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ABSTRACT: Hydrogen exchange monitored by mass spectrometry (HX-MS), in conjunction with multiple
optical probes, has been used to characterize the unfolding of thioredoxin. Equilibrium and kinetic studies
have been carried out at pH 7 and 3. The HX-MS measurements are shown to be capable of distinguishing
between native (N) and unfolded (U) protein molecules when both are present together, and their application
in kinetic experiments allows the unfolding reaction to be delineated from the proline isomerization reaction
to which it is coupled. At pH 7, equilibrium unfolding studies monitored by three optical probes, intrinsic
fluorescence at 368 nm, ellipticity at 222 nm, and ellipticity at 270 nm, as well as by HX-MS, indicate
that no intermediate is populated at pH 7, the unfolding reaction is slower than the proline isomerization
reaction that follows it, and the three optical probes yield identical kinetics for unfolding, which occurs
in a single kinetic phase. The fractional change in any of the three optical signals at any time of unfolding
predicts the fraction of the molecules that have become U, as determined by HX-MS. Hence, unfolding
at pH 7 appears to occur via a two-state Nh U mechanism. In contrast at pH 3, HX-MS as well as
optical measurements indicate that an unfolding intermediate is stabilized and hence accumulates in
equilibrium with N and U, at concentrations of denaturant that define the transition zone of the equilibrium
unfolding curve. The intermediate has lost the near-UV signal characteristic of N and possesses fewer
amide hydrogen sites that are stable to exchange than does N. Kinetic experiments at pH 3, where unfolding
is much faster than proline isomerization, show that more than one intermediate accumulates transiently
during unfolding. Thus, the unfolding of thioredoxin occurs via an Nh I h U mechanism, where I is a
partially unfolded intermediate that is stabilized and hence populated at pH 3 but not at pH 7. It is shown
that transient aggregation of this intermediate results in a deceleration of the kinetics of unfolding at high
protein concentrations at pH 3 but not at pH 7.

Obtaining an understanding of how proteins unfold can
yield valuable information about protein folding mechanisms.
Kinetic unfolding studies have been used to characterize the
transition state of protein folding (1, 2), to demonstrate the
possibility of multiple pathways for folding and unfolding
(3-9), and to characterize intermediates that may accumulate
on unfolding pathways (3, 10-13). Measurements of unfold-
ing rates under refolding conditions (14) not only indicate
the population of partially folded structures but also indicate
that the folding mechanisms in urea and guanidine hydro-
chloride may be different. Equilibrium unfolding studies have
been used to establish the possible sequence of events that
follow the rate-limiting step in folding (15), to show that
non-native structures may form during folding and unfolding
(16), and to show that protein folding and unfolding reactions
may incorporate continuous structural transitions (17). Single-
molecule unfolding studies have also indicated that unfolding
may occur in a stepwise manner (18-20). Computer simula-
tions of protein unfolding have confirmed the occurrence of

unfolding intermediates and multiple pathways and helped
in the characterization of the transition state (21-23). The
study of protein unfolding has much practical value because
native protein may often, especially when destabilized by
mutation or by a change in environment, unfold to partially
structured forms that misfold to form specific aggregates such
as amyloid fibrils that have been implicated in many
neurodegenerative diseases (24-26) as well as the prion
diseases (27).

Measurements of hydrogen-deuterium (HX)1 exchange
in folded proteins, in partially folded proteins, in protein
aggregates, and in proteins undergoing the process of folding
or unfolding have been instrumental in delineating mecha-
nisms of protein folding, unfolding, and misfolding (15, 28).
When coupled with the high-mass measuring accuracy and
sensitivity of modern electrospray ionization (ESI) mass
spectrometry (MS), HX measurements become a relatively
fast and sensitive method for studying global and regional
conformational changes as well as local dynamics (29-31).
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The most important advantage of using HX-MS methods,
in which HX is monitored by ESI-MS, compared to HX-
NMR methods, is that MS unlike NMR can distinguish
between protein conformations that differ in structure and,
hence, in the number of protected amide hydrogen sites,
when these conformations are present together (32-35).
Moreover, large proteins as well as protein assemblies, even
in very small quantities, can be studied easily by HX-MS,
but not by HX-NMR. Of course, HX-MS, unlike HX-NMR,
has the disadvantage of not being able to provide residue-
specific HX information, but this disadvantage can be
overcome partially when HX-MS is used along with pro-
teolysis methods (36).

Here we report the application of HX-MS methods to the
study of the guanidine hydrochloride (GdnHCl)-induced
unfolding of the small protein thioredoxin.Escherichia coli
thioredoxin (Trx) is a two-domain, 108-amino acid protein.
The large domain has aâRâRâ fold, and the smaller domain
has aââR fold (37). In the past, HX-MS has been used to
study conformational changes in oxidized and reduced Trx,
as well as in chemically modified variants (38-41), but not
to characterize folding or unfolding pathways. Much is
known about the folding mechanism of Trx from optical
studies (42-46). Trx folds via multiple pathways that
originate from the establishment of slow proline isomeriza-
tion equilibria in the unfolded form (45, 46). In the presence
of the chaperone, GroEL, folding is channeled along the
slowest folding route (46). On the other hand, very little work
in characterizing the unfolding reaction of the protein has
been done. A native-state HX study (47) has failed to identify
a partially folded form to which the native state may
transiently unfold but has suggested thatâ strandsâ2-â4,
which form the core of the protein in the native state, may
participate in residual structure in the unfolded state under
native conditions at pH 7.

In this study, multiple structural probes, including HX-
MS, have been used to characterize the unfolding reactions
of Trx at pH 7 and 3. At pH 7, no intermediate is seen to be
populated during unfolding, either transiently during the time
course of unfolding or at equilibrium. At pH 3, an intermedi-
ate is seen to populate in equilibrium with the native and
unfolded protein. This intermediate has lost the near-UV CD
signal characteristic of the native protein, and the structure
retained in it does not provide protection from HX, at a subset
of the 33 amide hydrogens that are protected in the native
protein. In kinetic experiments at pH 3, at least two
intermediates are seen to be populated transiently when
unfolding is carried out in 2.2-2.5 M GdnHCl, but only one
kinetic intermediate is detected when unfolding is carried
out in 3 M GdnHCl. At high protein concentrations, the
kinetic intermediates detected during unfolding appear to
aggregate transiently, and consequently, the unfolding rate
is seen to be dependent on protein concentration.

MATERIALS AND METHODS

Buffers and Reagents.D2O, NaOD, DCl, and other buffers
were ultrapure-grade from Sigma, and GdnHCl was from
U.S. Biochemical Corp. Sodium phosphate (20 or 30 mM)
was used as the buffer at pH 7, and 20 or 30 mM glycine
was used at pH 3. All pH values were recorded using a
Thermo Orion 420 pH meter, and the pH values reported
for D2O buffers are uncorrected for the isotopic effect.

Protein Purification.The procedure for the purification
of Trx has been described previously (46) . The protein was
>95% pure. Purity was checked by SDS-PAGE and by ESI-
MS; a single protein with a mass of 11 673.4 Da was
observed. Trx concentrations were determined using a molar
extinction coefficient of 13 700 M-1 cm-1.

Deuteration of Trx and GdnHCl.Deuteration of Trx was
carried out by dissolving 1 mg of lyophilized Trx/mL of D2O
at pH 7, heating at 85°C for 15 min, and then refolding on
ice for 15 min and at 25°C for 30 min. Mass spectrometry
indicated an increase in mass of 180 Da over the protonated
protein mass of 11 673 Da. GdnHCl was deuterated (to
GdnDCl) by dissolving it in D2O followed by lyophilization;
the procedure was repeated three times to ensure complete
deuteration.

Fluorescence and Circular Dichroism Spectra.Fluores-
cence emission spectra were collected on a Fluoromax-3
fluorimeter, upon excitation at 295 nm using a band-pass of
0.3 nm. Circular dichroism spectra were collected on a Jasco
720 spectropolarimeter, using a bandwidth of 1 nm. Cuvettes
with path lengths of 0.1 and 1 cm were used for the far-UV
(200-250 nm) and near-UV (240-320 nm) circular dichro-
ism measurements, respectively.

Optically Monitored Equilibrium Unfolding Experiments.
Equilibrium unfolding of Trx was carried out both at pH 3
and at pH 7 by incubating the protein (∼20 µM for far-UV
CD measurements and∼5 µM for fluorescence measure-
ments) in different concentrations of GdnHCl at 25°C for 4
h. Unfolding was monitored by measurement of far-UV CD
at 222 nm (1 nm bandwidth) using a Jasco J720 spectropo-
larimeter and a cuvette with a path length of 0.1 cm, as well
as by measurement of fluorescence emission at 368 nm for
pH 7 and 360 nm for pH 3, using a Fluoromax-3 fluorimeter.
Equilibrium unfolding curves were fitted to a two-state N
h U model (48).

Optically Monitored Kinetic Unfolding Experiments.For
kinetic studies in which unfolding was monitored by
measurement of far-UV CD, at pH 7 and 3, native protein
was diluted to a final concentration of 5µM in unfolding
buffer containing a final GdnHCl concentration ranging from
2.2 to 3.5 M. Unfolding was monitored by measurement of
far-UV CD at 222 nm using a cuvette with a path length of
1 cm, with the bandwidth and response time set to 1 nm
and 1 s, respectively. For kinetic studies in which unfolding
at pH 3 was monitored by measurement of near-UV CD at
270 nm, at GdnHCl concentrations ranging from 2.0 to 3.5
M, and using a final protein concentration of 50µM, a
cuvette with a path length of 1 cm was used, with the
bandwidth and response time set to 1 nm and 2 s, respec-
tively. All CD data were collected using a Jasco J-720
spectropolarimeter, and in all cases, the dead time of manual
mixing was 10( 2 s.

For kinetic studies in which unfolding at pH 7 was
monitored by measurement of fluorescence at 368 nm upon
excitation at 295 nm, manual mixing (mixing dead time of
5 s) of the solutions was carried out directly into a cuvette
with a path length of 1 cm in a Fluoromax-3 fluorimeter.
For kinetic unfolding studies carried out at pH 3, an SFM-4
stopped-flow machine (Biologic) was used to initiate unfold-
ing, with a mixing dead time of 6.2 ms, at GdnHCl
concentrations ranging from 2.2 to 4.0 M. The concentration
of the protein during unfolding was 10µM, and unfolding
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was monitored by measurement of fluorescence emission at
360 nm upon excitation at 295 nm.

HX-MS-Monitored Equilibrium Unfolding Experiments.
For equilibrium unfolding studies at pH 7, deuterated Trx
was diluted to a final concentration of 800µM protein into
native buffer [20 mM sodium phosphate in D2O (pH 7)] and
unfolding buffer [GdnDCl and 20 mM sodium phosphate in
D2O (pH 7)] so that the final concentration of GdnDCl was
2.2, 2.5, or 2.8 M. The reaction mixture was incubated at
25 °C for 4 h. Then, 15µL of the reaction mixture described
above was diluted 10-fold into 135µL of labeling buffer
(50 mM sodium phosphate in H2O), containing the same
concentration of GdnHCl. After labeling had been carried
out for 5 s, the exchange reaction was quenched at pH 3 by
diluting the sample 10-fold into 1350µL of quench buffer
[50 mM glycine in H2O (pH 2.8)]. The samples were then
processed for mass spectrometry.

For equilibrium unfolding studies at pH 3, deuterated Trx
was diluted to a final concentration of 50µM, with unfolding
buffer [30 mM glycine in D2O (pH 3)] containing 2.2, 2.5,
or 2.8 M GdnDCl, and then incubated at 25°C for 4 h. Then,
100 µL of the incubated solution was diluted 10-fold into
900µL of labeling buffer [50 mM sodium phosphate in H2O
(pH 7)] containing an identical concentration of GdnHCl.
After labeling had been carried out for 5 s, the exchange
reaction was quenched at pH 3, by diluting the sample 10-
fold into 9 mL of quench buffer [50 mM glycine in H2O
(pH 2.8)]. The samples were then concentrated to 0.5 mL
using a 50 mL Amicon stirred cell so that the concentration
of protein became∼10 µM and then processed for mass
spectrometry.

HX-MS-Monitored Kinetic Unfolding Studies.For kinetic
unfolding studies at pH 7 and 3, a pulse labeling methodol-
ogy was used. Deuterated protein was diluted with unfolding
buffer (3.3 M GdnDCl and 20 mM sodium phosphate in D2O
for pH 7 or 30 mM glycine in D2O for pH 3) to a final protein
concentration of 50µM and 3 M GdnHCl. The mixing dead
time was 11( 1 s. After different times of unfolding in 3
M GdnDCl, ranging from 11 to 300 s, a 5 slabeling pulse
was given by diluting the sample 10-fold into 900µL of
labeling buffer [50 mM sodium phosphate and 3 M GdnHCl
in H2O (pH 7)]. The exchange reaction was quenched by
decreasing the pH to 3 via a 10-fold dilution into 9 mL of
quench buffer [50 mM glycine in H2O (pH ∼2.8)]. The
resultant reduction at pH 3 quenched the HX reaction, and
the reduction of the GdnHCl concentration to 0.3 M enabled
the protein to refold. The sample was then concentrated to
0.5 mL using an Amicon stirred cell with a 1 kDa cutoff
membrane and processed for mass spectrometry.

It was important to demonstrate that the labeling conditions
were sufficient to completely label the unfolded protein but
not the native protein. When completely unfolded, deuterated
protein in 6 M GdnDCl was given the 5 s labeling pulse,
and the sample was processed as described below; only two
to three deuteriums were found to have remained unex-
changed, either because of residual structure in 6 M DCl or
because the labeling buffer contained 10% D2O. When native
deuterated protein was given the 5 s labeling pulse and the
sample processed in the same way, 33( 3 deuteriums were
found to have remained unexchanged, showing that the
labeling conditions do not affect the conformation of the
protein. In every HX-monitored folding experiment, an

important control experiment was to dilute deuterated protein
directly 10-fold into quench buffer containing H2O buffer
at pH 3. After the sample had been processed in a manner
identical to that for the samples for the unfolding experi-
ments, as described below, 33( 3 deuteriums were found
to have remained unexchanged.

Processing of HX Samples for Mass Spectrometry.All HX
samples were processed in an identical manner. Each sample
was desalted using a Sephadex G-25 column equilibrated
with water at pH 3 (pH adjusted with formic acid), in
conjunction with an Akta chromatography system. After
incubation for 24 h at 25°C (from the time of labeling), the
samples were analyzed by electrospray mass spectrometry.

ESI Mass Spectrometry.A Micromass Q-TOF Ultima mass
spectrometer (ESI-MS) was used. For acquisition of mass
spectra, the capillary voltage was set to 3 kV, the desolvation
temperature to 150°C, and the source temperature to 80°C.
No organic solvent was added to the samples, and the spectra
were collected in the positive ion mode. Furthermore, before
injection of the sample, the injection line was washed with
D2O or H2O, depending on whether the sample was in D2O
or H2O. The concentration of Trx in each sample was
typically 5 µM, and typically, an ion count of∼75 was
obtained in a 1 sdata acquisition window. For each sample,
data acquired over 100 s were averaged.

Data Analysis. To quantify the relative amounts of
deuterated protein with 33( 3 protected deuteriums (mass
of 11 706( 3 Da) and a protonated protein with a mass of
11 673 Da in each sample, the relative amplitudes of the
peaks corresponding to the ninth charged state (m/z 1301.8)
were determined. Relative amplitudes were determined either
directly from the ion intensities or from fitting Gaussian
distributions to the peaks to determine their areas.

Unfolding kinetics monitored by manual mixing fluores-
cence measurements were fitted to a single-exponential
equation, and unfolding kinetics monitored by stopped-flow
mixing fluorescence measurements were fitted to a two-
exponential equation.

RESULTS

Structure and Stability of Trx at pH 7 and 3.Figure 1
compares the spectroscopic properties as well as stability of
Trx at pH 7 to the spectroscopic properties and stability at
pH 3. It is seen that the fluorescence spectra (Figure 1A),
the far-UV CD spectra (Figure 1B), and the near-UV CD
spectra (Figure 1C) of the protein are identical at pH 7 and
3. The far-UV CD spectrum at pH 7 is identical to that
reported in earlier studies (49, 50). These results indicate
that both the secondary and tertiary structure of Trx are not
changed by the change in pH from 7 to 3, and they are in
agreement with an earlier study which indicated that Trx
remains in its native conformation in 2% acetic acid (38).
Size exclusion chromatography as well as dynamic light
scattering studies (data not shown) indicate that the protein
remains monomeric at both pH 7 and 3, at concentrations
of 50 and 500µM. In Figure 1D, it is seen that the far-UV
CD-monitored GdnHCl-induced equilibrium unfolding curve
of Trx determined at pH 7 completely overlaps that
determined at pH 3. In both cases, the midpoint of the
equilibrium unfolding transition is at 2.5 M GdnHCl. Thus,
far-UV CD-monitored equilibrium unfolding studies suggest
that the stability of Trx is the same at pH 7 and 3.
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NatiVe Trx Has 33 Amide Hydrogen Sites Protected from
HX at pH 3. Figure 2A shows exchange-out of amide
deuteriums from deuterated Trx at pH 3. In the inset of Figure
2A, exchange-out is seen to manifest itself in a shift in the
mass spectrum to lowerm/z values with the time of
exchange-out. Only one peak with a decreasing average mass
and width with time is observed, suggesting that the exchange
mechanism is EX2 (9, 32). The number of protected amide
deuteriums at each time of incubation was determined by
subtracting the mass of the protonated protein (11 673 Da)
from the mass observed at that time. Fully deuterated Trx
has a mass 180 Da greater than that of protonated Trx,
indicating that 180 protons are replaced with deuteriums.
Figure 2A shows that at the earliest time (3 min) of
incubation of the deuterated protein in H2O, the number of
deuteriums retained has been reduced to 90, indicating that
90 deuteriums have exchanged out very rapidly. The number
of deuteriums retained decreases with time, and after 20-
24 h, exchange-out appears to have reached a plateau level,
where 33( 3 deuterons are retained in each Trx molecule.
Thus, Trx has 33( 3 amide hydrogen sites that are protected
from exchange at pH 3. When exchange-out of amide
deuteriums from Trx is carried out at pH 7 (Figure 2B),
where the intrinsic HX rate is 104 times faster than it is at
pH 3, 13 of these 33 amide hydrogen sites exchange out
over a 3 htime period, and the protein is seen to have 20(
3 amide hydrogen sites that are protected from exchange at
pH 7. These results are in accordance with previous studies
which had shown that 27 amide hydrogen sites remain
protected from exchange at pH 5.7 (47). The results in panels

A and B of Figure 2 also indicate that the native protein has
at least five classes of amide hydrogen sites that differ in
their level of protection. From the measured rate of exchange-
out at each class of amide hydrogen site (Figure 2 legend),
and assuming an intrinsic HX rate of 20 s-1 at pH 7 and of

FIGURE 1: Comparison of the structure and stability of thioredoxin
at pH 3 and 7. (A) Fluorescence emission spectra of thioredoxin.
(B) Far-UV circular dichroism spectra of thioredoxin (18µM
protein). (C) Near-UV circular dichroism spectra of thioredoxin
(49µM protein). In panels A-C, the dashed lines represent spectra
obtained at pH 7 (in 30 mM sodium phosphate buffer) and the
solid lines represent spectra obtained at pH 3 (in 30 mM glycine
buffer). (D) Equilibrium unfolding curves of thioredoxin at pH 7
(O) and 3 (4), determined by measurement of ellipticity at 222
nm. The equilibrium unfolding curves were converted to plots of
fraction of protein unfolded vs GdnHCl concentration and fitted to
a two-state Nh U model for unfolding, as described in ref48.
The solid line through the data represents the fit, which yielded
values for∆G, the free energy of unfolding, andCm, the midpoint
of the transition, of 8.2 kcal/mol and 2.5 M, respectively.

FIGURE 2: Kinetics of deuterium-proton exchange from native
thioredoxin. A solution of deuterated Trx in D2O was diluted 50-
fold into H2O buffer (50 mM glycine) at pH 3 (A) or 10-fold into
H2O buffer (50 mM sodium phosphate) at pH 7 (B). Panel A shows
how the number of protected amide deuterium atoms,ND, decreases
with time of incubation in H2O at pH 3. The solid line through the
data is described by the equationND ) 36 + 27 × exp(-0.089t)
+ 32× exp(-0.0035t). The inset shows the mass spectra (the ninth
charged state) of the protein at different times of incubation in H2O.
Panel B shows how the number of protected amide deuterium atoms
decreases with time of incubation in H2O at pH 7. The solid line
through the data is described by the equationND ) 19 + 4 × exp-
(-0.135t) + 10 × exp(-0.01t). The inset shows the mass spectra
(the ninth charged state) of the protein at different times of
incubation in H2O. Panel C shows that the relative populations of
deuterated and fully protonated Trx molecules in a mixture of the
two, determined from the relative ion intensities of the ninth charged
states centered atm/z 1301.8 (deuterated Trx, with 32 protected
deuteriums) andm/z 1298.6 (protonated Trx), scale linearly with
the molar ratio at which the deuterated and protonated molecules
were mixed.
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0.002 s-1 at pH 3 at 25°C (51), the protection factors of the
five classes are calculated to be, approximately, 1.5, 35, 9000,
120000, and>120000.

Determination of the RelatiVe Amounts of Deuterated and
Protonated Trx in a Mixture.For proper analysis of HX-
MS measurements of protein folding, it is important to first
show that the fully protonated protein population and the
deuterated (33( 3 deuteriums) protein population can be
estimated quantitatively in a mixture of the two populations,
from the relative ion intensities of the two peaks that are
observed for the ninth charged states of the two forms. Figure
2C shows that this is indeed so: when deuterated and
protonated protein are mixed at different molar ratios in H2O
at pH 3, the relative ion intensities of the two peaks
corresponding to the two forms differing in mass by 33 Da
predict the molar ratios of mixing. This experiment also
indicates that there is no significant exchange-out from the
samples within the mass spectrometer. Thus, if both N and
U molecules are present together, they can be distinguished
by the former but not the latter possessing 33 amide hydrogen
sites that are protected from exchange.

Unfolding of Trx at pH 7 Monitored by HX-MS and by
Optical Probes. HX-MS was used to determine the fraction
of protein that is unfolded, at each of three different GdnHCl
concentrations corresponding to the transition zone of the
equilibrium unfolding curve. This unique capability of HX-
MS arises because 33 amide hydrogen sites are stable to HX
in the N state but undergo exchange in the U form. Hence,
the result of proton labeling of a mixture of native and
unfolded protein that had been previously deuterated is that
the native protein retains deuterium at 33 amide hydrogen
sites while unfolded protein does not; consequently, the
unfolded protein will have a mass that is 33 Da lower than
that of the native protein. Figure 3A shows that the fraction
of protein that is unfolded at each GdnHCl concentration
agrees well with the value estimated from the fluorescence,
far-UV CD, or near-UV CD-monitored equilibrium unfolding
curves. The mass spectrum obtained from each of the protein
samples, equilibrated at any of the three GdnHCl concentra-
tions, shows only two well-resolved peaks, corresponding
to deuterated (11 706 Da) and protonated (11 673 Da) protein
and originating from the native and unfolded protein popula-
tions present at equilibrium (inset in Figure 3A). The absence
of any ion intensity straddling the two peaks indicates the
absence of any intermediate showing protection at only a
subset of the 33 most protected amide hydrogen sites. It
should be noted that because the labeling pulse had a dura-
tion of 5 s and because the intrinsic time constant of HX
at pH 7 and 25°C is 50 ms, any intermediate with a
protection factor ofe20 at each of the 33 amide hydro-
gen sites stable to HX could also have become fully labeled
and appeared as U. Such a possibility appears unlikely
because the relative amount of U determined by HX-MS is
predicted by the optically monitored equilibrium unfolding
curves.

Figure 3B shows how the amount of unfolded protein
increases with time of unfolding in 3 M GdnHCl. The mass
spectra show only two well-resolved peaks at each time of
unfolding (inset in Figure 3B), indicating that U and N are
the only two forms present at any time during the unfolding
reaction. Figure 3B shows that the fraction of protein
unfolded shows an exponential dependence on the time of

unfolding, with an apparent rate of 0.008 s-1, and indicates
that there is virtually no (<10%) U present at the earliest
time of unfolding that was monitored. Thus, the unfolding
kinetics also indicate that N unfolds directly to U, although
it is possible that an intermediate with weak general
protection against HX (see above) may be transiently
populated.

FIGURE 3: Equilibrium and kinetic unfolding studies of thioredoxin
at pH 7. Unfolding was monitored by HX-MS (9), as well as by
fluorescence (O), ellipticity at 222 nm (4), and near-UV CD (3).
Panel A shows the values of the fraction of protein that is unfolded,
which were determined by HX-MS at three GdnHCl concentrations,
overlaid on the values of fractional changes in the magnitude of
the optical signal, which were determined from equilibrium
unfolding curves. The inset shows the mass spectra of samples
unfolded in 2.2, 2.5, and 2.8 M GdnHCl. Panel B shows how the
relative amount of unfolded protein (9), determined by HX-MS,
increases with time of unfolding in 3 M GdnHCl. The solid line
through the data represents a single-exponential fit to the data and
yields an apparent constant of unfolding of 0.008 s-1. Representative
mass spectra of samples in which the labeling pulse was given at
the indicated times are shown in the inset. Panel C compares the
kinetics of unfolding in 3 M GdnHCl monitored by HX-MS to the
kinetics monitored by the three optical probes. The kinetic curves
were normalized between a value of 0 for the native protein at
time zero and a value of 1 at the end of the kinetic curve (t ) ∞).
The solid line is a single-exponential fit to the data and yields a
value for the observed rate of unfolding,λ, of 0.0085 s-1.
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Figure 3C compares the kinetics of unfolding of Trx,
measured by near-UV CD, far-UV CD, and fluorescence,
to the kinetics of unfolding measured by HX-MS. For each
probe, a single kinetic phase accounts for the complete
amplitude of unfolding. The probes for tertiary structure,
near-UV CD, and fluorescence and the probe for secondary
structure, far-UV CD all yield very similar kinetics. An
earlier study (46) had shown co-incident kinetics for unfold-
ing in 3.2 M GdnHCl, when monitored by fluorescence and
far-UV CD. The observation suggests that unfolding at pH
7 can be described by a two-state Nh U model. Not
surprisingly then, the increase in the relative amount of
unfolded protein, as measured by HX-MS, occurs at a rate
identical to the rate measured by the fractional changes in
the optical signals (Figure 3C).

Unfolding of Trx at pH 3 Monitored by HX-MS and by
Optical Probes. Figure 4A shows that an equilibrium
GdnHCl-induced unfolding curve determined by monitoring
the change in far-UV CD is co-incident with that determined
by monitoring the change in fluorescence. Both unfolding
curves have a midpoint (Cm) at 2.5 M. In contrast, the
equilibrium unfolding curve determined by monitoring the
change in near-UV CD does not overlap with the other two
and has a different value forCm at 2.26 M GdnHCl. The
fraction of protein that remains folded at pH 3, at each of
the different GdnHCl concentrations corresponding to the
transition zone of the equilibrium unfolding curve, was
determined using HX-MS. This fraction is found to be
predicted by the fractional retention of near-UV CD at each
GdnHCl concentration. Together, the optical and HX-MS
studies suggest that equilibrium unfolding at pH 3 is
described minimally by a three-state Nh IE h U model,
where IE is a partially folded intermediate which has lost
the near-UV CD signal of native Trx.

The mass spectrum obtained from each of the protein
samples, equilibrated at any of the three GdnHCl concentra-
tions, showed two peaks, corresponding to deuterated (11 706
Da) and protonated (11 673 Da) protein, and originating from
the native and unfolded protein populations present at
equilibrium (inset in Figure 4A). But unlike in the case of
the samples equilibrated at pH 7 (Figure 3A), the peaks are
not well resolved: 12-20% of the total ion intensity spans
the region between the two peaks. This result suggests that
the intermediate IE represents one or more intermediates that
afford significant protection to one or more subsets of the
33 amide hydrogen sites most protected from exchange in
native Trx. In an earlier study (39), equilibrium intermediates
were reported to be populated during equilibrium thermal
denaturation at low pH.

Figure 4B shows how the amount of unfolded protein
increases with time of unfolding in 3 M GdnHCl. The mass
spectra show two peaks at each time of unfolding (inset in
Figure 4B) corresponding to the U and N forms. There also
appears to be some amount (10-15%) of ion intensity that
spans the region between the two peaks, for the mass
spectrum after unfolding for 10 s, suggesting that N and U
are not the only two forms present at early times of unfolding.
Figure 4B shows that the fraction of protein unfolded shows
an exponential dependence on the time of unfolding, with a
rate of 0.01 s-1. The kinetic curve for unfolding does not,
however, extrapolate to zero U at zero time of unfolding, as
it appears to for unfolding at pH 7 (Figure 3B), but instead

indicates that∼45% of the molecules have formed U, or a
species that affords U-like protection from HX (with a pro-
tection factor ofe20) at all 33 protected amide hydrogen
sites, at the earliest time (11 s) of unfolding monitored. The
observation that only 90% of the molecules have unfolded
even after 500 s (Figure 4B) is expected because the equi-
librium unfolding studies (Figure 4A) indicate that 10% of
the molecules remain as N (or IE) in 3 M GdnHCl at pH 3.

Figure 4C compares the kinetics of unfolding of Trx in 3
M GdnHCl, measured by near-UV CD, far-UV CD, and

FIGURE 4: Equilibrium and kinetic unfolding studies of thioredoxin
at pH 3. Unfolding was monitored by HX-MS (9), as well as by
fluorescence (O), ellipticity at 222 nm (4), and near-UV CD (3).
Panel A shows the values of the fraction of protein that remains
native, which was determined at different GdnHCl concentrations
by HX-MS, overlaid on the values of the fractional changes in the
magnitude of the optical signal, which were determined from
equilibrium unfolding curves. The inset shows the mass spectra
(ninth charged state) of samples labeled in 2.2, 2.5, and 2.8 M
GdnHCl. The mass spectra were fit to the sum of three Gaussian
distributions, shown as dotted lines. The fraction of native protein
at each GdnHCl concentration was determined from the relative
area under the Gaussian distribution corresponding to the peak of
the deuterated protein (atm/z 1301.8); all native protein remains
deuterated even after the labeling pulse. The fractions of protein
molecules present as an intermediate (with protection and, hence,
labeled mass intermediate between that of U and N) at different
GdnHCl concentrations were estimated to be 0.12 (2 M), 0.21 (2.2
M), 0.18 (2.5 M), and 0.13 (2.8 M). Panel B shows how the relative
amount of unfolded protein (9), determined by HX-MS, increases
with time of unfolding in 3 M GdnHCl. The solid line through the
data represents a single-exponential fit to the data and yields an
apparent rate constant of unfolding of 0.01 s-1. The inset shows
representative mass spectra (ninth charged state) of samples in
which the labeling pulse was applied at the indicated times. Panel
C compares the kinetics of unfolding in 3 M GdnHCl monitored
by HX-MS to the kinetics monitored by the three optical probes.
The kinetic curves were normalized between a value of 0 for the
native protein at time zero and a value of 1 at the end of the kinetic
curve (t ) ∞). The solid line is a fit of the fluorescence-monitored
data to a two-exponential equation and is described by the equation
F(t) ) 0.35× exp(-0.12t) + 0.65× exp(-0.017t). The inset shows
how the slow observed rate constant,λ, of unfolding in 3 M
GdnHCl, which was monitored by measurement of ellipticity at
222 nm (4), varies with protein concentration in the range of 5-50
µM. The error bars represent standard deviations of measurements
from three separate experiments.
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fluorescence, to the kinetics of unfolding measured by HX-
MS. Since the fluorescence-monitored kinetics were mea-
sured by rapid mixing in a stopped-flow machine, the entire
amplitude of the unfolding reaction could be observed. The
change in fluorescence occurs in two kinetic phases, a fast
phase accounting for 35% of the amplitude and a slow phase
accounting for 65% of the amplitude. Far-UV CD-monitored
and near-UV CD-monitored kinetics were measured only in
manual mixing experiments, whose time resolution is suf-
ficient to capture only the slow phase seen in the fluorescence-
monitored kinetics. It is observed that the kinetic curves for
the slow changes in far-UV CD and near-UV CD coincide
with the kinetic curve observed for the slow change in
fluorescence (Figure 4C). The kinetics of the increase in the
fraction of protein unfolded, as determined by a manual
mixing HX-MS experiment, also appear co-incident with the
kinetics of the slow phase monitored by the three optical
probes. The observation that unfolding in 3 M GdnHCl at
pH 3 occurs in two kinetic phases indicates that unfolding
at pH 3 cannot be described by a two-state Nh U model
but that at least one additional species must be incorporated
into any unfolding model. The HX-MS results also indicate
that in the fast phase of unfolding, 45% of the protein
molecules have unfolded either to U or to an intermediate
with a protection factor ofe20 at each of the 33 amide
hydrogen sites stable to HX (see above).

Since the concentration of Trx used in the unfolding
experiments spanned the range of 5-50 µM, depending on
the probe being used, it was important to demonstrate that
the unfolding kinetics were independent of protein concen-
tration in this range. The inset in Figure 4C shows that the
unfolding rates in 3 M GdnHCl at pH 3, as measured by the
change in ellipticity at 222 nm, do not vary with protein
concentration in this range.

Dependence on GdnHCl Concentration of the Unfolding
Kinetics at pH 3.Panels A and B of Figure 5 compare the
kinetics of unfolding, determined by measurement of fluo-
rescence, far-UV CD, and near-UV CD, at pH 3, in 2.2 and
2.5 M GdnHCl, respectively. At these denaturant concentra-
tions, the equilibrium intermediate appears to be populated
maximally (Figure 4A), and the midpoint of the near-UV
CD-determined equilibrium unfolding curve is at 2.26 M
GdnHCl. For unfolding in 2.2 M GdnHCl, the far-UV CD-
monitored kinetic trace extrapolates to approximately the
value expected for the native protein at time zero, while the
near-UV CD-monitored kinetic trace extrapolates to a
significantly non-zero value. This suggests that the transient
accumulation of an initial intermediate, I1, within 10 s, which
has lost∼40% of the near-UV ellipticity characteristic of
native protein but practically none of the far-UV CD.
Unexpectedly, the fluorescence-monitored kinetic trace while
commencing at the value expected for the native protein
shows an initial dip and then rise, suggesting the population
of a late intermediate after unfolding for∼50 s. This late
intermediate, I2, possesses less fluorescence intensity than
native protein and appears to subsequently unfold to IE and
U which are together present at equilibrium in 2.2 M GdnHCl
at pH 3 (Figure 4A).

For unfolding in 2.5 M GdnHCl, the fluorescence-
monitored and far-UV CD-monitored kinetic traces extrapo-
late within experimental error to the values expected for
the native protein at time zero, while the near-UV CD-

monitored kinetic trace does not. These results indicate that
for unfolding in 2.5 M GdnHCl, too, an intermediate species
I1, which has lost some of the near-UV CD signal charac-
teristic of the native protein but none of the fluorescence or
far-UV CD signal, is populated within a few seconds of
unfolding. Intermediate I2, which can be detected easily
during unfolding in 2.2 M GdnHCl, appears not to be
populated to any significant extent during unfolding in 2.5
M GdnHCl.

Since the fraction of molecules unfolding at these low
concentrations of GdnHCl is less than 20%, it was not
possible to determine the kinetic trace of unfolding by HX-
MS, which was possible at 3 M GdnHCl (Figure 4B).

Figure 6 shows how the unfolding kinetics at pH 3 vary
with GdnHCl concentration. In Figure 6A, it is seen that the
observed rate of slow unfolding at any GdnHCl concentration
is the same, regardless of the probe used to assess unfolding.
The dependences on GdnHCl concentration of the logarithm
of fast and slow observed rate constants are also seen to be
almost identical.

FIGURE 5: Optically monitored kinetics of unfolding of Trx at pH
3. Unfolding in 2.2 M GdnHCl (A) and in 2.5 M GdnHCl (B) was
monitored by fluorescence (-‚‚-), far-UV CD (- - -), and near-
UV CD (‚‚‚). For each kinetic trace, the fractional progress of the
reaction was calculated as (St - S0)/(S∞ - S0), whereSt is the value
of the signal at timet of unfolding, S0 is the value of the signal
corresponding to that of the native protein, andS∞ is the value of
the signal at infinite time. For each trace, only the first 800 s (A)
or the first 500 s of the kinetic traces acquired is shown, but the
traces were acquired for at least 3τ s, whereτ is the observed time
constant. The solid line through the CD-monitored kinetic trace is
a nonlinear least-squares fit to a single-exponential process; for the
fluorescence-monitored kinetic trace in panel A, the fit was carried
out to the sum of a two-exponential equation. The fits yielded values
for the observed slow rates of unfolding, when determined by
fluorescence, far-UV CD, and near-UV CD, of 0.0017, 0.0034, and
0.0026 s-1 in 2.2 M GdnHCl and of 0.0033, 0.0043, and 0.0039
s-1 in 2.5 M GdnHCl, respectively.
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Figure 6B compares the kinetic and equilibrium amplitudes
for unfolding monitored by fluorescence as well as by far-
UV CD. For both fluorescence- and far-UV CD-monitored
kinetic unfolding studies, thet ) ∞ points of the kinetic
unfolding traces fall on the equilibrium unfolding transition
determined by the fluorescence or far-UV CD measurements,
as expected. Thet ) 0 points of the slow phase of kinetic
unfolding traces monitored by the two probes fall on each

other, and they exhibit a sigmoidal dependence on the
concentration of GdnHCl in which unfolding was carried
out. This sigmoidal dependence, characterized by aCm value
of 3.2 M GdnHCl, represents the unfolding transition of the
species that is populated at the end of the fast phase of
unfolding at pH 3.

Figure 6C compares the kinetic and equilibrium amplitudes
for unfolding monitored by near-UV CD. Again, thet ) ∞
points of the kinetic unfolding traces fall on the equilibrium
unfolding transition determined by near-UV CD measure-
ments, as expected. As already evident from Figure 5, thet
) 0 points of the kinetic unfolding traces for unfolding at
GdnHCl concentrations in the range of 2-2.8 M (Figure 6C)
do not overlap with thet ) 0 points of the corresponding
kinetic traces obtained using far-UV CD or fluorescence
(Figure 6B). For unfolding in this range of GdnHCl
concentrations, the fractional change in near-UV CD in the
fast phase of unfolding is seen to be 10-30% more than the
corresponding fractional change in far-UV CD or fluores-
cence (Figure 5). Thet ) 0 points of the kinetic traces
monitored by near-UV CD show a sigmoidal dependence
on the concentration of GdnHCl in which unfolding was
carried out, which is significantly broader than that seen when
unfolding is monitored by fluorescence or far-UV CD. This
broad sigmoidal dependence is characterized by aCm value
of 3.1 M.

To determine the fraction of molecules that remain as N
(or an intermediate equally stable to HX) before the slow
phase of unfolding has proceeded to any significant extent,
5 s HX labeling pulses were applied at 11 s of unfolding at
different GdnHCl concentrations in the range of 2.5-5 M.
Figure 6B shows that the fraction of molecules not labeled
at all (and, hence, present as N or an intermediate as stable
as N) at this time of unfolding decreases with an increase in
the concentration of GdnHCl present during unfolding, in a
manner similar to the decrease seen in the fractional
amplitude of the slow change in fluorescence or far-UV CD.
This result indicates that initial intermediate I1, which has
partially lost near-UV ellipticity (Figure 5A), confers as much
protection as N at each of the 33 amide sites that are stable
in N.

Dependence of Unfolding Kinetics at pH 3 on Protein
Concentration.Although the observed slow rate constant of
unfolding in 3 M GdnHCl at pH 3 does not vary when the
protein concentration is varied in the range of 5-50 µM
(Figure 4C, inset), it is significantly lower when the unfolding
reaction is carried out at much higher protein concentrations.
The deceleration of the slow unfolding reaction at high
protein concentrations can be observed when unfolding is
monitored by HX-MS. Figure 7A shows that the observed
slow rate of unfolding at a protein concentration of 850µM
is significantly slower than that measured at a protein
concentration of 50µM (Figure 4B). Figure 7B compares
the near-UV CD-monitored kinetic trace of unfolding in 3
M GdnHCl of 50µM Trx to that of 200 and 500µM Trx,
and Figure 7C does likewise for unfolding in 2.2 M GdnHCl.
When Trx is unfolded at a concentration of 500µM in 2.2
M GdnHCl at pH 3, the relative loss of near-UV ellipticity
is also much smaller than at a concentration of 50µM. Figure
7D shows how the observed slow rate constant of unfolding
in 3 M GdnHCl at pH 3 decreases with an increase in protein
concentration. In contrast, when the unfolding of Trx in 3

FIGURE 6: GdnHCl concentration dependence of unfolding kinetics
at pH 3. Unfolding in different denaturant concentrations was
monitored by HX-MS (9), far-UV CD (4 and 2), near-UV CD
(3 and 1), and fluorescence (O and b). Panel A shows how
the observed rate constants of unfolding depend on GdnHCl
concentration. The straight line fitted through the observed fast
rate constants (λf) of unfolding is described by the equation
log λf ) -3.9+ 0.98[GdnHCl], and the straight line fitted through
the observed slow rate constants (λs) of unfolding is described by
the equation logλs ) -4.81+ 0.99[GdnHCl]. Panel B compares
the kinetic amplitude of the slow phase of unfolding to the
equilibrium amplitude of unfolding, when unfolding is monitored
by measuring changes in far-UV CD or fluorescence. The solid
line represents the fit to the fluorescence and far-UV CD-monitored
equilibrium unfolding curve shown in Figure 4A. White symbols
represent thet ) 0 point of the slow kinetic phase of unfolding,
and black symbols represent thet ) ∞ point of the unfolding
reaction. The fractions of protein molecules that have remained
folded after unfolding for 11 s at different concentrations of
unfolding buffer, which were determined from HX-MS experiments,
are also shown. Panel C compares the kinetic amplitude of the slow
phase of unfolding to the equilibrium amplitude of unfolding, when
unfolding is monitored by measuring the change in near-UV CD.
The solid line represents the fit to the near-UV CD-monitored
equilibrium unfolding curve shown in Figure 4A. In all panels, the
error bars represent standard deviations of measurements from three
separate experiments.
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M GdnHCl was monitored by near-UV CD at pH 7, the
observed unfolding rate constant that was determined was
found to be the same for unfolding at concentrations of 50
and 500µM.

DISCUSSION

The unfolding of Trx at pH 7 appears to be simple and
occur in one step, with different probes yielding very similar
unfolding kinetics (Figure 3). On the other hand, unfolding
at pH 3 appears to be complex and to occur in several steps,
with different probes yielding different kinetics (Figures
4-6). Before considering a possible mechanism for unfolding
at pH 3, it is necessary to consider the coupling of proline
isomerization reactions to the actual unfolding step, because

it is well-known that such coupling complicates the analysis
of even simple unfolding reactions (52). Consideration of
cis to trans proline isomerization is particularly important
in the case of Trx, for the unfolded as well as native states,
because it has one proline residue, Pro76, which exists in
the cis conformation in the native state (37).

Coupling of the Unfolding Reaction to Proline Isomer-
ization. Native Trx has been characterized extensively by
NMR (47, 53-55) as well as by MS (38-41). These studies
have not provided any evidence of multiple native states
resulting from cis-trans proline isomerization in the native
protein, as they have for other proteins (6, 56-59). Hence,
it is very unlikely that the unfolding kinetics of Trx are
complex at pH 3 because of the presence of two native states
in slow equilibrium with each other. The cause of the
complexity must lie in processes that occur during unfolding.

In fact, previous studies had in fact shown that the unique
native state, N, unfolds by a Nh UC h UT mechanism (45,
46), in which the unfolding reaction is followed by and
coupled to proline isomerization reactions in the unfolded
state (42-46). The unfolded state having Pro76 in a cis
conformation (UC) is formed initially and equilibrates with
other unfolded forms having Pro76 in the trans form (UT),
with a relaxation rate of∼0.02-0.03 s-1, which is indepen-
dent of the concentration of the denaturant.

For a protein such as Trx, which has one cis proline residue
in the native state, the observed unfolding kinetics will
depend on the concentration of denaturant and on whether
the unfolding reaction is faster or slower than the subsequent
proline isomerization reaction (52). When the Nh UC

reaction is slower than the UC h UT reaction, unfolding is
expected to occur in a single kinetic phase, for concentrations
of GdnHCl larger than or equal to the concentrations
corresponding to the equilibrium unfolding transition zone
(52). This appears to be the case at pH 7, where unfolding
occurs in a single kinetic phase with the same rate measured
by different probes (Figure 3).

At pH 3, unfolding occurs in two kinetic phases (Figure
6). The fast phase has a rate that is 10-fold faster than that
of the unfolding phase at pH 7. It therefore appears that the
unfolding reaction at pH 3 is faster than the subsequent
proline isomerization reaction. When this is the case,
unfolding is expected to occur in two kinetic phases for
concentrations of GdnHCl larger than or equal to the
concentrations corresponding to the equilibrium unfolding
transition zone, even when all optical signals used to monitor
the unfolding change only during the faster Nh UC step
(52). The relative amplitude of the faster phase is expected
to grow at the expense of that of the slower phase, with an
increase in GdnHCl concentration, and the rates of both
kinetic phases are expected to exhibit somewhat similar
exponential dependences on GdnHCl concentration for
GdnHCl concentrations corresponding to those in the equi-
librium unfolding transition zone. Both expectations are met
(Figure 6). Hence, at pH 3, the fast observed rate constant
represents the Nh UC reaction, while the slow observed
rate constant is that of the subsequent proline isomerization
reaction (52).

It is possible to verify that the Nh UC h UT mechanism
is appropriate for describing the biphasic unfolding kinetics
at pH 3 (Figure 4). At equilibrium, 10% of the unfolded
molecules are known to exist as UC (46). Thus, UC is

FIGURE 7: Kinetics of unfolding of Trx at high protein concentra-
tions and pH 3. Panel A shows how the fraction of unfolded protein
increases with time of unfolding of 850µM Trx in 3 M GdnHCl,
as determined by HX-MS (9). The inset shows representative mass
spectra obtained at different times of unfolding. The kinetic trace
in panel A was normalized between a value of 0 for the native
protein at time zero and a value of 1 for infinite time. The solid
line through the data is a single-exponential fit, which yields a value
for the observed rate constant,λU, of slow unfolding of 0.006 s-1.
Panel B shows the kinetics of unfolding in 3 M GdnHCl of Trx at
50 (bottom trace), 200 (middle trace), and 500µM (top trace), when
monitored by measurement of ellipticity at 270 nm. The kinetic
traces were fit to single-exponential equations; the fits are shown
as solid lines through the data. The observed rates of unfolding
were 0.017 s-1 at 50µM, 0.009 s-1 at 200µM, and 0.004 s-1 at
500µM. Panel C shows the kinetics of unfolding in 2.2 M GdnHCl
of Trx at 50 (bottom trace), 200 (middle trace), and 500µM (top
trace), when monitored by measurement of ellipticity at 270 nm.
Each kinetic trace was fit to a single-exponential equation; the fits
are shown as solid lines through the data. The observed rates of
unfolding were 0.0016 s-1 at 50µM, 0.0007 s-1 at 200µM, and
0.001 s-1 at 500 µM. In panels B and C, each kinetic trace is
normalized relative to a value of 1 for the signal of the native protein
at the relevant protein concentration. Panel D shows the dependence
of the near-UV CD-monitored, observed slow rates of unfolding
in 3 M GdnHCl at pH 3 (3) on Trx concentration in the range of
50-500 µM. For comparison, the values of the near-UV CD-
monitored, observed rates of unfolding in 3 M GdnHCl at pH 7
(O) for 50 and 500µM Trx are also shown. The solid lines through
the data in panel C have been drawn by inspection only. The error
bars represent the standard deviations of the measurements from
three separate experiments.
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expected to be∼1.4 kcal/mol more unstable than the
equilibrium unfolded protein (47). The data in Figure 6B
indicate that this is indeed so. The unfolding transition traced
by thet ) 0 points of the slow fluorescence and far-UV CD
kinetic traces, which represents the unfolding of N to UC,
has a midpoint at 3.1 M, while the equilibrium unfolding
transition determined by the same optical probes has a
midpoint at 2.5 M. Since both unfolding transitions have the
same slope (m ) 3.2 kcal mol-1 M-1), the data in Figure
6B indicate that UC is ∼1.8 kcal/mol more unstable than
the equilibrium unfolded protein. Moreover, the mechanism
demands that the product of the fast phase of unfolding be
primarily unfolded protein, and the HX-MS studies indicate
that this is indeed so at all GdnHCl concentrations in the
range of 2.5-5 M (Figure 6B). Only a fraction of the protein
molecules unfold completely in the fast phase to UC. In the
slow phase of unfolding, UC equilibrates with UT, and as a
result of the coupling between the unfolding and proline
isomerization reactions, the remaining N molecules unfold
at a rate limited by that of the proline isomerization reaction.
Hence, the Nh UC h UT mechanism is the simplest possible
mechanism that can explain all the data.

Unfolding at pH 7 Can Be Described by a Two-State
N h U Model. No partially unfolded intermediate can be
detected at pH 7, when unfolding studies are carried out at
equilibrium. All three optical probes, fluorescence, far-UV
CD, and near-UV CD, yield the same equilibrium unfolding
curve, suggesting that N and U are the only forms populated
at all concentrations of GdnHCl. In this study, it has been
shown that HX-MS, unlike the optical probes, can distinguish
between, as well as quantitatively estimate, the populations
of native and unfolded Trx molecules when both coexist, as
they do in the unfolding transition zone of an equilibrium
unfolding curve. The observation that the fraction of protein
which is unfolded, determined by HX-MS, can be predicted
by the fractional change in either of the three spectroscopic
probes, at different concentrations of GdnHCl that define
the transition zone of equilibrium unfolding, constitutes
strong evidence for the two-state nature of the unfolding of
Trx at pH 7.

Similarly, no intermediate is detected in kinetic studies.
At different concentrations of GdnHCl, unfolding is described
by a single-exponential process that accounts for the complete
amplitude of the spectroscopic change that accompanies the
unfolding reaction. The fractional change in optical signal
at any time of unfolding predicts the fraction of protein that
has become unfolded at that time. Thus, in both equilibrium
and kinetic experiments, the unfolding of Trx at pH 7 appears
to be adequately described by a two-state Nh U model.

Unfolding at pH 3 Cannot Be Described by a Two-State
N h U Model. In equilibrium studies of the unfolding of
Trx at pH 3, the observation that the equilibrium unfolding
curve determined by monitoring the change in the near-UV
CD signal does not coincide with that determined by
monitoring the change in fluorescence or far-UV CD
indicates that at least one intermediate, IE, is populated in
equilibrium with N and U. In HX-MS studies, IE manifests
itself as a species with a U-like lack of stability to exchange
in at least a subset of the 33 amide hydrogens that are stable
to exchange in N. Given that the extent of protection in IE

straddles that seen in U and N, it is likely that IE resembles
an ensemble of structures, in each of which a different subset

of amide hydrogens have lost their stability to exchange.
Since the fractional decrease in the population of native
molecules with an increase in GdnHCl concentration in the
equilibrium unfolding studies is given by the fractional
decrease in the magnitude of the near-UV CD signal, a
spectroscopic signature of IE is the fact that it is devoid of a
near-UV signal.

If the unfolding at pH 3 occurs by a simple three-state
N h UC h UT mechanism, then the kinetics of the fast and
slow phases are expected to be the same whether measured
by fluorescence, far-UV CD, or near-UV CD, as long as UC

and UT have identical optical properties as expected for
completely unfolded forms. If either the relative amplitude
or the unfolding rate of either kinetic phase is found to be
probe-dependent, it would suggest the presence of one or
more intermediates on the unfolding pathway between N and
UC. The data in Figures 5 and 6 indicate that when unfolding
is carried out at concentrations of denaturant in the range of
2.2-2.5 M, the relative amplitude of the fast (subsecond)
phase of change in the near-UV CD signal is 10-30% more
than that of the fast phases of changes in far-UV CD and
fluorescence signals. As a result, the curve traced by the
t ) 0 points of the near-UV CD-monitored kinetic traces of
unfolding does not overlap the corresponding curves deter-
mined from far-UV CD or fluorescence-monitored kinetic
experiments. If the species present at the end of the fast phase
were only the unfolded form, UC, as expected from the
N h UC h UT mechanism, then all three optical probes
should have given the same relative amplitude of signal
change accompanying the subsecond phase of unfolding, and
hence, all three curves traced by thet ) 0 points should
have been overlapping. The results therefore indicate that
in addition to UC, one or more intermediates that have lost
some of the native-state near-UV CD signal but not the far-
UV CD or fluorescence signal are also populated before the
start of the slow phase of unfolding.

The equilibrium intermediate at pH 3 has not only lost
protection against HX at a subset of the 33 most stable amide
hydrogen sites but also lost its near-UV CD signal. Since
an intermediate can be detected in kinetic studies by virtue
of it having lost near-UV CD, this intermediate might also
be expected to have lost protection (at least partially) against
HX, in a manner similar to that observed in the equilibrium
intermediate. But it appears that the kinetic intermediate that
is populated initially during unfolding in 2.2-2.5 M GdnHCl
has not lost protection against HX (Figure 6). It therefore
appears that for unfolding in this range of GdnHCl concentra-
tions, near-UV ellipticity is first lost, and then further unfold-
ing occurs leading to a partial loss of protection against HX.

In fact, the data in Figure 5A do suggest that unfolding in
2.2 M GdnHCl at pH 3 occurs in multiple steps. Near-UV
ellipticity is lost in less than 10 s, corresponding to formation
of intermediate I1, and then over a 50 s time domain,
intermediate I2 with a tryptophan fluorescence lower than
that of N is formed. Finally, at equilibrium, intermediate IE

which has U-like near-UV ellipticity and a partial loss of
protection against HX is formed along with U. In the kinetic
unfolding experiments in 3 M GdnHCl monitored by HX-
MS, an initial transient kinetic intermediate similar to IE, with
partial protection, is seen at early times of unfolding (Figure
4B). At later times of unfolding, IE is not populated to a
detectable extent (Figure 4B).
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Thus, the unfolding of Trx at pH 3 can be represented as
a N h I h U system, where I) I1 h I2 h IE, an ensemble
of intermediates that are populated differentially at different
GdnHCl concentrations in the range of 2.2-3 M. It seems
possible to place I on the pathway between N and U because
both the rates of formation and disappearance of its
component I2 can be measured in 2.2 and 2.3 M GdnHCl
(Figure 6). It is seen that the rate of disappearance of I2 is
the same as the rate of formation of U. If I were off-pathway
in an I h N h U mechanism of unfolding, then I2 would
first have to refold for unfolding to occur. Such refolding
will become slower with an increase in GdnHCl concentra-
tion. Since such a refolding step cannot be detected, it is
likely that I2 and, hence, I must be on-pathway.

Stabilization of an Unfolding Intermediate at Low pH.The
unfolding studies at pH 7 and 3, reported here, indicate that
the unfolding of Trx proceeds through a set of partially
unfolded intermediates, I, which are stable and hence
populated at pH 3 but unstable and hence not populated at
pH 7. Moreover, the slow unfolding phase is faster at the
lower pH, indicating that the transition state too is stabilized
at low pH. This result suggests that the intermediate and
transition state are either stabilized by an electrostatic
interaction present only at pH 3 or destabilized by a repulsive
electrostatic interaction present only at pH 7. The pI of Trx
is 4.5, and the effect of pH may be only through its effect
on the net charge on the protein, which in turn may influence
electrostatic interactions present in the native, intermediate,
and transition states. In the case of the folding of several
other proteins, including hisactophilin (60), cro repressor (61,
62), protein G (63), and the immunity proteins (64), a change
in pH has been shown to stabilize folding intermediates and
to cause a switch from apparent two-state folding to three-
state folding. Here, a change in pH has been shown to
stabilize an intermediate on the unfolding pathway of Trx
and to cause a switch from apparent two-state unfolding to
three-state unfolding.

Figure 8 shows free energy diagrams illustrating the
mechanism of unfolding of Trx at pH 7 and 3. The transition
state for the unfolding reaction (to UC) is stabilized at pH 3
relative to that at pH 7; hence, the structural unfolding
transition at pH 3 occurs 10 times faster at pH 3 than it does
at pH 7. Not surprisingly, the stabilization of the transition
state with the lowered pH is accompanied by a stabilization

of an intermediate, I, that immediately precedes the transition
state on the unfolding reaction pathway. At pH 3, this
intermediate is seen to be populated at equilibrium at
concentrations of GdnHCl in the range of 2.2-2.8 M, and
it is seen to be populated transiently during the unfolding
process at 3 M GdnHCl.

Transient Aggregation during Unfolding.In this study, it
has been shown that the unfolding of Trx is decelerated at
higher protein concentrations at pH 3, but not at pH 7. Since
the native protein does not aggregate at either pH, it appears
that the form of the protein that aggregates is partially
unfolded intermediate I, which is populated at pH 3 but not
at pH 7. The transient aggregation process during unfolding
can be depicted as

Since the rate and extent of aggregation of I will be
dependent on protein concentration, the overall rate of
unfolding will be expected to decrease at high protein
concentrations. At low protein concentrations, transient
aggregate IA will not be populated significantly, and the
unfolding rate will remain effectively invariant. At pH 7,
the observed unfolding rate constant is independent of protein
concentration because aggregate IA does not form to any
significant amount, as a result of I itself not being populated
to a significant extent. In previous studies of the folding of
several proteins, it had been shown that transient aggregation
of folding molecules (65-70) may occur at high protein
concentrations. Transient aggregation of intermediates that
fold directly to native protein may decelerate folding (69,
70). Here, it is shown that transient aggregation of an
intermediate that directly unfolds to an unfolded protein can
decelerate unfolding. The observation that transiently and
partially unfolded intermediates can aggregate is important
because of the presumption that native proteins are trans-
formed into the amyloid fibrils that characterize many
diseases, only after first unfolding transiently and partially
(71).
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