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ABSTRACT: Thermally denatured oxidizedEscherichia colithioredoxin (TRX) in 2% acetic acid was
examined by electrospray ionization mass spectrometry (ESI-MS) and circular dichroism. Conformational
dynamics during thermal unfolding were probed by hydrogen/deuterium (H/D) exchange-in experiments.
ESI-MS was used to determine the H/D ratios. TRX shows only a marginal change in negative ellipticity
at 222 nm during thermal unfolding, but in the near-UV circular dichroism (240-350 nm) a clear transition
is observed (Tm ) 61 °C), and unfolding goes to completion. ESI mass spectra were recorded as a function
of temperature, and the observed bimodal charge state distributions were analyzed assuming a two-state
unfolding mechanism which allowed an estimation of the midpoint temperature,Tm ) 64 °C. Under
conditions at which the compact, folded conformational state is only marginally stable (80°C, 2% acetic
acid-d1), H/D exchange-in experiments in combination with ESI-MS resulted in mass spectra differing in
the number of incorporated deuteriums which indicates the presence of two distinct populations of molecules
after short incubation periods. As the exchange-in time increases, the population representing the unfolded
state increases and the population which is protected against exchange decreases. The rate of conversion
was used to estimate the rate constant of unfolding which was 2.1( 0.2 min-1. The results presented
here indicate that thermally denatured TRX under the conditions used may represent a collapsed unfolded
state with properties often attributed to molten globule-like states, such as pronounced secondary structure
but absence of rigid tertiary structure and, hence, lack of protection against H/D exchange.

The stability and dynamics of proteins are often analyzed
by examining their unfolding transitions. Most single-domain
proteins closely approach a two-state unfolding mechanism,
F S U, where only the folded (F)1 and unfolded (U) states
are populated at equilibrium (1). The native state can be
unfolded by adding chemical denaturants or by thermal
denaturation (1, 4). The most common techniques used to
monitor unfolding are DSC (2, 3) and spectroscopic methods,
such as CD (4), UV absorbance (5), and fluorescence (6).
These techniques measure properties which characterize the
ensemble of folded and unfolded states, and thus do not easily
distinguish between different populations. H/D exchange is
a straightforward approach for measuring unfolding because
exchange rates are highly sensitive to changes in surface

accessibility and loss of stabilizing hydrogen bonds (7, 8).
Approaches in which H/D exchange experiments are com-
bined with nuclear magnetic resonance spectroscopy (9-
13) and mass spectrometry (14-17) are especially promising.
NMR approaches are superior in providing information about
the exchange behavior of individual residues. The unique
advantage of mass spectrometry is that, besides the deter-
mination of the deuterium content, the exchange behavior
of coexisting conformations can be distinguished as long as
the conformations sampled resulted from individual exchange
behavior. The presence of several conformations in equilib-
rium represents the scenario observed in unfolding experi-
ments in which folded and unfolded states are present
simultaneously.

Recently, ESI-MS has been found to be an attractive
method which is capable of reflecting conformational
changes of proteins in solution (18-24). During the ESI
process, multiply protonated protein ions (charge states) are
generated and transferred intact into the gas phase of the
mass spectrometer. The observed ESI mass spectra exhibit
charge state distributions characteristic of the conformational
state in solution which enable one to differentiate between
folded, more compact (native) and unfolded, less compact
(denatured) states. ESI mass spectra of unfolded, less
compact states show higher multiply charged ions than the
corresponding folded, more compact forms. At present, only
limited experimental evidence is available to fully understand
the relationship between observed charge state distributions
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in ESI mass spectra and solution conformations. However,
there is general consensus that higher charge states as
observed for unfolded, less compact conformations can be
explained, at least in part, by the increased steric accessibility
of protonation sites accompanied by an eventual change of
their pKa-values and a more extended conformation of the
unfolded state (25-28).

Thioredoxin is a small ubiquitous redox-active protein that
has been studied extensively (29, 30). Hiraoki et al. (31)
investigated the thermal stabilities of oxidized and reduced
E. coli TRX at pH 7 by proton NMR and CD spectroscopy.
The denaturation temperatureTm of oxidized TRX was
reported to be 80°C on the basis of proton NMR data which
agreed with theTm value obtained in the near-UV CD (280
nm). In the far-UV CD (198 nm), the denaturation temper-
ature was found to be roughly 5°C higher. The thermody-
namics of oxidized TRX were also determined by DSC over
a pH range of 6-8 (2, 3). These data indicated an inverse
dependence of the transition temperature on the protein
concentration which was rationalized by a tendency to
reversible dimerization of both forms of TRX, the native
and denatured one (2, 3).

The present study is an attempt to learn more about the
temperature-induced denatured state of oxidized TRX and
the conformational dynamics during thermal denaturation by
using relatively new techniques capable of monitoring protein
conformational properties through H/D exchange in conjunc-
tion with ESI-MS experiments. However, ESI mass spec-
trometric approaches make use of volatile buffer solutions
necessary. Hiroaki et al. (31) noted that the stability of TRX
was unchanged at pH 2.5 and 25°C, and no signs of
denaturation were detected by proton NMR spectroscopy.
Consequently, 2% acetic acid was chosen as the solvent
system. Low pH and heat possess a synergistic denaturing
effect that decreases the transition temperature and, therefore,
allowed direct monitoring of the thermal unfolding transition
of oxidized TRX by mass spectrometric techniques. This
study represents the foundation for future work addressing
the influence of protein alkylation by glutathione-activated
xenobiotics (32) on the stability and structural integrity of
TRX.

MATERIALS AND METHODS

Materials. Recombinant oxidizedE. coli thioredoxin
purchased from Calbiochem (La Jolla, CA) was used for
mass spectrometric analyses. Recombinant oxidizedE. coli
thioredoxin purchased from Promega (Madison, WI) was
used for the spectroscopic analyses. HPLC, CD, and mass
spectrometric analysis did not reveal any significant differ-
ences between TRX of the two suppliers. Deuterium oxide
(99.8%) and acetic acid-d1 were purchased from Aldrich
Chemical Co. (Milwaukee, WI). pH/pD measurements were
performed with pHydrion microfine paper from Micro
Essential Laboratory (Brooklyn, NY). The d(pKa)/dT of acetic
acid is 0.0002, which is sufficiently low to ensure a constant
pH of the protein solution during heat-induced denaturation
studies (33).

Circular dichroism spectroscopywas performed on a Jasco
J720 spectropolarimeter (Jasco Inc., Easton, MD) equipped
with a home-built thermoelectrically controlled cell holder.
CD spectra of TRX (15.8µM) were measured in the far-

UV range (215-260 nm) in square 1 mm path length quartz
cuvettes and with a bandwidth of 2 nm and a scan speed of
10 nm/min. In far-UV CD experiments, the temperature was
measured with a thermocouple element glued to the outside
of the cuvette wall. Equilibrium thermal denaturation of TRX
in 2% acetic acid-d1 (pH 2.8-3.1) was monitored at 222
nm. The temperature was manually increased from 25 to 75
°C. Equilibration time at each temperature point was 15 min,
and signal averaging time was 4 min.

Near-UV CD experiments were carried out in cylindrical
1 cm path length quartz cuvettes. The protein concentration
was 36.7µM. The temperature probe was immersed into the
protein solution during heat denaturation experiments. The
temperature was manually increased from 25 to 75°C; the
equilibration time at each temperature step was 15 min. CD
spectra were obtained by averaging three spectra obtained
with a bandwidth of 2 nm and a scan speed of 10 nm/min
over a wavelength range of 240-360 nm. All spectra were
smoothed with software provided with the instrument and
base line-corrected for the CD signal in the absence of
protein. Reversibility of thermal denaturation was checked
by stepwise cooling of the protein solution after acquiring
its CD spectrum at the maximum denaturation temperature.
As judged by the ellipticity at 280 nm, the reversibility was
better than 85%.

The mean residue molar ellipticity (θ)λ at a given
wavelength was calculated according to eq 1:

whereθλ is the observed ellipticity in degrees, MW is the
molecular weight of oxidized TRX (11 674),n is the number
of residues (n ) 108), [P] is the protein concentration in
mol dm-3, and l is the path length in centimeters.

Data analyses of equilibrium thermal unfolding experi-
ments were performed assuming a two-state unfolding
mechanism and correcting for sloping of the folded and
unfolded baselines. Data were fit to eq 2 using Jandel
Scientific SigmaPlot 3.0 software:

wherey represents the observed CD signal,bf andbu are the
intercepts,mf andmu represent the slopes of the pre-and post-
transition base lines,T is the temperature (in degrees kelvin),
Tm is the midpoint transition temperature, and∆Hm is the
enthalpy change for unfolding atTm (34). The relative error
of the thermodynamic parameter obtained is estimated to be
approximately 5-10% and is mainly caused by the manually
performed temperature control.

Protein concentrations were determined by UV spectro-
scopy. An extinction coefficient of 13 700 M-1 cm-1 at 280
nm for oxidized TRX was used (35).

ESI-MS measurementswere performed on a PE-Sciex API
III triple quadrupole mass spectrometer (PE-Sciex Instru-
ments, Thornhill, Ontario) equipped with a nebulizer-assisted
electrospray source. The ion spray needle was maintained
at 5300 V. An orifice voltage of 80 V was used for all
measurements. A continuous flow setup with loop injection
was used for sample infusion and a syringe pump (Model

(θ)λ (deg cm2 dmol-1) ) [(MW/n)θλ]/(100[P]l) (1)

y ) bf + mfT +

(bu + muT)
exp[(-∆Hm(1 - T/Tm))/RT]

1 + exp[(-∆Hm(1 - T/Tm))/RT]
(2)
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11, Havard Apparatus, South Natik, MA) for solvent
delivery. For acquiring temperature-dependent ESI mass
spectra, the protein solution (0.009 mM in 2% acetic acid,
pH 2.8-3.1) was injected into the sample loop of a Rheodyne
injection valve (Model 8125), maintained at the desired
temperature. The protein solution was equilibrated at the
desired temperature for 10 min and then directly infused with
a flow rate of 0.005 mL/min via a fused silica capillary (i.d.
0.075 mm, 15 cm) into the electrospray source.

When online H/D exchange/ESI-MS experiments were
performed, the solvent delivery line, the sample loop, and
the injection valve were immersed in a water bath and
equilibrated at the desired temperature. The sample loop
(peek tubing i.d. 0.010 in., o.d. 1/16 in., 65 cm) was used as
a reaction capillary. The protein solution was transferred into
the ESI source via a fused silica capillary (i.d. 0.075 mm,
100 cm) which was immersed in ice water to quench
exchange-in and to facilitate refolding of thermally unfolded
TRX (Figure 1). The time necessary for the transport of the
protein from the sample loop to the ESI needle was
approximately 57( 3 s at a flow rate of 0.005 mL/min.
The incubation periods reported represent the time that the
protein sample spent in the sample loop. No efforts were
made to minimize back-exchange of deuterium labels during
the ESI process.

H/D exchange was initiated by 100-fold dilution of a 0.85
mM TRX stock solution in 2% acetic acid into ice-cold 2%
acetic acid-d1 which resulted in a final protein concentration
of 0.009 mM. The protein solution was injected as quickly
as possible into the sample loop (approximately 15-20 s).
To minimize exchange during this period, the glass body of
the syringe was precooled prior to injection.

The m/z-values for the observed ion peaks represent
centroids. The average masses for the protein sample were
calculated from the 7-, 8-, and 9-fold charged molecular ion
after minimal smoothing. The unfolding rate constantk1 was
estimated by fitting the intensity of the 8-fold charged ion
peak at the lowerm/z-value (F) divided by the sum of the
intensity of the ion peak at the lowerm/z-value (F) and the
intensity of the ion peak at the higherm/z-value (U) versus
time (t) to the expressionF/(F + U) ) a exp(-k1t).

Analyses of heat-induced changes of bimodal charge state
distributions were performed by assuming that the compact
conformational state of TRX encompasses the charge states
6+ to 9+ (designated F) and the disordered, denatured
conformational states the charge states 10+ to 15+ (desig-

nated U). The thermal unfolding curve as a function of
temperature was obtained by calculating the ion peak
intensity ratioIF/(IF + IU), whereIF andIu were obtained by
summing the ion peak intensities of charge states assigned
to the compact conformational state (F) and the disordered,
denatured state (U), respectively (19). Data analyses were
performed according to eq 2 withy as ion peak intensity
ratio IF/(IF + IU).

An alternative approach for analyzing charge state distri-
butions observed in ESI-MS experiments was reported by
Konermann et al. (20). It is based on the calculation of the
average charge state〈c〉 of an ESI mass spectrum, whereby
c denotes the charge state of an ion peak andIc its intensity
(counts per second):

Because of inaccuracies of temperature settings/measure-
ments in the high-temperature range (T > 60 °C), inevitable
intensity fluctuations of the ion peak signals during the ESI
analysis, and uncertainties in the contributions of the
(M+9H)9+ ion peak to U or F states, the relative error of
the thermodynamic data obtained from the analyses of charge
state distributions was estimated to be in the range of 10-
20%.

RESULTS

Probing the Thermally Induced Conformational Dynamics
of TRX by H/D Exchange Experiments Monitored by ESI-
MS.OxidizedE. coli TRX contains 108 amino acid residues.
The number of exchangeable hydrogens is 173 (102 back-
bone amide hydrogens, 68 side chain hydrogens, and 3
hydrogens from N- and C-termini). In H/D exchange-in
experiments, protein conformers with reduced hydrogen
bonding and/or increased solvent accessibility show higher
deuterium incorporation than do the more compact conform-
ers. In the present design, the progress of deuterium uptake
is monitored online by ESI-MS. Thus, multiply deuterated
ions (M+nD)n+ are observed rather than multiply protonated
species (M+nH)n+. Deuterium incorporation in proteins can
be expressed as the percentage mass increase relative to the
maximum number of exchangeable hydrogens. Two refer-
ence points were established. The first reference point was
obtained by online H/D-exchange analysis of TRX under
conditions at which the native state is stable. Under these
conditions (2% acetic acid-d1 at 20°C), the molecular mass
increases of about 30( 3Da (17( 2%) and 62( 5 Da (36
( 3%) were observed after an incubation period of 4s (the
earliest time point possible after injection) and 10 min (the
longest time possible after injection), respectively. For the
second reference point, TRX was incubated for 2.5 h at 70
( 5 °C in 2% acetic acid-d1 which established the highest
observable deuterium incorporation. The mass analysis
yielded a molecular mass of 11 805( 4 Da, indicating an
increase of 130( 4 Da (75( 2%). This sample is referred
to as fully deuterated TRX.

The conformational dynamics of TRX during thermal
denaturation were investigated by performing online H/D

FIGURE 1: Instrumentation used for the H/D exchange-in experi-
ments monitored online by ESI-MS.

〈c〉 )

∑
c

Icc

∑
c

Ic

(3)
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exchange-in experiments as a function of temperature and
time. In the present experimental design, the thermal
denaturation and H/D exchange-in reactions were performed
in a capillary assembled in a conventional injection valve
and directly connected to the infusion capillary of the ESI
source. Refolding of the protein and quenching of the H/D
exchange reactions were initiated by rapid cooling of the
protein solution. This continuous flow design allowed the
direct monitoring of the unfolding transition by ESI-MS. In
these experiments, charge states 7+ to 9+ were monitored
which were ascribed to the compact conformational state of
TRX. Because the 8-fold charged ion peak showed the
highest intensity, this charge state of TRX was used to
compare the observed ion peaks after an exchange-in period
of 28 ( 4 s (Figure 2). During the online exchange-in
experiment at 40°C, the 8-fold charged ion peak was
binomial, and them/z-value increased tom/z 1468.6 after
6.3 min which indicated an incorporation of roughly 62( 6
deuteriums (36( 3%). As the exchange-in was monitored
at approximately 60°C, the ion peaks became broader. A
further experiment performed at 65°C revealed that each
ion peak split into two distinct peaks after a brief incubation
period. Exchange-in experiments above 65°C showed the
same result. For example, at approximately 80°C an ion
peak appeared atm/z 1477.2 in addition to the peak atm/z
1468.4. The ion peak at lowerm/z-value corresponds closely
to the ion peak which was observed during the hydrogen
exchange experiment under nondenaturing conditions (40
°C), and the peak at the higherm/z-value was very close to
them/z-value that was observed for the ion of fully deuterated
TRX. The observed mass increment corresponded to an
incorporation of 68( 6 deuteriums. As the exchange-in time
increased, the ion peak at the higherm/z-value increased in
intensity, and the ion peak at the lowerm/z-value diminished
(Figure 3).

Equilibrium Thermal Denaturation of TRX Studied by ESI-
MS. Continuous flow ESI-MS was used to follow heat-
induced conformational changes. The 8.5µM TRX solution
in 2% acetic acid (pH 2.8-3.1) was equilibrated at the

desired temperature in the sample loop of the injection valve
and directly infused into the ESI-MS source. Under the
conditions used, TRX showed ESI mass spectra (Figure 4)
which were characterized by a narrow charge state distribu-
tion at higherm/z-values encompassing the 6- to 9-fold
protonated ions with the (M+8H)8+ ion as the dominant ion
peak. In the lowerm/z range, a second set of peaks with

FIGURE 2: Temperature-dependent alteration of the exchange
mechanism. Comparison of the 8-fold charged ion peak ofE. coli
thioredoxin at different temperatures after an exchange-in period
of 28 ( 4 s in 2% acetic acid-d1.

FIGURE 3: Evolution of the 8-fold charged ion peak ofE. coli
thioredoxin during the online H/D exchange-in experiments in 2%
acetic acid-d1 at 40°C (A) and at 80°C (B). The time points given
refer to incubation periods.

FIGURE 4: ESI mass spectra ofE. coli thioredoxin in 2% acetic
acid at different temperatures: (A) 82( 2 °C, (B) 65( 2 °C, and
(C) 18 ( 1 °C. Ion peaks atm/z 1948, 1669, 1460, and 1298
representing charge states 6+, 7+, 8+, and 9+, respectively, were
attributed to the folded form F. Ion peaks atm/z 1168, 1062, 974,
899, 834, and 779 representing charge states 10+ to 15+ were
ascribed to the charge state distribution which was assumed to have
originated from the unfolded form U. A minor unidentified impurity
is marked with an asterisk.
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low intensity was observed which encompassed the 10- to
15-fold protonated charge states with (M+12H)12+ being the
most abundant ion. The distribution of the charge states
significantly changed as the temperature of the protein
solution was increased above 40°C. The relative intensity
of the 6- to 8-fold protonated ions decreased, and the intensity
of the 9- to 15-fold protonated ions increased. As the
temperature approached 65°C, the (M+8H)8+ and (M+
12H)12+ ion peaks became equally intense. Further increase
in temperature led to domination of the ion peaks at lower
m/z-values representing the charge states 10+ to 15+.

Equilibrium Thermal Denaturation Probed by CD Spec-
troscopy.Far-UV CD was used to examine changes in the
secondary structure of TRX during thermal denaturation. The
far-UV CD spectrum of TRX (in 2% acetic acid-d1 and 25
°C) showed a broad negative minimum at 218-222 nm. The
absence of two distinct negative minima at approximately
208 and 222 nm classified TRX (under the conditions used)
as anR/â class protein (36). By increasing the temperature
to 75 °C, only a small change in negative ellipticity at 222
nm was observed (Figure 6A).

This is in contrast to the clear transition observed in near-
UV CD during thermal denaturation of TRX in 2% acetic
acid-d1 (Figure 6B). Changes in the near-UV CD reflect
changes in the environment of aromatic amino acid residues.
TRX possesses two tryptophan, two tyrosine, and four
phenylalanine residues which in the rigid tertiary structure
are responsible for a pronounced maximum at 280 nm.
Increasing the temperature caused a decrease in the CD signal
which reached its lower limits above 70°C.

DISCUSSION

Conformational Dynamics of TRX during Heat Denatur-
ation. Thermally induced unfolding of small proteins can
often be described by a two-state transition model in which
the folded state is represented as a relatively narrow
distribution of highly structured conformations stabilized by
hydrogen bonding, and the unfolded state as a heterogeneous
distribution of less compact conformations lacking significant
hydrogen bonding (37). Protection against hydrogen ex-
change is dramatically enhanced in the presence of hydrogen
bonding; i.e., in a structured protein, exchange rates are

retarded by a factor of 106-108 compared to the rates
observed in random coil like peptides. Hydrogen exchange
on proteins can be approximated by the following model (7,
38):

Two rate-limiting processes can be considered to correlate
protein unfolding with the experimental data. If intercon-
version between the closed (F) and open (U) structures is
much faster than the intrinsic chemical exchange rate, i.e.,
k2 , k-1, opening and refolding will occur many times before
exchange takes place. Under conditions favoring the native
state, local refolding can occur in less than a microsecond
and even global unfolding reactions may take place within
50 ms (8). This exchange mechanism is termed EX2, and
kex ) k2(k1/k-1). Under denaturing conditions, however, the
native state is only marginally stable, and interconversion
between the open (U) and closed (F) structures is slow
compared to the chemical exchange rate, i.e.,k2 . k-1. If
the rate-limiting step is determined byk-1, exchange occurs
by an EX1 mechanism, and the experimentally observed
exchange rate constantkex is directly related to the unfolding
rate constantk1 (kex ) k1). Mass spectrometric approaches
to monitor exchange reactions can be used to distinguish
between these exchange mechanisms (15, 17). When H/D
exchange occurs by the EX2 mechanism, the mass spectrum
shows a peak that shifts with increasing exchange-in time

FIGURE 5: Estimation of the rate constantk1 for unfolding. The
continuous line is a theoretical curve based on the expressionF/(F
+ U) ) a exp(-k1t), whereby the ion peak intensity ratioF/(F +
U) was derived from the time course of conversion of the ion peak
at m/z 1467.8 (F) to m/z 1477.6 (U) as illustrated in Figure 3B.

FIGURE 6: Far-UV (A) and near-UV (B) CD heat denaturation curve
of E. coli thioredoxin in 2% acetic acid-d1. The mean residue molar
ellipticity (θ)λ is given in deg cm2 dmol-1 during the heating (b)
and cooling (O) phases of the unfolding experiments. (A) Note the
only marginal change of the far-UV CD signal at 222 nm during
thermal denaturation. (B) The continuous line is a theoretical curve
based on eq 2.
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to higher masses. In contrast, two distinct mass peaks develop
after a short exchange-in time if exchange occurs via the
EX1-type mechanism. The mass peak at higher masses
represents the molecules that experienced global unfolding.
Hence, these molecules spent enough time in the unfolded
state to allow their core amide protons to exchange with
deuteriums. The mass peak at lower masses originated from
the population of molecules that did not unfold at the time
point of sampling and, therefore, shows lower deuterium
incorporations because their core amide protons are still
protected against exchange-in. The difference in deuterium
incorporation between these two populations is observed in
the mass spectrum as a mass shift. If H/D exchange occurs
via an EX1-type reaction, mass spectrometric-based ap-
proaches allow an estimate of the unfolding rate constantk1

which can be obtained from the rate of conversion of the
mass peak at the lowerm/z-value and the peak at the higher
m/z-value (15, 39).

A single mass peak which moves gradually to higher
masses over time atT < 40 °C indicates that the folded
conformer is stable under the applied conditions and
exchange occurs via an EX2 mechanism (Figure 3A). Many
opening and closing reactions occur prior to a successful
exchange event. Hence, each molecule experiences an
average number of successful exchanges. The observed peak
width at half-height is relatively narrow over the entire
exchange-in time period sampled, suggesting that the dis-
tribution of conformers probed is relatively small, and that
exchange occurs by local unfolding. However, it should be
noted that subglobal or even global unfolding reactions may
occur in less than 50 ms (8).

As the incubation temperature is increased, a broadening
of the ion peaks is observed, indicating that the number of
conformations with individual exchange behavior is in-
creased. The splitting into two distinct ion peaks at ap-
proximately 61°C marks the melting of the native protein
conformer. Above the melting temperature, two well-
separated ion peaks are observed, indicating the change to
an exchange mechanism under which global unfolding
reactions dominate and the native state is only marginally
stable. Under EX1 conditions, a protein spends sufficient
time in the unfolded or unprotected state so that almost all
of the exposed protons are exchanged. This gives rise to two
populations of molecules in solution: those molecules that
have undergone a global unfolding and those that have not,
in which case their core amide hydrogens are still protected
against exchange. As the exchange-in time increases, the
population representing the unfolded state increases and the
population protected against exchange decreases (Figure 3B).

The rate of conversion of the 8-fold charged ion peak at
lowerm/z-value to the ion peak at higherm/z-value was used
to estimate the rate constant for unfolding,k1, to be 2.1(
0.2 min-1 (Figure 5). The amide proton exchange rates in a
random coil with the sequence of oxidized TRX at 82°C
(355 K) and at pD 2.8 are predicted to range from 1.2 to
180 min-1 (40). Them/z-value of the lower ion peak as well
as the ion peak at higherm/z-value increased slowly, and a
concomitant narrowing of the ion peak at higherm/z-value
was observed during the exchange course which indicates
that exchange does not occur exclusively by an EX1
mechanism. In this context, it should be noted that 29
backbone amide hydrogens (of 102 possible) possess intrinsic

exchange rate constantsk2 in the range of 1.2-5.6 min-1

(40), i.e., of the same magnitude as the estimated unfolding
rate k1. Although small variations in the masses and peak
widths at half-height were observed during the course of the
exchange at 80°C, the evolution of two distinct mass peaks
allows the conclusion that, under the conditions applied, the
breaking of the intramolecular hydrogen bonds may be
described as a cooperative two-state process (15).

Equilibrium Thermally Induced Denaturation Studied by
CD and ESI-MS.The sharp transition observed in near-UV
CD during heat-induced denaturation of TRX in 2% acetic
acid-d1 monitored the thermally induced loosening of tightly
packed aromatic side chains and consequent collapse of the
tertiary structure of TRX (Figure 6). Assuming that the
observed transition can be approximated by a two-state
unfolding mechanism in which only the folded and unfolded
forms are significantly populated, the melting temperature
Tm (midpoint of transition) was estimated to be 60°C (333
K) and the enthalpy change for unfolding∆Hm 78 kcal/mol.
However, the observed negative ellipticity in the far-UV CD
suggests a high content of secondary structure remaining in
thermally denatured TRX (Figure 6A). Similar discrepancies
between the near-UV and far-UV CD experiments have been
reported for other thermally denatured proteins, including
ribonuclease A (9), R-chymotrypsinogen (41), bovineR-lac-
talbumin (42) and several pore-forming toxins, e.g., diph-
theria toxin (43) or equinatoxin II (44).

ESI-MS is emerging as a technique that is potentially
sensitive to conformational changes of proteins in solution.
Thus, ESI mass spectra of denatured proteins show charge
state distributions with higher degrees of protonation than
intact, native proteins electrosprayed under the same condi-
tions (18, 19, 21, 24-27, 45). The influence of mutations
on the global stability of bacterial cytochromec was evident
through alterations in charge state distributions (46). Re-
cently, Konermann et al. showed that the changes of charge
state distributions can be applied to monitor protein folding
of cytochromec (23) and acid-induced unfolding of myo-
globin (22) when studied by time-resolved ESI-MS.

TRX shows temperature-dependent charge state distribu-
tions in ESI-MS experiments under the conditions described
here (Figure 4). The charge state distribution at higherm/z-
values centered around the 8-fold protonated ion peak is
attributed to compact, tightly folded conformational states
of TRX, whereas the charge state distribution at lowerm/z-
values centered around the 12-fold protonated ion peak
originates from loosely packed or unfolded conformational
states. At all temperatures studied, TRX showed only these
two distributions, and these undergo temperature-dependent
changes in intensity without shifting of their maxima. The
lack of intermediate charge state distributions which would
indicate the formation of partially folded conformational
states during equilibrium thermal denaturation experiments
justifies the interpretation that thermal unfolding of TRX
under the conditions used essentially involves a two-state
system: a folded form (F) and an unfolded form (U). Thus,
the ion peak intensities reflect the proportion of folded or
unfolded molecules, respectively. Analysis of the heat
denaturation curve according to eq 2 yieldedTm ) 64 °C
(337 K) and an estimated∆Hm ) 74 kcal/mol for thermal
unfolding of TRX in 2% acetic acid (pH 2.8-3.1) (Figure
7). Additionally, analysis of the temperature-dependent
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charge state distributions was performed according to eq 3
(20) and yielded the average charge state〈c〉 of each ESI
mass spectrum as a function of temperature (Figure 7). Again,
a distinct unfolding transition was obtained which allowed
the estimation ofTm and∆Hm according to a two-state model
as 65°C (338 K) and 54 kcal/mol, respectively.

In this respect, ESI charge state distributions may provide
a more direct method to estimate the fraction of folded and
unfolded molecules than optical spectroscopic methods which
usually measure the sum of signals of both forms, folded
and unfolded. At the present time, there is still only limited
knowledge available on how charge states and ion peak
intensities in ESI-MS are influenced during ion evaporation
in the electrospray ionization process (25, 28, 47). However,
work on the acid-mediated unfolding of cytochromec
recently published by Konermann et al. (20) demonstrated
that analyses of charge state distributions generated by ESI-
MS yielded results that agreed well with those obtained by
optical spectroscopy.

In the present study, the temperature-dependent unfolding
transition determined by analysis of the charge state distribu-
tions in the ESI mass spectra coincided with the unfolding
transition observed in the near-UV CD that reflected the
collapse of the tertiary structure (Figure 8). The H/D-
exchange experiments indicate that the alteration of the

exchange mechanism from EX2 to EX1 occurred roughly
in the same temperature range. This suggests that charge state
distributions observed in ESI-MS reflect on the intactness
of the hydrogen bonding network and, therefore, may actually
represent a sensitive technique capable of monitoring subtle
changes in the entirety of the tertiary structure. Similar
conclusions were reached by Pan et al. (48) during a study
of the acid-induced conformational changes of RNase A and
by Konermann et al. (20, 21) on the pH-dependent unfolding
studies of cytochromec.

An important structural feature of oxidized TRX is its
hydrophobic core consisting of a five-stranded twisted
â-sheet surrounded by fourR-helices and a 310 helix (49)
which causes the surprisingly high stability against thermal
denaturation (35). To study the thermal denaturation dynam-
ics, acidic conditions were chosen which destabilized the
native conformational state and ensured that the unfolding
transition could be monitored. TRX showed a minor decrease
of ellipticity in the near-UV CD in 2% acetic acid-d1 as
compared to the ellipticity obtained in phosphate buffer (pH
6.8), which may indicate that some minor structural distur-
bance occurred. However, the exchange-in experiments at
ambient temperature demonstrated that under the conditions
used, TRX possesses a stable rigid tertiary structure which
is in agreement with previous NMR data (31). The gradual
recovery of the ellipticity at 280 nm indicated that the thermal
denaturation was reversible to a large extent and that the
asymmetric environment of the aromatic chromophores, and
thus the overall structural integrity, was reestablished during
cooling (Figure 6). Based on DSC studies, Ladbury et al.
(2, 3) reported that TRX may have some tendency to form
dimers and/or oligomers. The protein concentrations used
in the mass spectrometric experiments described here were
significantly lower (in the lower micromolar range) than
those used in the DSC experiments which were in the
millimolar range (2, 3). Furthermore, at acid pH, solvent-
exposed residues are protonated. This may tend to suppress
dimerization by charge repulsion.

The nature of the chiral structure measured in the far-UV
CD (222 nm) of thermally denatured TRX must still be
addressed. Thermal unfolding in conjunction with H/D
exchange experiments showed: (a) the evolution of two
distinct mass peaks representing compact and unfolded
populations, respectively, that indicated cooperative breaking
of the hydrogen bonding network and (b) the absence of any
significantly populated intermediate states during thermal
unfolding. Furthermore, the evolution of a mass peak during
the exchange-in experiment corresponding to fully deuterated
TRX proved that there was at best only weak protection
against deuterium exchange-in in thermally unfolded TRX.
The absence of ellipticity in the near-UV CD of thermally
denatured TRX suggested the absence of tightly packed
aromatic side chains and, therefore, the absense of a rigid
tertiary structure. However, the negative ellipticity detected
by far-UV CD indicated the presence of secondary structure.
These observations support the conclusion that thermally
denatured TRX can be described as a thermodynamically
stable intermediate with properties associated with molten
globule-like states (50-52). By applying Baldwin’s clas-
sification of molten globule-like states (51), the term
collapsed unfolded state to describe thermally unfolded TRX
is preferred over molten globule. Structural descriptions of

FIGURE 7: Heat denaturation curves ofE. coli thioredoxin in 2%
acetic acid deduced from the temperature-dependent charge state
distributions obtained by ESI-MS: (4) ion peak intensity ratio;
(1) average charge state〈c〉 as a function of temperature. The
continuous lines are theoretical curves based on eq 2.

FIGURE 8: Fraction unfolded versus temperature curves were
generated from data presented in Figure 6B and Figure 7: (O) near-
UV CD signal at 280 nm; (4) ion peak intensity ratio; (]) average
charge state〈c〉 .
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collapsed unfolded states are still emerging. However, models
have been proposed in which hydrophobic patches promote
the formation of some kind of transient secondary structural
elements throughout the collapsed protein (53). The transient
nature of these interactions would at least partially explain
the presence of some kind of average chiral structure detected
by far-UV CD and the simultaneous lack of protection
against amide proton exchange. The H/D exchange experi-
ments did not directly address the question whether any
specific native-like structural elements remain in thermally
denatured TRX that would classify the observed state as a
true molten globule. Spectroscopic methods that use different
structural probes may even reveal more complex processes.
Recently reported work on a disulfide-shuffled, three disul-
fide-containing bovineR-apolactalbumin (16) and the A-state
of cytochromec (54) demonstrated that true molten globules
experience exchange-in kinetics which are between those of
the native and the unfolded states. Hence, the observed
exchange behavior according to an EX1 mechanism without
significantly populated intermediate states supports the
classification of thermally denatured TRX as a collapsed
unfolded form.
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