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Abstract
A so-called ‘‘green protein’’ has been puriﬁed from a moderate halophilic eubacterium, Bacillus halodenitriﬁcans (ATCC 49067),
under anaerobic conditions. The protein, which might play an important role in denitriﬁcation, dissociates mainly into two components after exposure to air: a manganese superoxide dismutase (GP-MnSOD) and a nucleoside diphosphate kinase. As a ﬁrst step
 resolution crystal structure of GPin elucidating the overall structure of the green protein and the role of each component, the 2.8-A
MnSOD was determined. Compared with other manganese dismutases, GP-MnSOD shows two signiﬁcant characteristics. The ﬁrst
is that the entrance to its substrate channel has an additional basic residue—Lys38. The second is that its surface is decorated with an
excess of acidic over basic residues. All these structural features may be related to GP-MnSODÕs high catalytic activity and its
endurance against the special cytoplasm of B. halodenitriﬁcans. The structure of GP-MnSOD provides the basis for recognizing its
possible role and assembly state in the green protein.
Ó 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction
Bacillus halodenitriﬁcans (Bh)1 (ATCC 49067), a
moderate halophile, facultative anaerobe, and gram-positive denitriﬁer, reduces both nitrate and nitrite to nitrous
oxide as the ﬁnal denitriﬁcation product (Denariaz et al.,
1989). A so-called ‘‘green protein’’ (which will be referred
to as the green protein complex (GPC)) has been puriﬁed
from this bacterium under anaerobic conditions. GPC,
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which contains protohemes and can reversibly bind nitric
oxide (NO), probably plays an important role in the high
tolerance of the organism toward nitrite (Denariaz et al.,
1994). Following exposure to air, the complex loses its
protohemes and dissociates into several polypeptide
chains, two of which exhibit enzymatic activities: a manganese superoxide dismutase (GP-MnSOD) and a nucleoside diphosphate kinase (BhNDK) (Le Gall et al.,
2000). However, the details of the componentsÕ assembly
and disassembly in GPC and the formation of their enzymatic forms are still unknown.
Superoxide dismutases (SOD) are critical for the
protection of aerobic organisms against oxidative damage by disproportionating the superoxide radical to hydrogen peroxide and dioxygen (Beyer et al., 1991). Four
types of SODs have been reported based on the metal
species at the active site: (a) dinuclear Cu,Zn-SOD,
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occurring primarily in eukaryotes; (b) FeSOD, found in
prokaryotes; (c) MnSOD, existing in both prokaryotes
and eukaryotes; and (d) NiSOD, recently discovered in
Streptomyces griseus (Youn et al., 1996) and S. coelicolor
(Kim et al., 1996). To date, some structures have been
reported for FeSOD, MnSOD, and Cu,Zn-SOD. MnSODs and FeSODs are homologous to each other. They
are generally dimers or tetramers, with each monomer
being folded into an N-terminal helical domain and a Cterminal a/b domain (Stallings et al., 1984). Cu,Zn-SOD
is generally a dimer with each subunit showing a Greek
key b-barrel fold (Tainer et al., 1982).
As a dissociated component of GPC in the presence
of air, GP-MnSOD has a number of unsolved problems,
including its assembly in GPC and its role in the whole
cell. In addition, the structural elements related to this
homodimeric enzymeÕs relatively high catalytic activity
(Denariaz et al., 1990) and its adaptation to the special
cytoplasm of Bh are unknown. This paper presents the
 resolution,
crystal structure of GP-MnSOD at 2.8 A
highlighting structural elements contributing to the enzymeÕs activity and stability. The structure of GPMnSOD provides the basis for recognizing its possible
role and assembly state in GPC.

2. Materials and methods
2.1. Proteins
Bh was grown as previously described (Denariaz
et al., 1994). GP-MnSOD and GPC were puriﬁed under
aerobic and anaerobic conditions, respectively (Denariaz et al., 1990, 1994). No SOD activity can be detected
in fresh GPC. However, after exposure to air, SOD
activity can be assayed in its dissociated polypeptides.
2.2. Crystallization and data collection
GP-MnSOD was crystallized at 9 °C by the hanging
drop vapor diﬀusion method. The crystals were obtained
by mixing 2 ll of the enzyme solution (6 mg/ml, 20 mM
sodium cacodylate at pH 6.5) with an equal volume of
the reservoir solution: 10% (w/v) polyethylene glycol
4000, 100 mM sodium cacodylate (pH 6.5), and 10 mM
zinc acetate. Crystals appeared within 2 weeks and grew
to 0:2  0:2  0:2 mm in size. With a crystal-to-detector
distance of 120 mm, a 250° data set (1° oscillation
frames) was collected at room temperature on a Mar
Research Image Plate System using monochromated Cu

Ka radiation. The intensities between 20.0 and 2.8 A
were integrated with the program DENZO and scaled
with the program SCALEPACK (Otwinowski and Minor, 1996). 7286 unique reﬂections occupying each reﬂection shell in full were obtained, among which 5994
reﬂections had densities higher than 2rI . The systematic

absence of reﬂections showed that the space group belonged to P43 21 2 or P41 21 2, with cell dimensions
 and c ¼ 63.5 A
. Calculations based on the
a ¼ b ¼ 93.1 A
Matthews method (Matthews, 1968) gave one SOD
monomer in an asymmetric unit with an expected solvent content of 59%. Details of the data processing
statistics are given in Table 1.
2.3. Structure determination
The initial phases were solved by the molecular replacement method with the program AMoRe (Navaza,
1994) using a subunit of Thermus thermophilus MnSOD
, 55% sequence
(TtMnSOD; PDB ID: 3 mds, 1.8 A
identity with GP-MnSOD) (Ludwig et al., 1991) as the
probe. Rotation and translation function searches were
.
calculated in the resolution range between 8.0 and 3.5 A
The rotation search gave a single cross-rotation solution
that correlated well with the calculated crystal density.
Translation searches using the rotation angle solution
resulted in an unambiguous position of the monomer in
space group P43 21 2 with a correlation coeﬃcient of
55.6%, an R value of 41.6%, and reasonable packing.
The GP-MnSOD model was subsequently built using
the graphic program O (Jones et al., 1991) and reﬁned
 using the
against the data (F > 2rF ) between 10 and 2.8 A
program CNS1.0 (Br€
unger et al., 1998). Ten percent of the
reﬂections were selected randomly to check the course of
reﬁnement by calculating the Rfree value (Br€
unger, 1992).
2 . To
The temperature factors were initially set to 20:0 A
avoid imposing a certain metal geometry, the geometry of
the metal atom was restrained only by nonbond interactions. At ﬁrst, ﬁve cycles of model rebuilding were carried
out. Most of the atoms, including manganese and zinc
atoms, were ﬁtted to simulated annealing omit Fourier
maps (Hodel et al., 1992). After model rebuilding, the R
value dropped to 33.7%. A subsequent round of simulated
annealing reﬁnement using the torsion angle dynamic
slow-cooling protocol (Rice and Br€
unger, 1994) reduced
the R value to 28.7%. Subsequent cycles of positional
reﬁnement, unrestrained group B factors, and restrained
individual isotropic B factors reﬁnement further improved the model quality and reduced the R factors. At
this stage, water molecules were identiﬁed as peaks in
(Fo  Fc ) and (2Fo  Fc ) density maps using a cutoﬀ of 3r
and 1r, respectively. Water molecules were included in the
model only when they were within hydrogen bond distance to appropriate atoms. The ﬁnal model of the GPMnSOD monomer included 201 residues (Lys2–Ala202),
a manganese atom, a zinc atom, and 63 water molecules
with a crystallographic R factor of 22.0% and a free R
factor of 28.9% (Table 1). The N-terminal and C-terminal
residues were not visible in the 2Fo  Fc electron density
maps. No side-chain electron densities could be seen for
Lys2, Lys108, Lys114, or Asn138 in the ﬁnal structure.
The rms deviations from ideal values of the bond lengths
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Table 1
Crystal diﬀraction data and structural statistics of GP-MnSOD
Crystal data
Wavelength
)
Resolution range (A
Space group
Unique reﬂectionsa
Completeness (%) (outermost shell)a
I=rI (outermost shell)
Average redundancy
Rmerge (%)a
Unit-cell parameters


1.54 A
20–2.8 M
P43 21 2
5994
82.3 (54.3)
24.2 (3.6)
19.3
9.5
, c ¼ 63:5 A

a ¼ b ¼ 93:1 A

Reﬁnement results

Rb

Rfree b

)
Initial model (%) (10–2.8 A
45.0%
)
After reﬁnement (10–2.8 A
22.0%
28.9%
2 ) (main chain/side chain/all protein atoms)
Overall temperature factor (A
23.9/25.3/24.6
)
Rmsd bond length (A
0.009
Rmsd bond angles (°)
1.446
Total number of amino acid residues/unit
201
Total number of atoms (non-hydrogen)
1582
P P
P P
Rmerge ¼ h i ½jIi ðhÞ  hIðhÞij= h i Ii ðhÞ , where Ii is the ith measurement and hIðhÞi is the weighted mean of all measurements of IðhÞ. The
.
outermost shell is 2.86–2.80 A
a
Reﬂections
of
2r
cutoﬀ
were
applied in generating the statistics.
I
P
P
b
R ¼ h jFo  Fc j= h Fo , where Fo and Fc are the observed and calculated structure factor amplitudes of reﬂection h.

 and 1.446°, respectively. As
and bond angles were 0.009 A
deﬁned in the program PROCHECK (Laskowski et al.,
1993), no main-chain dihedral angle was observed in
disallowed regions of the Ramachandran plot (Ramachandran and Sasisekharan, 1968) and most (98.3%) of
the dihedral angles were found in the most favored and
additional allowed regions. Structure factors and coordinates have been deposited in the RCSB Protein Data
Bank under Accession Code 1JR9.
2.4. Analysis of data
Secondary structures were assigned according to the
Kabsch and Sander algorithm (Kabsch and Sander,
1983). The solvent-accessible surface areas were calculated with the surface option in the program CNS1.0
(Br€
unger et al., 1998) according to the algorithm of Lee
and Richard (Lee and Richard, 1971). During the cal was applied and all
culation, a probe radius of 1.4 A
solvent molecules were excluded. Hydrogen bonds were
analyzed with the program WHATIF (Vriend, 1990).
The structural-based sequence alignment was done with
the least-squares approach implemented in program O
(Jones et al., 1991).

3. Results and discussion
3.1. Monomer and the active site structures
The molecular weight of the GP-MnSOD monomer
determined by electron spray ionization mass spectros-

copy was 22.9 kDa. The amino acid sequence from Ala1
to Ala195 was deduced from the cDNA analysis, while a
proposed His18, inconsistent with the electron density,
was corrected to a threonine by Edman degradation.
The C-terminal sequence after Ala195 was modeled
according to the electron density and homologous
sequences.
The GP-MnSOD monomer comprises the general
fold of Mn/Fe-dependent dismutases, with an N-terminal helical domain and a C-terminal a/b domain (Figs. 1
and 2a). The N-terminal domain (Lys2–Asn92) contains
two long a helices (a1 and a3) connected by the loop L2
(Gly41–Pro65). Residues from Lys2 to Asp13 in loop L1
(Lys2–Asp20) have an extended structure packed
against helices a1 and a3. The ﬁrst long helix a1 (Lys21–
Asn40) is distorted at Lys30 with / and w angles of
)115.7° and )86.5°. This distortion, which has been
described in TtMnSOD (Stallings et al., 1985), moves
the conserved Tyr35 near to the active site. As shown by
site-directed mutagenesis, Tyr35 is crucial for maintaining the enzyme activity and the integrity of the active
site (Hunter et al., 1997). Loop L2 connecting helices a1
and a3 contains a short helix, a2, and bends toward the
C-terminal domain with a conformation similar to that
of TtMnSOD (Ludwig et al., 1991).
The C-terminal domain (Gly93–Ala202) is of the
a þ b type and consists of a triple-stranded antiparallel
b sheet with helices a4, a5, a6, and a7 on one side and
a loop joining strands b2 and b3 on the other. The
b2 strand (ﬁve residues) of GP-MnSOD is relatively shorter than those (seven or eight residues) of
other manganese dismutases, including TtMnSOD,

174

J. Liao et al. / Journal of Structural Biology 139 (2002) 171–180

Fig. 1. Structure-based sequence alignment of known Mn/FeSOD structures. The ﬁrst line shows the secondary structural assignments of the Nterminal domain (blue) and C-terminal domain (green) of GP-MnSOD: a; a helix; b; b strand; TT, turn; g; 310 helices. One a helix in the loop 2
region is not marked due to its short length. The SODs are divided into three groups (marked on the left side) according to their sources and the
conformation of the loop 2 regions. Group 2 (eubacteria) and group 3 (archaebacteria) have similar conformations in the loop 2 regions. GPMnSOD and EcMnSOD are colored red for their highest identity (56%). The ligands of the active-site metal are marked with red triangles. The
residues are colored as red box and white character, strict identity; red character, similarity within a group; blue frame, similarity across groups. The
ﬁgure was produced with the program ESPript 1.9 (Gouet et al., 1999). PDB accession codes: 1d5n, Ec MnSOD; 3mds, TtMnSOD; 1isa, Ec FeSOD;
1qnn, P. gingivalis cambialistic SOD; 1bt8, P. shermanii cambialistic SOD; 1ids, M. tuberculosis FeSOD; 1abm, hmMnSOD; 1sss, S. solfataricusFeSOD; 1b06, S. acidocaldarius FeSOD; 1coj, A. pyrophilus FeSOD.

Escherichia coli MnSOD (EcMnSOD; PDB ID: 1d5n),
and human mitochondrial MnSOD (hmMnSOD; PDB
ID: 1abm) (Borgstahl et al., 1992, 2000; Ludwig et al.,
1991).
The active-site manganese joins the two domains together. Two amino acid residues from each domain,
His27 in a1 and His82 in a3 from the N-terminal domain
and Asp164 in b3 and His168 in loop L7 from the Cterminal domain, ligate the manganese atom (Table 2).
The geometry of the binding can be described as a distorted tetrahedral arrangement with His27 at the apex,
similar to that of Bacillus stearothermophilus MnSOD
(Parker and Blake, 1988). As in other dismutases, the
manganese is buried in a relatively hydrophobic envi cutoﬀ),
ronment: in the proximity of the manganese (7 A
residues His31, Tyr35, Phe85, Trp86, Trp131, Gln149,
and Trp166, as well as Glu167 from the neighboring
monomer in a functional dimer, can be found. The ND1
of manganese ligand His168 makes a hydrogen bond
) to the OE2 of Glu167 from the
(bond length 2.8 A
neighboring monomer in a functional dimer. Although
this structural feature is highly conservative in dismutases, its signiﬁcance is unknown. One suggestion is that
these residues form bridges for communication between
the two active sites (Edwards et al., 1998).
3.2. Quaternary structure
There is only one monomer in an asymmetric unit
of GP-MnSOD. Two monomers related by the crystallographic twofold axis in the xy direction form a

functional homodimer. In contrast, subunits in a
functional dimer of any other manganese dismutase are
related by a noncrystallographic dyad axis (Borgstahl
et al., 1992, 2000; Edwards et al., 1998; Ludwig et al.,
1991; Parker and Blake, 1988). Despite the above-stated
diﬀerence, the assembly of the functional dimers is
similar (Fig. 2b): the rms deviations between the GPMnSOD dimer and those of EcMnSOD, TtMnSOD,
 for 385,
and hmMnSOD are 0.904, 0.945, and 0.805 A
396, and 362 equivalent a-carbon atoms, respectively.
The active-site manganeses of the two GP-MnSOD
monomers are located near the dimer interface with a
. The dimer interactions involve residistance of 18.0 A
dues from helices a1 (22, 26, 30, 31, 35), a3 (74), the loop
(127–129) joining a5 and b1, the loop (148) joining b2
and b3, and the loop (166–168, 171, 172, 175, 176)
joining b3 and a6. Among all 17 of these residues (from
each monomer) containing 53% polar residues, 29%
hydrophobic residues, and 18% charged residues, 15 are
conserved, with 11 identical in all manganese dismutases
(Fig. 1). Such conservation may be crucial in maintaining the specialty and stability
of the dimer interface,
2 of buried surface area in
which has a total of 1713 A
GP-MnSOD. Most of the interactions at the dimer interface are hydrophobic. Residues Asn74 from one
monomer and Phe127 from the neighboring monomer
form an amino/aromatic stacking-type interaction
across the dimer interface with the ND2. . . ring carbon
. All contacts at the
distance of approximately 3.7 A
dimer interface are duplicated by the crystallographic
twofold axis.
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Fig. 2. GP-MnSOD monomer fold, dimer fold, and zinc site arrangement. (a) Overall monomer structure. There is one monomer and an additional
zinc atom in an asymmetric unit of GP-MnSOD. (b) Stereoview of superimposed a-carbon traces of functional dimers of GP-MnSOD (thick and
dark), hmMnSOD, TtMnSOD, and EcMnSOD. Also shown are two large disparities between hmMnSOD (residues 44–65) and GP-MnSOD and
between EcMnSOD (additional loop between positions 155 and 157) and GP-MnSOD. (c) The zinc atom between monomers of neighboring dimers.
His46 from monomer A and Asp180 from monomer C ligate zinc. (d) Stereoview of the Fo  Fc electron density map at the zinc site. The map was
) omitted and was contoured at a 12r level. (a)–(c) Drawn using the programs MOLcalculated with the zinc ion and neighboring atoms (6 3:5 A
SCRIPT (Kraulis, 1991) and RASTER3D (Merritt and Murphy, 1994). (d) Prepared with the program TURBO–FRODO (Jones, 1978).
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Table 2
Geometry of the metal-binding sites in GP-MnSOD
Mn
)
Distance (A
His27 NE2
His82 NE2
Asp164 OD2
His168 NE2
Angles (°)
NE2 (27)–M–NE2 (82)
NE2 (27)–M–OD2 (164)
NE2 (27)–M–NE2 (168)
NE2 (82)–M–OD2 (164)
NE2 (82)–M–NE2 (168)
OD2 (164)–M–NE2 (168)
a

2.0
2.1
2.1
1.9
85.2
91.8
92.6
76.7
146.4
136.9

Zn
H2 O1
H2 O2
His46 ND1
Aspl80 OD2 a
O (1)–M–O (2)
O (1)–M–ND1 (46)
O (1)–M–OD2 (180)a
O (2)–M–ND1 (46)
O (2)–M–OD2 (180)a
ND1 (46)–M–OD2 (180)a

2.3
2.3
2.5
2.1
79.3
129.9
130.9
108.8
100.9
97.0

Asp180 is from another monomer generated by the symmetry operator of 1=2  x; 1=2 þ y; 3=4  z.

3.3. The zinc atom between monomers of neighboring
dimers
The diﬀerence Fourier maps showed a high positive
peak near ND1 of His46, with a height about the same
as that of the manganese atom during the model rebuilding stage. Due to the presence of zinc acetate in the
crystallization recipe and the zinc characteristic absorption in atomic absorption spectroscopy analysis, the
peak was modeled as a zinc atom. After the addition of
the zinc atom, subsequent reﬁnements converged
smoothly. The coordination of the zinc atom is tetrahedral and has four ligands (Fig. 2c and d; Table 2). The
ligands are two water molecules, ND1 of His46 from
one monomer and OD1 of Asp180 from another
monomer of a neighboring dimer which is symmetrically
related to the former monomer by the axis along the y
direction. This is the ﬁrst report in Fe/Mn-dependent
dismutases that a zinc atom lies at the interface between
two monomers. Its signiﬁcance for GP-MnSOD remains
unknown, except that the zinc atom can stabilize the
crystal packing.
3.4. Substrate channel
As in TtMnSOD (Ludwig et al., 1991), two symmetric substrate channels, via which the superoxide
radicals and substrate molecules reach the active sites,
lie at the dimer interface in GP-MnSOD. Each channel
 in depth and approximately 11 A
 in
is approximately 7 A
diameter and includes three layers of residues from the
surface to the active site: the channel entrance is composed of Lys30, Thr34, Thr37, and Lys38, as well as
Arg126, Phe127, and Lys177 from the neighboring
monomer; as the substrate molecule approaches the
active site, it meets with residues Ser129 and Ser129 and
Arg178 from the neighboring monomer; ﬁnally, the
substrate will encounter His31, Tyr35, Trp131, Gln149,
and Trp166, as well as Glu167 from the neighboring

monomer. The dismutation of superoxide radicals by
SOD is a reaction that is rate limited by diﬀusion and
enhanced by electrostatic guidance: the arrangement of
electrostatic charges in SOD promotes productive enzyme–substrate interaction through substrate guidance
and charge complementarity (Getzoﬀ et al., 1992; Ludwig et al., 1991; Sines et al., 1990). So, the arrangement
of basic residues at or around the substrate channel of
GP-MnSOD may signiﬁcantly inﬂuence the catalytic
reaction rate. The conservation of the basic residues
lining the substrate channel decreases with the increment
of distances between their basic groups and the manganese atom (Table 3, Fig. 1). The conservation of basic
residues as well as their distances to the metal center
probably reﬂect their diﬀerent roles in electrostatic
guidance: the closest and most conservative Arg178 may
play a leading role; farther and less conservative Lys30
may have a weaker eﬀect; the farthest and most variable
Arg126 and Lys177 may have the weakest inﬂuence.
3.5. Structural characteristics related to the high catalytic
activity
The catalytic activity of GP-MnSOD, expressed as
the amount of enzyme inhibiting by 50% the reduction
of cytochrome c, is 5150 units mg1 , which is higher
than those of reported manganese dismutases (Denariaz
et al., 1990; Gorecki et al., 1991; Ludwig et al., 1991).
The high activity of GP-MnSOD is probably related to
its two distinctive characteristics: an additional basic
residue—Lys38 at its channel entrance and an excess of
acidic over basic residues on the protein surface (Fig.
3a–d, Tables 3 and 4).
Lys38 may increase the enzyme–substrate association
rate by enhancing the electrostatic gradient (Borders
et al., 1989; Getzoﬀ et al., 1992; Sines et al., 1990). Lys38
may also facilitate the enzyme–substrate recognition
process in other aspects: First, in previously reported
MnSOD structures (Borgstahl et al., 1992, 2000; Ludwig
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Table 3
Basic residues along the substrate channel in manganese superoxide dismutases from GPC, Ec (Borgstahl et al., 2000), Tt (Ludwig et al., 1991), and
hm (Borgstahl et al., 1992)

GPC
Ec
Tt
hm

Lys30

Lys38

Arg126a

Lys177a

Arg178a

13.8
14.7
15.0
14.7

15.7
Asn38b
Asn38b
Asn38b

17.7
17.5
17.7
Val126b

17.2
16.2c
16.9c
16.7d

12.7
12.9
13.1
12.7

) between the basic groups and the manganese atom. All basic residues within 18 A
 were included. They were
The values are average distances (A
numbered according to the sequence of GP-MnSOD in Fig. 1.
a
Residues of the neighboring monomer in a functional dimer.
b
For uncharged residues, values are not presented.
c
The value for Arg177.
d
The value for Arg175.

Fig. 3. Comparative views of GP-MnSOD (a) with hmMnSOD (b), TtMnSOD (c), and EcMnSOD (d) on their functional dimersÕ surfaces and
substrate channels. All molecules are viewed along one of the substrate channels in the same direction. SC, the substrate channel. Violet sphere, the
manganese atom. The surfaces are colored according to the electrostatic potential with the program GRASP (Nicholls et al., 1991) (salt concentration, 0 M; red, negative; blue, positive; scale ()10 to þ10 kT e1 )).

et al., 1991), basic residues at the channel entrance, including Lys30, Lys/Arg177, and Arg126, are arranged in
an incomplete circle, in contrast to a full circle in
GP-MnSOD, due to the additional Lys38 (Figs. 3a–d).
Because of its possible long-range guidance eﬀect
(Gabbianelli et al., 1997; Sines et al., 1990), Lys38 may
direct additional superoxide radicals to the channel entrance of GP-MnSOD. Second, the distance between the

,
basic groups of Lys38 and Arg178 is about 11.0 A
)
longer than that between Arg178 and Arg126 ( 9.4 A
but shorter than that between Arg178 and Lys30
) or between Arg178 and Lys177 ( 12.9 A
).
( 16.7 A
Since Arg178 plays a crucial role in electrostatic guidance (Gabbianelli et al., 1997), the relative short distance
between Lys38 and Arg178 may facilitate superoxide
anions in the proximity of Lys38 toward the active site.

178
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Table 4
Net charge densities of manganese superoxide dismutases from GPC, Ec, Tt, and hm

Oligomerization state
Net charges on the surface
2 )
Accessible surface area (A
2
3 
Net charge density  10 ðA Þ

GPC

Ec

Tt

hm

Dimer
)14
17 583
)0.80

Dimer
)2
17 169
)0.12

Tetramer
)8
32 038
)0.25

Tetramer
0
31 187
0.00

Residue 38 varies from long-tail Lys and Asn to lowpolar Gly among eubacterial Mn/FeSODs and hmMnSOD (Fig. 1). However, with the exception of the above
variances, structural superposition shows little diﬀerence
in the active site and the substrate channel in the
dismutases. This means that local changes at residue 38
have little eﬀect on the structural integrity of the active
site and substrate channel, and Lys38 may purely play
an electrostatic attractive role in GP-MnSOD, somewhat similar to that of human Cu,Zn-SOD (Getzoﬀ
et al., 1992). In that case, the catalytic activity was effectively increased with the increment of positive charges
at the active site when its structural integrity was
maintained.
The second structural element possibly contributing
to the high catalytic activity of GP-MnSOD originates
from an excess of acidic over basic residues on its surface, in contrast to the approximately equal number of
acidic and basic residues in other MnSODs. GPMnSOD, with 50 carboxylates covering the entire surface except the vicinity of the substrate channel, has the
highest negative charge density among manganese
dismutase structures (Table 4). Whereas other dismutases display both positive and negative isopotential
surfaces, the GP-MnSOD is covered by an unusually
large negative isopotential surface (Figs. 3a–d). This
may enhance the reaction rate by reducing futile collisions of superoxide radicals with the surface (Benovic
et al., 1983; Borders et al., 1989; Sines et al., 1990).
The rate-accelerating factors mentioned above are
neither exhaustive nor mutually exclusive. It is entirely
possible that all of the above factors, or some combination thereof, cause GP-MnSOD to exhibit high
catalytic activity. Fully discerning the reasons behind
GP-MnSODÕs high activity should oﬀer greater insight
into the catalytic mechanism of dismutases.
3.6. Weak salt tolerance
Although halophilic archaebacteria and eubacteria
have generally evolved two diﬀerent osmotic strategies
for adapting to extracellular hypersaline environments
(Eisenberg et al., 1992; Ventosa et al., 1998), the salt
concentration change in halophilic eubacteria has been
observed to obey the general rule that the intracellular
Kþ concentration is usually higher than that in the
medium and the apparent intracellular Naþ and Kþ

concentrations increase nonlinearly with increasing external NaCl concentration. In addition, it has been observed that the apparent intracellular salt concentrations
can reach very high levels in some halophilic eubacteria
(Kamekura and Onishi, 1982; Weisser and Tr€
uper,
1985). Since Bh can survive and multiply in media
ranging in salinity from 0.35 to 4.25 M NaCl, and its salt
requirement can be provided by 1 M KNO3 or KCl instead of NaCl (Denariaz et al., 1989), the cytoplasm of
Bh has a high concentration of salts, including at least
1 M KCl.
For halophilic proteins, an excess of acidic over basic
residues distributed on their surface has been generally
interpreted as a structural feature related to their salt
tolerance (Elcock and McCammon, 1998; Madern et al.,
1995, 2000). Compared with its homologues, GPMnSOD shows a signiﬁcant excess of acidic over basic
residues on its surface (Table 4). So, GP-MnSOD may
possess a certain degree of salt tolerance. However, the
density of acidic residues on the surface of GP-MnSOD
is lower than that in a typical halophilic protein. The
diﬀerence in acidic residue content between GP-MnSOD
and its nonhalophilic counterparts is also not statistically signiﬁcant according to the criteria for halophilic
proteins (Madern et al., 2000; B€
ohm and Jaenicke,
1994). Therefore, the salt-tolerance of GP-MnSOD is
relatively weak.
3.7. Relationship with GPC
The function of GPC is not well understood. Since
GPC can reversibly bind NO under anaerobic conditions through its mesoheme moieties, it has been proposed that GPC may function as a NO chelator to
prevent the buildup of toxic free NO in denitrifying cells
of Bh (Denariaz et al., 1994). The signiﬁcance of the
dissociation of GPC under aerobic conditions remains a
puzzle. Since this dissociation results in the release of
active BhNDK and GP-SOD, it can represent an important protective mechanism against prompt twofold
toxicity: the released GP-MnSOD can protect BhNDK
and other components against the damage of both superoxide radicals and peroxynitrites (Le Gall et al.,
2000). Since the catalytic activity of SODs decreases
with the impairment of electrostatic guidance when ionic
strength increases (Benovic et al., 1983; Borders et al.,
1989; Getzoﬀ et al., 1992; Sines et al., 1990), the
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additional Lys38 at the entrance to the substrate channel
and the excess of acidic over basic residues on the surface may be crucial for GP-MnSOD to maintain enough
activity in a saline cytoplasm of Bh.
The fact that GP-MnSOD and BhNDK preexist as
monomeric inactive forms in GPC under anaerobic
conditions while they exhibit their activities after the
exposure of GPC to air (Le Gall et al., 2000) probably
represents a new regulation mechanism, which possibly
also exists in aerobically exposed Streptococcus faecalis,
in which a surge of SOD activities appears before any
growth of the bacterium is detected (Gregory and
Fridovich, 1973). The signiﬁcance of the above mechanism is not well understood, though the de novo enzymatic synthesis is not required for GP-MnSOD and
BhNDK when Bh is exposed to air.
Since its molecular weight is far larger than that of
any other dissociated polypeptide (M.-Y. Liu et al.,
unpublished data), GP-MnSOD may play a leading role
in the assembly of GPC. There are no obvious diﬀerences between GP-MnSOD and other manganese
dismutases, either in their monomer fold or in their dimer interaction, so it is hard to know how a monomer of
GP-MnSOD participates in the assembly of GPC. GPMnSOD monomer has two kinds of surfaces: the surface involved in dimerization and the surface away from
the dimer interface. Since the former surface comprises a
large amount of conservative uncharged residues and is
near to the active site, it probably takes part in the assembly of the active site in GPC. Also, in this way, it
may facilitate the manganese atom to exploit its function. The surface away from the dimer interface is covered with a large amount of negative charges. Therefore,
it may be partially exposed so as to protect other parts
in GPC against the detrimental inﬂuence of the saline
cytoplasm.
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