-
tent helix formation, with the extent being stronger for
TFE (r = —0.84) than for MeOH (r = —0.61). Thus, di-
sulfide bonds inhibit alcohol-induced helix formation.
Although it was beyond the scope of this study to con-
sider the effect of each disulfide bond on the formation
of helix and strand structures, 46 of the 56 total cysteine
residues participating in the disulfide bonds are located
on the helix segments in the predicted sequences of six
TFE-denatured proteins (Fig. 3 and Supporting Informa-
tion Fig. S1), with some being located at the C- or N-ter-
minal of helix segments. This constitutes evidence that
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disulfide bonds do not introduce a kink into formed hel-
ices, although they inhibit helix formation due to the
reduced chain flexibility.

A notable finding is that small amounts of B-strands
(0.6—14.3%) are produced in the TFE-denatured CGN
and in the MeOH-denatured Mb, LA, Trx, LG, and CGN
(Table II and Fig. 2). However, there was no significant
correlation (r = —0.06) between the mean segment
length of B-strands and the disulfide-bond density (data
not shown), which implies that the chain flexibility does
not significantly affect the formation of B-strands by
alcohols and hence that most of the produced B-strands
would not form rigid B-sheets.

Generalized features of alcohol-denatured
structures

This VUVCD study has revealed some new characteris-
tics of the secondary structures of six proteins denatured
by TFE and MeOH. In these analyses, o-helices, -
strands, and turns were assigned with hydrogen bonds
between peptide groups (DSSP program); the contents
and numbers of secondary-structure segments were esti-
mated using the SELCON3 program combined with the
VUVCD spectra, and their sequences were predicted by
the VUVCD-NN method based on the parameters for
the native proteins. Because the proteins and alcohols
used encompass a wide range of structural characteristics
and helix-inducing abilities, respectively, within these an-
alytical limitations we can conclude the following general
features for the structures of alcohol-denatured proteins:
(1) long a-helices are dominant, (2) there are very few
B-strands, (3) turns are almost unchanged, (4) there are
very few PPII structures, and (5) disulfide bonds inhibit
helix formation. It should be emphasized that the alco-
hol-denatured proteins contain many more and longer
a-helices than the native proteins, although a-helices are
greatly disrupted in other types of denaturation14 except
for denaturation by sodium dodecyl sulfate.>2

The presence of significant correlations between the
constituent elements may be useful for understanding the
alcohol-denaturation mechanism. Figure 5 plots the con-
tents of P-strands, turns, and unordered structures
against the a-helix contents for all the six proteins dena-
tured by TFE and MeOH. The figure provides evidence
of a strong correlation between these secondary-structure
contents, suggesting that the newly formed a-helices are
transformed dominantly from (-strands and unordered
structures (r = —0.93 and —0.94, respectively). The
weaker correlation for turns (r = —0.60) might be due
to a reduced transformation of turns into «-helices
because the hydrogen bonds between amide groups are
generally promoted by adding alcohols, which stabilizes
the B-turn and B-hairpin structures as well as the helical
structures.46:53 Tt is of interest that both B-strands and
unordered structures are transformed into a-helices in

B-Strand / %

Turn/ %

Unordered / %

a-Helix / %

Figure 5

Plots of the B-strand (a), turn (b), and unordered-structure (c)
contents against a-helix content for TFE- and MeOH-denatured Mb,
HSA, LA, Trx, LG, and CGN.

the alcohol solutions (with a strong correlation), despite
it being expected that the correlation should be as weak
as for turns if the B-strands form hydrogen bonds with
each other. This strong correlation might be due to most
of the B-strands induced by alcohols not existing as B-
sheets, but rather as several extended peptide segments
with the dihedral angles of B-strands, which are abun-
dant in the cold- and heat-denatured states, and the A-
state.14 Such extended B-strands as well as unordered
structures could easily be transformed into a«-helices in
the alcohol solutions. As evident in Table II, the PPII
content is negligible in 50% TFE and 70% MeOH,
although a large amount of PPII is formed during other
types of denaturation, 14 suggesting that most of the PPII
regions are easily transformed into a-helices in the alco-
hol solutions because PPII is a non-hydrogen-bonded he-
lix. On the basis of these results, we propose that alco-
hol-denatured proteins constitute an ensemble of long a-
helices, distorted or extended {3-strands, turns, and unor-
dered structures, whose populations and positions
depend on the types of alcohols (i.e., the denaturing con-
ditions) and proteins. Alcohol denaturation differs signif-
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icantly from other types of denaturation!4 in terms of
the contents of a-helices, B-strands, and PPII structures.

This study has demonstrated that VUVCD spectros-
copy can reveal new and important characteristics of the
structures of alcohol-denatured proteins. VUVCD spec-
troscopy combined with theoretical methods (NN algo-
rithms, modeling, and molecular dynamics) would be
useful for predicting the content, number of segment,
sequence, and spatial orientation of the secondary struc-
tures of nonnative (misfolded, membrane-induced, and
natively unfolded) proteins, which are closely related to
conformation diseases such as amyloid fibril formation
and the efficacies of drug delivery systems.
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