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ABSTRACT To elucidate the structure of denatured proteins, we measured the vacuum-ultraviolet circular dichroism (VUVCD)
spectra from 260 to 172 nm of three proteins (metmyoglobin, staphylococcal nuclease, and thioredoxin) in the native and the
acid-, cold-, and heat-denatured states, using a synchrotron-radiation VUVCD spectrophotometer. The circular dichroism
spectra of proteins fully unfolded by guanidine hydrochloride (GdnHCI) were also measured down to 197 nm for comparison.
These denatured proteins exhibited characteristic VUVCD spectra that reflected a considerable amount of residual secondary
structures. The contents of a-helices, B-strands, turns, poly-L-proline type Il (PPIl), and unordered structures were estimated
for each denatured state of the three proteins using the SELCONS program with Protein Data Bank data and the VUVCD
spectra of 31 reference proteins reported in our previous study. Based on these contents, the characteristics of the four types of
denaturation were discussed for each protein. In all types of denaturation, a decrease in a-helices was accompanied by
increases in B-strands, PPII, and unordered structures. About 20% B-strands were present even in the proteins fully unfolded by
GdnHCI in which B-sheets should be broken. From these results, we propose that denatured proteins constitute an ensemble of

residual a-helices and B-sheets, partly unfolded (or distorted) a-helices and B-strands, PPII, and unordered structures.

INTRODUCTION

The structural characterization of denatured proteins is of
fundamental importance to understanding the mechanisms of
protein folding and stability (1). The free-energy difference
between the native state (N-state) and denatured states is
both small and sensitively dependent on the denaturing con-
ditions, which lead to various denatured structures. High con-
centration of urea and guanidine hydrochloride (GdnHCI)
generally yields the most complete unfolding. In contrast, an
acid-denatured state (A-state) is less thoroughly unfolded
and often resembles the molten globule or the initial and
early folding intermediate structures (2—4). Cold and heat de-
naturation induce smaller conformational changes, but there
is no definitive view about the resulting structures despite
evident thermodynamic differences between these denatured
states (5). One conclusion of recent studies is that denatured
proteins contain residual secondary structures and that a
polypeptide chain is not a true random coil even when urea
and GdnHCI are used for the denaturation (6,7). This is also
supported by the theoretical studies using alanine-based
peptides (8,9). Such residual structures must play an impor-
tant role in the energetics and kinetics of protein folding, and
hence it is crucial to understand how the residual secondary
structures differ between the denatured states.

The structures of denatured proteins have been extensively
studied using various techniques, including differential scan-
ning calorimetry (DSC) (10), circular dichroism (CD) (11),
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NMR (12,13), small-angle x-ray scattering (14,15), and
Fourier transform infrared spectroscopy (FTIR) (16). NMR,
FTIR, and CD can all be used to directly investigate the sec-
ondary structures, but CD spectroscopy is the most widely
used because of its great advantage that the CD spectra are
measurable for any protein at a low concentration under
various solvent conditions, and because it is sensitive to the
local secondary structures, even though unlike NMR, it does
not provide atomic resolution. The secondary-structure anal-
ysis of native proteins by CD spectroscopy has been con-
siderably improved by 1) the development of software
programs (DSSP and Xtlsstr) that are capable of extracting
the secondary structures from atomic coordinates (17,18), 2)
advancements in the software (CONTIN, SELCON3, and
CDSSTR) for analyzing the CD spectra (19-21), and 3) the
extension of CD measurements to the vacuum ultraviolet
(VUV) region (22). However, few studies have used CD
spectroscopy to investigate the detailed secondary structures
of denatured proteins. Venyaminov et al. estimated the
secondary-structure contents of denatured proteins using a
database of 20 reference proteins that included 4 denatured
proteins (23). An expanded database with 37 reference
proteins including 5 denatured proteins has been constructed
by Sreerama et al. (24). These databases are useful for pre-
dicting the secondary structures of denatured proteins, but
the technical difficulties limit the shortest wavelength of
most CD spectra of denatured proteins to ~185 nm.

The short-wavelength limit of CD spectroscopy can be ex-
tended by using a synchrotron as an excellent high-flux source
of photons, yielding signal/noise ratios in the VUV region that
cannot be attained by a conventional CD spectrophotometer
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(25-28). We recently constructed a vacuum-ultraviolet
circular dichroism (VUVCD) spectrophotometer at the
Hiroshima Synchrotron Radiation Center (HSRC) that is
able to measure CD spectra down to 140 nm and —30°C by
keeping all of the optical devices under a high vacuum
(29,30). We successfully measured the VUVCD spectra of 31
globular proteins in the wavelength region from 260 to 160
nm using this spectrophotometer and showed the consider-
able improvement attainable in predictions of the contents and
segment numbers of the secondary structures by extending
CD spectra to the VUV region (31,32). In this study, this
spectrophotometer was applied to measure the VUVCD
spectra of three proteins—metmyoglobin (metMb), staphy-
lococcal nuclease (SNase), and thioredoxin (Trx)—in the
N- and A-states and the cold- and heat-denatured states (C- and
H-states, respectively) down to 172 nm. The CD spectra of
proteins fully unfolded by GdnHCl were also measured down
to 197 nm for comparison. These proteins were adopted
because their denaturation has been widely investigated using
various techniques and under diverse conditions due to
favorable structural aspects such as monomeric proteins and
the absence of disulfide bonds (16,33,34). The characteristic
differences between four types of denatured structures were
revealed based on the estimated contents of «-helices,
B-strands, turns, poly-L-proline type II (PPII), and unordered
structures, which allow us to propose a generalized denatured
structure.

MATERIALS AND METHODS
Materials

MetMb from horse heart and Trx (reduced form) from Escherichia coli were
purchased from Sigma (St. Louis, MO). These proteins were used without
further purification. SNase was overexpressed with E. coli and purified ac-
cording to a previously reported method (35). Analytical-grade GdnHCl was
obtained from Junsei Chemical (Tokyo, Japan), and all other chemicals were
analytical-grade products obtained from Sigma. MetMb and SNase were
dialyzed against double-distilled water at 4°C and adjusted to pH 3.9 and pH
3.8 with acetate acid, respectively, and to pH 2.0 with hydrochloric acid. Trx
was dissolved in double-distilled water and adjusted to pH 1.8 with
hydrochloric acid. The protein solutions thus obtained were centrifuged at
14,000 X g rpm for 15 min and filtered by a membrane filter (DISMIC
25AS020AS, ADVANTEC, Tokyo, Japan) to remove the aggregates before
performing CD measurements. Protein concentrations were determined by
absorption measurements (V-560, Jasco, Tokyo, Japan) using extinction
coefficients of 17.9,9.3, and 11.4 dL (g cm) ™" at 280 nm for metMb, SNase,
and Trx, respectively (16,36,37).

CD measurements

The VUVCD spectra of proteins were measured from 260 to 172 nm under a
high vacuum (107 Pa) using the VUVCD spectrophotometer constructed at
the HSRC and an assembled optical cell (29,30). The temperature of the cell
was controlled in the range from —15°C to 68°C using a Peltier temperature-
control unit. The details of the optical devices of the spectrophotometer and
the optical cell are available elsewhere (30), and their performances were
assessed by monitoring the CD spectrum of ammonium (+)-camphor-
10-sulfonate solution, which exhibits positive and negative peaks at 291 and
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192 nm with a 1:2 intensity ratio, respectively. The path length of the cell
was adjusted with a Teflon spacer to 50 and 25 pwm. All of the VUVCD spec-
tra were recorded at protein concentrations of 0.1%—0.3% with a 0.25-mm
slit, a 16-s time constant, a 4-nm min~! scan speed, and 4-9 accumulations.
The spectra were calibrated by normalizing the ellipticity to those measured
using a conventional CD spectrophotometer (J-720W, Jasco) in the over-
lapping wavelength region. The ellipticity was reproducible within an error
of 5%, with this error being mainly attributable to noise and to inaccuracy in
the length of the light path.

The CD spectra of denatured proteins in GdnHCl solution were measured
from 260 to 197 nm using a conventional CD spectrophotometer at a protein
concentration of 0.5%. These spectra were recorded with a 4-s time constant,
a 50-nm min ' scan speed, and 16 accumulations. A cell with a path length
of 50 um was used for the measurements from 260 to 210 nm, and no spacer
was used for the measurements from 210 to 197 nm to reduce the light
absorption by GdnHCI. The spectra obtained without the spacer were nor-
malized to those measured using a 50-um spacer in the overlapping wave-
length region. The near-ultraviolet (UV) CD spectra of metMb were recorded
with a 1-mm path length at a protein concentration of 0.3% from 320 to
250 nm. The other conditions were the same as those for the far-UV CD
measurements.

Secondary-structure analysis of
denatured proteins

The secondary structures of denatured proteins were analyzed using the
improved SELCON3 program (31,38) and the VUVCD spectra of the fol-
lowing 31 reference proteins with known x-ray structures (32) (their Protein
Data Bank (PDB) codes are in parentheses): metMb (1WLA), hemoglobin
(1G08), human serum albumin (1E78), cytochrome ¢ (1HRC), peroxidase
(1ATJ), a-lactalbumin (1F6S), lysozyme (1HEL), ribonuclease A (1FS3),
insulin (4INS), lactate dehydrogenase (9LDT), glucose isomerase (10AD),
lipase (3LIP), conalbumin (10VT), transferrin (1LFG), catalase (7CAT),
subtilisin A (1SBC), a-amylase (1BAG), papain (9PAP), ovalbumin
(10VA), B-lactoglobulin (1B8E), pepsin (4PEP), trypsinogen (1TGN),
a-chymotrypsinogen (2CGA), soybean trypsin inhibitor (IAVU), conca-
navalin A (2CTV), SNase (1EY0), Trx (2TRX), carbonic anhydrase
(1G6V), elastase (3EST), avidin (1AVE), and xylanase (1ENX). The
secondary structures of these proteins in crystal form were assigned using
the Xtlsstr program (18) based on two dihedral angles ({ and 7) and three
distances (two hydrogen bonds and one nonhydrogen bond) between
adjacent amide groups. The 3;o-helices were grouped as a-helices and the
nonhydrogen-bonded turns were treated as turns. PPII, which is grouped as
an unordered structure in the DSSP program (17), was also assigned sep-
arately because it has been suggested that this structure is abundant in the
denatured state (6,7). Thus the secondary structures of proteins were clas-
sified into five components: a-helices, B-strands, turns, PPII, and unordered
structures.

RESULTS

The VUVCD spectra of metMb, Trx, and SNase were mea-
sured down to 172—175 nm for the N-state and the three
denatured states (A-, C-, and H-states) and down to 197 nm
for the GdnHCl-unfolded state (U-state). The spectra for the
partially acid-denatured state (PA-state) were also measured
for comparison. The solvent conditions inducing denatura-
tion differed between the individual proteins. The temper-
ature dependence of CD spectra showed that metMb (pH
3.9), SNase (pH 3.8), and Trx (pH 1.8) were in the H-state at
68°C, 45°C, and 68°C, respectively. It is known that metMb
and SNase are in the A-state at pH 2.0 and in the U-state
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when 4 M GdnHCl is used (2,16,39) and that Trx is in the
U-state when 6 M GdnHCI is used (40). All the VUVCD
spectra obtained were superimposed on those in the far-UV
region as measured by a conventional spectrophotometer.
The VUVCD spectra were constant during the data-acqui-
sition period (~2 h) at all solvent conditions and temper-
atures, indicating that the synchrotron radiation (0.7 GeV)
did not damage the proteins. This indicated that the obtained
VUVCD spectra were suitable for studying the protein struc-
tures under various denaturing conditions.

VUVCD spectra of metMb

Fig. 1 a shows the VUVCD spectra of metMb at six
conformational states: N (pH 5.4, 25°C), PA (pH 3.9, 30°C),
A (pH 2.0, 30°C), H (pH 3.9, 68°C), C (pH 3.9, —12°C), and
U (4 M GdnHCI, pH 2.0, 25°C). It is evident that these
spectra differ significantly from each other, reflecting signifi-
cant differences in the secondary structures of the denatured
proteins. The N-state exhibits a typical spectrum for a-helix
proteins, which is characterized by two negative peaks at
around 222 and 208 nm, a positive peak at around 192 nm,
and a shoulder at around 175 nm (31). The A-state shows
two negative peaks at around 225, 205, and 180 nm and a
small positive peak at around 185 nm. The H-state is charac-
terized by a positive peak at around 191 nm and two negative
peaks at around 205 and 176 nm. The plot of molar ellipticity
at 192 nm against temperature in the inset of Fig. 1 a indi-
cates that the ellipticity decreases with decreasing temper-
ature, saturating at around —12°C. This indicates that metMb
is susceptible to cold denaturation, with the spectrum at
—12°C (Fig. 1 a) ascribable to the C-state. This spectrum has
a positive peak at around 190 nm and two negative peaks at
around 222 and 205 nm, suggesting the presence of a
considerable amount of residual secondary structures in the
C-state. The U-state exhibits no characteristic peak at around
220 nm, as expected for a largely unfolded conformation.

The VUVCD spectra for the N-, PA-, H-, and A-states
show an isoellipticity point at 204 nm. On the other hand, the
C-state appears to exhibit a different isoellipticity point with
the N-state, at 206 nm. This was also the case for the partially
cold-denatured state at 0°C (data not shown). These results
suggest that the mechanism of cold denaturation differs from
those of the other denaturation. There also appears to be
other isoellipticity points at 170—175 nm, although they are
not clearly discernible due to the short-wavelength limit of
CD measurements.

VUVCD spectra of SNase

Fig. 1 b shows the VUVCD spectra of SNase in the N- (pH
6.5, 25°C), PA- (pH 3.8, 15°C), H- (pH 3.8, 45°C), C- (pH
3.8, —12°C), A- (pH 2.0, 15°C), and U- (4 M GdnHCI,
pH 2.0, 25°C) states. The N-state exhibits a positive peak at
around 190 nm and two negative peaks at around 222 and
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FIGURE 1 VUVCD spectra of metMb (a), SNase (b), and Trx (¢) in

various conformational states: N (solid black line), H (red line), C (blue
line), A (green line), PA (brown line), and U (dotted black line). Inset shows
the temperature dependence of the molar ellipticity at 192, 190, and 196 nm
for metMb, SNase, and Trx, respectively. The experimental conditions are
detailed in the Materials and Methods.

208 nm, reflecting a considerable number of a-helices. The
H-state is characterized by a small positive peak at around
185 nm and two negative peaks at 225 and 200 nm. The
temperature dependence of the ellipticity at 190 nm (inset of
Fig. 1 b) appears to indicate that SNase is not completely
cold denatured at —12°C. However, we can expect that the
CD spectrum at —12°C would correspond to the C-state of
this protein, judging from the results of CD and DSC mea-
surements (5) and from the temperature dependence of the
excess heat capacity calculated for globular proteins with
different stabilities (10). The similarity of the spectra ob-
served for the H- and C-states suggests that the conforma-
tions would not be largely different at the two denatured
states. The A- and U-states also exhibit similar spectra, as
found for metMb. All these denatured states including the
PA-state exhibit an isoellipticity point at around 208 nm,
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suggesting that different types of denaturation follow the
same two-state transition mechanism.

VUVCD spectra of Trx

Fig. 1 ¢ shows the VUVCD spectra of Trx in the N- (pH 5.8,
25°C), A- (pH 1.8, 25°C), H- (pH 1.8, 68°C), C- (pH 1.8,
—9°C), and U- (6 M GdnHCI, pH 2.0, 25°C) states. This
spectrum for the N-state of this protein differs greatly from
those of other globular proteins containing comparable
amounts of secondary structures (32): the crossover point is
significantly red shifted to 207 nm, and a broad negative
peak has a shoulder at around 230 nm. This abnormality may
be partly due to exciton coupling between the aromatic
residues (41,42), since Tyr-70 is located at the closest ring-
carbon distances from three surrounding phenylalanines
(Phe-12,4.2 A; Phe-27, 5.0 A; and Phe-81, 3.9 A), which are
mutually within 5.4 A. The spectrum for the A-state (pH 1.8)
is also very different from those for metMb and SNase: it has
a positive peak at around 198 nm, whereas both metMb and
SNase have a negative peak. The same spectrum was ob-
served at pH 0.5 (data not shown), confirming the complete
acid denaturation of Trx at pH 1.8. The crossover at around
230 nm between the spectra of the A- and N-states may be
attributable to exciton coupling between aromatic residues
broken by acid denaturation. The H-state is characterized by
a positive peak at around 189 nm and two negative peaks at
around 225 and 205 nm. A similar spectrum was observed at
—9°C, where the cold denaturation of Trx may not be
complete as suggested by the temperature dependence of the
ellipticity at 196 nm (inset of Fig. 1 ¢). This represents the
first evidence for cold denaturation of E. coli Trx, although
Trx h from Chlamydomonas reinhardtii has previously been
shown to be susceptible to cold denaturation (43). The smaller
CD intensity for the C-state suggests that the secondary
structures of Trx are more extensively broken at the C-state
than at the H-state, in contrast to the situation for metMb and
SNase. No isoellipticity point was observed among the
spectra of the A-, C-, H-, and U-states, indicating that the
unfolding mechanism differs with the type of denaturation.

Secondary-structure analysis of
denatured proteins

Fig. 1 indicates that the VUVCD spectra of the three proteins
were successfully measured down to 172 nm under various
denaturing conditions. This extension of the short-wavelength
limit in CD measurements yields much more information on
the secondary structures and allows us to estimate quanti-
tatively the contents of the various secondary-structure
components (such as a-helices and B-strands) in the de-
natured proteins. In this study, we took into consideration the
contribution of PPII, a left-handed threefold helix (44)
because the short stretches of PPII helical conformation exist
in unordered polypeptides such as poly-L-lysine and poly-
L-glutamic acid at pH 7.0 (45). Thus the spectra of five
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secondary-structure components—a-helices, -strands, turns,
PPII, and unordered structures—were determined by decon-
volution analysis of the VUVCD spectra of 31 reference
proteins down to 160 nm (31,32) using the SELCON3
program (38) and their PDB data. The VUVCD spectra of
the five components averaged across the 31 proteins are
shown in Fig. 2. These five component spectra were revealed
for the first time down to 172 nm in this study, although the
four component spectra except for PPII have been obtained
down to 160 nm using the DSSP program (32). The PPII
spectrum appears similar to the spectrum for the unordered
structure in the four component spectra (32) because PPII is
assigned as the unordered structure in the DSSP program.

Based on the spectra of these components, the secondary-
structure contents in the denatured proteins were estimated
using the SELCON3 program coupled with the VUVCD
spectra down to 172 nm for the N-, A-, C-, and H-states, and
the far-UV CD spectra down to 197 nm for the U-state (Fig.
1). In this analysis, the temperature dependence of the CD
spectra for the C- and H-states was not considered because
the intrinsic temperature dependence of chromophores is
generally difficult to evaluate and it does not appear to cause
significant errors in secondary-structure estimation. Nolting
et al. suggested that the temperature dependence of CD
would mainly arise from changes in the relative populations
of the states with similar free energy but different confor-
mations (46). Then the secondary-structure contents estimated
for the H- and C-states might be regarded as the average
ensemble of conformations with small energy differences.
Since the cold denaturation of SNase and Trx is not complete
at —12°C and —9°C, respectively, the contents of a-helices,
B-strands, and turns might be slightly overestimated for the
C-states of both of these proteins.

The secondary-structure contents estimated for the three
proteins in the N-, A-, C-, H-, and U-states are listed in Table
1. The numbers within parentheses in this table are the
secondary-structure contents of native proteins assigned by
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FIGURE 2 Component VUVCD spectra of five secondary structures
deconvoluted from 31 reference protein spectra (31,32): a-helices (thick),
B-strands (dot-dashed line), turns (thin line), PPIl (dashed line), and
unordered structures (dotted line).
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the Xitlsstr method from the x-ray structures. The root
mean-square deviation (8) and the Pearson correlation coef-
ficient (r) between the x-ray and VUVCD estimates of the
secondary-structure contents were 0.058 and 0.92, respec-
tively, indicating the accuracy of the VUVCD estimation.
For ease of comparison, the results in Table 1 are shown as
proportional histograms of the secondary-structure contents
in Fig. 3, in which each secondary-structure content is
normalized to a total content of 100% and the histogram for
the N-state is depicted with the results from the Xtlsstr
method (i.e., the values within parentheses in Table 1).

DISCUSSION

These VUVCD spectroscopy experiments have clearly
revealed that the investigated denatured proteins contain
many residual structures. The results of secondary-structure
analyses (Table 1 and Fig. 3) quantitatively demonstrate
characteristic differences in the secondary structures of the
three proteins at four denatured states. The characteristic
structures of the denatured proteins are useful for deriving
the general features of protein folding and stability.

Conformation of denatured myoglobin

Myoglobin is a typical helix protein (80% helix content)
consisting of eight a-helix segments A—H (33). Its stability
and folding mechanism have been widely investigated using
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various techniques, including NMR, FTIR, DSC, and CD
(10,11,33,47), but the denatured structures remain unde-
fined. As indicated in Table 1 and Fig. 3 a, the secondary
structures of metMb vary considerably with the type of
denaturation. The a-helix content decreases in the order
N-state > C-state > H-state > A-state > U-state, whereas
the contents of PPII and B-strands increase in the same order.

As indicated in Table 1, the C-state of metMb contains a
large number of a-helices (36.7%) and B-strands (11.6%).
From an FTIR study on hydrogen exchange, Meersman et al.
also suggested that metMb is only partially unfolded by cold
denaturation under high pressure, with a rigid core consisting
of G and H helices remaining folded (47). However, the helix
contents from these two helices amount to only 28.7%,
suggesting the presence of additional helix segments at
atmospheric pressure.

The H-state has a helix content of 23.2%, which is
considerably lower than the percentage of 36.7% for the
C-state (Table 1), indicating that the conformational disrup-
tion is greater for heat denaturation than for cold denatur-
ation. The heat denaturation was irreversible as revealed by
incomplete recovery of the VUVCD spectra when the samples
were cooled, then part of the 3-strands produced (15.4% at
68°C) may be transformed into intermolecular 3-sheets. This
B-strand content is much smaller than the FTIR estimate
(27% at 90°C) by Meersman et al. (47) in which aggregation
would dominate due to the high protein concentration used.
On the other hand, the cold denaturation was completely

TABLE 1 Secondary-structure contents of metMb, SNase, and Trx in the native and four denatured states as determined by

CD spectroscopy

Contents (%) of

State a-Helix B-Strand Turn PPII Unordered

Metmyoglobin
Native (pH 5.4, 25°C) 79.8 + 0.9 (80.3)V =22 + 0.6 (0.0) 93 *12(3.9) 12=*0.1(1.3) 159 * 0.5 (14.5)
Denatured

Cold (pH 3.9, —12°C) 36.7 £ 0.3 11.6 £ 04 16.6 = 0.2 55 % 0.1 340 = 04

Heat (pH 3.9, 68°C) 232 £ 1.2 154 £ 0.7 14.8 £ 0.6 10.0 = 1.0 38.6 = 1.1

Acid (pH 2.0, 30°C) 120 = 1.1 143 £ 15 126 = 1.1 15.7 £ 0.7 436 £ 1.0

Unfolded (4 M GdnHCD* 44 1.8 21.5 £ 09 11.7 = 0.9 17.0 = 0.6 428 £ 1.6
Staphylococcal nuclease
Native (pH 6.5, 25°C) 30.6 + 0.9 (25.2)" 153 + 1.7 (19.3) 132 + 0.5 (14.1) 7.5 * 0.4 (10.4) 347 * 1.3 31.0)
Denatured

Cold (pH 3.8, —12°C) 9.6 = 1.0 18.6 = 1.1 14.6 £0.5 13.8 £ 0.6 457 £ 1.3

Heat (pH 3.8, 45°C) 7.0 £ 1.1 18.2 £2.0 13.1 £ 0.5 146 = 0.9 459 * 1.6

Acid (pH 2.0, 15°C) —-0.1 =14 18.1 £ 19 143 £ 0.7 17.8 £ 0.8 50.5 £ 1.3

Unfolded (4 M GdnHCD* 2204 22.0 £ 0.6 128 £ 0.3 18.8 £ 0.5 43.1 £ 1.1
Thioredoxin
Native (pH 5.8, 25°C) 311 + 0.9 (35.3)" 12.8 + 1.9 (18.0) 158 + 0.7 (12.8) 43 * 1.1 (4.2) 36.0 = 1.5 (29.7)
Denatured

Cold (pH 1.8, —9°C) 9.0 = 1.7 18.8 = 3.0 11.6 = 0.9 14.6 = 0.6 462 = 1.3

Heat (pH 1.8, 68°C) 149 £ 13 182 £22 126 £ 0.8 122 £ 0.6 416 £ 14

Acid (pH 1.8, 25°C) 25.1 £20 173 £ 09 114 £ 13 93 £0.7 323 04

Unfolded (6 M GdnHCD* 6.0 = 0.8 229 1.5 11.7 £ 0.7 16.3 £ 0.5 42.1 = 1.7
*pH 2.0, 25°C.

tValues in parentheses are secondary-structure contents from x-ray analysis.
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reversible, and no aggregation was observed despite the pro-
duction of B-strands. Therefore, the formation of B-strands
on denaturation is essentially an intramolecular event, and
their transformation into 3-sheets would depend on the ex-
perimental conditions. In this respect, heat- and cold-
denaturation processes do not follow the same pathway, as
expected from the different isoellipticity points in Fig. 1 a.

Acid denaturation of metMb greatly decreases the helix
content to 12.0% and induces a B-strand content of 14.3%
(Table 1). Similar results have been observed for A- or
molten globule states of apoMb using far-UV CD spectros-
copy (2,4,48,50). However, NMR experiments have not
provided evidence for 3-strands in apoMb at pH 2.3 (51),
probably because the fluctuations of the denatured protein
are much faster than the detection time of signals associated
with the nuclear Overhauser effect. On the other hand, the
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radius of gyration of acid-denatured apoMb is close to that
observed for the urea- or GdnHCl-unfolded form (4,52),
indicating that the backbone chain obeys the random-coil
statistics (53). These results suggest that the 3-strands in the
acid-denatured protein do not exist as [3-sheets but rather
as an ensemble of many short peptide segments with the
dihedral angles of 3-strands.

The U-state of metMb contains 17.0% PPII, 4.4% helices,
and 21.5% B-strands. It is noteworthy that the contents of
PPII and B-strands increase with the extent of unfolding.
Whittington et al. also observed that the PPII content in urea-
unfolded apoMb increases with the urea concentration (7).
These findings suggest that the increased backbone flexibil-
ity could cause the formation of PPII and 3-strands, with the
resulting 3-strands not forming B-sheets but instead consist-
ing of local structures with the dihedral angles of B-strands,
as in the A-state. Thus the U- and A-states of metMb could
be regarded as an ensemble of many short peptide segments
with the dihedral angles of a-helices, 3-strands, and PPII and
including some turn structures.

Conformation of denatured SNase

SNase is a monomeric protein that is widely used as a model
protein in folding studies and consists of 149 residues
without disulfide bonds, with three a-helices (25.2%) and
five B-strands (19.3%). As indicated in Table 1 and Fig. 3 b,
the helix content decreases in the order N-state > C-state >
H-state > A-state, whereas the contents of PPII and un-
ordered structures increase in the same order. However, no
significant difference is observed in the overall features of
the secondary structures between the C- and H-states, as
expected from the CD spectra in Fig. 1 b. Griko et al. also
suggested that heat and cold denaturation of SNase lead to an
almost complete loss of helicity and that both denaturation
processes are approximated by a two-state transition with a
single cooperative system (5). These results suggest that the
C- and H-states of this protein have a similar structure.

The A-state shows completely disrupted a-helices and an
amount of B-strands (18.1%) that is comparable with those in
the C- and H-states. Similar amounts of a-helices (2.2%) and
B-strands (22%) are present in the U-state, indicating that the
A- and U-states comprise similar structures. The existence
of B-strands in the U-state has also been observed by other
groups. Wang and Shortle (3) suggested that a fragment
of SNase with 131 amino acid residues contains ~10%
B-strands when using 4 M urea, and helices a1 and a2 de-
crease to undetectable and 10%—15% when using 6 M urea,
respectively. The FTIR study of From and Bowler revealed
the presence of 10.7% and 7.6% residual B-strands when
using 4 and 6 M urea, respectively, as well as other com-
ponents not attributable to random coils (16).

As shown above, the amounts of B-strands in all the
denatured states are similar to that in the N-state. However,
this does not necessarily mean that the B-sheet structure in
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the denatured states is the same as that in the N-state, as
expected from the large difference in the VUVCD spectra
shown in Fig. 1 b. Depending on the degree of increase in
backbone flexibility, each denatured state could take a dif-
ferent ensemble of many short peptide segments with the
dihedral angles of B-strands, a-helices, and PPIL. This en-
semble mode would differ from that for myoglobin because
SNase contains a considerable amount of B-strands in the
N-state, and they may remain partly folded in the denatured
form, thereby restricting the flexibility of the peptide chain.
From and Bowler reported that a core region of 3-strands is
folded in the earliest structural events in SNase (16), indi-
cating that the denatured states of SNase might maintain a
structure resembling the folding intermediate state.

Conformation of denatured Trx

Trx is a monomeric protein consisting of a five-stranded
twisted 3-sheet surrounded by four a-helices (35.3% a-helices
and 18.0% [-strands). Its hydrophobic core confers high
stability against chemical and thermal denaturation (40). As
indicated in Table 1 and Fig. 3 c, in the H-state it conserves
a considerable amount of a-helices (14.9%) and a similar
amount of B-strands (18.2%). This result quantitatively con-
firms the suggestion of Maier et al. that thermally denatured
Trx can be described as a thermodynamically stable inter-
mediate with properties associated with molten globule-like
states, such as a pronounced secondary structure and the
absence of a rigid tertiary structure (34). The B-strand con-
tent (18.8%) in the C-state is the same as that in the H-state,
whereas the a-helices are decreased to 9.0%. Since the cold
denaturation of Trx is not complete at —9°C (inset of Fig.
1 ¢), the helix content in a completely cold-denatured state
would be smaller than 9.0%. These results indicate that Trx
is more significantly unfolded at low temperature than at
high temperature, which is opposite to the observations for
metMb and SNase. This is probably because Trx is a highly
hydrophobic protein and the cold denaturation is mainly due
to a weakened hydrophobic interaction at low temperature.
Langsetmo et al. showed that this protein folds into two
compact forms with the cis or trans isomers of Pro-76, whose
differences in stability are more pronounced at 2°C than at
25°C (54). Richardson et al. suggested that two thermody-
namic domains in Trx h from C. reinhardtii interact strongly
(high cooperativeness) at high temperature, with the inter-
action being weakened at low temperature, leading to a two-
state transition for heat denaturation and a non-two-state
transition for cold denaturation (43). Thus, different mecha-
nisms may underlie cold and heat denaturation.

The A-state (pH 1.8) contains large amounts of residual
a-helices (25.1%) and B-strands (17.3%), which are compa-
rable to the percentages in the N-state. This suggests that Trx
is not largely unfolded in the acidic condition, in contrast to
metMb and SNase. The amounts of the secondary structures
in the U-state of Trx are comparable to those found in metMb
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and SNase, but its overall structure is close to that in the
C-state, whereas the U-states of metMb and SNase are close
to their A-states. These results indicate that the conformation
of denatured states depends on the structural characteristics
of the native proteins, such as the secondary-structure con-
tents and the presence of a hydrophobic core.

Generalized features of denatured conformations

This study has revealed characteristic differences between
the secondary structures of the three investigated proteins
induced by four types of denaturation. It should be noted that
a-helices and B-strands are assigned with two dihedral
angles and three distances between adjacent amide groups
(Xtlsstr program) but not with the hydrogen bonds between
peptide groups (DSSP program). Within these limitations,
the results allow us to derive general features for the confor-
mation of denatured proteins, although the extent of unfold-
ing depends on four types of denaturation: 1) a-helices are
broken, 2) B-sheets are broken but B-strands increase, 3) turns
are almost unchanged, and 4) PPII and unordered structures
increase. It should be emphasized that even denaturation by
urea and GdnHCI results in many residual secondary struc-
tures in the proteins. The most common feature of denatured
proteins is a loss of a-helices, as has also been revealed by
other techniques (3,16,51). However, this does not neces-
sarily mean that a particular a-helix in the native protein is
completely unfolded by an all-or-none mechanism—some
a-helices may remain intact, whereas others are partly un-
folded or distorted in the denatured state. An important find-
ing from our VUVCD spectroscopy is that many 3-strands
are formed in all the denatured proteins, as exemplified by
the metMb results (Fig. 3 a).

However, there is no direct evidence of B-sheets in the
denatured apoMb from NMR measurements (51). X-ray solu-
tion analyses show the largely extended conformation of
denatured proteins (4,52). Therefore, most of the 3-strands in
denatured proteins, locally possessing the dihedral angles of
B-strands, would not form a sheet structure with interpeptide
hydrogen bonds, although some B-sheets may remain intact
in the denatured state of proteins that are rich in 3-structures,
such as SNase and Trx. From these considerations, we may
speculate that the conformation of denatured proteins is an
ensemble of residual a-helices and 3-sheets, partly unfolded
(or distorted) a-helices and B-strands, PPII, and unordered
structures. The populations and positions of these elements
would vary with the denaturing conditions (e.g., temperature,
pressure, and chemical reagents) and the type of proteins
(e.g., amino acid sequence and presence of secondary struc-
tures, disulfide bonds, and a hydrophobic core). The -strands
could form intermolecular 3-sheets under appropriate con-
ditions, which cause aggregation or amyloid formation (55).
In general, some of the denatured states are close to the
kinetically observed intermediates (molten globule or burst
phase) of protein folding (47,48,56). However, our data are
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clearly inconsistent with a completely unfolded random coil
assumed as a starting conformation for the folding process.

Any correlation between the constituent elements may be
useful for understanding the denatured structure and dena-
turation mechanism of proteins. Fig. 4 plots the percentages
of B-strands, PPII, and unordered structures against the a-helix
content for all the denatured forms of the three proteins
examined. The observed negative slopes confirm that the
unfolding of a-helices results in the formation of B-strands,
PPII, and unordered structures, with the unfolded residues in
a-helices appearing to be almost equally assigned to the other
three elements. The increase in unordered structures with
decreasing a-helices is reasonable, but the reason for the
increases in B-strands and PPII is unclear. The most likely
explanation is that extended conformation such as -strands
and PPII are more favorable in the denatured states where
intramolecular interactions (particularly hydrogen bonds) are
disfavored. A very high correlation between the contents of
a-helices and PPII (r = —0.97) suggests that the PPII formed
upon denaturation is mainly located in the unfolded @-helix
region. Further characterization of B-strands is required to
elucidate the conformation of the denatured proteins.

At present, it appears to be difficult to experimentally
detect the ensemble structure of scattered elements using
other techniques: NMR is unsuitable for a structure subject
to rapid fluctuations, FTIR would require a much higher res-
olution for assigning the amide bands, and x-ray solution
scattering is not sensitive to the fine structure of denatured
proteins, although the persistence length and the radius of

B-Strand / %

PPII/ %

Unordered / %

o-Helix / %

FIGURE 4 Plots of the B-strands, PPII, and unordered structures contents
against a-helix content for the A-, C-, H-, and U-states of metMb, SNase,
and Trx.
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gyration may be simulated by modeling the composition of
the structural elements. An eventual goal of our VUVCD
study is to predict not only the contents’ and segments’
number of the secondary structures, but also their positions
on the amino acid sequence. A VUVCD spectroscopy com-
bined with a neural network analysis in progress would
provide new insight into the fine structures of both denatured
and native proteins.
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