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Abstract

Hydrogen/deuterium (H/D) exchange in combination with electrospray ionization mass spectrometry and
near-ultraviolet (UV) circular dichroism (CD) was used to study the conformational properties and thermal
unfolding of Escherichia coli thioredoxin and its Cys32-alkylated derivatives in 1% acetic acid (pH 2.7).
Thermal unfolding of oxidized (Oxi) and reduced (Red) -thioredoxin (TRX) and Cys-32-ethylglutathionyl
(GS-ethyl-TRX) and Cys-32-ethylcysteinyl (Cys-ethyl-TRX), which are derivatives of Red-TRX, follow
apparent EX1 kinetics as charge-state envelopes, H/D mass spectral exchange profiles, and near-UV CD
appear to support a two-state folding/unfolding model. Minor mass peaks in the H/D exchange profiles and
nonsuperimposable MS- and CD-derived melting curves, however, suggest the participation of unfolding
intermediates leading to the conclusion that the two-state model is an oversimplification of the process. The
relative stabilities as measured by melting temperatures by both CD and mass spectral charge states are,
Oxi-TRX, GS-ethyl-TRX, Cys-ethyl-TRX, and Red-TRX. The introduction of the Cys-32-ethylglutathionyl
group provides extra stabilization that results from additional hydrogen bonding interactions between the
ethylglutathionyl group and the protein. Near-UV CD data show that the local environment near the active
site is perturbed to almost an identical degree regardless of whether alkylation at Cys-32 is by the ethyl-
glutathionyl group, or the smaller, nonhydrogen-bonding ethylcysteinyl group. Mass spectral data, however,
indicate a tighter structure for GS-ethyl-TRX.

Keywords: Thioredoxin; heat denaturation; modified protein; hydrogen deuterium exchange; electrospray
ionization mass spectrometry

Amide hydrogen isotope exchange has played an important
role in answering questions about protein structures and
folding/unfolding mechanisms (Miranker et al. 1996;

Woodward et al. 1982). There are essentially two competing
processes during which hydrogen exchange takes place
(Smith et al. 1997). One involves internal or local fluctua-
tions from the native state, and the other, subglobal or glob-
al unfolding. In either case, hydrogen bonds are broken and
the amide hydrogens are exposed to solvent so that ex-
change can occur. The inception of electrospray ionization
mass spectrometry (ESI-MS) (Fenn et al. 1989; Smith et al.
1990) at the beginning of the 1990s, has made MS an in-
creasingly popular method for monitoring hydrogen isotope
exchange. Hydrogen isotope exchange and MS now have
played an important role in the analysis of conformations in
TRX and some of its alkylation products (Kim et al.
2001a,b).

TRX is a small, 108 amino-acid residue protein (MW �
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11,673.40 Da) with a redox-active site sequence -Cys-Gly-
Pro-Cys- (Holmgren 1985; Holmgren and Björnstedt 1995).
Oxi-TRX was reduced and modified at Cys-32 by the epi-
sulfonium ion derived from S-(2-chloroethyl)glutathione
(Fig. 1) and S-(2-chloroethyl)cysteine (Humphreys et al.
1990; Erve et al. 1995). Vicinal dihaloethanes are manufac-
tured in large quantities and because of their volatility, they
become major environmental problems. These chemicals
potentially have significant toxicological effects that are in
part mediated by alkylation of glutathione, which in turn
alkylates thioredoxin, other proteins, and nucleic acids via
the episulfonium ion (Ozawa and Guengerich 1983; Hum-
phreys et al. 1990). It can be hypothesized that the active
site of proteins containing the “thioredoxin fold”, -Cys-X-
X-Cys-, i.e., thioredoxin, thioredoxin reductase, and protein
disulfide isomerase, are in vivo targets for alkylation by
glutathione conjugates.

When the conformational dynamics of Oxi-TRX were
probed by H/D exchange during thermal unfolding by ESI-
MS, two distinct populations of molecules differing in the
numbers of incorporated deuteriums were observed after
short incubation periods (Maier et al. 1999). The mass spec-
tral peaks represent the population of folded and unfolded
states; time-dependent variations of these peaks were used
to estimate the unfolding rate constant.

Charge-state distributions in ESI mass spectra can be
used to monitor the transition of a protein in solution from
the native to the denatured state (Maier et al. 1999). Such
experiments rely on the empirical observation that ESI mass
spectra of unfolded proteins in solution indicate a higher
charge state than the identical protein in the folded state
(Katta and Chait 1991; Loo et al. 1991; Mirza et al. 1993;

Konermann et al. 1997). The bimodal charge-state distribu-
tions that support a two-state unfolding mechanism were
analyzed to calculate the melting temperature (Tm) of TRXs.
In this paper, we report on the use of amide H/D exchange
and ESI-MS to show how the modification of TRX affects
thermal unfolding and conformations of the proteins.

Results

Equilibrium thermal denaturation
and H/D exchange of TRXs

Thermal denaturation studies yielded information on struc-
tural changes when Red-TRX was alkylated at Cys-32 by
ethylglutathionyl and ethylcysteinyl moieties. For this pur-
pose, the charge-state distributions in ESI mass spectra were
examined. Aqueous acetic acid was chosen as the solvent
system as Hiraoki et al. found no signs of denaturation of
TRX by proton NMR spectroscopy in this medium at pH 2.5
and 25°C (Hiraoki et al. 1988). At 1% acetic acid, a uniform
charge-state distribution pattern was observed for the un-
modified as well as the modified TRXs. Low pH and high
temperatures showed a synergistic denaturing effect through
a decrease in the melting temperature, Tm of the proteins,
thereby allowing direct monitoring of thermal unfolding of
TRX by mass spectrometric methods. It was demonstrated
previously (Maier et al. 1999) that charge-state envelopes
reflecting the folded and unfolded states in electrospray
mass spectra can be used to estimate the melting tempera-
ture of Oxi-TRX. The charge-state envelopes for the folded
(F) and unfolded (U) forms of Oxi-TRX are clearly different
at three different temperatures (Fig. 2).

Fig. 1. Simulated structure of GS-ethyl-TRX derived from the crystal structure of Oxi-TRX (Kim et al. 2001b). The glutathionyl group
is represented in the ball and stick format (sulfur in yellow, nitrogen in blue, carbon in grey, oxygen in red). The TRX protein is
represented as ribbons (�-helices in red, �-sheets in yellow, and turns and loops in blue and grey). The dotted lines indicate two salt
bridges and three hydrogen bonds induced by the ethylglutathionyl group.
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The changes in charge-state distributions as a function of
temperature are evident in the denaturation transition curves
(Fig. 3). F is the summation of the peak intensities of 7+ to
9+ charges. This may be an oversimplification, as many
other factors besides concentration are known to play a
significant role in determining ESI-MS response such as ion

transmission efficiency, which depends on the charge state
and an ion desorption efficiency, which depends on the
protein three-dimensional geometry in solution. Neverthe-
less, one can use charge-state envelopes to provide a fairly
accurate description of the overall conformational aspects of
proteins. U is represented by the summation of 10+ to 15+
charge-state peak intensities. F/(F+U) provides an indica-
tion of the relative compactness of the protein. As the tem-
perature is increased toward conditions that favor unfolding,
the folded conformation initially changes very little. There
may be increases in flexibility and localized conformational
alterations, but the average structure is not changed. The
protein unfolds completely within a narrow range of tem-
perature, of about 10°C. The abruptness of the unfolding
transition is indicative of a cooperative transition for ther-
mal unfolding. Compared to the other TRX protein forms, F
is highest for Oxi-TRX at room temperature. The Red-TRX
has the least compact structure. The difference in F/(F+U)
between Red- and Oxi-TRX is >0.2. GS-ethyl-TRX has an
intermediate compactness, while Cys-ethyl-TRX and Red-
TRX showed almost the same F/(F+U). The results suggest
that the ethylglutathionyl group in GS-ethyl-TRX functions
to make the structure of Red-TRX more compact. Thermal
unfolding of the four TRXs (Oxi-, Red-, GS-ethyl-, and
Cys-ethyl-TRX) in 1% acetic acid as estimated by the ESI
charge-state envelopes (Fig. 3), shows that Oxi-TRX is the
most stable (Tm � 67°C) while the other TRXs are sub-
stantially less stable. Red-TRX has the lowest Tm value
(53°C). The difference in Tm between Oxi- and Red-TRX is
about 15°C, which is in close agreement with previously
reported data (∼10°C) from NMR and CD studies (Hiraoki
et al. 1988). The alkylated product, GS-ethyl-TRX
(Tm � 56°C) is slightly more stable than Red-TRX, while
Cys-ethyl-TRX (Tm � 54°C) is about the same.

Thermal denaturation of TRXs
monitored by circular dichroism

CD spectra are used widely for detecting and measuring the
various conformational components of proteins in solution.
Bimodal CD indicates the presence of an equilibrium in
solution between U and F structures in solution. Near-UV
CD was used as a complementary probe to the MS-based
approach, which allowed a comparison of changes in the
environment of aromatic side chains of the TRXs with al-
teration of the charge-state distribution upon thermal dena-
turation. The temperature-dependent unfolding transition of
Oxi-TRX was observed in the near-UV CD, which showed
denaturation of the proteins as the temperature was raised
(Fig. 4). The unfolding transitions based on the CD signal at
280 nm (Fig. 5) yielded melting temperatures that followed
the same relative order observed by charge-state analysis
(Fig. 3), but the values were lower by 3–5°C for Oxi-TRX
and the alkylated TRXs, and 10°C for Red-TRX (Tm �

Fig. 2. Electrospray ionization mass spectra of Oxi-TRX in 1% acetic acid
at different temperatures: (A) 85°C, (B) 65°C, and (C) 25°C. Ion peaks at
m/z 1668, 1460, and 1298 representing charge states 7+, 8+, and 9+,
respectively, were attributed to the folded form, F. Ion peaks at m/z 1168,
1062, 973, 899, 835, and 779 representing charge states 10+ to 15+ were
attributed to the unfolded form, U.

Fig. 3. Heat denaturation curves of TRXs in 1% acetic acid deducted from
the temperature-dependent, charge-state distributions obtained by electro-
spray ionization mass spectrometry. Tms for Oxi-, GS-ethyl-, Cys-ethyl-,
and Red-TRX are 67, 56, 54, and 53°C, respectively.
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43°C). More importantly, the overall temperature depen-
dence was significantly different. The CD spectra showed a
gradual decrease in molar ellipticity with increasing tem-
peratures outside of the melting region, while F/(F+U) val-
ues (Fig. 3) remained constant at temperatures above and
below the melting region. At room temperature, Red-TRX
showed intermediate CD signal intensities between Oxi-
TRX and modified TRXs (Fig. 5), while GS-ethyl-TRX
showed an intermediate F/(F+U) value in the charge-state
spectrum (Fig. 3).

Unfolding dynamics of TRXs probed
by H/D exchange and ESI-MS

Conformational changes of TRXs during thermal denatur-
ation were monitored by performing on-line H/D exchange-
in experiments as a function of time and temperature. A
continuous flow setup was used in which the solvent deliv-
ery line, the sample loop or reaction capillary, and the in-

jection valve were immersed in a water bath and equili-
brated at the desired temperature between 25 and 80°C (Ma-
ier et al. 1999). H/D exchange was initiated by a 50-fold
dilution of a protein stock solution in 1% acetic acid into
ice-cold 1% AcOD/D2O. The protein solution was injected
into the sample loop, equilibrated at the desired tempera-
ture, and transferred to the ESI source. The reported incu-
bation periods represent the time the protein spent in the
sample loop exposed to H/D exchange conditions. The
maximum H/D exchange reaction time depends on the vol-
ume of the sample loop and the flow rate. At a flow rate of
6 �L/min, the installed sample loop (33 �L) allowed a
maximum reaction time of ∼6 min.

The thermal unfolding of small proteins often can be
described by a two-state transition model (equation 1) in
which F is represented as a relatively narrow distribution of
structured conformations stabilized by hydrogen bonding,
and U is represented as a heterogeneous distribution of less-
compact conformations with no significant hydrogen bond-
ing. Experimental rate constants k1 and k−1 for unfolding
and refolding, respectively, and k2 for intrinsic isotope ex-
change of amide hydrogens in unstructured protein, are im-
portant in two rate-limiting processes for protein unfolding
(Englander and Kallenbach 1984). When k−1>>k2, the un-
folding/folding process occurs many times before the amide
hydrogens in a particular unfolding region become com-
pletely deuterated. This limiting case is referred to as EX2
kinetics, where kex � k2(k1/k−1). When k2>>k−1, exchange
occurs by an EX1 mechanism and kex � k1. When H/D
exchange occurs by the EX2 mechanism, the mass spectrum
shows a single mass peak that slowly shifts with increasing
exchange-in time to higher masses. In contrast, two distinct
mass peaks develop after a short exchange-in time if ex-
change occurs via the EX1 mechanism (Smith et al. 1997;
Maier et al. 1999).

FH
→←
k−1

k1

UH →
k2

UD
→←
k1

k−1

FD (1)

Previously, it was shown that thermal unfolding of Oxi-
TRX can be measured by online H/D exchange-in experi-
ments as deuterium incorporation progresses from EX2- to
EX1-type kinetics with a fairly clear demarkation some-
where in the range of 61–69°C (Maier et al. 1999). The H/D
exchange evolution patterns between Oxi-TRXs and modi-
fied TRXs reflect the relative conformational stability be-
tween the different forms. First-order rate constants for un-
folding can be determined when the EX1 mechanism ap-
plies.

In the charge-state distribution (Fig. 2), charge states +7,
+8, and +9 were ascribed to the compact conformational
state of TRX. The eightfold charged ion peak was used to
make quantitative comparisons of the TRX ion peaks be-

Fig. 4. Near ultraviolet circular dichroism spectra of thermal denaturation
of oxidized Escherichia coli thioredoxin (34 �M in 1% acetic acid).

Fig. 5. Denaturation curves of Escherichia coli thioredoxins in 1% acetic
acid obtained from the analyses of near ultraviolet circular dichroism spec-
tra. Each data point is from the intensity measured at 280 nm. Tms for Oxi-,
GS-ethyl-, Cys-ethyl-, and Red-TRX are 61, 53, 49, and 43°C, respec-
tively.
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cause it has the highest signal intensity. Peak evolution
patterns of 8+ charged ion peaks at 50°C were significantly
different for Oxi-TRXs and modified TRXs (Fig. 6). After
10 sec incubation, the 8+ charged ion peak of Oxi-TRX had
m/z 1467.5, which indicated an incorporation of roughly 60
deuteriums (35% of the exchangeable hydrogens). These
quickly incorporated deuteriums are believed to be in the
side chains and terminal sites (71 sites); at pH 2–3, the
exchange rates of side-chain hydrogens are much faster than
those of amide hydrogens. Oxi-TRX was found to follow
EX2-type kinetics in which the mass spectrum showed a
single mass peak that gradually shifted with increasing ex-
change-in time to higher mass (Fig. 6). Maximum deutera-
tion as reflected in the mass peaks with dashed lines were
obtained from the denatured proteins that were incubated in
1% AcOD/D2O at 80°C for 1 h. In contrast, two distinct
mass peaks developed after a short exchange-in period for
Red-TRX and its alkylated adducts indicating exchange ap-
proaches EX1-type kinetics (Fig. 6). The higher mass peak
is very close to the peak of the corresponding fully deuter-
ated proteins. The effect of incubation temperature at com-
parable times (105 sec) on the EX1/EX2 kinetic limits is
clearly seen for the four TRXs (Fig. 7) with their different
Tms. Intermediate peaks suggesting different levels of deu-
teration also are visible, which may indicate the presence of
partially unfolded species. Thus, exchange cannot be de-
scribed solely as correlated, but rather EX2 and EX1 ex-
change is observed concomitantly. This also can be deduced

from the difference in the mass of the deuterated species
after unfolding with that of the fully deuterated species
(Fig. 6).

The rate constants for unfolding (k1) at different tempera-
tures in which EX1 kinetics applies were calculated from
f/(f+u) � Aexp(−k1t) where f and u are the intensities of
the lower and higher mass peak, respectively. The results
show that Cys-ethyl-TRX and Red-TRX have similar rates
of H/D exchange at 50 and 55°C, while the rate of exchange
for GS-ethyl-TRX is 0.3–0.4 times as fast at these tempera-
tures (Table 1). At temperatures above the Tms, the unfold-
ing rates converge. Alkylation of reduced thioredoxin at
Cys-32 by the ethylglutathionyl moiety provides additional
stabilization that likely results from extra hydrogen bond-
ing. Direct evidence for such hydrogen bonding was ob-
tained by site-specific amide H/D exchange experiments,
supported by energy-minimized conformational preferences
by AMBER force field (Kim et al. 2001b).

Kinetic H/D exchange-in

Time-dependent offline H/D exchange-in experiments at
room temperature show different degrees of solvent acces-
sibility for the various chemical forms of thioredoxin (Fig.
8). The H/D exchange-in behavior of the TRXs monitored at
25°C in 1% acetic acid (pH 2.6), showed that Oxi-TRX is
most resistant to exchange with >60% of the protons re-
maining after 3 h. There were ∼12 more deuteriums (7%) in

Fig. 6. Evolution of the eightfold charged ion peaks of Escherichia coli thioredoxins during on-line hydrogen/deuterium (H/D)
exchange-in experiments in 1% AcOD/D2O at 50°C. Time points refer to H/D exchange periods. Dashed peaks were obtained by mass
spectral measurements of the fully deuterated proteins.

Kim et al.
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Red-TRX than in Oxi-TRX after 45 min, and this difference
did not change significantly on incubation up to 3 h (Fig.
8A). After back-exchange, the difference was only 5 deu-
teriums (3%) (Fig. 8B), the difference in the numbers of
deuteriums on peptide amide sites between the oxidized and
reduced proteins. These results are comparative and consis-
tent with those in F/(F+U) (Fig. 3), in which a significant
difference in compactness was observed between Oxi- and
Red-TRX when T<Tm.1H-NMR studies showed that the
overall structures of Oxi- and Red-TRX are not very differ-
ent, but the 14-membered disulfide loop in the oxidized
form confers stability and reduces the exchange rate in this
region (Hiraoki et al. 1988; Jeng and Dyson 1995).

The amount of deuterium uptake by GS-ethyl-TRX and
Cys-ethyl-TRX was closer to that of Oxi-TRX than to Red-
TRX. This result suggests that the modifications in GS-and

Cys-ethyl-TRX prevent H/D exchange of some hydrogens
that would be unprotected in Red-TRX. Although nearly
imperceptible (Fig. 8A), there appears to have been a slight
difference in deuterium uptake between Oxi-TRX, GS-
ethyl-TRX, and Cys-ethyl-TRX. GS-ethyl-TRX showed
slightly more resistance to exchange than Cys-ethyl-TRX as
indeed expected. A tighter structure for GS-ethyl-TRX re-
sults from the presence of salt bridges between carboxylates
of the �-Glu and Gly of the glutathione and the guanidinium
of Arg-73 and �-amino group of Lys-90 of the protein (Fig.
1). The stabilizing effect of the salt bridges allows the in-
duction of additional hydrogen bonding between the gluta-
thionyl group carbonyl oxygens and the amide protons of
TRX residues Ile-75 and Ala-93. Salt bridges are not pos-
sible in Cys-ethyl-TRX and similar hydrogen bonding was
not detected (Kim et al. 2001b).

Discussion

The analysis of charge-state distributions showed that the
relative compactness, i.e. F/(F+U), of GS-ethyl-TRX at
T<Tm was constant and closer to that of Oxi-TRX than to
Red-TRX, while the melting temperature for GS-ethyl-TRX
was closer to those for Red-TRX and Cys-ethyl-TRX (Fig.
3). The Tm values for Oxi-TRX and the alkylated TRXs
obtained by near-UV CD were similar to those obtained by
charge-state analysis, but the value for Red-TRX was 10°C
lower (Fig. 5). There is no ready explanation for this large

Table 1. Unfolding rate constants k1 (min−1) of TRXs in 1%
acetic acid solution

T (°C) Oxi-TRX Red-TRX GS-ethyl-TRX Cys-ethyl-TRX

50 —a 0.22 0.09 0.21
55 —a 1.3 0.48 1.2
60 0.1 2.5 2.1 —b

80 2.1c — — —

a EX2 kinetics.
b Only the higher mass peak from unfolded state of protein was observed.
c Measured in 2% acetic acid-d solution (Maier et al. 1999).

Fig. 7. Temperature-dependent alteration of the hydorgen/deuterium exchange mass profiles. Comparison of the eightfold charged ion
peak of Escherichia coli thioredoxins at different temperatures after an exchange-in period of 105±10 sec in 1% AcOD/D2O.
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difference, but it is noted that the slopes for the pre- and
posttransition baselines for Red-TRX were different, indi-
cating that the optical properties of the aromatics were not
the same. The temperature-dependent unfolding profiles ob-
tained by the two analytical approaches generally were quite
different (Fig. 3 and Fig. 5). Charge-state envelopes reflect
the overall conformational aspects of proteins, whereas
near-UV CD provides information on localized environ-
mental conditions. Thus, aromatic side chains of Trp and
Tyr contribute to the CD absorption at 280 nm. In TRX,
there are two Trps in the active-site region and two Tyrs in
the second and third � helices (Fig. 1). Gradual decrease in
molar ellipticity as temperatures approach Tm results from
minor changes in the asymmetric environment near the side
chains of Trp and Tyr and are caused by increased rotational
and vibrational motions. A precipitous and complete change
in the asymmetric environment of the aromatic side chains
occurs upon denaturation at Tm. On the other hand, ESI-MS
data showed no apparent change in the structural compact-
ness of the protein before reaching Tm, as low energy mo-
tions were not sufficient to change the overall protein con-
formation and produce more charge sites.

The significant difference in CD signals between Oxi-,
Red- and modified TRXs in the range T<Tm (Fig. 5) can be
ascribed to environmental differences experienced by Trp
side chains. The modified Cys-32 site is adjacent to Trp-31
and near the Trp-28 residue. The presence of the alkyl group
on Cys-32 has a significant effect on the CD signal because
of environmental changes around Trp-31 and Trp-28. A
molecular model of GS-ethyl-TRX obtained by AMBER
force-field simulation places the glutathione chain on a
broad surface formed by two loop structures in the protein
(Fig. 1; Kim et al. 2001b). The fact that the temperature-
dependent profiles of GS-ethyl- and Cys-ethyl-TRX are
nearly superimposable at temperatures above and below Tm,
suggests there is a common effect on the CD response re-
gardless of the alkylation at Cys-32. On the other hand,
mass-spectral data showed that the charge-state envelopes
for Cys-ethyl-TRX and Red-TRX at T<Tm are similar and
indicative of a relatively large population of molecules with
structural “openness” as compared to GS-ethyl-TRX, which
appears to consist of a large population of compact struc-
tures. A possibility that needs to be considered is that the
presence of two salt bridges removes possible charge sites
from GS-ethyl-TRX that could lead to a higher F/(F+U)
value. But, if this were the major reason for the difference,
then the F/(F+U) values for Oxi-TRX and Red-TRX should
be closer, as the relevant Arg-73 and Lys-90 residues are far
removed from the active site region and there should be no
difference in their availability for protonation.

The presence of two salt bridges between carboxyl
groups of the ethylglutathionyl group and basic sites on the
side chains of the protein’s Arg-73 and Lys-90 (Fig. 1; Kim
et al. 2001b) imposes a structural constraint that allows for
hydrogen bonding between the carbonyl oxygens of gluta-
thione and the amide hydrogens of Ile-75 and Ala-93 in the
protein. The ethylcysteinyl group in Cys-ethyl-TRX cannot
form salt brides; thus it rotates freely and induces no extra
hydrogen bonds. The absence of a salt bridge in Cys-ethyl-
TRX is probably responsible for the “openness” and simi-
larity of the F/(F+U) value with that of Red-TRX when
T<Tm (Fig. 3). After melting, GS-ethyl-TRX loses this ad-
ditional structural bridging and its F/(F+U) value became
similar to that of Red-TRX and Cys-ethyl-TRX. In contrast,
Oxi-TRX with its intact disulfide retained some compact-
ness after melting as reflected in the higher F/(F+U). The
increased stability of GS-ethyl-TRX indicated by the
slightly higher (∼3°C) Tm and the larger unfolding rate con-
stant (Table 1) probably also resulted from the presence of
salt bridges and extra hydrogen bonding from the ethylglu-
tathionyl group.

All results for the thermal denaturation of TRXs point to
cooperative unfolding through a two-state model (Robert-
son and Baldwin 1991; Chamberlain et al. 1999). Evidence
from previous near-UV CD experiments also showed that
thermal denaturation of Oxi-TRX is reversible (Maier et al.

Fig. 8. Deuterium incorporation in Escherichia coli thioredoxins with time
(A) total deuterium content and (B) after back exchange of side-chain
deuteriums.
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1999). There is a transition from EX2- to EX1-type kinetics
for thermal unfolding of proteins, which is reflected in peak
broadening before Tm is reached and only when T�Tm are
two separated isotopically enriched peaks clearly visible in
the mass spectra (Yi and Baker 1996; Maier et al. 1999). In
this case, when H/D exchange was performed at 50°C, Oxi-
TRX clearly underwent EX2-type kinetics, while two peaks
evolved for Red-TRX, GS-ethyl-TRX, and Cys-ethyl-TRX
(Fig. 6). These were not unexpected results, as the tempera-
ture (50°C) at which the isotope exchange was performed
was well below the Tm of Oxi-TRX and equal to or slightly
below the Tm values of the other TRXs. Peak broadening is
evident in these profiles (Fig. 6) indicating that exchange
took place within the EX2/EX1 kinetic limits (Arrington
and Robertson 2000).

The unusual CD melting profile and Tm observed for
Red-TRX (Fig. 5) may just be an extreme case of what
occurs with the other TRXs, all of which showed lower Tms
from those obtained by charge-state envelopes. Generally,
when melting profiles are not superimposable, transient in-
termediates are suspected. The unfolding profiles obtained
by H/D exchange (Fig. 6) showed small peaks between the
two major mass peaks that suggest participation of unfold-
ing intermediates. When H/D exchange was carried out at
T>Tm, the intermediate peaks were not prominent, although
they did not disappear entirely. The 8+ charged ion peak of
Oxi-TRX incubated under H/D-exchange conditions at
82°C (Tm : 65°C), for example, showed two well-resolved
mass peaks representing folded and unfolded conformers
(Maier et al. 1999). Small intermediate peaks also were
observed for Red- and alkylated-TRXs even when the ex-
change experiments were conducted at 60°C or well above
the Tms (Fig. 7). The evidence suggests that unfolding of
these proteins may indeed involve transient intermediates.
Previous NMR H/D exchange studies of Oxi- and Red-TRX
under thermal denaturing conditions also indicated that par-
tially unfolded structures exist (Hiraoki et al. 1988; Jeng and
Dyson 1995). Specifically, there is a group of slow-ex-
changing protons with similar rate constants in the central
and protected part of the �-sheet (�2). The process of si-
multaneous breaking of a group of hydrogen bonds has been
referred to as “regional melting” (Kosiakoff 1982).

The effects of chemical denaturants on protein conforma-
tions has received somewhat more attention than thermal
denaturation. Oxidized and reduced cytochrome c, for ex-
ample, are believed to unfold through sequential intermedi-
ates under varying denaturant concentrations (Bai et al.
1995). These partially unfolded intermediates were found
under equilibrium native conditions (pD 7, 30°C). Miranker
and coworkers (1993) reported the participation of transient
protein intermediates during refolding of hen lysozyme,
which were detected by pulse-labeling H/D exchange and
analysis by NMR and MS. These intermediates were de-
tected in the nonequilibrium refolding process, which was

thought to involve cooperative folding of various protein
domains.

Conclusions

Site-specific amide H/D exchange experiments have re-
vealed that there is little structural difference between Oxi-
and Red-TRX except in or near the active site (Jeng and
Dyson 1995; Kim et al. 2001a,b). However, global ex-
change in 1% acetic acid (pH 2.7) under equilibrium as well
as nonequilibrium conditions showed that there are signifi-
cant differences in thermal stability, unfolding kinetics, and
solvent accessibility for Oxi-TRX, Red-TRX, and active-
site Cys-32 alkylated TRXs. Thermal denaturation ap-
proached the EX1 kinetic limit, but MS and CD results
indicated that none of the TRXs underwent unambiguous
correlated unfolding. Relative to the melting temperatures at
pH 7.8 (Hiraoki et al. 1988), the acidic conditions under
which thermal unfolding was performed here resulted in
significantly lower Tms. The acidic conditions also may
have something to do with the fact that thermal unfolding
did not follow simple EX1 kinetics.

Redox-active TRX is a required subunit in certain bacte-
riophage systems, including T7 DNA polymerase and fila-
mentous phage assembly, where Red-TRX is functional but
Oxi-TRX is not (Adler and Modrich 1983; Russel and
Model 1985). The major determining factor in the bioactiv-
ity of Red-TRX in comparison to that of Oxi-TRX does not
appear to be due to the presence of free thiol groups, since
mutants of TRX where one or both cysteines were replaced
by Ala or Ser were also partly functional (Russel and Model
1986). These observations suggest that the overall structure
of the protein, and not the chemical properties of the cys-
teine residues, is important to the regulation of this particu-
lar biological activity. In conclusion studies by H/D ex-
change coupled with analysis by MS are clearly useful and
complementary to other biophysical methods for character-
izing structural differences between protein forms that may
relate to different biological activities.

Materials and methods

Analyses of bimodal charge-state distributions

Oxi-TRX (Promega) was reduced by Tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP.HCl, Pierce) and alkylated by the epi-
sulfonium ion derived from CEG and CEC (Erve et al. 1995).
Oxi-TRX, GS-ethyl-TRX, and Cys-ethyl-TRX (0.2 �g/�L, 0.017
mM) were dissolved in 1% AcOH/H2O (pH 2.6). Red-TRX solu-
tion (0.2 �g/�L, 0.017 mM) was obtained by diluting Red-TRX
stock solution (0.85 mM in 8 mM TCEP/1% AcOH/H2O) 50-fold
with 1% AcOH/H2O. Protein solutions (50 �L) were introduced
into a Rheodyne injection valve fitted with a 40-�L sample loop.
The solvent delivery line, the sample loop, and the injection valve
were immersed in a water bath and equilibrated at the desired
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temperature between 25 and 80°C. After the protein solutions were
incubated for 2 min in the sample loop, they were transferred into
the ESI source. The solvent flow (0.5 mL/h) was maintained with
a syringe pump and a solvent mixture of 1% AcOH/H2O. F/(F+U)
was determined as a function of temperature.

Online H/D exchange/ESI-MS experiment

Oxi-TRX, GS-ethyl-TRX, and Cys-ethyl-TRX (10 �g/�L, 0.85
mM) were dissolved in 1% AcOH/H2O (pH 2.6). Red-TRX solu-
tion (10 �g/�L, 0.85 mM) was obtained by dissolving Oxi-TRX in
8 mM TCEP/1% AcOH/H2O. TRX solutions were allowed to
equilibrate for 100 min at 25°C (equilibration solution). The
equilibration solutions were diluted 50-fold with 1% AcOD/D2O
(labeling solution) at 0°C. Immediately, 50 �L of diluted solution
was introduced into a Rheodyne injection valve fitted with a 40-
�L sample loop by precooled syringe. The sample loop (peek
tubing i.d. 0.01 in., o.d. 1/16 in., 65 cm) was used as a reaction
capillary. The solvent delivery line, the sample loop, and the in-
jection valve were immersed in a water bath and equilibrated at the
desired temperature between 25 and 80°C. As soon as the sample
was injected into the sample loop, the protein solution in the
sample loop was transferred into the ESI source via a fused silica
capillary (i.d. 0.075 mm, 100 cm), which was immersed in an
ice-water bath to quench H/D exchange and to facilitate refolding
of thermally unfolded TRX. The solvent flow (0.5 mL/h) was
maintained with a syringe pump and a solvent mixture of 1%
AcOD/D2O. The time necessary for the transport of the protein
from the sample loop to the ESI needle was ∼60 ± 5 sec. The
incubation periods reported represent the time that the protein
sample spent in the sample loop.

Offline H/D exchange/ESI-MS experiment

Oxi-TRX, GS-ethyl-TRX, and Cys-ethyl-TRX (10 �g/�L, 0.85
mM) were dissolved in 1% AcOH/H2O (pH 2.6). Red-TRX solu-
tion (10 �g/�L, 0.85 mM) was obtained by dissolving Oxi-TRX in
8 mM TCEP/1% AcOH/H2O. TRX solutions were allowed to
equilibrate for 100 min at 25°C (equilibration solution). H/D ex-
change was initiated by diluting the equilibration solution 50-fold
with 1% AcOD/D2O at 25°C (labeling solution). At each time
point, 5 �L (0.43 nmol) of labeling solution was introduced into an
injection valve fitted with a 5-�L sample loop by a precooled
syringe. The solvent delivery line, the sample loop, and the injec-
tion valve were immersed in an ice-water bath to minimize H/D
exchange of all exchangeable hydrogens during infusion into the
mass spectrometer. The solvent flow (0.3 mL/h) was maintained
with a syringe pump and a solvent mixture of 1% AcOD/D2O.
Back-exchanged results of side-chain deuterons were obtained by
using 1% AcOH/H2O as a delivery solvent mixture. The percent-
age of deuterium incorporation was calculated using equation 2.
Molecular weights of deuterated proteins were calculated by de-
convolution with multiply charged ions from 7+ to 9+ because
they showed strong peak intensities.

Deuterated MW (exp.) − Undeuterated MW (cal.)
The number of exchangeable hydrogens

× 100 = % of D incorporation (2)

Mass spectrometry

All ESI-MS data were acquired on a Perkin-Elmer Sciex API III
triple quadrupole mass spectrometer (Thornhill) with pneumati-

cally assisted electrospray source. Air was used as the nebulizer
gas and nitrogen as curtain gas. The ionspray voltage was at 4700
V, and the orifice voltage was at 80 V. Mass spectral data were
acquired in the range of m/z 1250 to 1800 for the online and offline
H/D exchange experiments and m/z 700 to 1800 for the analyses of
charge-state distributions. All mass spectra reported here were
recorded in positive ion mode.

Circular dichroism

All CD spectra were recorded on a Jasco J720 spectropolarimeter
equipped with a home-built, thermoelectrically controlled cell
holder. Near-UV CD spectra of TRXs (34.1 �M, 1% AcOH/H2O)
were measured in the near-UV range (250–360 nm) in cylindrical
1-cm path length quartz cuvettes. The temperature control of the
sample cell was maintained by circulating water from a thermo-
statically controlled water bath through a built-in water jacket
sleeve that is mounted around the CD cell. Temperature readings
were measured online with a thermocouple element glued to the
outside of the cuvette wall. Cuvettes were allowed a 5-min equili-
bration period after reaching the desired operating temperature
before scanning. The temperature was manually increased from 25
to 80°C. Equilibrium thermal denaturation of TRXs was monitored
at 280 nm. All spectra were smoothed with software provided with
the instrument and base-line corrected for the CD signal in the
absence of protein.

The mean residue molar ellipticity [�]� at a given wavelength
was calculated according to equation 3:

���� =
�MW�n���

100�P�l
(3)

where �� is the observed ellipticity in degrees, MW is the molecu-
lar weight of TRXs, 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.
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