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Abstract

The crystal structure of thioredoxin (AaTrx) from the acetic acid bacterium Acetobacter aceti was
determined at 1 Å resolution. This is currently the highest resolution crystal structure available for any
thioredoxin. Thioredoxins facilitate thiol-disulfide exchange, a process that is expected to be slow at the
low pH values encountered in the A. aceti cytoplasm. Despite the apparent need to function at low pH,
neither the active site nor the surface charge distribution of AaTrx is notably different from that of
Escherichia coli thioredoxin. Apparently the ancestral thioredoxin was sufficiently stable for use in
A. aceti or the need to interact with multiple targets constrained the variation of surface residues. The
AaTrx structure presented here provides a clear view of all ionizable protein moieties and waters, a first
step in understanding how thiol-disulfide exchange might occur in a low pH cytoplasm, and is a basis for
biophysical studies of the mechanism of acid-mediated unfolding. The high resolution of this structure
should be useful for computational studies of thioredoxin function, protein structure and dynamics, and
side-chain ionization.
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Acetobacter aceti is a Gram-negative a-proteobacterium
that oxidizes ethanol to acetic acid, a trait useful in
vinegar production throughout recorded human history
(Bergey et al. 1984). The discovery and early study of the
acetic acid bacteria by Pasteur was facilitated by their
resistance to ethanol and acetic acid (Pasteur 1868).
Acetic acid is a potent microbicide by virtue of its ability
to penetrate cell membranes, causing cytoplasmic acidi-
fication and proton gradient collapse in susceptible cells.
A. aceti survives by tolerating an acidic cytoplasm; as the

external pH drops, the cytoplasmic pH falls from around
6 to 4 during mid-logarithmic growth (Menzel and
Gottschalk 1985). Acetic acid resistance strategies include
an acetate transporter driven by the proton gradient
(Matsushita et al. 2005; Nakano et al. 2006), at least one
citric acid cycle component (Fukaya et al. 1990), and
potentially several proteins induced during acid adaptation
(Steiner and Sauer 2001, 2003). We have shown that several
cytoplasmic A. aceti proteins are intrinsically acid resistant
(Constantine et al. 2006; Francois and Kappock 2006;
Francois et al. 2006). Maintaining the proper function of
metabolism over a broad pH range is another striking ability
of A. aceti that has received less attention.

Thiol-disulfide exchange is a reaction that is particularly
slow at low pH. The reactivity of the incoming thiolate
nucleophile depends strongly on its pKa (Whitesides et al.
1977). A sharp decrease in exchange rate with decreasing
pH is observed for small molecule thiol-disulfide exchange
reactions, to below ;1 M�1 s�1 at pH <7 (Pleasants et al.
1989).
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Thioredoxin (Trx) is a small monomeric protein that
functions in a variety of cytoplasmic redox roles in
bacteria (Kumar et al. 2004). A Cys-X-X-Cys motif in
Trx is maintained in a reduced dithiol state by Trx
reductases (Holmgren 1989). Thiol-disulfide exchange
is a two-step reaction: second-order formation of a
heterodisulfide is followed by a rapid intramolecular
displacement of the departing thiolate. The active site
environment of Escherichia coli thioredoxin A (EcTrx)
accelerates disulfide exchange with respect to small-
molecule analogs by lowering the pKa of the attacking
nucleophile Cys32 (Kallis and Holmgren 1980), raising
the pKa of its buried partner Cys35 (LeMaster 1996), and
stabilizing the heterodisulfide intermediate (Wynn et al.
1995). These effects are thought to be due to the local
electrostatic and dielectric environment created by the
surrounding residues, including a buried, protonated
Asp26 (Wilson et al. 1995; Wynn et al. 1995; Jeng and
Dyson 1996; LeMaster 1996; Chivers et al. 1997; Dyson
et al. 1997; Dillet et al. 1998). Similar perturbations are
observed by placing small-molecule thiols in nonaqueous
solvents (Singh and Whitesides 1990).
A key role of Trx is to reduce class I ribonucleotide

reductase (RNR) (Laurent et al. 1964). RNR, in turn,
catalyzes reduction of NDPs (or NTPs) to dNDPs (or
dNTPs), a potentially rate-limiting process in DNA
replication (Thelander and Reichard 1979; Howell et al.
1993). If Trx is unavailable, glutaredoxin can reduce
RNR, but heterodisulfide formation is still required
(Holmgren 1976). Clearly, any hindrance in the ability
to effect thiol-disulfide exchange would be deleterious to
A. aceti survival. The kinetic problem caused by sluggish
thiol-disulfide exchange is only exacerbated in periplas-
mic proteins that function as protein disulfide synthases
and isomerases, some of which are Trx orthologs (Ritz
and Beckwith 2001).
EcTrx is a familiar subject of protein structure (Holmgren

et al. 1975; Katti et al. 1990; Jeng et al. 1994; Bhutani and
Udgaonkar 2003) and folding studies (Kelley et al. 1986;
Ladbury et al. 1993; Maier et al. 1999; Huber et al. 2005).
EcTrx is even acid resistant (Hiraoki et al. 1988). Similarly,
A. aceti Trx (AaTrx) should be a good candidate for
biophysical studies of the mechanism of acid-mediated
unfolding of A. aceti proteins. This is important, as the A.
aceti proteins previously studied in this laboratory are all
multisubunit enzymes with an unfortunate tendency to
unfold irreversibly (Constantine et al. 2006; Francois and
Kappock 2006; Francois et al. 2006).

Here we present the cloning, purification, and high-
resolution structure of AaTrx as a first step in under-
standing how electron flow by thiol-disulfide exchange
occurs at low pH and as a basis for biophysical studies of
acid-mediated unfolding.

Results and Discussion

Cloning, isolation, and characterization of AaTrx

A draft genome sequence of the industrial vinegar strain
A. aceti 1023 contains an open reading frame with 57%
identity to EcTrx. The inferred protein sequence of AaTrx
is shown in Figure 1, aligned with the EcTrx sequence.
The gene was cloned, and AaTrx (108 amino acids, 11.6
kDa) was expressed in E. coli as a partly soluble protein.
Exploiting the serendipitous thermostability of A. aceti
proteins, host cell proteins were efficiently removed from
AaTrx by a heat-denaturation step. After ammonium
sulfate fractionation and size-exclusion chromatography,
a mixture of protein bands migrating between 7 and
11 kDa was obtained on SDS-PAGE. Urea/SDS-PAGE
showed a single band, migrating at ;15 kDa (data not
shown). Electrospray ionization mass spectrometry (ESI-
MS) indicated removal of the starting methionine residue,
with an observed m/z ¼ 11,553 6 3 Da (11,556.3 Da
expected for [M-Met]). Analytical gel filtration showed a
single peak with an apparent molecular weight of 11 kD,
consistent with a monomeric protein.

The fluorescence properties of oxidized and reduced
AaTrx were measured as a function of pH in an experi-
ment similar to those reported for EcTrx (Holmgren 1972;
Dyson et al. 1997). The pH-dependent fluorescence
changes in EcTrx report on the ionization states of
residues near Trp28, including Asp26, and possibly
Cys32 (Dyson et al. 1997). As observed for EcTrx, the
reduced form of AaTrx shows a much more dramatic
change in fluorescence intensity with pH than does the
oxidized form (Fig. 2). Fitting the alkaline side of the
reduced AaTrx titration curve gives an apparent pKa of
7.24, compared with the apparent pKa of 6.75 determined
for EcTrx (Holmgren 1972).

Crystal structure determination

The crystal structure of AaTrx was determined by
molecular replacement with a data set extending to 1 Å
resolution. All amino acid residues present in the purified

Figure 1. Sequence alignment of AaTrx and EcTrx. Identical residues are highlighted.

Acidophile thioredoxin structure at 1 Å
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protein were readily modeled into the electron density,
and alternative conformations were modeled for the side
chains of Thr4, Ser20, Leu24, Met37, Ile45, and Leu99.
The high resolution of the data allowed loosening of the
geometric restraints in Refmac; 95.6% of residues are in
the most favored regions of the Ramachandran plot, while
the remaining 4.4% are in the additional allowed regions.
Data collection and refinement statistics are given in
Table 1, and a representative region of electron density is
shown in Figure 3A. Coordinates and structure factors
have been deposited in the RCSB Protein Data Bank
(PDB) with accession code 2I4A.

Protein fold and notable residues

Like other Trx forms (Martin 1995), AaTrx consists of
a five-stranded b-sheet surrounded by four a-helices (Fig. 3B).
The structure of AaTrx closely resembles that of oxidized
EcTrx (PDB code 2TRX, RMSD 0.79 Å over 105 Ca
atoms). The most notable differences are in residues 1–4; in
AaTrx, these residues pack more closely against the rest of
the protein, with the carbonyl oxygen of His3 forming the
first hydrogen bond of the b-sheet. This arrangement
allows the side chain of Asp2 to occupy the space filled
by Asp43 in EcTrx (Gly43 in AaTrx). Conformational
differences also exist in the loop region comprising residues
50–52. Both of these regional differences are near crystal
contacts and may be attributable to crystal packing. All
key EcTrx active site residues are conserved in AaTrx,
including Trp28, Cys32, Cys35, and Asp26, Lys36, and
Lys57 (Fig. 3C).

AaTrx is present in the crystal in the oxidized form.
Cys32 and Cys35 form a disulfide bond with a sulfur–

sulfur distance of 2.31 Å; this distance is longer than the
2.09 Å measured in EcTrx. To explore whether this long
disulfide bond length represents a mixture of oxidized
and reduced forms, we calculated a 2Fo-Fc omit map
using phases from a structure refined without residues
28–36. Examining the electron density at increasing
contour levels from 1 to 10 s showed only a single
position for each sulfur atom. Although AaTrx was stored
and crystallized in the presence of 15 mM 2-mercapto-
ethanol (BME), the disulfide apparently reoxidized during
crystal growth or data collection. Refinement of the
AaTrx structure against a lower-resolution (1.2 Å) data
set collected earlier from the same crystal (see Materials
and Methods) also showed well-defined sulfur positions,
with a disulfide bond distance of 2.21 Å, suggesting that
oxidiation of the disulfide occurred prior to data collec-
tion (data not shown).

Near the disulfide, clear electron density for a molecule
of BME was observed. The hydrocarbon portion of BME
packs against the side chain of Trp28, and the hydroxyl
group forms a hydrogen bond with the side chain of
Lys57. The BME sulfur is 7.3 Å from the Cys35 sulfur,
precluding formation of a mixed disulfide bond in this
conformation. However, rotation about the Cys35 Ca–Cb
bond, and rotation about the BME C–C bond would bring
the sulfurs within 2.3 Å of each other. Therefore, a subtle
conformational change could accommodate the formation
of a mixed disulfide between protein and reducing agent.
The BME binding site is on the ‘‘shielded side’’ of the

Figure 2. Fluorescence emission intensity at 350 nm as a function of pH

for reduced AaTrx (d) and oxidized AaTrx (s). The dotted line is

a fit to the equation y ¼ [F1(10
-pH) + F2(10

-pKa)]/[10-pH + 10-pKa];

pKa ¼ 7.2 6 0.1, F1 ¼ 320 6 2, F2 ¼ 258 6 4. The solid line is a fit

to the equation y ¼ [F1(10
�2pH) + F2(10

-pKa1-pH) + F3(10
-pKa1-pKa2)]/

[10�2pH + 10-pKa1-pH + 10-pKa1-pKa2]; pKa1 ¼ 4.4 6 0.2, pKa2 ¼ 7.4 6 0.2,

F1 ¼ 173 6 9, F2 ¼ 216 6 2, F3 ¼ 191 6 2.

Table 1. Crystallographic data collection and refinement
statistics

PDB code 2I4A

Space group P212121
Wavelength 1.07 Å

Cell dimensions a ¼ 33.94; b ¼ 42.24; c ¼ 63.67 Å;

a ¼ b ¼ g ¼ 90°
Resolution 42–1.00 Å (1.04–1.00 Å)

Reflections (total/unique) 296,619/48,392

Completeness 96.2% (67.9%)

<I/s> 23.9 (1.8)

Rsym
a 4.8% (47.9%)

Rcryst
b/Rfree

c 13.3%/15.8%

No. of protein atoms 825

No. of ligand molecules 1

No. of water molecules 175

RMSD, bond lengths 0.032 Å

RMSD, bond angles 2.13°
Average B-factor 8.85 Å2

Values in parentheses refer to the highest resolution shell.
aRsym ¼ S|Ih � <Ih>| / SIh, where <Ih> is the average intensity over
symmetry-related reflections.
bRcryst ¼ S|Fo � <Fc>| / SFo, where the summation is over the data used
for refinement.
cRfree is defined the same as Rcryst, but was calculated using the 5% of data
excluded from refinement.
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disulfide (Eklund et al. 1984) rather than on the accessi-
ble, hydrophobic side thought to be important for sub-
strate binding. Examination of the proposed model of
a Trx–Trx reductase complex (Sandalova et al. 2001) sug-
gests that this shielded side might be accessible to the
physiological reductant Trx reductase.
A protonated Asp26 residue is implicated in proton

transfer to and from Cys35 (Chivers and Raines 1997).
AaTrx Asp26 should be fully protonated at the crystalliza-
tion pH of 4.6 (Chivers et al. 1997). In the AaTrx crystal
structure, the side chain of Asp26 forms hydrogen bonds
with two water molecules (waters 32 and 39); water 39
forms additional hydrogen bonds with the BME sulfhydryl
and the Cys35 carbonyl, while water 32 forms two hydrogen
bonds to the Cys35 sulfhydryl and the Phe27 carbonyl.
Water 32 is well positioned to participate in proton transfer
between the Asp26 and Cys35 side chains.

Adaptation to low pH

The acidic A. aceti cytoplasm appears to exert selective

pressure to increase the acid stability of its cytoplasmic

components. Such adaptation is evident in the structures

of its proteins. The surfaces of the two other A. aceti

proteins with known structures are quite different from

their E. coli counterparts. The surface of A. aceti citrate

synthase is highly decorated with basic side chains, and

has many fewer uncompensated negative charges than

E. coli citrate synthase (Francois et al. 2006). PurE from

A. aceti has a distribution of positive and negative charges

on its surface, distinguishing it from the acidic surface of

E. coli PurE (Constantine et al. 2006). In contrast, the

surface charge distributions of AaTrx and EcTrx are very

similar (Fig. 3D). Comparing the two structures, nearly

all differences in charged surface residues are offset by

Figure 3. (A) Stereo view of a representative portion of the sA-weighted 2Fo-Fc map calculated using the final refined structure. The map is contoured at

1.5 s. Pro76, a cis proline, is shown at top. The side chain of Arg73, shown at the bottom, is solvent exposed and somewhat disordered. (B) Ribbon diagram

of AaTrx. Helices and strands are numbered according to the Trx fold (Martin 1995) and correspond to residues 4–8 (b0), 9–15 (a0), 22–27 (b1), 33–49

(a1), 53–59 (b2), 60–70 (a2, interrupted by Pro64), 77–82 (b3), 85–91 (b4), and 96–105 (a3). Selected residues are shown in ball-and-stick representation.

The termini are labeled with N and C, respectively. (C) Stereo view of a ball-and-stick representation of selected residues near the AaTrx active site. (D)

Electrostatic rendering of the solvent-accessible surface of AaTrx (left) and EcTrx (right), computed at pH 7 with (red) �5 kT/e and (blue) +5 kT/e.

Locations of Trp31 and Arg73 are located for orientation. The location of the Cys32–Cys35 disulfide is marked with an asterisk.

Acidophile thioredoxin structure at 1 Å
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compensating differences elsewhere on the protein sur-
face. This lack of apparent surface adaptation in AaTrx
may not be surprising since EcTrx is acid-stable (Hiraoki
et al. 1988); therefore, Trx may not have been subject to
selective pressure to further improve acid stability in
a low pH cytoplasm. In contrast, there may have been
unusually strong selective pressure not to alter protein
surface residues, given the many different targets of Trx
in the cell.

It might be expected that the active site of Trx from an
acidophile would be perturbed to maintain Cys32 as
a reactive thiolate at lower pH. However, as measured
by the fluorescence of Trp28, there is no downward shift
in the apparent pKas of AaTrx active site residues relative
to EcTrx. Consistent with this result, there are no major
structural differences apparent in the active site regions of
oxidized AaTrx and EcTrx. These observations suggest
that alterations in residues near the AaTrx active site were
not needed for low pH adaptation, or might have dis-
rupted the essential Asp26-Cys35-Cys32 proton transfer
system.

The Trx redox potential, a pH-dependent thermody-
namic quantity, is critical for its proper physiological
functions. At and just below neutrality, the midpoint
potential of EcTrx has a slope of –59 mV per unit pH,
as is expected for a proton-coupled electron transfer
(Setterdahl et al. 2003). As the internal pH of A. aceti
varies, the disulfide reduction potential of AaTrx and its
targets may vary in parallel, minimizing differences in
reduction potential. It is also possible that the local pH
and dielectric environment within AaTrx-target protein
complexes facilitates thiol-disulfide exchange at low
solution pH. Subtle structural differences not immedi-
ately apparent from the crystal structure may affect the
AaTrx active site. Future work will examine how the
reduction potential of AaTrx varies over the range of pH’s
encountered in the A. aceti cytoplasm.

Materials and methods

AaTrx cloning

Shotgun sequencing of the industrial vinegar strain A. aceti
1023 to fourfold coverage (S.W. Clifton, R.K. Wilson, and
T.J. Kappock, unpubl.) revealed a single open-reading frame
(Contig0.22_19289_19618_AAC0295) with 57% identity to
EcTrx. The nucleotide sequence was deposited in GenBank
with accession number DQ869238. This gene was amplified by
PCR with Vent DNA polymerase (New England Biolabs), A.
aceti strain 1023 genomic DNA (3 ng), and oligodeoxynucleo-
tide primers 1041 (59-AACCAGCATATGAGTGAACATACGC)
and 1042 (59-ACCTGAATTCTAATTACTGAGCGCTTTCTAC)
from IDT, and was cloned into the NdeI and EcoRI sites of
pET23a (Novagen) to generate plasmid pJK295. DNA sequenc-
ing revealed the expected sequence.

AaTrx expression and purification

E. coli BL21(DE3) cells harboring pJK295 were propagated on
solid LB medium containing 0.1 mg/L ampicillin (LB/Amp). A
starter culture grown overnight at 37°C was used to inoculate
a production culture (1 L LB/Amp) at a 1:20 dilution. After the
culture reached an optical density of 0.6 at 600 nm, isopro-
pylthio-b-galactopyranoside (IPTG) was added to a final con-
centration of 0.4 mM. Cells were grown another 4 h, harvested
by centrifugation, and either used immediately or stored at
�80°C. All subsequent steps were performed at 4°C unless
noted. Cells (typically 7 g per L of culture) were resuspended in
5 vol of TM buffer (0.05 M Tris-HCl at pH 8.0, and 15 mM
BME) and disrupted by three cycles of sonication. After
removing debris by centrifugation at 27,000g for 20 min (‘‘fast
spin’’), the supernatant was placed in a hybridization oven at
70°C for 20 min, then chilled on ice. After a fast spin to remove
solids, the supernatant was adjusted to 30% saturation by the
addition of solid ammonium sulfate (176 g/L) with stirring over
30 min. After stirring another 30 min, solids were removed by
a fast spin and the supernatant was adjusted to 70% saturation
by the addition of solid ammonium sulfate (270 g/L) with
stirring over 30 min. After stirring another 30 min, solids were
collected by a fast spin, dissolved in a minimal volume (;15
mL) of TM buffer, and applied to Sephadex G50 (3.5 3 12 cm)
equilibrated and eluted with TM buffer. Fractions containing
AaTrx were identified by SDS-PAGE, pooled (;70 mL), and
concentrated to <15 mL (>4 mg/mL) by ultrafiltration (Amicon
Centriprep YM10; Millipore). Single-use aliquots were frozen
and stored at �80°C until used. Typically, 4 mg of pure AaTrx
was obtained from a 1 L culture.

Analytical methods

Denaturing urea gel electrophoresis (urea/SDS-PAGE) was per-
formed using 20% polyacrylamide gels (37.5:1 acrylamide:bis-
acrylamide) containing 0.125 M Tris-HCl (pH 8.8), 0.1% (w/v)
SDS, and 8 M urea. Brief heating at 37°C was required to
dissolve the urea. These gels were polymerized, run, and stained
(Coomassie Blue) like typical SDS-PAGE gels (Ausubel et al.
2000).
ESI-MS was performed by infusing AaTrx (50 mg) via an in-

line C18 guard column (MS Scientific) into a Micromass Q-TOF
Ultima quadrupole MS. The mobile phase was acetonitrile:
water:trifluoroacetic acid (80:20:0.1), and the accelerating
potential was 10 eV.
Analytical gel filtration was carried out at 5°C on a Tosoh

TSK-GEL G2000SWXL column (0.78 3 30 cm) in 20 mM Tris
(pH 8.0), 100 mM NaCl with a flow rate of 4 mL/min. AaTrx
(120 mg) was loaded in 15 mL. The column was calibrated with
thyroglobulin (670 kDa), bovine g-globulin (158 kDa), chicken
ovalbumin (44 kDa), equine myoglobin (17 kDa), and vitamin
B12 (1.3 kDa). The volume versus log(molecular weight) method
was used to construct a calibration curve.
Fluorescence measurements were carried out on a Cary

Eclipse fluorimeter equipped with a thermostatted cell holder
at 22°C using a 1-cm fluorimeter cell that contained 2.0 mL of
solution. The excitation wavelength was 280 nm (5 nm
slitwidth), and emission spectra were collected from 290–450
nm. Reduced and oxidized AaTrx were prepared by incubating
the protein for at least 20 min with 50 mM of either dithio-
threitol or its oxidized form, trans-4,5-dihydroxy-1,2-dithiane,
respectively. In each case, no change in emission spectrum was
observed at DTT concentrations between 20 and 75 mM after

Starks et al.
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incubations of 3–60 min. Fluorescence measurements were
performed at varied pH by diluting oxidized or reduced AaTrx
(5 mL, 0.9 mg/mL) into 2 mL of a solution containing 100 mM
KCl plus an acetic acid/MES/Tris constant ionic strength triple
buffer (Ellis and Morrison 1982). Emission intensities at 340 nm
were plotted as a function of pH and apparent pKas were
obtained from fits to forms of the Henderson-Hasselbalch
equation.

Crystallization of AaTrx

Crystals were grown at room temperature by the hanging-drop
vapor diffusion method. Drops consisted of 1 mL of protein in
buffer TM and 1 mL of reservoir solution; reservoir volumes
were 500 mL. Crystals initially grew in 100 mM sodium acetate
(pH 4.6–5), 50–100 mM ammonium acetate, and 30% (w/v)
PEG 4000. More reliable nucleation and better morphology
were achieved by using crystals grown in these conditions for
microseeding into fresh drops with reservoir solutions contain-
ing 100 mM sodium acetate (pH 4.6), 100 mM ammonium
acetate, and 24% (w/v) PEG 4000. Prior to data collection,
crystals were briefly soaked in a cryoprotectant solution (100
mM sodium acetate at pH 4.6, 100 mM ammonium acetate, 25%
[w/v] PEG 4000, and 30% [v/v] ethylene glycol), and then
frozen in liquid nitrogen. The data set described here was
collected from a crystal that was allowed to grow for 1 mo
after seeding.

Data collection and processing

Crystallographic data were collected at the Advanced Light
Source beamline 4.2.2, using a 2u-offset. A data set extending to
1.2 Å was collected from a single crystal (data not shown); this
crystal was then stored in liquid nitrogen and used later to
collect an additional data set that extended to 1.0 Å resolution.
The 1.0 Å data set was used for structure determination and
refinement. Data were indexed, integrated, and scaled using
d*TREK (Pflugrath 1999); the crystal was indexed with a prim-
itive orthorhombic lattice, and examination of systematic
absences allowed assignment of the space group as P212121.
Intensities were then converted to structure factor amplitudes
using the Truncate (French and Wilson 1978) program in CCP4i
(Collaborative Computational Project No. 4 1994; Potterton
et al. 2003), and 5% of the data were set aside as the test set for
Rfree calculations.

Structure determination, model building, and refinement

The structure of AaTrx was determined by molecular replace-
ment in MOLREP (Vagin and Teplyakov 1997). The search
model consisted of one monomer of oxidized EcTrx (PDB code
2TRX) with side chains trimmed to minimally conserved shapes
using SEAMAN (Kleywegt and Jones 1996). Rigid body re-
finement, simulated annealing, and grouped B-factor refinement
were then carried out in CNS (Brünger et al. 1998) using data
to 2 Å. This yielded an R-factor of 33.5% (Rfree 41.0%).
Rebuilding was carried out and side chains were mutated to
correspond to the A. aceti sequence, using the program O (Jones
et al. 1991). Additional rounds of refinement and water picking
were carried out using REFMAC 5 (Vagin et al. 2004) with
ARP/wARP (Perrakis et al. 1997) using data to 1.05 Å and
allowing anisotropic B factor refinement. The Cys32–Cys35

disulfide was refined in the oxidized form with a target bond
length of 2.03 Å. Hydrogens added with the program MOL-
PROBITY (Davis et al. 2004) were used in later refinement
rounds. In the final refinement, data to 1.00 Å were used. The
refined model has an R-factor of 13.3% (Rfree 15.8%). Residues
in the model are numbered beginning after the starting methi-
onine and correspond to the residue numbering in EcTrx.

Computational analysis and figure preparation

Electrostatic calculations were performed at pH 7.0 using
PDB2PQR (Dolinsky et al. 2004) and APBS (Baker et al.
2001). Figures were rendered with PyMOL (DeLano 2002).
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