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AhpC protein, purified from Amphibacillus xylanus with a molecular mass of 20.8 kDa,
protects cells against oxidation damage. The enzyme catalyses the reduction of hydroperox-
ides in cooperation with the 55 kDa flavoprotein, A. xylanus NADH oxidase (NADH
oxidase-AhpC system). A. xylanus AhpC has two disulfide linkages between monomers
and can act in the homodimer form. Gel-filtration column chromatography and dynamic
light scattering (DLS) suggest that A. xylanus AhpC also forms a large oligomeric assembly
(10-12 mers). A. xylanus AhpC was crystallized and X-ray diffraction data were collected
to 3.0 A. The self-rotation function revealed fivefold and twofold axes located perpendicu-
larly to each other, suggesting that the molecular assembly of A. xylanus AhpC is composed
of ten monomers. The oligomerization of A. xylanus AhpC is affected by ionic strength in
the DLS measurements. The H,0, reductase activity of the A. xylanus NADH oxidase-AhpC
system is also affected by ionic strength, and it was found that the decamerization of AhpC
might be required for the activation of the NADH oxidase-AhpC system.
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Reactive oxygen species such as O, ~and H,O,, which are
mainly produced by the incomplete reduction of oxygen
during respiration, damage cellular components including
DNAs and proteins (). Organisms living in an aerobic
environment have developed defense systems involving
various antioxidant enzymes against such oxidative stress.
AhpC protein (2), also called thiol-specific antioxidant
protein (TSA) or peroxiredoxin (Prx), represents a family
of newly discovered peroxidases (3). These proteins, with
molecular masses of 20-25 kDa, are highly conserved in
eukaryotes and prokaryotes, and show no sequence homol-
ogy to previously known antioxidant proteins such as
catalases, glutathione peroxidases or superoxide dismu-
tases. All AhpC proteins contain one conserved cysteine in
the N-terminal region, which is the site of oxidation by
H.0, (2, 4). AhpC proteins can be classified into two
groups, one containing no other conserved cysteine (1-Cys
group) and the other containing an additional conserved
cysteine in the C-terminal region (2-Cys group). The
oxidized N-terminal cysteine of 2-Cys members rapidly
forms an intermolecular disulfide bond with the C-terminal
cysteine of another subunit, which is subsequently reduced
by electrons supplied by NADH oxidase (5), alkyl hydro-
peroxide reductase (2), or thioredoxin (6).

Amphibacillus xylanus, isolated from alkaline compost
(7), has unique phenotypic and chemotaxonomic character-
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istics as well a8 unique bioenergetic properties (8). A.
xylanus, which lacks a respiratory system and the heme
proteins catalase and peroxidase, has the same growth rate
and cell yield under strictly anaerobic and aerobic condi-
tions (9). This growth characteristic is due to the presence
of anaerobic and aerobic pathways producing similar
amounts of ATP (10). A 55 kDa flavoprotein, A. xylanus
NADH oxidase, regenerates NAD* from NADH produced
in the aerobic pathway. When coupled with A. xylanus
AhpC (20.8 kDa), NADH oxidase shows extremely high
scavenging activity for H,0, (NADH oxidase-AhpC sys-
tem) compared with other known peroxide scavenging
enzymes (Niimura, Y. et al., unpublished results). A.
xylanus AhpC shows 64.4 and 39.3% homology to Salmo-
nella typhimurium (11-13) and yeast TSAs (14), respec-
tively. These three AhpC (TSA) proteins belong to the
2-Cys group and exist as homodimers formed by inter-
molecular disulfide linkages. Here we report the characteri-
zation of the oligomeric nature of A. xylanus AhpC on the
basis of preliminary X-ray crystallography, dynamic light
scattering (DLS) and turnover activity assays. It was
concluded that the oligomerization of A. xylanus AhpC is
necessary for the activation of the AhpC-NADH oxidase
system.

MATERIALS AND METHODS

Preparation of A. xylanus AhpC and NADH Oxidase—
A. xylanus AhpC and NADH oxidase proteins were overex-
pressed in E. coli and purified according to the established
procedures (Niimura, Y. et al, unpublished results). The
proteins were judged to be highly homogeneous by SDS-
PAGE. A. xylanus AhpC was concentrated to 30 mg/ml in
100 mM HEPES-NaOH buffer (pH 7.5). A. xylanus NADH
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oxidase was concentrated to 10 mg/ml in 50 mM sodium
phosphate buffer (pH 7.0) containing 0.5 mM EDTA. Pro-
tein samples were filtered and stored at 4°C.

Gel-Filtration Column Chromatography of A. xylanus
AhpC—The gel-filtration column chromatography of A.
xylanus AhpC was performed at room temperature using
FPL.C (Amersham Pharmacia Biotech). The column (TSK-
GEL G3000SW, 7.8 X 300 mm, TOSOH, Tokyo) was equil-
ibrated with 100 mM HEPES-NaOH buffer (pH 7.5) con-
taining 100 mM sodium sulfate, and 140 xg of purified A.
xylanus AhpC was applied. The elution of A. xylanus AhpC
was monitored at 280 nm (Fig. 1).

Dynamic Light Scattering (DLS) of A. xylanus AhpC—
Dynamic light scattering (DLS) is a unique technique for
measuring the translational diffusion coefficient (Dy) of a
macromolecule undergoing Brownian motion in solution.
By observing the monochromatic light scattered by moving
particles, intensity fluctuations corresponding to particu-
late motion can be measured. A decay analysis of the auto-
correlation function, a measurement of the time-depen-
dence of the intensity fluctuations, of the light scattering
signal can afford quantitative information about the hy-
drodynamic radius (Ry) of macromolecules. At the same
time, the sample polydispersity can be judged because this
technique is exquisitely sensitive to the oligomeric state of
macromolecules, i.e., the intensity of scattered light is
proportional to the square of the mass of the solute particle
(156-19). As monodispersity of the sample solution is
generally required for protein crystallization, DLS has
become a widely employed method to check the oligomeric
state of macromolecular samples, to eliminate the non-
monodispersity conditions prior to numerous crystalliza-
tion trials (20-26). DLS measurements were performed
using DynaPro-801 operated with the program DYNA-
MICS (Protein Solution, USA) to estimate the molecular
mass of A. xylanus AhpC at various ionic strengths. A.
xylanus AhpC samples (144 4M) in 100 mM HEPES-
NaOH buffer (pH 7.5) with various salt concentrations
were prepared in 250 u1 aliquots and filtered through a 0.02
um membrane (Whatman Int.). The protein was stable
throughout the measurements and no aggregation was
observed. Protein samples were loaded into sample cells
previously equilibrated with buffer solutions containing
salt, and illuminated with a solid-state laser at 25°C. The
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Fig. 1. Elution pattern from gel-filtration column chromatog-
raphy of A. xylanus AhpC. Elution was monitored at 280 nm in the
presence of 100 mM sodium sulfate.
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D; measurements were repeated 5 times and averaged for
each sample. Ry is derived from D; by the Stokes-Einstein
equation (Eq. 1).

Ry=kT/6anD; (1)

where k, T, and 5 are the Boltzmann constant, absolute
temperature and viscosity, respectively. As R, is sensitive
to the viscosity # of the solution, the influence of salts at
each concentration on 7 was corrected by applying the
viscosity of protein-free salt solutions (data not shown).
Finally the molecular mass of A. xylanus AhpC was
calculated from R, using DYNAMICS, which includes a
standard curve for globular proteins (Fig. 2).

Crystallization of A. xylanus AhpC—Crystallization
conditions for A. xylanus AhpC were screened preliminar-
ily using Crystal Screen and Grid-Screen kits (Hampton
Research, Riverside, CA, USA) at 20°C by sitting-drop
vapor diffusion (27). Needle-shaped crystals were obtained
at 25 mg/ml protein, 30% polyethylene glycol (PEG) 6000,
and 100 mM ammonium acetate in 100 mM HEPES-NaOH
buffer at pH 7.0 (Fig. 3A). Crystals grew to 0.5 mm in
length but less than 50 ym in diameter, a size not suitable
for X-ray diffraction studies. Further crystallization trials
afforded well-shaped A. xylanus AhpC crystals of 0.8
0.8x0.8 mm?® in size after two days growth, under the
conditions of 25 mg/ml protein, 26% PEG6000, 100 mM
sodium sulfate, and 100 mM ammonium acetate in 100 mM
MES-NaOH buffer at pH 5.5 (Fig. 3B). The pH optimiza-
tion was critical for crystal growth. Many other salts, such
as sodium chloride, potassium phosphate, ammonium
sulfate, sodium sulfate, etc., were used instead of ammo-
nium acetate as additives for crystallization, but no crystals
were obtained.

X-Ray Diffraction Experiments on A. xylanus AhpC—
Crystals of A. xylanus AhpC were mounted in glass capil-
laries with a trace amount of the mother liquor. Intensity
data of the native crystals were collected at 293 K with
synchrotron radiation at the BL.-6A and 18B beam lines of
the Photon Factory (PF), the High Energy Accelerator
Research Organization (KEK), Tsukuba (28). The diffrac-
tion intensities were recorded on Imaging Plates (Fuji

Motlecutar mass [kDa)

140 4 [—e— Ammonium sulfate
| o— Sodium suliate
—8— Potassium phosphate
120 —O0— Potasslum chloride
100
1 L) T T T T T T 1
[} 200 400 600 800 1000 1200 1400 1600

lonic strangth [mM)

Fig. 2. Molecular mass of A. xylanus AhpC vpersus ionic
strength. Measurements were performed using DLS at 26°C with
various salts: ammonium sulfate (), sodium sulfate (@), potassium
phosphate (Z), and potassium chloride (m).
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Photo Film, Tokyo), which were digitized at 100 zm inter-
vals on a Fujix BAS2000 IP reader (Fig. 4). Data processing
was performed using the programs DENZO and SCALE-

(A)

(B)

Fig. 3. Crystalsof A. xylanus AhpC. Both A and B show the same
scale; the bar indicates 0.5 mm. (A) Preliminary thin, needle-shaped
crystals were not suitable for X-ray diffraction experiments. (B)
Prismatic crystals of good size and shape were obtained under the
optimized crystallization conditions.
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PACK (29). Crystal data and data collection statistics are
summarized in Table I. The intensity data at 293 K were
collected using two crystals with different rotation axes,
and these were merged into one data set. The experiments
were also performed using frozen crystals placed directly in
cold nitrogen streams at 100 K with a trace amount of the
mother liquor. In this case, the volume of the unit cell
decreased by about 8% compared with crystals at 293 K.
Self-Rotation Function of A. xylanus AhpC—To deter-
mine the molecular symmetry of A. xylanus AhpC, the
self-rotation function (30) was calculated using the pro-
gram PORARRFN (W. Kabsch, 1997) in the CCP4 Program
Suite (Collaborative Computational Project, Number 4,
1994) . Orthogonalized axes were chosen according to the
Brookhaven format (x=a, y=c¢* X a and 2= ¢*). Diffraction
data from 15-5.2 A resolution and a 30 A integration radius
were used for the Patterson map calculation. The » =180°

TABLE I. Crystal data and data collection statistics of A.
xylanus AhpC.

Crystal data

Space group P1

Cell parameters 293 K 100 K
a 79.4 A 75.5 A
b 79.2 A 78.5 A
¢ 104.9A 103.0 A
a 77.4° 77.9°
£ 82.3° 80.2°
¥ 80.0° 82.5°

Data collection statistics at 293 K (collected using two crystals)

Wave length 1.00 A

Camera distance 430 mm

Resolution limit 3.00 A

Number of reflections

118,407 (I/¢>1.0)

Number of unique reflections 43,867 (I/0>1.0)

Completeness 89.6% (100-3.00 A)
99.7% (15.0-5.20 A)
67.1% (3.11-3.00 A)

d/o> 12.3

Roeree 10.4% (100-3.00 A)

7.5% (15.0-5.20 A)

32.4% (3.11-3.00 A)
*Roerse (%) =Z(2 |1, —<I>|)/Z<{I> where <{I) is the mean of the inten-
sity measurements, I;,, and the summation extends over all reflec-
tions.

Fig. 4. Oscillation photograph of A.
xylanus AhpC crystals taken with syn-
chrotron radiation. The oscillation range is
6.1° and the crystal-to-film distance is 430
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TABLE II. Highest peaks in self-rotation function of the A.

xylanus AhpC crystal.
Peak w () ¢ () x () Peak height (%)
P1 89.56 40.0 180.0 84.4
P4 29.3 269.9 180.0 81.9
P7 66.8 130.3 144.0 73.5
P3 28.7 348.9 180.0 71.3
P2 57.0 23.9 180.0 68.7
P6 66.6 130.1 72.0 62.9
P5 57.8 236.0 180.0 61.8

w, ¢, x are the polar angles in the orthogonal frame with the
Brookhaven format. Origin peak (w =0, ¢ =0, x =0) was set to 100%.

and 72" (in Polar angles) sections reveal the twofold and
fivefold molecular symmetry orientations, respectively
(Fig. 5), and the observed highest peaks are listed in Table
IL.

Peroxidase Activity Assay of A. xylanus NADH Ox-
idase-AhpC System—Turnover studies of H,0, reductase
activities were carried out to investigate the dependence of
the A. xylanus NADH oxidase-AhpC system on ionic
strength. A. xylanus AhpC and NADH oxidase mixtures
were prepared in 100 mM HEPES-NaOH buffer (pH 7.5)
containing salt at each concentration. The reaction was
started under aerobic conditions at 25°C by mixing 700 x1
of protein solution with 50 41 of substrate mixtures con-
taining H,0O, and NADH. The final concentrations of A.
xylanus AhpC, NADH oxidase, H,0,, and NADH after
mixing were set to 144, 0.02, 500, and 150 4 M, respective-
ly. The reaction was monitored at 340 nm in a temperature
controlled spectrophotometer (U-3300, Hitachi, Tokyo)
(Fig. 6).

RESULTS AND DISCUSSION

Characterization of the Oligomeric State of A. xylanus
AhpC—A highly homogeneous single peak of A. xylanus
AhpC was observed following gel-filtration column chro-
matography in the presence of 100 mM sodium sulfate (Fig.
1). The molecular mass of this peak, determined from a plot
of the logarithm of molecular weight versus mobility (data
not shown), corresponds to approximately 200-220 kDa.
The DLS assays gave a similar molecular mass in the
presence of 100 mM sodium sulfate (Fig. 2, the effect of

K. Kitano et al.

Fig. 5. Self-rotation function
calculated for 4. xylanus AhpC
data set at 203 K. (A) Section x=
180" (=360°/2) and (B) 72° (=360"/
5). The orientation of the rotation
axis x is defined by w (angle from 2z
axis) and ¢ (angle in the x, y plane)
with respect to the orthogonalized
axes. The stereographic projections
of each x section are shown with @
and ¢ as the radial and angular
coordinates, respectively. Contour
lines are drawn starting at 10% in
10% increments. Observed highest
peaks (P1-P6) are listed in Table II.
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Fig. 6. Peroxidase activities of the A. xylanus NADH oxidase-
AhpC system versus ionic strength. Activity assays were perform-
ed at 256°C with various salts: ammonium sulfate (O), sodium sulfate
(@), potassium phosphate (0), and potassium chloride (®).

ionic strength is discussed in the next section). These
results suggest that A. xylanus AhpC will oligomerize in
solution to form a large homo-assembly composed of 5-6
dimers.

This oligomeric state of A. xylanus AhpC was confirmed
by a preliminary X-ray crystallographic study, where the
self-rotation function of the native crystal gives informa-
tion about the molecular symmetry. As crystals were not
obtained with salts containing chloride, phosphate or
sulfate, the acetic anion might play a specific role in the
crystallization process of A. xylanus AhpC. In X-ray
experiments or A. xylanus AhpC crystals at 293 K, the
diffraction spots were sharp and clean at 20-4 A resolution,
but tended to be broad and anisotropic at higher resolution
(>4 A), as shown in Fig. 4. Although the frozen crystals at
100K were quite stable against synchrotron radiation
damage, the mosaicity of the crystals became five times
greater (> 1.0") with greater anisotropy than that observed
in crystals at 293 K. Further optimization for the cryo
conditions are necessary to apply this technique to deter-
mining the structure of A. xylanus AhpC at an atomic
resolution.

J. Biochem.
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A comparison of the self-rotation function, calculated for
the diffraction data at 293 and 100 K, revealed the same
molecular symmetry for A. xylanus AhpC. Five non-crys-
tallographic twofold axes were identified at x =180 by
strong peaks on a single plane in the self-rotation map (Fig.
5A). Fivefold axes were also identified at x =72" (Fig. 5B)
and 144°, perpendicularly to the five twofold axes. As the
space group of this crystal is P1, all these observed peaks
correspond to the local molecular symmetry of A. xylanus
AhpC assembly. Based on these results, a hypothetical
assembly model with a decameric symmetry was construct-
ed in the unit cell (Fig. 7). Assuming this model, the V,
values are calculated to be 3.0 A%/Da (293 K) and 2.8 A%/
Da (100 K), which lie in the range of 1.8-3.5 A*/Da that is
usual for protein crystals (31). The present decameric
model of A. xylanus AhpC obtained crystallographically is
also consistent with the molecular mass determined by the
gel-filtration column chromatography and DLS.

Effects of Ionic Strength on the Oligomerization of A.
xylanus AhpC and the Peroxidase Activity of the NADH
Ozxidase- AhpC System—The DLS assays showed that the
oligomeric state of A. xylanus AhpC is significantly affected
by the ionic strength of the solution (Fig. 2). The results
obtained with four different salts fall within the range of the
experimental error, suggesting that the dominant factor
influencing the oligomeric state is not the salt type but the
ionic strength. The decamer of A. xylanus AhpC shown in
Fig. 7 would exist in solution at ionic strengths higher than
300 mM. The protein solution tended to be more clearly
mono-disperse at high ionic strength than at low ionic
strength in DLS (data not shown), suggesting that A.
xylanus AhpC molecules oligomerize uniformly as de-
camers at high ionic strength (> 300 mM), but exist as a
mixture of incomplete assembly states (dimer, tetramer,
hexamer, etc.) at low ionic strength, as illustrated schemat-
ically in Fig. 9.

When the H,0; reductase activity of the A. xylanus
NADH oxidase-AhpC system was measured in the absence
of salt (under low ionic strength), the activity was only 5%
of that in the presence of 150 mM ammonium sulfate (ionic
strength =450 mM), even if the concentration of AhpC was

Fig. 7. Packing model for A. xylanus AhpC in the unit cell of
the P1 crystal. The homodimers are related by a fivefold axis.
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extremely high (144 4M), as shown in Fig. 6. Further
investigations showed that the peroxidase activity is re-
markably dependent on ionic strength, similar to the
previous results for A. xylanus NADH oxidase/S. typhimu-
rium AhpC (5). The Vyu.x and K, values for S. typhimurium
AhpC in the presence of 150 mM ammonium sulfate (168
s~! and 13.5 mM, respectively) are similar in magnitude to
those for A. xylanus AhpC (152s7! and 15.4 mM, respec-
tively), indicating that both A. xylanus and S. typhimurium
AhpC proteins are able to reduce H,O, with A. xylanus
NADH oxidase in the presence of 150 mM ammonium
sulfate. The effect of salts on the basal activity of the A.
xylanus NADH oxidase-AhpC system was expressed as a
function of the total ionic strength (Fig. 6), where the
activity was highest with ammonium sulfate and lowest
with potassium chloride. This trend is quite similar to that
found for enhancing hydrophobic interactions (32), sug-
gesting that the stimulation of A. xylanus NADH oxidase-
AhpC activity by salts might be due to an enhancement of
the hydrophobic interactions between protein molecules
(5). As the oligomeric state of A. xylanus AhpC does not
depend on the salt type but on ionic strength, the differ-
ences observed with these four salts might be due to an
enhancement of the hydrophobic interactions between the
AhpC and NADH oxidase molecules rather than to effects
causing homo-oligomerization.

Both the oligomerization of A. xylanus AhpC and the
peroxidase activity of the NADH oxidase- AhpC system are
significantly correlated with ionic strength for each salt
(Figs. 2 and 6). Thus we can show the relationship between
the peroxidase activity and molecular mass by eliminating
the common parameter, ionic strength (Fig. 8). As the
concentration of A. xylanus NADH oxidase in the activity
assays was quite low (0.02 M) compared with that of
AhpC (144 uM, the same also in DLS), the effect of NADH
oxidase on the oligomerization of AhpC might be negligible.
The observed turnover number is saturated around a
molecular mass of 200 kDa (Fig. 8), which corresponds to
ten AhpC subunits. This shows that A. xylanus AhpC exists
as a decamer when it is highly activated by the addition of

8000
°

__, 7000 |—8— Ammonium sulfate .
E —0— Sodium sulfate
= 8000 |—=— Potassium phosphate
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Fig. 8. Peroxidase activity of the A. xylanus NADH oxidase-
AhpC system and the oligomeric state of AhpC. The correlation
between activity and molecular mass was deduced from the DLS
experiment (Fig. 2) and the peroxidase activity measurements (Fig.
6): ammonium sulfate (), sodium sulfate (®), potassium phosphate
(2), and potassium chloride (®).
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Fig. 9. Hypothetical model showing the oligomeric nature of
A. xylanus AhpC at high and low ionic strengths, with the effect
on the peroxidase activity of the NADH oxidase-AhpC system.
(A) At low ionic strength with few hydrophobic interactions between
AhpC dimers, most of AhpC exists as dimers and NADH oxidase
interacts randomly with the dimer surfaces. (B) At high ionic
strength, AhpC dimers can pentamerize due to the preferable
hydrophobic interactions. The accessible surface of the AhpC mole-
cules is reduced by oligomerization, and the active site of AhpC, which
captures H;0; molecules, is exposed to the solvent.

salts, and also suggests that the decamerization of AhpC
might be required for the activation of the A. xylanus
NADH oxidase-AhpC system.

This significant effect of oligomerization on the perox-
idase activity can be explained in the following two ways.
One possibility is that the decamerization of A. xylanus
AhpC might induce small conformational changes around
the active sites. The crystal structure of RuBisCO (ribu-
lose-1,5-biphosphate carboxylase/oxygenase), a CO.-fixing
enzyme in the Calvin cycle, showed that the catalytic rate
could be promoted by small conformational changes caused
by oligomerization (33, 34). The decamerization of A.
xylanus AhpC might enhance the selectivity for H,O; in the
same way, which would also be preferable for the interac-
tion with NADH oxidase. The other possibility is that the
reduction of the accessible surface of 4. xylanus AhpC by
oligomerization could be important. Coupled with the
reduced accessible surface by decamerization, the active
site of A. xylanus AhpC might be exposed to the solvent by
the alignment of subunits (Fig. 9). This would suppress
H;0, and NADH oxidase molecules from interacting with
surfaces other than the active sites of AhpC, and might
enhance the turnover number of H;O,.

The molecules of human Prx, a 1-Cys AhpC, exist as
homodimers in the crystal structure (35). The structure
shows the catalytic Cys47 located at the bottom of a narrow
pocket, which is considered to be significant for the selectiv-
ity for H,O, molecules. On the other hand, no structure of
a 2-Cys AhpC is yet available, mainly because of crystalli-
zation difficulties due to the heterogeneous intermolecular
disulfide bonds. As the sequence homology between A.
xylanus AhpC and human Prx is only 29%, the three-
dimensional structure of a 2-Cys AhpC at the atomic level
18 indispensable to understand the systematic reaction
mechanism of the NADH oxidase-AhpC system. The
structure determination of the A. xylanus AhpC decamer
via phase determination with MIR (multiple isomorphous

K. Kitano et al.

replacement) is in progress. This should also show how the
oligomerization of A. xylanus AhpC affects the H,O,
reduction mechanism of the A. xylanus NADH oxidase-
AhpC system.

We are indebted to Drs. N. Sakabe, N. Watanabe, M. Suzuki, and N.
Igarashi of the Photon Factory, Institute of Material Structure
Science, High Energy Accelerator Research Organization, for their
kind help in the X-ray diffraction work, which was performed under
the approval of the Photon Factory Advisory Committee (Proposal
No. 98G164). K.M. is a member of the Sakabe Project of TARA
(Tsukuba Advanced Research Alliance), University of Tsukuba.
Thanks are also due to S. Sasaki in the laboratory of Y. Niimura for
protein purification.
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