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a b s t r a c t

This is the first comprehensive HX-MS study of a “robust” 2-Cys peroxiredoxin (Prx), namely Salmonella
typhimurium AhpC (StAhpC). Prx proteins control intracellular peroxide levels and are abundant antioxi-
dant proteins in eukaryotes, archaea and bacteria blue. Crystal structural analyses and structure/activity
studies of several bacterial and mammalian 2-Cys Prxs have revealed that the activity of 2-Cys Prxs
is regulated by redox-dependent oligmerization and a sensitivity of the active site cysteine residue to
overoxidation. The propensity to overoxidation is linked to the conformational flexibility of the per-
oxidatic active site loop. The HX-MS results emphasize the modulation of the conformational motility
ydrogen exchange
euterium
onformation
olding
eroxiredoxins

of the active site loop by disulfide formation. To obtain information on the conformational impact of
decamer formation on the active site loop motility, mutants with Thr77 substituted by Ile, a decamer-
disrupting mutation or by Val, a decamer-stabilizing mutation, were studied. For the isoleucine mutant,
enhanced mobility was observed for regions encompassing the �4 helix located in the dimer–dimer
interface and regions surrounding the peroxidatic loop. In contrast, the T77V mutation resulted in an

al sta
resol
increase in conformation
region encompassing the

. Introduction

Peroxiredoxins (Prxs, EC 1.11.1.15) are ubiquitous thiol per-
xidases found in archaeal, bacterial and eukaryotic cells. Prxs
re highly abundant antioxidant enzymes. In bacteria, removal of
2O2 is predominately achieved by the enzyme alkyl hydroperox-

de reductase C22 (AhpC) [1–3]. Because of its peroxide-reducing
ctivities, AhpC helps to protect pathogenic bacteria from the host
mmune response, and, therefore, AhpC is a possible target for the
evelopment of new antibiotics for combating infectious diseases

3]. AhpC belongs to the typical 2-Cys class of Prxs. This means that
hey contain two redox active Cys residues involved in catalysis and
hey form an intersubunit disulfide in the oxidized state. Whereas,
-Cys Prxs only contain one Cys residue which yields a cysteine

Abbreviations: AhpC, alkyl hydroperoxide reductase C-22 (peroxidase compo-
ent); AhpF, alkyl hydroperoxide reductase F component (flavoprotein reductase);
P, peroxidatic cysteine (Cys-46 of Salmonella typhimurium AhpC); CR, resolving cys-
eine (Cys-165 of Salmonella typhimurium AhpC); StAhpC, Salmonella typhimurium
hpC; wt, wild-type.
∗ Corresponding author. Tel.: +1 541 737 9533; fax: +1 541 737 2062.

E-mail address: claudia.maier@oregonstate.edu (C.S. Maier).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.08.018
bility in most regions of the protein except for the active site loop and the
ving cysteine.

© 2010 Elsevier B.V. All rights reserved.

sulfenic acid (Cys-SOH) upon oxidation [3]. More recently, the dual
role of eukaryotic 2-Cys Prxs as antioxidant proteins and key par-
ticipants in oxidative stress signaling has been recognized [4].

Details of the chemistry and structural changes that accompany
catalysis for various Prxs have been recently reviewed [4–6]. All
2-Cys Prxs have a conserved cysteine residue, the peroxidatic cys-
teine residue (CP or Cys-SPH) to reduce various peroxide substrates
(ROOH) to the respective alkyl alcohols (ROH). During this first cat-
alytic step the Cp thiol group will be oxidized to the sulfenic acid
(Cys-SPOH) (Fig. 1A). All known peroxiredoxins have in close prox-
imity to the active site cysteine CP a conserved arginine residue
which likely contributes to the low pKa (between 5 and 6) observed
for the peroxidatic thiol by stabilizing its thiolate form. A second
free thiol, the resolving SRH, is necessary to complete the catalytic
step [4,5,7]. In typical 2-Cys Prxs, the resolving cysteine residue
resides on the second subunit of the dimer and an intersubunit
disulfide bond is formed. The catalytic cycle is completed when the
disulfide bond is reduced, which requires a reductase (e.g., AhpF)

and reducing equivalents, e.g., NAD(P)H [8].

In order to allow for formation of the intersubunit disulfide
bond, the active site loop and the C-terminal region encompassing
the CR residue must locally unfold [4]. In “sensitive” Prxs, whereby
sensitivity refers to the tendency of the protein to become overox-

dx.doi.org/10.1016/j.ijms.2010.08.018
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:claudia.maier@oregonstate.edu
dx.doi.org/10.1016/j.ijms.2010.08.018
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Fig. 1. Structure/activity characteristics of StAhpC and HX-MS analysis. (A) Catalytic
cycle of the typical 2-Cys peroxiredoxin, StAhpC. Cp, peroxidatic cysteine residue
(Cys-46); CR, resolving cysteine residue (Cys-165). (B) Redox-dependent oligomer-
ization of StAhpC. (3) Global deuterium incorporation profiles of wild-type StAphC,
4 S. Nirudodhi et al. / International Journ

dized, these unfolding events are unfavorable, causing a kinetic
rrest which in turn makes the Cys-SP vulnerable to overoxida-
ion by a second molecule of peroxide with formation of a sulfinic
cid derivative (Cys-SPO2H) [5]. In contrast, “robust” Prxs, such as
almonella typhimurium AhpC (StAhpC) and some other bacterial
rxs, seem to be resistant to overoxidation, even at relatively high
mM) concentration of H2O2. In addition, some of the 2-Cys Prxs
ndergo redox-dependent oligomerization. For example, StAhpC
ndergoes a decamer to dimer transition upon oxidation (Fig. 1B)
1,5,9].

Here, we describe conformational studies of StAhpC and two
utants in which Thr-77, located in the decamer–building A-

ype interface, was replaced by valine, a decamer-stabilizing
utation, and isoleucine, a decamer-disrupting mutation [6].
ydrogen/deuterium (H/D) exchange monitored by mass spec-

rometry (HX-MS) was used to study the impact of the intersubunit
isulfide linkage on the conformational dynamics of StAhpC, and
o investigate how dimer–dimer interactions affect the conforma-
ional properties of the peroxidatic active site loop in StAhpC.

. Experimental

.1. Materials

Deuterium oxide (99.999 atom% D) was purchased
rom Aldrich Chemical Co. Immobilized pepsin and tris(2-
arboxy-ethylphosphine) hydrochloride (TCEP.HCl) were from
hermo/Pierce (Rockford, IL). Biochemical grade potassium phos-
hate monobasic (KH2PO4) and potassium phosphate dibasic
nhydrous (K2HPO4) were obtained from Sigma–Aldrich.

The wild-type protein, and both mutants, T77V and T77I, of
tAhpC were prepared and purified in Dr. Poole’s laboratory (Wake
orest University) according to published protocols [10] and stored
t −80 ◦C. Reduced proteins were obtained by adding 0.5 �L 0.01 M
CEP (in 25 mM phosphate buffer, pH 7) to 0.5 �L protein stock
olution (10 mg/mL in 25 mM potassium phosphate buffer contain-
ng 1 mM EDTA, pH 7). Reduction was performed for 30 min at room
emperature.

Deuterated phosphate buffer was prepared by lyophilizing
otassium phosphate (0.01 M, pH 7) and reconstituting the residue

n deuterium oxide. Immobilized pepsin was resuspended in 0.1 M
otassium phosphate buffer (pH 2.5) containing 0.01 M TCEP.HCl
11]. The volumetric ratio of pepsin beads to phosphate buffer was
:2. TCEP.HCl was added during digestion to reduce the disulfide
ond in the oxidized proteins which enabled the observation of the
eptides encompassing the catalytically active Cys-46 and Cys-165
esidue by LC–MS/MS analysis. The immobilized pepsin slurry was
tored in an ice bath before use.

.2. HX-MS analysis at the protein level

Protein stock solutions (10 mg/mL) were equilibrated at room
emperature for 30 min prior to use. The protein was labeled by
iluting 0.5 �L stock solution in 10 �L of 0.01 M deuterated phos-
hate buffer (pH 7) at various periods of time (30 s, 1, 5, 10, 15,
0, 60 min). The exchange-in reaction was arrested with ice-cold
uenching buffer (0.1 M potassium phosphate containing 0.01 M
CEP.HCl, pH 2.5). Quenched samples were flash-frozen in liquid
itrogen until the analysis was performed.

A nanoAcquity UPLC system (Waters, Milford, MA) coupled with

LC-T ESI-TOF mass spectrometer (Waters, Milford, MA) was used

or LC–MS analysis. Frozen samples were thawed at room tem-
erature, placed in the autosampler and injected. A 6-min time
eriod was needed for thawing the sample and for making the injec-
ion. After injection, the samples were trapped on an Acquity UPLC
and the two single amino acid mutants, T77V and T77I, in their oxidized and reduced
forms. Increased deuterium incorporation levels indicate enhanced conformational
mobility in StAhpC, T77V and T77I upon reduction of the intersubunit disulfide
bridge.

BEH C18 (5 �m) trap immersed in an ice bath (around 0 ◦C) and
desalted with 15 �L of 97% of solvent A (acetonitrile/H2O/formic
acid, 5/94.9/0.1) and 3% of solvent B (acetonitrile/H2O/formic acid,
94.9/5/0.1) for 1 min. By using a switching valve, the trapped pro-
teins were diverted onto an Acquity UPLC BEH C18 column (1.7 �m
particle size, 100 �m × 100 mm) immersed in a ice bath maintained
at approximately 0 ◦C. Proteins were eluted with a gradient from
15% B to 70% B in 3 min and 70% B to 80% B over the next 3 min.
The flow rate was 0.47 �L/min. The LC-T mass spectrometer was
equipped with an electrospray source operated at 3 kV. Mass spec-
tra were acquired over an m/z-range of 400–2000. Cesium iodide
was used to calibrate the instrument. Deuterium incorporation at
each exchange time point was determined by subtracting the mass
of the undeuterated protein from the mass of the protein at each
exchange point. The same sets of experiments were performed for
the oxidized and reduced forms of wild-type protein, StAhpC T77V
and StAhpC T77I.

2.3. Peptic proteolysis and mass spectral analysis of

deuterium-labeled peptides

The exchange reaction was performed as described above
for similar time points. The resulting deuterated samples were
quenched and digested with pepsin in ice-cold digestion buffer
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0.1 M potassium phosphate buffer containing 0.1 M TCEP.HCl,
H2.5), for 1 min. The slurry was thoroughly mixed and then cen-
rifuged to separate the immobilized pepsin from the solution to
top further digestion. GELoader tips were used to pipette the
upernatant into UPLC vials to avoid the immobilized pepsin from
ntering the vial. Sample vials were flash-frozen in liquid nitro-
en to avoid back exchange until the analysis was performed
12,13]. The peptide solutions were injected into the nanoAcquity
PLC for further analysis as described above. All peptide sep-
rations were performed using the same UPLC parameters and
onditions. The resulting peptides were directed into the LC-T
SI mass spectrometer and mass spectra were acquired over the
/z range of 400–1500. The deuterium levels in the peptides
ere calculated using the Excel-based program HX Express [14].
o correction for back exchange was performed [15]. Relative
euterium levels (in %) were calculated by dividing the num-
er of deuterons incorporated by the number of backbone amide
ydrogens present in each peptide. Three independent experi-
ents were performed for each peptide-level experiment. The

ame sets of experiments were performed for the oxidized and
educed forms of wild-type (wt) StAhpC, and the T77V and T77I
utants.

.4. Sequence analysis and assignment of peptic peptides

To obtain sequence assignments for the peptic peptides, an
ndeuterated peptide sample was analyzed by LC–MS/MS using
Waters/Micromass QTof Ultimate Global mass spectrometer

quipped with a lockmass sprayer and coupled to a nanoAcquity
PLC. The chromatographic setup was the same as described above
xcept that for peptide elution the following gradient program was
sed: (1) 5% B to 35% B in 60 min, (2) 35% B to 85% B by 65 min,
nd (3) maintain 85% until 72 min. Mass spectra were obtained
ver a m/z-range of 400–2000. Peptic peptides were identified
ased on mass measurement and fragment ion information. For
he assignment of tandem mass spectral data, Mascot software
Matrix Science) was used. Complete sequence coverage was rou-
inely obtained for the wild-type StAhpC protein and both mutants
fter disulfide reduction.

. Results and discussion

.1. Global HX-MS analysis of wild-type StAhpC and Thr77
utant proteins

To study the impact of the intersubunit disulfide bond on the
onformational compactness of the typical 2-Cys Prx, StAhpC, we
erformed a deuterium exchange-in analysis of StAhpC in the
bsence and presence of the disulfide reducing agent, TCEP. The
ime course study of the intact protein, having an intersubunit
isulfide involving Cys-46 at one subunit and Cys-165 on the
ther subunit, showed a mass increase from 41242.6 ± 0.3 Da to
1317.6 ± 0.4 Da, which corresponds to an uptake of approximately
5 deuteriums per disulfide-linked dimer (for the 60-min time
oint). With other words, this represents a deuterium incorpora-
ion level of ∼21% (based on 178 backbone amide hydrogens per

onomer). In contrast, reduction of the intersubunit disulfide bond
esulted in an increase of overall deuterium incorporation levels.
or the reduced protein, a deuterium exchange level to ∼32% (of
78 backbone NHs) at the 60-min was determined (Fig. 1C). Deu-

erium incorporation profiles for the two Thr77 mutants were also
btained. In comparison to the wild-type StAhpC protein, the global
X-MS analyses showed that deuterium incorporation levels for

he oxidized mutants were consistently lower than the deuterium
evels observed for the reduced mutant proteins (Fig. 1C). Removal
ass Spectrometry 302 (2011) 93–100 95

of the intersubunit disulfide linkage resulted in an approximately
30% increase in deuterium uptake for the T77V as well as for the T77I
mutant compared to the respective disulfide-containing proteins
(Fig. 1C).

3.2. Exchange-in characteristics of StAhpC at medium spatial
resolution derived by combining peptic proteolysis and HX-MS
analysis

The H/D exchange-in profiles revealed overall trends in con-
formational stability for the disulfide-containing proteins and the
thiol-containing forms. In order to obtain information on the con-
formational dynamics with medium spatial resolution, we added
to the exchange-in labeling experiments peptic proteolysis under
conditions that maintain the deuterium labeling information. Over
70 peptic peptides were identified of which 16 peptides were cho-
sen that cover the entire protein sequence for all three proteins
investigated. In order to allow the comparison of deuterium uptake
at the peptide level, the relative percentage of exchange-in was
calculated for each peptide by dividing the number of deuterium
incorporated in a particular peptide by the number of backbone
amide hydrogens present in the peptide.

Fig. 2 summarizes the time-dependent H/D exchange-in data
for 16 peptides arranged according to their sequence for the
intact StAhpC protein. The bar graph presentation allows us to
roughly group the peptides into three exchange categories (com-
piled in Supplementary material Table S1): (1) low-exchanging
peptides, that show little deuterium incorporation over the
exchange-in period tested; (2) medium-exchanging peptides,
i.e., peptides that exhibit a consistent deuterium uptake over
the 60-min time frame; and (3) high-exchanging peptides, that
rapidly reach their high exchange-in plateaus. Peptides that
belong to the “low-exchanging” category comprise the follow-
ing partial sequences, 68–87, 96–110, 111–122, 123–132 and
148–156. Peptides of the “medium-exchanging” group are part
of the N-terminal region of StAhpC and include the peptides
1–20, 21–35, 36–43 and the peptides 61–67 and 88–95. Pep-
tides that were grouped into the “high-exchanging” category
included peptides 43–50, 51–60, 133–147, 156–176, 177–182 and
181–186.

3.2.1. “High-exchanging” regions in StAhpC
It is evident from Fig. 2A and Table S1 that the active site

loop region, which is covered by peptide 43–50, and the C-
terminal region represented by the peptides 156–176, 177–182,
and 181–186 of the wild-type StAhpC, have higher deuterium
incorporation levels compared to the rest of the protein. These
“high-exchanging” peptides showed ∼35% deuterium incorpo-
ration within the first 30 s and little subsequent increase in
deuterium uptake for the remaining time points. High deu-
terium incorporation levels imply that these regions are less
protected (or more flexible) compared to the rest of the pro-
tein. The high exchange-in rate and associated high flexibility of
the C-terminal region is in concurrence with the absence of this
region starting at residue 166 in the crystal structure of StAphC
(pdb 1YEP).

3.2.2. Local unfolding of the peroxidatic active site loop of StAhpC
The active site region, peptide 43-50, exhibited the highest

exchange-in rate in the oxidized StAhpC protein (Fig. 2B). Deu-
terium uptake reached ∼40% within the first 30 s followed by a

slow increase at the 5 and 10-min time points reaching thereafter
the exchange-in plateau. The active site loop is locally unfolded in
the oxidized StAhpC in order to accommodate the conformational
constraints imposed by the disulfide linkage between Cys-46 and
Cys-165 [1,2,4]. The observed HX-MS data gives testimony of this



96 S. Nirudodhi et al. / International Journal of Mass Spectrometry 302 (2011) 93–100

F rived
e codin
b he hig
t hest e

i
c

3

a
p
t
i

ig. 2. Summary of deuterium incorporation data observed for peptic peptides de
xchange-in data overlaid on the X-ray structure of StAhpC (1YEP). For (C), the color
lue to red. Blue regions indicate regions with lowest deuterium incorporation and t
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ntrinsic unfolding paradigm for StAphC proteins on which their
atalytic function is based.

.2.3. “Medium-exchanging” regions in StAhpC

For the regions encompassing the peptides 1–20, 36–43, 88–95

steady increase in the exchange was observed over time. The
eptide region of 88–95 exhibited an initial deuterium incorpora-
ion of 20% after 30 s and deuterium incorporation levels gradually
ncreased to 35% after 60 min.
from StAhpC. (A) H/D exchange profile, (B) H/D exchange map, and (C) deuterium
g for the deuterium incorporation levels is simplified to five categories ranging from
hest level of protection against exchange-in. Red regions indicate regions exhibiting
xchange rates and lowest level of protection against deuterium exchange-in.

3.2.4. Exchange-protected, “low-exchanging” regions in StAhpC
A few regions of StAhpC represented by the peptides 68–87,

111–122, 148–156 were well protected from the exchange and
showed very low deuterium incorporation levels (around 10%) and

no further increase in deuterium uptake with increase in time. The
large peptide 68–87, which represents the dimer-to-dimer inter-
facial region and encompasses the �4 helix and half of 310 helix,
showed only a minimal uptake of <2 deuteriums (∼10% out of a
total of 19 possible backbone amide hydrogen) over the time course
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Fig. 3. Comparative HX-MS study of the oxidized and reduced forms of StAhpC. (A)
Differential HX-MS profile, WTred − WTox, comparing relative changes in deuterium
incorporation levels between the reduced and oxidized protein. Positive bars indi-
cate regions that showed higher deuterium incorporation levels in the reduced form.
(B) Deuterium exchange-in data is overlaid on the X-ray structure of StAhpC (1YEP).
Red regions show higher deuterium incorporation levels in the reduced form rela-
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ive to the oxidized form. Blue regions represent regions that show lower deuterium
ptake, i.e., are more protected against exchange-in, in the reduced form relative
o the oxidized protein. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

ested (Fig. 2). The low exchange-in rate observed for this partial
equence indicates a substantial protection against exchange-in
ue to strong hydrogen-bonding and solvent exclusion occurring
t the dimer-to-dimer, A-interface of StAhpC protein oligomers.
he slow exchanging properties of the partial sequences 96–110,
epresenting the �5-helix, and 110–122, covering the �1′ and
2′ strands and part of the �6 strand, agree well with their sec-
ndary structural properties and the proximity to the A-interface.
nother exchange-in protected region in StAhpC is represented by

he peptide 148–156. This peptide encompassed residues of the
6 helix and protection against exchange-in is gained by interac-

ions with helices �2, �3 and �6 of the other subunit of the StAhpC
omodimer.

.3. Effect of disulfide bond reduction on the conformational
obility of the active site loop

The disulfide bond involving Cys-46 and Cys-165 in StAhpC was
educed with TCEP and then the deuterium exchange-in experi-
ents for various time periods were carried out the same way as

or the intact protein. Fig. 3 reports the differences in deuterium
ncorporation observed as a result of reducing the disulfide bond
n StAhpC. Most peptic peptide regions of the reduced StAhpC pro-
ein exhibited higher deuterium incorporation levels compared to

he disulfide-containing protein. However, certain regions showed
igher deuterium uptake in oxidized protein than in the reduced

orm. This was particularly obvious for the regions covered by
he peptides 36–43 and 43–50, encompassing the active site loop
elix region, and the peptides 156–176, 177–182 and 181–186,
ass Spectrometry 302 (2011) 93–100 97

representing the C-terminal region which includes the “resolving”
cysteine at position 165. The lower deuterium uptakes observed for
these peptides derived from the reduced protein allowed us to con-
clude that the active site loop region in the reduced protein and part
of the C-terminal tail region is more protected against exchange-
in in absence of the disulfide bond. The adoption of a “fully folded
(FF)” state in the absence of the disulfide bond has been repeat-
edly described in structural studies of typical 2-Cys Prxs [3,4]. The
“fully folded” conformation was first seen in the X-ray structure
of the StAhpC C46S mutant, which cannot form a disulfide bond
[2]. Formation of the disulfide bond demands local unfolding of the
active site region around Cys-46 and parts of the C-terminal region
encompassing the resolving Cys-165 residue. The increased confor-
mational flexibility in the “locally unfolded” state is well reflected
in the higher deuterium uptake observed for the peptides 36–43,
43–50 and 156–186 derived from the oxidized StAhpC protein.

H/D exchange profiles were also obtained for both mutants,
T77I and T77V, in their oxidized and reduced forms (Fig. 4 and
Supplementary material Figs. S2 and S3 (oxidized forms) and S5
and S6 (reduced forms)). As observed for the wild-type protein,
reduction of the intersubunit disulfide bond resulted in increased
conformational mobility in most parts of both mutant proteins
except for the partial sequence encompassing the peroxidatic Cys-
46 residue and the C-terminal region beyond Cys-165 which is
absent in either crystal structure (1YFO, Ile mutant, and 1YF1, Val
mutant). Thus, both mutants obey the conceptual model in which
the active site loop mobility represents a locally unfolded region
necessary for disulfide formation and this region becomes more
compact upon disulfide reduction [4].

3.4. Conformational consequences of mutating Thr-77, a critical
residue in the decamer–building, dimer–dimer interface of StAhpC

The structure/activity relationship of 2-Cys Prxs is governed
by their redox-dependent partitioning between dimeric and
decameric states. Previous mutation studies involving Thr-77,
located at the dimer-to-dimer decamer–building interface, showed
that decamer-disrupting mutations, e.g., the replacement of Thr-
77 with the larger Ile residue, destabilizes the decamer–building
interface leading to decamer dissociation and reduced catalytic effi-
ciency. In contrast, mutation of Thr-77 with Val had a stabilizing
effect on the dimer–dimer interface and decamer formation and
increased catalytic activity [1,3,6]. We therefore set out to look
closer at the changes in conformational dynamics caused by the
mutations of Thr-77 by H/D exchange.

3.4.1. HX-MS analysis of StAhpC T77I
To observe the altered dynamics at various sites in the protein

upon mutation of T77, HX-MS experiments were carried out for
the T77I mutant. Peptides were identified for the T77I mutant that
provided complete sequence coverage. When the peptides were
mapped onto the sequence, approximately 54% of the residues
in the T77I mutant showed higher deuterium incorporation sug-
gesting that the T77I mutation overall negatively impacted the
conformational integrity of the wild-type protein (Fig. 5). Differ-
ential analysis of the deuterium uptake revealed that the peptides
covering the partial sequence 61–87 encompassing parts of �3, �4,
�4 and parts of the 310 helix were less protected against exchange-
in and consequently destabilized in the T77I mutant (compared
to the wild-type protein). In addition, increased deuterium uptake
relative to the wild-type protein was observed in the sequence

96–122 which partly forms the interfacial region and covers the
�5 helix (peptide 96–110), the short �1′ and �2′ strands (peptide
111–122) and subsequently leads into the �7 strand. Increased
exchange-in levels were also observed for the peroxidatic active
site loop covered by peptides 21–35, 36–43 and 43–50. Regions
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Fig. 4. Deuterium incorporation data at the peptide level is overlaid on the respective crystal structures of StAhpC and the two mutant T77V and T77I in presence (ox) and
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bsence (red) of the intersubunit disulfide bridge. The same color coding scheme as
how the lowest levels of deuterium incorporation. Red regions exhibit the highe
tAhpC; 1YF1, StAhpC T77V; 1YFO, StAhpC T77I.

hat showed less protection against exchange-in in the Ile mutant
ompared to the wild-type protein are indicated in red in Fig. 5B.
n contrast, regions that were found to be more protected against
xchange-in in the T77I mutant were located in the region 51–60
nd the C-terminal partial sequence 156–186 covered by the pep-
ides 156–176, 177–182, 181–186. These regions are indicated in
lue in Fig. 5B.

The replacement of Thr-77 with Ile disturbs and destabilized not
nly the decamer–building interface but also allosterically desta-

ilized the loop that encompasses the peroxidatic active site. The
bserved allosteric changes in the conformational dynamics caused
y mutating Thr77 to Ile in AhpC supports our working hypothesis
hat destabilization of the active site loop associated with increased
exibility will remove conformational restraints allowing facile
. 2C is used. Deuterium incorporation levels increase from blue to red. Blue regions
terium incorporation levels. The following X-ray structures were used: 1YEP, wt

disulfide formation and confer protection against overoxidation
[6]. Earlier reported sedimentation velocity studies showed that
the T77I mutant is predominantly present as dimer in solution [1].
The results of the H/D exchange-in studies support well a structural
model in which destabilization of the decamer–building interface
by the T77I mutation shifts the oligmerization equilibrium towards
the dimeric form.

3.4.2. HX-MS analysis of StAhpC T77V

When the deuterium incorporation data of the T77V mutant

was compared to the data obtained for wild-type StAhpC (Fig. 6), it
became apparent that about 75% of the protein backbone of T77V
protein exhibited more protection against deuterium exchange-
in than the wild-type AhpC protein. Less than 10% of the protein
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Fig. 5. Comparative HX-MS study of StAhpC and the T77I mutant, a decamer dis-
ruption mutant. (A) Differential HX-MS profile chart, WT Ox − T77I Ox. In this plot,
positive bars indicate regions exhibiting higher deuterium levels in the wild-type
protein compared to the isoleucine mutant. Negative bars indicate regions that
showed higher deuterium incorporation in the mutant protein relative to the wild-
type protein. Regions that show more deuterium increase and thus less protection in
the T77I mutant are depicted in red in (B). Bars indicate average differences in deu-
terium uptake from three independent measurements. (B) Deuterium exchange-in
data is overlaid on the X-ray structure of StAhpC (1YEP). Red regions mark regions
that show higher deuterium uptake and hence less protection against exchange-in
indicating increased conformational mobility in the T77I mutant compared to the
wild-type StAhpC protein. The Thr residue in position 77 is depicted in CPK style. (For
interpretation of the references to color in this figure legend, the reader is referred
t
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Fig. 6. Comparative HX-MS study of StAhpC and the T77V mutant, a decamer-
promoting mutant. HX-MS data demonstrates increased conformational rigidity
for the T77V mutant relative to the wild-type protein. (A) Differential HX-MS pro-
file chart, WT Ox − T77V Ox. In this plot, positive bars indicate regions that exhibit
higher deuterium incorporation levels in the wild-type protein relative to the valine
mutant. Whereas, negative bars indicate regions that showed increased deuterium
incorporation in the mutant protein and hence indicate regions that are less pro-
tected against exchange-in in the T77V mutant. These regions are indicated in red in
(B). Bars indicate average differences in deuterium uptake from three independent
measurements. (B) Deuterium exchange-in data is overlaid on the X-ray structure of
StAhpC (1YEP). Red regions mark regions that show elevated deuterium uptake and
less protection against exchange-in as a consequence of the T77V mutation relative

In addition, two single amino acid substitution mutants, StAhpC
T77V and T77I in their oxidized and reduced forms were stud-
o the web version of the article.)

ackbone exhibited higher deuterium incorporation in the T77V
utant. For the remaining regions (about 15% of the residues)

imilar levels of deuterium incorporation were observed for both
he wild-type protein and the T77V mutant. Differential analy-
is of the H/D exchange-in profiles of T77V and wild-type protein
evealed that the N-terminal parts of the protein backbone (1–43),
egions in proximity to the A-interface (51–67 and 88–110) and
large section encompassing the residues 111–176 gained con-

ormational stability upon replacement of Thr-77 by valine. These
egions are indicated in blue in Fig. 6B. For the interfacial pep-
ides, 68–87 (�4 helix) and 111–122 (�1′–�2′ loop and part of
6), no or little change in exchange-in dynamics was observed. In
ontrast, the active site loop peptide (43–50) and the C-terminal
egion (177–182) displayed higher deuterium incorporation in the
77V mutant compared to the wild-type AhpC protein. Regions
ith reduced levels of protection against exchange-in are indi-

ated in red in Fig. 6B. The exchange-in behavior observed for the
77V mutant allowed concluding that the introduction of the valine
esidue at the dimer–dimer interface resulted in gain of conforma-
ional stabilization in the majority of the protein except for the

ctive site loop encompassing Cys-46 and the C-terminal partial
equence.
to the wild-type StAhpC protein. The Thr residue in position 77 is depicted in CPK
style. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

4. Conclusion

We report the first HX-MS analyses for a “robust” 2-Cys
Prxs, namely of the bacterial peroxiredoxin from Salmonella
typhimurium, StAhpC. The current studies provide proof of principle
that HX-MS is a suitable approach for studying the modulation of
the conformational properties of Prxs by redox state and oligomer-
ization. A combination of H/D exchange labeling experiments,
peptic proteolysis under conditions that retain the deuterium
labeling information and LC–ESI–MS was used to study how the
conformational flexibility of the active site loop is governed by
the redox state and associated competence of forming decameric
assemblies. The reported H/D exchange studies emphasize the
adaption of a locally unfolded active site loop in the disulfide-linked
dimeric protein. Whereas, increased conformational rigidity in the
active site loop region was observed upon reduction of the inter-
subunit disulfide bond. Thus, our HX-MS results provide support to
a structure/activity concept in which the conformational flexibility
of the active site loop determines the sensitivity of the peroxidatic
cysteine to overoxidation [2–4].
ied. Previous ultracentrifugation studies indicated that the T77V
is a decamer-promoting mutation, whereas T77I is a decamer-
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[15] Z. Zhang, D.L. Smith, Determination of amide hydrogen exchange by mass spec-
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isruptive mutation [1]. The HX-MS studies revealed that the
hr77 mutation located at the A-interface impacts not only the
imer–dimer interactions but also the active site loop motility.
here is no other technique that will allow delineation of the impact
f a single mutation on the allosteric interactions within a protein
ssembly of this size. Future work will focus on defining differ-
nces in the conformational properties of “robust” Prxs proteins,
uch as the bacterial AhpCs, compared to “sensitive” Prxs, such as
he mammalian peroxiredoxins, e.g., the human PrxII protein [16].
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