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Partially Folded States of Mutant Ubiquitin in Mild Denaturing Conditions
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Conformational change of ubiquitin variant with valine to alanine mutation at sequence position 26 was studied by
varying solvent pH. Fluorescence emission spectra indicated that this variant ubiquitin has some residual structures
in acidic and basic solution as compared to denaturant-induced unfolded state. Far-UV circular dichroic spectra
indicated that the base-denatured state had more secondary structure than the acid-denatured state. Near-UV circular
dichroic spectra indicated that the aromatic side-chains were in the relatively more rigid environment in the
base-denatured state than those in the acid-denatured state. Although it appears that the more tertiary structure
present in the base-denatured state, refolding reactions measured by stopped-flow fluorescence device suggest that
both the acid- and base-denatured states occur before the major folding transition state. The acid- and base-denatured
states are considered to reflect the early event of protein folding process.
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Introduction

Proteins are polymeric chain molecules composed of amino-
acids covalently linked by peptide bond. After synthesized in
the ribosome, the emerging chain molecule should be folded
into its unique three-dimensional structure to perform biologi-
cal function. This has been called as the protein folding
process. It has been thought that protein folding process
occurs from the unstructured random coil state where many
possible conformations are in fast equilibrium to the unique
native state via intermediate states. These intermediate states
are considered to have subsets of the interactions that are
present in the native state. "*Thus, it has been considered that
elucidation of intermediate state conformation is crucial to the
understanding of protein folding process. Protein folding
kinetics studies indicated the presence of intermediate states
which formed transiently in an early stage of folding reac-
tion.”” However, due to the highly cooperative nature of the
protein folding reaction, folding intermediate states are
seldom populated at equilibrium for detailed conformational
study to understand the protein folding process. Interestingly,
it has been observed that the partially denatured, hence par-
tially folded, states are populated at equilibrium when the
native protein is in the mild denaturing conditions. It is
thought that the conformation of these partially folded states
would provide valuable information for understanding protein
folding process.

Ubiquitin, a small globular protein with 76 amino acid
residues, has been widely used as a model protein to under-
stand protein folding mechanism, protein stability, and pro-
tein design.8 However, since the native three-dimensional
structure of wild type ubiquitin has been observed to be highly
stable and the folding reaction was highly cooperative, partially
folded folding intermediate state has not been observed at
equilibrium for detailed conformational study. Furthermore,
folding kinetics measurements of wild type ubiquitin has been
controversial. Khorasanizadeh ef al. observed the burst phase

in the folding kinetics of wild type ubiquitin.” Based on this
observation and quantitative kinetic modeling, they argued
that wild type ubiquitin folds through at least one intermediate
state which is only transiently populated in the early stage of
folding. However, this transient intermediate was not
observed in other report.'® Yet another experiment reported
that the burst phase is due to the transient aggregation in the
early stage of wild type ubiquitin folding reaction.'’ In order
to avoid this controversial arguments, we decided to focus on
the folding study of mutant ubiquitin with valine 26 to alanine
substitution (V26A ubiquitin), since no burst phase was observed
in the folding kinetics of this mutant ubiquitin.9 As shown in
Fig. 1, valine 26 is located at the hydrophobic core of wild
type ubiquitin. The mutation of valine 26 to alanine expected
to remove significant amount of hydrophobic interactions in
the core region. Indeed the valine 26 to alanine mutation

Figure 1. Ribbon diagram of wild type ubiquitin native conform-
ation. Residues that are contact with valine 26 are shown as spheres.
N and C denote amino-terminus and carboxy-terminus, respectively.
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destabilizes the native conformation of wild type ubiquitin
signiﬁcantly.9 It has been shown that some proteins acquire
partially folded conformation in extreme solvent pH.12 This is
mainly due to destabilizing charge repulsion partially outcom-
petes the stabilizing hydrophobic interactions.” These
observations suggested that conformationally different partially
folded states could be generated in the mild denaturing solvent
conditions for V26 A ubiquitin with destabilizing hydrophobic
core mutation. In this study, we generated the acid- and
base-denatured states of V26A ubiquitin by varying solvent
pH. These denatured states were subjected to various spectro-
scopic methods to study conformational properties. Both
acid- and base-denatured state of V26A ubiquitin observed to
have different conformation than the denaturant-induced
unfolded state. The base-denatured state of V26A ubiquitin
observed to have more secondary and tertiary structures than
the acid-denatured structure. Folding kinetics showed that
both acid- and base-denatured states occur before the major
folding transition state, suggesting that detailed conform-
ational study of these states will expand our understanding of
early stage of protein folding.

Materials and Methods

Materials. Purification of V26A ubiquitin was carried out
as previously described method with slight modifications.'*
Since V26A ubiquitin observed to be less stable than WT
ubiquitin,9 heating step at 85 °C for 5 min was omitted to
improve the yield. The Q-sepharose Fast Flow column chro-
matography was replaced by DEAE-sephacel column chro-
matography. After DEAE-sephacel column chromatography,
V26A ubiquitin was further purified by Sephacryl S-100
column chromatography. The purified V26A ubiquitin was
more than 95% pure judged by the densitometric analysis of
coommassie brilliant blue stained gel. The chemical reagents
were reagent grade or better.

Spectral Measurements. Solutions with various pH values
were generated by adding either HC1 or NaOH in pure water.
Stock solution of V26A ubiquitin was added in each of these
solutions and incubated for more than 5 min at 25 °C to reach
the equilibrium and then the spectrum was collected. The pH
values after spectral measurements were same as the pH
values before the spectral measurements. The unfolded spec-
trum was measured in the presence of 6 M urea. Intrinsic
tryptophan fluorescence emission spectra were collected by
using JASCO model FP6500 spectrofluorometer. Tryptophan
side-chain was excited at 295 nm with 5 nm slit width, and the
emission spectra from 300 to 450 nm were measured with the
10 nm slit width. The protein concentration of fluorescence
measurements was 3 uM. Near- and Far-UV circular dichroic
(CD) spectra were measured by using JASCO model J-810
spectroploarimeter. For collecting far-UV CD spectra, about
30 uM of protein samples were placed in a quartz cuvette with
1 mm light path. For collecting near-UV CD spectra, around
50 uM of protein samples were placed in the quartz cuvette
with 1 cm light path. For CD spectra measurements, the band
width for far-UV CD spectra measurements was 10 nm and
that of near- UV CD spectra measurements was 2 nm. All the
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measurements were made at 25 °C. Reported CD signals, [0],
are mean residue ellipticities with the unit of deg cm® dmol ™.
For measurements of equilibrium unfolding reaction, fluorescence
emission signal at 355 nm was monitored in the increasing
concentrations of urea after excitation at 295 nm.

Equilibrium Unfolding Measurements. Equilibrium unfold-
ing experiments in the varying solvent pH and varying urea
concentrations were carried out as described by Khorasani-
zadeh er al."” Urea-dependent unfolding experiments were
analyzed assuming a two-state folding transition, N = U,
where N and U represent the native and unfolded states,
respectively. Based on the two-state model, the free energy of
unfolding can be calculated by equilibrium constant, K¢q =
[NJ/[U] and AGy = -RT In K.q, where AGy, R, T represent the
free energy of unfolding, gas constant and absolute temper-
ature, respectively. The free energies of unfolding at each urea
concentration was further analyzed by linear extrapolation
method as described by equation 1

AGy = AGy® — MegC (1)

where AGy’, meq, and C represent the free energy of unfolding
at 0 M urea, slope of the transition curve, and urea concen-
tration, respectively. 10

Stopped-flow Fluorescence Measurements. Refolding kine-
tics of V26A ubiquitin from various denatured state to the
native state was measured by BioLogic SFM-4 stopped-flow
device with fluorescence mode. V26A ubiquitin in 6 M urea
solution was diluted 11-fold with the 25 mM acetate buffer at
pH 5 to measure refolding from fully unfolded state to the
native state. To measure refolding from acid- and base-de-
natured state to the native state, acid- and base-denatured V26 A
ubiquitin was diluted 11-fold with appropriate buffer to make
final pH of 5. These measurements were carried out in the
presence of 0.55 M urea to make the same final solution condi-
tion as refolding reaction from urea-induced unfolded state.
The tryptophan side-chain was excited at 295 nm and the
change in fluorescence emission above 324 nm was measured
using a 324 nm cut-off filter. The fluorescence signals were
collected at 1 ms interval up to 50 ms, 20 ms interval from 50
ms to 1 sec, and 100 ms interval from 1 sec to 15 sec. The
dead-time of the stopped-flow device was measured to be 4
ms using the method described by Peterman. '’

Results and Discussion

Denaturation of V26A ubiquitin in a mild denaturing
condition was explored by measuring intrinsic tryptophan
fluorescence emission spectra in the varying solvent pH. As
shown in Fig. 2A, intrinsic tryptophan fluorescence emission
spectrum of the native state at pH 5 (Fig. 2A solid line)
showed the emission maximum at 338 nm. This observation is
consistent with the fluorescence emission spectrum of the
tryptophan side-chain in the hydrophobic environment of
protein interior."® The wavelength of fluorescence emission
maximum of V26A ubiquitin in solution at pH 2 (Fig. 2A
dotted line) was shifted to 351 nm with increase of the
fluorescence emission intensity as compared to that of the
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Figure 2. Intrinsic tryptophan fluorescence measurements of V26A
ubiquitin. Panel A is the fluorescence emission spectra in solution at
pH 2 (dotted line), 5 (solid line), and 12.5 (dashed line). Panel B
illustrates the wavelength of fluorescence emission maxima as a
function of solvent pH. Upper and lower dotted lines represent the
wavelength of fluorescence emission maxima of fully unfolded state
and the native state, respectively. AU denotes arbitrary unit.

native state. The fluorescence emission spectrum at pH 12.5
(Fig. 2A dashed line) showed emission maximum at 347 nm
with modest increase of fluorescence emission intensity as
compared to that of the native state. The intrinsic tryptophan
fluorescence emission spectrum of fully unfolded ubiquitin in
the solution containing high concentration of denaturants has
previously been shown to have emission maximum near 355
nm with highly increased fluorescence emission intensity as
compared to that of the native state."” These observations
indicate that the native conformation of V26A ubiquitin is
denatured in acidic and basic solutions. This suggests that
V26A ubiquitin would be useful model to study conform-
ational aspects of denatured state of polypeptide chain. Wild
type ubiquitin did not show conformational change in the
same solvent conditions.'”"**" Fig. 2B shows the wavelength
of fluorescence emission maximum as a function of solvent
pH. Between pH 4 and 11, the wavelength of fluorescence
emission maximum was observed to be constant at 338 nm.
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This spectral feature indicates that little conformational change
occurs at these pH ranges. Red shift of fluorescence emission
maximum was observed at the pH values below 4 and above
11. The wavelength of fluorescence emission maxima appeared
to be leveled off at 351 and 347 nm in acidic and basic solvent
conditions, respectively, suggesting that V26 A ubiquitin reached
to a certain conformational state at each extreme solvent pH.
The wavelength of fluorescence emission maxima at acidic,
351 nm, and basic, 347 nm, solutions are smaller than that of
the fully unfolded state, 355 nm, in solution with high concen-
tration of denaturant. These observations suggest that denatured
states of V26A ubiquitin at acidic and basic solutions are
different to each other and to the denaturant-induced fully
unfolded state. The denatured states in acidic and basic solution
appear to be less disordered than that in the high denaturant
solution. The wavelength of maximum fluorescence emission
indicates that the side-chain of a single tryptophan residue is
in a more hydrophobic environment in a basic solution than
that in an acidic solution. The fluorescence emission intensity
indicates that the conformation of V26A ubiquitin in basic
solution is less denatured than that in acidic solution.

The major force for denaturation of V26A ubiquitin in
acidic and basic solutions is considered to be the charge
repulsion. V26 A ubiquitin has 11 positively charged residues,
7 lysines and 4 arginines, and 11 negatively charged residues,
5 aspartates and 6 glutamates, at neutral pH. Since the pK,
values for side-chains of aspartate and glutamate are around 4,
it is considered that all the acidic side-chains become neutral
at pH 2, so that V26A ubiquitin may have maximum net
charge of +11 at the pH below 2. By contrast, due to the high
pKa value of arginine side-chain, which is around 12.5, it is
considered that V26 A ubiquitin in highly basic solution would
have net charge bigger than -11 and has less charge repulsion
than in the acidic solution. Thus, it is considered that the
stabilizing interactions and the destabilizing charge repulsions
are balanced in the more structured denatured state in the
basic solution than in the acidic solution for V26A ubiquitin.

The conformational properties of V26A ubiquitin were
further explored by CD spectroscopy. The far-UV CD spectrum
of the native state V26A ubiquitin (Fig. 3A solid line) shows
negative peaks near 222 and 208 nm with molar ellipticity
value of -4600 deg cm’ dmol™ at 222 nm, which is consistent
with previous observations.”** The far- UV CD spectrum at
acidic pH (Fig. 3A dotted line) appears to be significantly
different from that of the native state at pH 5, indicating that
the conformation of polypeptide backbone is disrupted.”
However, the negative molar ellipticity value at 222 nm is
observed to be similar to that of the native state, suggesting
that some secondary structures still remain in this solvent
condition. The far-UV CD spectrum of V26A ubiquitin in basic
solution observed to have two negative peaks near 222 and
204 nm with the molar ellipticity value of -5400 deg cm’
dmol " at 222 nm. The movement of 208 nm peak to 204 nm
with modest decrease of molar ellipticity suggests that the
backbone conformation of V26A ubiquitin has been slightly
altered upon the addition of base. The peaks at 222 and 204
nm indicate that some helical conformation exists in this
solvent condition. Tertiary structures near the amino acid
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Figure 3. Far- and near-UV CD spectra. Panel A illustrates the
far-UV CD spectra of V26A ubiquitin at pH 2 (dotted line), 5 (solid
line), and 12.5 (dashed line). Panel B illustrates the near-UV CD
spectra. The designations of line in Panel B are same as Panel A
except long dashed line, which represents the near-UV CD spectrum
of unfolded V26A ubiquitin in 6 M urea solution. The molar
ellipticity, [0], has a unit of deg cm” dmol ™.

residue with aromatic side-chains of V26A ubiquitin were
studied by near-UV CD spectroscopy. Fig. 3B illustrates the
near-UV CD spectra of the native (solid line), acid-denatured
(dotted line), base- denatured (short dashed line) and fully
unfolded (long dashed line) state of V26 A ubiquitin. Near-UV
spectrum in the native state shows shoulder around 250 nm,
broad peak at 270 nm, and small peaks around 290 nm. The
peaks around 250 nm, 270 nm, and 290 nm in the near-UV CD
spectra of proteins are considered due to the side-chains of
tyrosine, tryptophan, and phenylalanine, respectively, when
the side-chains of these residues are located in the tightly
packed tertiary structure.* The near-UV CD spectra of the
urea-induced unfolded state and the acid-denatured state show
no distinct peaks, indicating that tertiary structures around the
side-chains of aromatic residues are disrupted. It is considered
that the aromatic side-chains of V26A ubiquitin in acidic
solution are located in the hydrophobic cluster to show some
fluorescence emission signal but not in the rigid environment
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Figure 4. Urea-induced equilibrium unfolding of V26A ubiquitin.
Circles, triangles, and squares represent the equilibrium unfolding
of V26A ubiquitin in the solution at pH 5, 2, and 12.5, respectively.
Solid lines denote the nonlinear least squares fit of the unfolding data
based on a two-state transition model as described in Materials and
Method.

to show distinct near-UV signal. Near-UV CD spectrum of
base-denatured state of V26A ubiquitin shows peak at 250
nm, shoulder at 270 nm, and small peaks around 290 nm. This
spectrum suggests that there are significant amount of tertiary
structures exist in the base-denatured state of V26A ubiquitin.
The peak at 250 nm in the base-denatured V26A ubiquitin
suggests that the side-chain of a single tyrosine residue has
somewhat different orientation than that in the native state.
The equilibrium unfolding transitions of V26A ubiquitin at
pH 2 (triangle), 5 (circle), and 12.5 (square) are illustrated in
Fig. 4. The unfolding transition of V26A ubiquitin at pH 5
shows typical cooperative transition pattern of sigmoidal
shape, indicating that V26A ubiquitin has tightly packed
hydrophobic core.”> This transition curve was fitted to the
linear extrapolation method (LEM) with AGy°® and meq 0f4.65
keal mol” and 1.16 kcal mol™ M, respectively. No cooper-
ative sigmoidal transition was observed at pH 2, suggesting
that no tightly packed hydrophobic core exists in V26A
ubiquitin at this solvent pH. This observation is consistent
with the near-UV CD spectrum. The fluorescence signal
increases monotonously as increasing urea concentrations at
pH 12.5, suggesting less cooperative conformational transition
for V26A ubiquitin at this solvent pH. This observation
suggests that denatured state of V26A ubiquitin at pH 12.5 has
some interactions in the hydrophobic core to show shallow
cooperative folding transition. Although the baseline of the
native state was not clearly observed, the transition curve at
pH 12.5 was fitted to LEM assuming the same native baseline
as the transition at pH 5. The AGy® and m.q were fitted to 0.28
keal mol™ and 0.64 kcal mol™ M, respectively. Based on the
AGy’, the conformational stability of V26A ubiquitin is
decreased by about 90%, indicating that the conformation
formed at pH 12.5 is only marginally stable. The meq value has
been interpreted to represent the solvent accessible surface
area upon the unfolding of the native proteins.25 The bigger
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Figure 5. Kinetic traces of refolding of V26A ubiquitin. Circles,
squares, and triangles represent the fluorescence emission traces of
refolding for acid-denatured state at pH 2, base-denatured state at pH
12.5, and unfolded state in 6 M urea, respectively. Solid lines are
obtained by nonlinear least squares analysis of the folding kinetic
traces with three exponentials.

meq value suggests that the more surface area is exposed upon
unfolding. The obtained meq value of the base-denatured V26A
ubiquitin is about 55% of that of the native state. Since the
solvent accessible surface area would be completely exposed
inunfolded state at high concentration of urea, it is considered
that about 45% of solvent accessible surface area is already
exposed at 0 M urea for V26A ubiquitin in the solution at pH
12.5. This observation together with near-UV CD spectrum
suggests that the conformation of V26 A ubiquitin at pH 12.5 is
significantly collapsed hydrophobic core, which provides
some asymmetric environment to the aromatic side- chains. It
has been observed that about 35% of the solvent accessible
surface area was exposed in the folding transition state of
ubiquitin.9 Thus it is considered that, although there are signifi-
cant amount of tertiary structures in the base-denatured state,
the base-denatured state is less compact than the folding
transition state, suggesting that the based-denatured state
might occur before the major folding transition state in the
V26A ubiquitin folding reaction.

Refolding reactions from acid- and base-denatured state to
the native state were measured together with refolding reaction
from denaturant-induced unfolded state to the native state by
using stopped-flow fluorescence device. In this experiment,
each denatured state was rapidly mixed with refolding buffers
to give a same final solution so that the folding kinetics can be
followed in the same solvent condition. As shown in Fig. 5,
the kinetic traces show typical exponential change in fluore-
scence emission upon the initiation of refolding. The initial
fluorescence emission signal for the refolding reaction of
base-denatured state appears to be closer to the fluorescence
signal of the native state than those for acid-denatured and
denaturant-induced unfolded state. This observation suggests
that base-denatured state is more structured than the acid-de-
natured and denaturant-induced unfolded state at the initial
folding time. Each refolding kinetic trace was fitted with three
exponentials, consistent with previous observations.”" The
fitting parameters of these kinetic traces are listed in Table 1.
It has been interpreted previously that two slower phases,
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Table 1. Analysis of folding kinetics of V26 A ubiquitin from various
denatured states.

Denaturant M A, 2 A, A3 Az

Acid (pH 2) 452+1.1 8 6.0+0.5 11 0.18+0.01 4
Base (pH 12.5) 543+2.1 79 55+0.5 13 025+0.02 8
Urea 46.7+1.1 87 44+03 8 0.10+0.01 5

The unit for rate constant () is sec”. Amplitude (A) is expressed as
percent. Errors of amplitudes were less than 3%. Subscripts 1, 2, and 3
represent the first, second, and the third kinetic phases, respectively.

about 15% of total amplitude, are due to the parallel folding
process caused by the configurational isomerization of peptide
bond.”*® The first exponential phase, about 85% of total
amplitude, was considered to reflect the conformational folding
process in the ubiquitin folding kinetics.” The folding rate for
base-denatured state to the native state is slightly faster than
those for the acid-denatured and denaturant-induced unfolded
state to the native state. The folding rates for acid-denatured
and unfolded state to the native state were observed to be
comparable. These results suggest that the base-denatured
state would be closer to the native state than the acid-denatured
and denaturant-induced unfolded states in the folding reaction
coordinate. This is consistent with the spectroscopic and
equilibrium unfolding measurements that the base-denatured
state appears to be more compact and have more secondary
and tertiary structures than the acid-denatured and the de-
naturant-induced unfolded state. However, observation of
major folding phase in refolding kinetics of base-denatured
state to the native state suggests that the base-denatured state
occurs before the major folding transition state, which is
consistent with the interpretation of urea-induced unfolding
experiment. If base-denatured state occurs after major folding
transition state, the first folding phase should not be observed.
Therefore, although base-denatured state is observed to have
significant amount of secondary and tertiary structures, it is
considered less structured than the major folding transition
state. Furthermore, the observation that folding rates for acid-
and base-denatured states are faster or comparable to the folding
rate for unfolded state suggest that acid- and base-denatured
states would be on-pathway in V26A ubiquitin folding process.
If these states are not on the folding pathway, the rates of
folding should be significantly slowed since off-pathway
states should be unfolded before the refolding reaction
proceeds. It is considered that the side-chain orientation of the
tyrosine residue at pH 12.5 that is shown to be different from
the native state would not hinder the folding process of V26A
ubiquitin.

The detailed conformational study of folding intermediate
state was fairly difficult in the solvent condition that favors
the native conformation, since an intermediate state of folding
reaction is seldom populated due to the highly cooperative
nature of protein folding reaction. The denatured states observed
in the mild denaturing condition in this study suggests that
detailed conformational properties of polypeptide chain in the
middle of the folding process can be studied at equilibrium
and shed light on the understanding of protein folding process.
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Concluding Remarks

Denaturation of V26A ubiquitin was studied by varying the
solvent pH. V26A ubiquitin started to denature at the pH
values below 4 and above 11 and reached a certain denatured
state at the pH values below 2 and above 12, respectively. The
acid- and base-denatured states were observed to be confor-
mationally different. The near- and far-UV CD measurements
indicated that the base-denatured state appeared to have some
secondary and tertiary conformations. The acid-denatured
state appeared to have some secondary structures but no tightly
packed hydrophobic core. Equilibrium unfolding measure-
ment indicated that the base-denatured state appeared to have
partially collapsed hydrophobic core. Folding kinetics measure-
ments indicated that both the acid- and the base- denatured
states are on the folding pathway. Furthermore, these confor-
mational states appear to occur before the major folding
transition state. All these observations clearly indicate the
possibility of generating intermediate states with varying
amount of secondary and tertiary structures in V26 A ubiquitin
so that we can further study the conformational properties of
states occur on the protein folding pathway. It is considered
that the elucidation of the conformation of acid- and base-
denatured states of V26A ubiquitin at the residue level would
be very informative to understand the early stage of protein
folding process.
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