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ABSTRACT: Site specific amide hydrogen/deuterium content of oxidized and reducedEscherichia coli
thioredoxin, and alkylated derivatives, Cys-32-ethylglutathionylated and Cys-32-ethylcysteinylated thio-
redoxins are measured, after exposure for 20 s to D2O/phosphate buffer (pH 5.7), by electrospray mass
spectrometry. The degree of deuteration of Oxi-TRX and Red-TRX correlated with the rates of H/D
exchange measured previously by NMR. The ethylcysteinyl modification was shown to minimally perturb
the active site of the reduced protein, but showed more global effects on structures ofR-helices and
â-strands distant from the site of modification. In contrast, the larger ethylglutathionyl group had little
effect on the protein’s overall conformation, but significantly affected the structure of loops close to the
active site. A molecular model of GS-ethyl-TRX derived from molecular simulation allowed the H/D
exchange results to be interpreted in terms of specific interactions between the alkyl chain and the protein
surface. The specific conformation of the ethylglutathione modification was predicted to be fixed by salt
bridges between the carboxylates of theγ-Glu and Gly of glutathione and the guanidinium of Arg-73 and
ε-amino group of Lys-90 of the protein. Specific hydrogen bonding interactions between the glutathione
carbonyl oxygens and the amide protons of thioredoxin residues Ile-75 and Ala-93 were predicted. The
H/D exchange studies showed low levels of deuterium incorporation at backbone nitrogens of these residues.
The data also provided evidence for an unusual amide proton-amide nitrogen hydrogen bond within the
ethylglutathionylated chain. These same sets of electrostatic and hydrogen bonding interactions were not
predicted or observed for the smaller alkyl modification in Cys-ethyl-TRX.

Chemical modification of a protein can perturb the
conformation, the folding and unfolding profile, and its
stability in the presence of denaturing agents or at pH and
temperature extremes (1, 2). Such changes in the structure
of proteins can be monitored by multidimensional nuclear
magnetic resonance (NMR),1 while changes in dynamics are
reflected in the rates of hydrogen/deuterium (H/D) exchange
(3-10) as measured by NMR or mass spectrometry. The
goal of this study is to use H/D exchange and mass
spectrometry to assess the extent of structural changes in
Escherichia colithioredoxin (TRX) modified by the episul-
fonium ion derived fromS-(2-chloroethyl)glutathione (CEG)
andS-(2-chloroethyl)cysteine (CEC).

TRX has been well-characterized biochemically and
structurally; the high-resolution structures of oxidized and
reduced forms ofE. coli TRX have been determined by
X-ray crystallography (11) and NMR spectroscopy (12-14).
The disulfide linkage between Cys-32 and Cys-35 at the
active site of Oxi-TRX can be reduced by the flavoprotein
enzyme thioredoxin reductase through its NADPH cofactor
(15). Alkylation or site-directed mutagenesis of either
cysteine residue causes a loss of activity of TRX. Aside from
the obvious effects on the ability to oxidize the active site
residues, there remains a question as to whether such
modifications will significantly affect the conformation of
TRX. For example, the1H NMR spectra of a C35A mutant
of E. coli thioredoxin are nearly identical to that of the wild-
type protein, demonstrating the overall similarity in their
structures (16). The resonances of some amide protons are
shifted in the mutant, but the most significant perturbations
were observed in the resonances of I75 and P76, residues
which are within van der Waals contact of the mutated site.
In addition, a 16-amino acid peptide covalently attached to
Cys-32 of the C35A mutant shifts the pKa of Asp-26 from
7.4 to 9.2 by shielding the region from solvent. Otherwise,
the modification appears to have little additional structural
effect on reduced thioredoxin that had not already been seen
in the C35A mutant.

In contrast, the mutation of four cysteines to serines in
human thioltransferase (TTase) containing only the active
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site Cys-22 residue with covalently attached glutathionyl
group to form the mixed disulfide intermediate (TTase-SSG)
shows similar specificity but greatly enhanced catalytic
efficiency toward other glutathionyl mixed disulfide sub-
strates (17). Apparently, the overall structure of the protein
and not the chemical properties of the cysteine residues is
important to the regulation of this particular biological
activity, and the adduction by groups through the mixed Cys-
22 disulfide appears to improve the stability to the protein’s
tertiary structure.

In the studies presented here, the levels of H/D exchange
in the structures of Oxi-TRX and Red-TRX were determined
by mass spectrometry. These results are correlated to residues
that have been previously defined as structured and non-
structured from prior NMR studies (13) to determine the
degree to which mass spectrometry can be used to probe
protein tertiary structure at the level of individual amino
acids. In addition, the structures of the alkylation products
at Cys-32 of TRX [Cys-32-ethylglutathionylthioredoxin (GS-
ethyl-TRX) and Cys-32-ethylcysteinylthioredoxin (Cys-ethyl-
TRX)] were studied by mass spectrometry to determine the
effect of such modifications on the conformation of the
protein. Vicinal dihaloethanes are manufactured in large
quantities, and because of their volatility, they become major
environmental problems. It is well-known that these chemi-
cals 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 episul-
fonium ion (18-20). It can be hypothesized that the active
sites of proteins containing a “thioredoxin fold”, i.e., Cys-
X-X-Cys, such as thioredoxin, thioredoxin reductase, and
protein disulfide isomerase are in vivo targets for alkylation
by glutathione conjugates. The mass spectrometry results for
the ethylglutathionyl variant are interpreted at the atomic
level in the context of a molecular model constructed for
the GS-ethyl-TRX protein.

MATERIALS AND METHODS

Alkylation of TRX. The disulfide linkage ofE. coli
thioredoxin (Promega, 200µg, 0.02µmol) was reduced by
addition of 17µL of 8 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCl, Pierce) and incubated for 10 min
to yield a 1.2 mM solution of Red-TRX. The reduction
reaction was monitored by reverse-phase HPLC. Aliquots
of Red-TRX (17µL) were mixed with equal volumes of 0.4
M ammonium bicarbonate buffer (pH 7.7). The alkylating
agents,S-(2-chloroethyl)glutathione (CEG) andS-(2-chlo-
roethyl)cysteine (CEC), were prepared as described previ-
ously (19). CEG (184µg, 0.5µmol, 25 equiv) was dissolved
in 33 µL of 0.4 M ammonium bicarbonate buffer (pH 7.7)
and quickly added to the Red-TRX solution. The pH dropped
slightly with the addition of CEG so that the pH of the
reaction mixture was between 7.0 and 7.4. The reaction was
monitored by reverse-phase HPLC. The reaction mixtures
were incubated for 90 min at room temperature. More CEG
(2 × 265µg) was added until the Red-TRX was completely
consumed.{S-[2-(Cys32)Ethyl]glutathione}thioredoxin (GS-
ethyl-TRX) was isolated by semipreparative reverse-phase
HPLC on a C4 column (250 mm× 10 mm, 5µm, Vydac).
The elution gradient was linear from 20 to 40% B over the
course of 10 min, then to 50% B over the course of 15 min,
and finally to 70% B over the course of 10 min; the flow

rate was 2.5 mL/min. Solvent A was 0.1% TFA/H2O, and
solvent B was 0.1% TFA/CH3CN. After the collected eluent
had been freeze-dried, 144µg (70%) of GS-ethyl-TRX was
obtained.{S-[2-(Cys32)Ethyl]cysteine}thioredoxin (Cys-ethyl-
TRX) was prepared from CEC by the same procedure. After
HPLC purification and drying, 160µg (80%) of Cys-ethyl-
TRX was obtained.

Deuterium Exchange, Peptic Digestion, Mass Spectrom-
etry, and HPLC (21). Oxidized E. coli thioredoxin was
purchased from Promega (Madison, WI). Red-TRX was
obtained by dissolving Oxi-TRX (0.85 mM) in 8 mM TCEP/
phosphate buffer (10 mM, pH 5.7). Modified TRXs (GS-
ethyl-TRX and Cys-ethyl-TRX) were equilibrated at 45°C
in phosphate buffer (10 mM, pH 5.7) for 20 min to establish
a stabilized conformer and cooled to room temperature. The
concentration of TRX (Oxi-, Red-, GS-ethyl-, and Cys-ethyl-
TRX) stock solutions is 0.85 mM in phosphate buffer (H2O,
10 mM, pH 5.7, 25°C). TRXs were labeled by diluting the
solution 20-fold with D2O (phosphate, pD 5.7, 25°C).
Solutions were maintained at room temperature (25°C), and
isotope exchange was allowed for 20 s. Aliquots (5µL, 200
pmol) of a diluted solution were adjusted to pH 2.5 by the
addition of 0.1 M HCl and cooled to 0°C. Immediately after
quenching had been carried out, exchanged TRX aliquots
were digested at 0°C by adding 1µL of a precooled pepsin
solution (3 mg/mL in 5% formic acid) for 5 min. Aliquots
(5 µL) were taken from the digest and loaded onto a
microbore HPLC column (20 cm× 0.32 mm, 15µm, LUNA
C18) in an ice bath. The peptic peptides were separated over
a 10 min period with a 25 to 70% acetonitrile/water gradient
containing 0.05% trifluoroacetic acid. The column effluent
(30 µL/min) was delivered directly to a Finnigan LCQ ion-
trap mass spectrometer for ESI-MS and ESI-MS/MS experi-
ments. Xcalibur and MagTran software in an IBM personal
computer were used for instrument control, data acquisition,
and data processing.

Molecular Model for GS-Ethyl-TRX.To construct a model
for the ethylglutathionyl-modified protein, we started with
the 2.2 Å resolution single-crystal structure of oxidized
thioredoxin fromE. coli (PDB code 1TXX) (22). All model
building and reconstructions were performed using the
InsightII molecular modeling program (Biosym/MSI, San
Diego, CA), and subsequent molecular mechanical simula-
tions were performed using the AMBER force field (23, 24)
as implemented in the Discover module of InsightII. The
disulfide bond between theâ-sulfurs of Cys-A32 and Cys-
A35 was broken, and hydrogens were added to both Cys
residues. The entire protein structure was subjected to energy
minimization to relieve strain in the starting model. The
glutathionyl group was constructed with the amino acids in
their extended conformations off the sulfur of Cys-32 using
the Biopolymer module of the InsightII program. With the
atoms of the protein fixed, the glutathionyl chain was
subjected to a systematic set of rigid rotations about the four
bonds of the ethyl link between Cys-32 and the Cys residue
of the glutathionyl modification. This search resulted in four
classes of rotamer conformations with no major collisions
near the site of attachment. The glutathionyl chain in each
of these four rotamers was then subjected to a series of
molecular dynamics simulations and energy minimizations,
again with the atoms of the protein fixed, to adapt each
rotamer of the glutathionyl chain to the protein structure.
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Finally, the overall structures of the glutathionyl-modified
proteins were subjected to molecular dynamics at low
temperatures (300 K) and energy minimized. The structure
having the lowest overall potential energy was defined as
the ethylglutathionylthioredoxin (GS-ethyl-TRX) model.

RESULTS

The conformations of TRX in its oxidized (Oxi-TRX) and
reduced (Red-TRX) states and the alkyl-modified GS-ethyl-
TRX and Cys-ethyl-TRX protein forms were probed by
following the rates of H/D exchange of the amide protons
located along the polypeptide backbone. These rates were
measured at the residue level by collision-induced dissocia-
tion tandem mass spectrometry (CID MS/MS), explicitly
monitoring the bn ions. For the overall protein, the method
correlates well with NMR results for TRX in its oxidized
and reduced states, and distinguishes between conforma-
tionally flexible and nonflexible regions of the protein at the
residue level. For the GS-ethyl- and Cys-ethyl-modified TRX
proteins, additional changes are evident in the exchange rates
in terms of how the alkyl modifications affect the surface of
the TRX protein in a molecular model.

Residue Specific Hydrogen Isotope Exchange of Oxidized
and Reduced TRX.H/D exchange rates at individual amide
linkages of TRX were determined by CID MS/MS after
incubating the oxidized and reduced forms of the protein in
D2O (phosphate buffer, 10 mM, pH 5.7) for 20 s. To correlate
the rates measured here by mass spectrometry with those
determined previously by spectroscopy (13), the hydrogens
for Oxi-TRX and Red-TRX were classified according to their
NMR rates of H/D exchange (Tables 1-3). Hydrogens seen
by NMR to undergo fast exchange (with exchange rates log
kex > -0.6 s-1) are designated as F and those exchanging
slowly (log kex < -2.6 s-1) designated S. These encompass
the ranges that can be obtained by the NMR methods. Amide
protons whose exchange rates are too slow to measure by
saturation transfer but exchange too fast to be observed by
NMR fall in the range-2.6 s-1 < log kex < -0.6 s-1 and

are designated as M for having medium rates of exchange.
As expected, the amide protons involved in hydrogen bonds
within well-defined secondary structures (e.g., inR-helices)
and buried from the surface (as in theâ4 strand of the
â-sheet) show slow exchange, while those at less structured
loops and exposed regions are in the faster exchange group
(Figure 1). The hydrogens of Cys-35 at the active site and
the associated amino acids in the loop, not surprisingly,
become overall more readily exchangeable upon reduction
of the disulfide bond to Cys-32 (Figure 1B,C).

Deuterium levels determined here by mass spectrometry
at amide sites generally correlate well with the exchange rate
constants for the bn ions for Oxi-TRX and Red-TRX (21).
The levels of deuterium observed range from 0 to 1 per
exchangeable proton, with low levels of incorporation
associated with slow H/D exchange rates in the NMR studies
(Figure 1D,E). The mass spectrometry results can be clas-
sified using analogous H/D exchange rates, with a deuterium
incorporation level ofe0.3 considered slow exchange, a level
of g0.7 fast exchange, and a level from 0.4 to 0.6 medium
exchange. Again, under this classification system, the
structured regions in all forms of the protein show slow H/D
exchange, while loops and turns generally show fast ex-
change. For example, the sequence of residues 77-80 (Table
1), which consists of a buried strand of aâ-sheet, and
residues 99-108 (Table 2), the C-terminalR4 helix, are slow
exchanging regions and show low deuterium incorporation
levels in all TRXs (Figures 1 and 2). The segment of residues
91-98, on the other hand, is an exposed loop that connects
the â5 strand to theR4 helix. The amide hydrogens of the
loop exchange relatively rapidly, as is evident from the high
levels of deuterium found in both Oxi- and Red-TRX.
Similarly, Gly-65, Arg-73, Gly-74, and Ile-75 with fast or
medium rates of exchange show moderate to large amounts
of deuterium incorporation. Although Thr-89 and Val-91 are
present in the centralâ5 strand, they exhibited greater levels
of deuterium, as is consistent with the NMR results. The
NMR solution structure indicated that amide protons of these

Table 1: Deuterium Levels Found at Individual Amide Linkages in Fragments of Residues 59-79 (GS-Ethyl- and Cys-Ethyl-TRX) and 59-80
(Oxi- and Red-TRX) of 20 s Labeled TRXs

no. of Ds on residuea log kex (s-1)b

residue Oxi-TRX Red-TRX GS-ethyl-TRX Cys-ethyl-TRX Oxi-TRX Red-TRX

Gln-62 - - 0.1 - -2.72 S -3.1 S
Asn-63 - 0.1 0.5 0.1 -4.8 S -4.62 S
Pro-64 - - - -
Gly-65 0.6 0.9 0.7 0.9 b M b M
Thr-66 0.2 0.2 0.1 0.8 -4.36 S -4.15 S
Ala-67 -0.1 0.2 0.2 0.7 -4.66 S -4.54 S
Pro-68 - - - -
Lys-69 0.1 0.1 0.3 0.3 -3.21 S -3.09 S
Tyr-70 0.0 -0.1 0.3 0.2 -5.06 S -4.91 S
Gly-71 (0.3) (0.4) (0.9) (0.9) b M -0.31 F
Ile-72 (0.3) (0.4) (0.9) (0.9) -3.69 S -3.52 S
Arg-73 0.7 0.7 1.0 1.0 -0.14 F -0.2 F
Gly-74 (0.9) 0.8 1.0 1.0 -0.19 F 0.23 F
Ile-75 (0.9) 0.8 0.1 0.9 b M -0.01 F
Pro-76 - - - -
Thr-77 0.2 0.3 0.2 0.1 -4.37 S -3.82 S
Leu-78 0.2 0.3 0.1 0.2 -5.74 S -5.67 S
Leu-79 0 0.3 0.2 0.1 -7.6 S -7.6 S
Leu-80 0.1 0.2 - - -8 S -8 S

a In cases of missing fragment ions, the difference of deuterium numbers was equally divided into possible sites as shown in parentheses.b The
intermediate exchange rates are designated as M, which is in the range of 0.0025-0.25 s-1 (log value of-2.6 to -0.6).
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two residues extend toward the outside of theâ-sheet and
are not hydrogen-bonded (14).

The deuterium levels of the two Cys amino acids at the
active site of Oxi-TRX could not be determined by CID MS
because the disulfide linkage precludes any cleavage to
fragment the two residues at the loop. However, the MS and
NMR results for these residues in the Red-TRX form are
remarkably similar, with Cys-32 exhibiting medium exchange
and Cys-35 fast exchange by both methods. This contrasts
with the NMR exchange rates for the active site residues in
Oxi-TRX where Cys-32, which sits on a loop, shows fast
exchange and Cys-35, which is at one end of a helix, is slow.
From the similarity in behavior of the remaining protons
within the N-terminal helix, the CID results for the two Cys
residues would be expected to mirror the NMR results. The
suggestion from both the CID and NMR studies is that Cys-
35 becomes less structured upon reduction of the disulfide
linkage.

There are some differences in exchange rates seen in the
protein by the two methods, but most are relatively minor.

For example, Gly-65 which immediately precedes theR3
helix was classified by NMR to be in medium exchange in
both Oxi-TRX and Red-TRX but, according to the CID
results, changes from medium to fast exchange after reduc-
tion. In addition, there are amino acids that the CID method
cannot explicitly assign. The individual deuterium contents
of Gly-71 and Ile-72 cannot be determined because the
peptide linkage between these residues is not cleaved during
CID. All deuterium levels listed in parentheses for residues
in Tables 1-3 reflect this problem. The interpretation is that
the deuteriums are equally shared between the two adjacent
amino acids. Overall, however, the CID results and NMR
results correlated very well in classifying amide protons along
the polypeptide chain according to their respective H/D
exchange rates, and in suggesting conformational perturba-
tions resulting from reduction of the disulfide bond at the
active site of the protein.

H/D Exchange in GS-Ethyl-TRX and Cys-Ethyl-TRX. The
alkyl modifications at Cys-32 of GS-ethyl-TRX and Cys-
ethyl-TRX were confirmed by tandem mass spectrometry

Table 2: Deuterium Levels Found at Individual Amide Linkages in Fragments of Residues 81-108 (Oxi-, GS-Ethyl-, and Cys-Ethyl-TRX) and
81-101 (Red-TRX) of 20 s Labeled TRXs

no. of Ds on residuea log kex (s-1)b

residue Oxi-TRX Red-TRX GS-ethyl-TRX Cys-ethyl-TRX Oxi-TRX Red-TRX

Val-86 0 0 - -0.2 -2.64 S -2.57 S
Ala-87 -0.1 0 -0.1 0.3 -4.74 S -4.75 S
Ala-88 -0.1 -0.1 (0.3) 0 -4.48 S -4.48 S
Thr-89 0.6 0.4 (0.3) 0.8 -0.6 F -0.24 F
Lys-90 0 -0.1 (0.8) 0 -3.77 S -3.69 S
Val-91 0.6 0.4 (0.8) 0.3 b M b M
Gly-92 0.6 0.5 (0.3) (0.6) b M -0.02 F
Ala-93 0.7 (0.7) (0.3) (0.6) -0.59 F -0.68 F
Leu-94 0.9 (0.7) 0.9 0.8 -0.48 F -0.11 F
Ser-95 0.5 0.6 0.7 0.5 b M b M
Lys-96 0.8 0.7 0.8 0.9 -0.54 F -0.6 F
Gly-97 (1.0) (0.8) 0.9 1.0 b M -0.08 F
Gln-98 (1.0) (0.8) (0.5) 1.1 b M -0.25 F
Leu-99 0.3 0.2 (0.5) 0.1 -3.74 S -3.84 S
Lys-100 (0.2) -0.1 0.3 (0) -5.18 S -5.14 S
Glu-101 (0.2) 0 0.2 (0) -5.62 S -5.54 S
Phe-102 0.1 - (0.2) 0.1 -4.26 S -4.28 S
Leu-103 0.2 - (0.2) 0.1 -7.51 S -7.47 S
Asp-104 0.2 - 0.1 0 -6.47 S -6.41 S
Ala-105 0.2 - 0.2 0.1 -3.94 S -3.8 S
Asn-106 0.1 - 0.3 0.2 -4.21 S -4.29 S
Leu-107 0.2 - 0.6 0.2 -3.55 S -3.35 S
Ala-108 0.5 - 1 0.9 b M b M

a In cases of missing fragment ions, the difference of deuterium numbers was equally divided into possible sites as shown in parentheses.b The
intermediate exchange rates are designated as M, which is in the range of 0.0025-0.25 s-1 (log value of-2.6 to -0.6).

Table 3: Deuterium Levels Found at Individual Amide Linkages in Peptide of Residues 28-39 (Oxi-TRX) and 28-37 (Red-, GS-Ethyl-, and
Cys-Ethyl-TRX) of 20 s Labeled TRXsa

no. of Ds on residue logkex (s-1)

residue Oxi-TRX Red-TRX GS-ethyl-TRX Cys-ethyl-TRX Oxi-TRX Red-TRX

Trp-31 - (0.5) 0.5 0.7 -0.55 F -0.34 F
Cys-32 - (0.5) 0.9 0.4 0.37 F b M
Gly-33 - 0.7 (1.0) 1.0 0.14 F 1.16 F
Pro-34
Cys-35 - 0.7 (1.0) 0.6 -5.07 S 0.4 F
Lys-36 0.6 0.2 0.3 0.3 b M b M
Met-37 0.3 0.2 0.3 0.4 b M b M
Ile-38 0.1 - - - -4.28 S -2.82 S
Ala-39 0.5 - - - -3.08 S -2.81 S

a In cases of missing fragment ions, the difference of deuterium numbers was equally divided into possible sites as shown in parentheses.b The
intermediate exchange rates are designated as M, which is in the range of 0.0025-0.25 s-1 (log value of-2.6 to -0.6).
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(18). The CID results show that the alkyl chain of the Cys-
ethyl-TRX, although small, perturbs the conformation of
Red-TRX globally. For the most part, the structured and
nonstructured regions are nearly identical in Cys-ethyl-TRX
and Red-TRX for all amino acids that can be assigned by
this method. The affected amino acids are clustered primarily
at theR3 helix, with 3 times as many residues showing faster
exchange rates as those that become slower with the
ethylcysteinyl modification. For example, the amino acids
in the first turn of theR3 helix show the most dramatic
increase in the level of deuterieum incorporation, even though
they are distant both in sequence and spatially from the

modified active site. This localization of amino acids with
perturbed rates of H/D exchange away from the active site
cysteines suggests that the alkyl Cys chain has an overall
destabilizing effect on the stability of the protein’s tertiary
structure, particularly at theR3 helix.

The amino acids whose H/D exchange rates are most
significantly perturbed by the larger ethylglutathionyl group
of GS-ethyl-TRX cluster in the vicinity of the modified active
site (Figure 2C). Aside from the modified Cys-32, there are
twice as many amino acids with reduced H/D exchange rates
as those with increased rates when compared to Red-TRX.
In particular, Ile-75 and Ala-93 in GS-ethyl-TRX both show

FIGURE 1: H/D exchange of amide protons in thioredoxin in its oxidized (Oxi-TRX) and reduced (Red-TRX) forms. (A) Crystal structure
of Oxi-TRX (22). The protein is shown as a ribbon diagram tracing the polypeptide backbone. Residues 28-39 (blue), 59-80 (green), and
81-108 (red) represent the peptide fragments used to determine levels of deuterium incorporation by CID MS. TheR-helices (R3 andR4)
andâ-strands (â4 andâ5) in these fragments are labeled. This oxidized form of the protein is used for all subsequent figures to provide a
common point of reference for comparisons. The cysteine residues in the active site (Cys-32 and Cys-35) are shown with the disulfide
linkage of the oxidized protein as ball-and-stick models. Panels B and C compare the rates of H/D exchange determined by NMR (13) in
the peptide fragments for Oxi-TRX and Red-TRX, respectively. Amide protons with fast exchange rates are in blue, medium rates in
purple, and slow rates in red. Changes in the exchange rates upon reduction of the protein are shown with arrows (blue for amides that
change to being in fast exchange, purple for medium, and red for slow exchange in Red-TRX). Panels D and E compare the levels of
deuterium incorporation seen by CID MS at amide nitrogens of Oxi-TRX and Red-TRX, respectively. Residues that show high levels
(g0.7) of deuterium are considered to be in fast exchange (blue), with low levels of incorporation (e0.3) in slow exchange (red), and
falling between these two levels to be in medium exchange (purple).

FIGURE 2: Comparison of H/D exchange rates for amide hydrogens in Red-TRX (A), Cys-ethyl-TRX (B), and GS-ethyl-TRX (C). Colors
for the polypeptide ribbon are as described in the legend of Figure 1. Arrows indicate amino acids whose exchange rates have changed
relative to Red-TRX (blue arrows for those that are in fast exchange, purple in medium exchange, and red in slow exchange in the alkylated
proteins compared to Red-TRX). The modifications to Cys-32 are labeled Cys for the ethylcysteinyl chain and GS for the ethylglutathionyl
chain.
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significant reductions in their levels of deuterium incorpora-
tion. The H/D exchange rates for the two amino acids are
drastically slowed, converting from being rapidly exchanging
to being in the slow exchange regime. In addition, the
perturbations to theR3 helix andâ5 strand in Cys-ethyl-
TRX are not seen in GS-ethyl-TRX, suggesting that this
larger alkyl modifier has a lesser effect on the overall
structure of the protein. Therefore, the H/D exchange rates
suggest that the ethylglutathione modification reduces the
solvent accessibility around the active site.

The amide protons of the ethylglutathionyl group of GS-
ethyl-TRX also appear to be protected from solvent. The
CID sees this alkyl modification as a component of residue
Cys-32, the amino acid that is modified in the TRX protein.
Although the high level of deuterium (0.9) seen at Cys-32
would suggest that this is a highly unstructured residue, it
should be stressed that this is distributed to all the amide
protons of the ethylglutathionyl chain. If all the protons of
the amide nitrogens of this Cys-ethylglutathionyl group were
fully exchangeable, a maximum of 3 deuteriums would be
expected, counting the 2 exchangeable amide hydrogens of
the glutathione and one from Cys-32; therefore, the 0.9
deuterium at this residue is actually low (0.3 deuterium, on
average, per amide). The question is the distribution of the
isotopes. Because of the absence of cleavage to give the
relevant bn ions between Trp-31 and Cys-32 in Red-TRX,
the deuterium level was assigned equally between these two
amino acids. In GS-ethyl-TRX and Cys-ethyl-TRX where
the CID sequence information is available, Trp-31 has 0.5
and 0.7 deuterium, respectively (Table 3); 0.5 deuterium on
Trp-31 of Red-TRX is, therefore, reasonable. On Cys-ethyl-
TRX, the deuterium content for the modified Cys-32 is 0.4
or about the same as for Cys-32 of Red-TRX. This is
reasonable since the number of Cys-32 amide hydrogens is
the same in Red-TRX and Cys-ethyl-TRX. We can estimate,
therefore, that 0.4-0.5 deuterium is on the Cys-32 amide of
GS-ethyl-TRX, leaving the rest, i.e., ∼0.5, deuteriums on
one or both of the amide groups in the ethylglutathionyl
chain. Either both these amides are in slow exchange, or
one is completely protected; the other shows medium rates
of exchange.

DISCUSSION

Molecular Interpretation of H/D Exchange in the Alkyl-
Modified TRX Proteins.To interpret the mass spectrometry
results for GS-ethyl-TRX at the residue level, we constructed
a model for glutathionyl-modified protein independent of the
mass spectrometry measurements. No NMR study compa-
rable to those for Oxi-TRX and Red-TRX has been published
for the two modified proteins. The most energetically
favorable model for GS-ethyl-TRX from molecular simula-
tion places the glutathione chain on a broad surface formed
by two loop structures in the protein (Figure 3). These loops
include the broad turn (residues 74-77) that connects the
R3 helix to theâ4 strand, and the loop (residues 90-93)
that connects theâ5 strand to theR4 helix. The effect of the
glutathione modification on the structure of the protein is
minimal, with an rmsd of<1.2 Å between the backbone
atoms of the modified and unmodified proteins (both after
minimization). The most dramatic conformational change is
seen in the rotation of the Arg-73 side chain in forming a
salt bridge to theγ-Glu of the glutathione chain.

The resulting model (Figure 3B) has the two terminal
amino acids of the glutathione chain forming two salt bridges
to basic side chains of the protein. The carboxylate group
of the γ-Glu residue of the glutathione chain is oriented
toward the guanidinium group of residue Arg-73 in the
protein, and the carboxy terminus of the glutathione Gly
residue toward the amino side chain of Lys-90 in the protein.
This results in a net increase in electrostatic stability of-35
kcal for the modified over the unmodified protein.

In addition, the glutathione chain forms three redundant
hydrogen bonding interactions with the amide nitrogens and
carbonyl oxygens of the protein backbone. The amino termini
of the γ-Glu, the γ-oxygen of γ-Glu, and the carbonyl
oxygen of the Cys residue of the glutathionyl chain are seen
in the model to form hydrogen bonds to the carbonyl oxygen
of Arg-73, the amide nitrogen of Ile-75, and the amide
nitrogen of Ala-93, respectively, along the peptide backbone
of the thioredoxin protein. These hydrogen bonds are
estimated to contribute an additional-11.5 kcal of stabiliza-
tion to the modified protein. Interestingly, the loop that
includes Gly-74 and Ile-75 adopts aâ-strand conformation
in the protein, withφ andψ torsion angles ranging between
-140° and 180°. Thus, the interactions with theγ-Glu of
the glutathione extension appear to define a mini-â-sheet at
the protein surface. From these interactions, the amide
nitrogens of both Ile-75 and Ala-93 are predicted to be
protected from solvent by the glutathione and, therefore,
would show a reduction in their rates of H/D exchange. This
is consistent with the H/D exchange data observed in CID
studies.

Clearly, the label at Ile-75 of GS-ethyl-TRX is consistent
with a hydrogen bond to theγ-carbonyl oxygen of the
ethylglutathionylγ-Glu residue, as predicted from the energy-
minimized model. The molecular model of GS-ethyl-TRX
also suggests Ala-93 forms a hydrogen bond to the carbonyl
oxygen of the glutathionyl cysteine. The experimental results
(Table 2) do not allow a distinction between Ala-93 and Gly-
92 for the lack of cleavage between these amino acids by
CID. However, if 0.5 or 0.6 deuterium is assigned to Gly-
92, as is consistent with other TRXs studied here, the
deuterium content of Ala-93 would then bee0.1, which is
consistent with the hydrogen bond predicted by the model.
In contrast, the CID results for Cys-ethyl-TRX are consistent
with expectations that there are no specific hydrogen bonds
from the protein to the alkylcysteinyl chain that would be
analogous to that seen with the ethylglutathionyl group.
While the salt bridges constrain the ethylglutathionyl moiety
to a geometry that allows hydrogen bonding to Ile-75 and
Ala-93 in GS-ethyl-TRX, the absence of these interactions
should allow the ethylcysteinyl group greater conformational
freedom in Cys-ethyl-TRX, thereby reducing the likelihood
of any specific hydrogen bonding. Furthermore, on the basis
of the H/D exchange already seen, where hydrogen bonding
exists, i.e., Ile-75 and Ala-93 in GS-ethyl-TRX, the amount
of exchange that takes place at these sites is very low.
Hydrogen bonding in structured conformations protects the
amide hydrogens against exchange with rate constants that
are 106-108 times smaller than those for random coil-like
peptides (25), and the amount of labeling at these sites should
be very low, if any at all; therefore, we conclude there
probably is no hydrogen bonding by the ethylcysteinyl group
in Cys-ethyl-TRX.
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The deuterium observed to be incorporated at the Cys-32
residue of GS-ethyl-TRX includes the exchangeable amide
hydrogens at this amino acid as well as the Cys and Gly
residues of the glutathione chain, since the method does not
distinguish the GS-ethyl modification from the modified
amino acid of TRX. If we assume that the residue in GS-
ethyl-TRX behaves in a fashion similar to that in the Cys-
ethyl-TRX protein, the Cys-32 from the protein would
account for 0.4 of the 0.9 deuterium that is observed. This
leaves 0.5 deuterium for the two amides of the glutathione
chain. If these are equally distributed between the glutathione
Cys and Gly residues, the amide hydrogens of the GS-ethyl
chain would be considered to be in slow exchange. However,
the molecular model suggests that both these amides sit on
the solvent-exposed surface of the molecule and, therefore,
should be in moderate to fast exchange. One possible
resolution to this problem would be that the glutathione chain
has the two peptide bonds oriented toward the protein, rather
than exposed to solvent, as is seen in the molecular model.
However, such a model would not allow the corresponding
carbonyl groups of the glutathione to form hydrogen bonds
to, and thereby protect the amide protons of, Ile-75 and Ala-
93 of the protein, as was observed in the CID results. An
alternative suggestion is that one of the amide nitrogens is
involved in a hydrogen bonding interaction and, therefore,
becomes protected from solvent exchange. For example, the

amide hydrogen of the glutathionyl Gly residue could form
a hydrogen bond either to the carbonyl oxygen of theγ-Glu
or to the Cys amide nitrogen. The molecular model suggests
the latter to be more likely.

The geometry of the amino groups at the glutathionyl Gly
and Cys residues in the model is very similar to that described
by Karplus (26) in which the N-H group of one peptide
bond is oriented perpendicular to the plane of the adjacent
peptide (Figure 3C). Such an arrangement would allow a
hydrogen bond to form with the amide hydrogen of one
peptide serving as the donor and theπ-electrons of the second
peptide plane as the acceptor. Although unusual, a number
of single-crystal structures of proteins place peptides in this
geometry and in this region of theφ and ψ torsion angle
(Ramachandran) plots that would normally be considered
disallowed. In the current model, the amide H of the Gly is
placed∼2.4 Å from the N atom of the Cys, andφ and ψ
torsional angles around the CR carbon are-108° and-14°,
respectively. These parameters are within the ranges defined
previously for this type of amide to amide hydrogen bonding
interaction (26). Thus, this type of amide to amide hydrogen
bonding interaction is not unprecedented.

While a second hydrogen bond to theγ-Glu carbonyl
oxygen cannot be ruled out, the torsional strain may preclude
this type of interaction. Forcing the amino nitrogen to form
a hydrogen bond to any other group will necessarily disrupt

FIGURE 3: Molecular model of GS-ethyl-TRX. (A) Side view of GS-ethyl-TRX. The ethylglutathionyl chain (ball-and-stick model) was
attached as an extension from Cys-32 of a reduced thioredoxin model. The red ribbon representsR-helices, and yellow ribbons and arrows
representâ-strands; green ribbons are turns, and blue represents unidentified structures as defined in the crystal structure of thioredoxin
(22). (B) Enlarged view of the ethylglutathionyl interactions with the thioredoxin protein. Carbons of the alkyl chain are shown as black
spheres, while those in the thioredoxin protein are shown in green. Oxygen atoms are in red, sulfurs in yellow, and nitrogens in blue.
Hydrogen bonding interactions (purple dots) are shown between the glutathione chain and the thioredoxin surface. The positively charged
side chains of Arg-73 and Lys-93 are shown to form salt bridges to the negatively charged carboxylate groups of the glutathionylγ-Glu
and Gly residues. (C) The amide-amide hydrogen bond in the molecular model of GS-ethyl-TRX and as seen in single-crystal structures
of proteins (26). The atoms of the glutathionyl chain (ball-and-stick model) are shown with the hydrogen amide linking the Cys and Gly
residues coming within 2.4 Å of the nitrogen of the amide linking the Cys to theγ-Glu residue. For comparison, the various geometries of
dipeptides, with various values for theφ torsion angle seen in high-resolution protein structures, are shown that place amide hydrogens in
the proximity of the nitrogen of an adjacent amide (26).
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the hydrogen bonds that have been defined independently
by the mass spectrometry H/D results and molecular simula-
tion. For example, for this amino group to form a second
hydrogen bond to the carbonyl oxygen of theγ-Glu, which
is ∼4.5 Å away, would require a torsional rotation of either
ψ by 60° or φ by 60°. In both cases, the hydrogen bonds to
the amino groups of Ile-75 and Ala-93 would be lost, which
would directly contradict the H/D exchange results. With
these interactions, only one extra amide hydrogen remains
available for exchange and the extra 0.5 deuterium on the
ethylglutathionyl group of GS-ethyl-TRX can reasonably be
assigned to the Cys amide.

CONCLUSIONS

These studies have shown that amide site specific hydro-
gen bonding interactions can be detected by H/D exchange
and electrospray ionization mass spectrometry. Site specific
hydrogen isotope exchange/mass spectrometric protocols
complement NMR methods which have been the standard
and most reliable approaches available for examining protein
structural effects in solution for almost 30 years. In addition,
the differences in H/D exchange seen in the GS-ethyl-TRX
and Cys-ethyl-TRX proteins can be rationalized at the
molecular level. In the case of GS-ethyl-TRX, they cor-
roborate the hydrogen bonding patterns predicted from a
molecular structure derived from molecular simulation.

There are structural similarities between TTase-SSG and
GS-ethyl-TRX. They each have four or five central parallel
and antiparallelâ-sheets surrounded by multipleR-helices
that form a cleft that is spanned by the extended glutathionyl
or ethylglutathionyl group, respectively. There are further
similarities in the hydrogen bonding patterns between these
two modified proteins. From simulated structures and NMR
NOE data, salt bridges were inferred between guanidinium
groups of arginines in the protein and the carboxylate groups
of γ-Glu and Gly of the glutathionyl moiety in TTase-SSG
(17). Hydrogen bonding interactions identified between the
valine amide H in the protein and the carbonyl oxygen of
the γ-Glu and the cysteinyl carbonyl oxygen of the glu-
tathionyl group stabilize the structure further. Hydrogen
bonding interactions in some loop and turn regions, as seen
in Ala-93 and Ile-75 of GS-ethyl-TRX, were also detected
in TTase-SSG.

While the ethylglutathionyl group in GS-ethyl-TRX and
the glutathionyl group in TTase-SSG form salt bridges and
other hydrogen bonding interactions, the smaller cysteinyl
group in Cys-ethyl-TRX apparently cannot do so. Interest-
ingly, however, the cysteinyl group may disrupt certain
hydrogen bonds as suggested by the high levels of deuterium
located on Thr-66, Ala-67, and Ile-72 in theR3 helix.
Similarly, hydrogen bonding interactions in Asn-63 and Ile-
72 in theR3 helix and Lys-90 in theâ5 sheet may also be
disrupted in GS-ethyl-TRX as suggested by the high levels
of deuterium at these residues.

There are clear advantages and disadvantages with both
NMR and mass spectrometry as methods for monitoring H/D
exchange, particularly in studying protein conformations. The
advantages in using mass spectrometry are related to the
sensitivity, size, and purity of the proteins. The much greater
sensitivity of mass spectrometry not only allows studies with
minimal amounts of protein but also circumvents the

problems with aggregation that can occur at high sample
concentrations. In terms of the analysis, the size of the protein
that can be studied depends mostly on the size of the peptic
peptides that can be produced and separated by liquid
chromatography in the LC-MS system. And when LC-
MS is used, the purity of the sample also is not quite so
critical. The disadvantages of mass spectrometry are related
to incomplete sequence information and the potential inac-
curacies associated with label scrambling during CID. The
“mobile proton” model (27) wherein a proton migrates from
a protonated amino side chain of the peptide to an amide
nitrogen (Scheme 1) may suggest that reliable H/D data by
CID MS/MS would be difficult to obtain. The key to
measuring accurate H/D ratios, however, may lie in the
mechanism postulated by Harrison and co-workers (28) in
which fragmentation occurs by displacement of the pro-
tonated amide site via formation of a protonated oxazolone
structure as a bn ion (Scheme 2). The amide site to which
the proton was originally transferred becomes the leaving
group and is, therefore, of no further consequence in the
analysis. There could, of course, be other factors that
determine the success or failure of these types of measure-
ments, not the least of which is the protein being analyzed.
Fortunately, studies from our group (21) and others (29) show
that quite reliable information can be obtained in at least
some cases on the deuterium content of peptide amide sites
when bn ions are used for the analyses.
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