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Abstract Clostridium difficile is a human pathogen that
causes severe antibiotic-associated Clostridium difficile
infection (CDI). Herein the MnSOD 4 from C. difficile was
cloned, expressed in Escherichia Coli,and characterized
by X-ray crystallography, UV/Vis and EPR spectroscopy,
and activity assay, et al. The crystal structure of MnSOD 4
(2.32 A) reveals a manganese coordination geometry of
distorted trigonal bipyramidal, with Hisl111, His197 and
Asp193 providing the equatorial ligands and with His56 and
a hydroxide or water forming the axial ligands. The cata-
lytic activity of MnSOD,,; (8,600 U/mg) can be effectively
inhibited by 2-methoxyestradiol with an ICs, of 75 pM.
The affinity investigation between 2-methoxyestradiol and
MnSOD_, by ITC indicated a binding constant of 8.6 pM
with enthalpy changes (AH = —4.08 + 0.03 kcal/mol,
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AS = 9.53 £ 0.02 cal/mol/deg). An inhibitory mechanism
of MnSOD_,; by 2-methoxyestradiol was probed and pro-
posed based on molecular docking models and gel filtration
analysis. The 2-methoxyestradiol may bind MnSOD_, to
interfere with the cross-linking between the two active sites
of the dimer enzyme, compromising the SOD activity. These
results provide valuable insight into the rational design of
MnSOD, inhibitors for potential therapeutics for CDI.
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Introduction

Clostridium difficile, which inhabits human digestive tract,
is an anerobic gram-positive spore-forming human patho-
gen (Kuehne et al. 2010). It can produce toxins A and B,
and causes an acute illness called Clostridium difficile
infection (CDI) in humans, with symptoms ranging from
severe diarrhea, antibiotic-associated colitis, pseudomem-
branous colitis, toxic megacolon, intestinal perforations,
and ultimately to death (Rupnik et al. 2009). The incidence
and severity of CDI have been increasing since 2002, which
caused hospital outbreaks with high morbidity and mortal-
ity in North America and Europe (Williams and Spencer
2009). The current main treatments for CDI are oral anti-
biotics vancomycin and metronidazole (Scheinfeld and
Biggers 2008). However, those antibiotics have been impli-
cated as actual risk factors for CDI and have a considerable
CDI recurrence rate up to 35 % (Koo et al. 2010). The man-
agement of these multiple recurrences has become one of
the toughest challenges for CDI treatments. Therefore, new
therapies of CDI, with new drug-target enzymes and antibi-
otics are desperately needed (Sebaihia et al. 2006).
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The virulent surface proteins, toxin A and toxin B, pro-
duced by C. difficile are demonstrated to induce mitochon-
drial swelling and release of reactive oxygen species (ROS)
in cells (He et al. 2000). ROS are also produced from the
severe inflammatory cascade elicited by the internaliza-
tion of toxin A into infected cells (He et al. 2002). The
substantial amounts of ROS would deeply attack the host
cells and facilitate the infection of C. difficile (Fisher and
Naughton 2005). However, ROS, as a double-edged sword,
can also place C. difficile itself at the oxidative stress state.
The microbial superoxide dismutase (SOD), which cata-
lyzes the dismutation of O,*~ to generate H,O, and O,, is
an important member in the first line of defensive protec-
tion microbe from oxidative damage (Fridovich 2011). Lots
of examples demonstrated that activity of SODs for patho-
genic bacteria may relate to their virulence (Mallery et al.
2004; Ambrose and Gatti 2013). Based on the metal cofac-
tors, SODs were classed into three groups, which include
Cu/Zn-SOD (Zhang and Zhu 2006); MnSOD and the high
homologous FeSOD (Chambergo et al. 2012) and NiSOD
(Herbst et al. 2009). Clostridium difficile genome contains
sodA, which is a putative MnSOD.

Herein, for the first time, the MnSOD 4 from C. difficile
was cloned, expressed in Escherichia coli,and character-
ized by X-ray crystallography, UV/Vis and EPR spectros-
copy, and SOD activity assay, et al. 2-methoxyestradiol,
a physiologic metabolite of the endogenous estrogen 17
B-estradiol, has been identified to possess SOD activity
inhibitory ability (Huang et al. 2000). Moreover, 2-meth-
oxyestradiol has been recently approved in clinical phase
two by FDA, allowing its use for the treatment of ovarian
cancer (Florczak et al. 2009). In this study, the inhibition of
MnSOD_, by 2-methoxyestradiol was investigated, and the
binding affinity of 2-methoxyestradiol with MnSOD,_, was
measured by isothermal titration calorimetry (ITC). The
inhibitory model of MnSOD,; by 2-methoxyestradiol based
on molecular docking simulation and gel fitration analysis
was proposed and discussed.

Materials and methods
Cloning, expression and purification of MnSOD 4

The MnSOD,,; gene was amplified from C. difficile genomic
DNA using a pair of primers:5-TAGGATCCCCTGAAAA
TAACAAATTTAAGG-3/(F); 5-CCCTCGAGTTAATCTT
GAGATTTTAAATTTTTG-3'(R). The PCR products
digested by BamH 1 and Xho 1 (New England Biolabs)
were ligated into the linearized MBPHT-mCherry2 vector
with an N-terminal maltose-binding protein followed by
an 8 x histidine tag and TEV protease cleavage site. The
resulting ligation mixture was transformed into XL10-Gold
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competent cells (Novagen) by heat shock. The recombina-
tion plasmid was verified by DNA sequencing (Invitrogen)
and transformed into Rosseta (DE3) pLysS competent cells
(Novagen), which grew in modified LB media contain-
ing 50 pg/mL ampicillin and 34 pg/mL chloramphenicol
with vigorous shaking at 37 °C until an ODg, of 0.6 was
attained. The expression was induced with the addition of
0.3 mM isopropyl-1-thio-p-galactopyranoside (IPTG) and
further incubated at 37 °C for 8 h. Cells were collected by
centrifugation at 4,500x g for 10 min at 4 °C in a Sorvall
(model RC-6C Plus) swinging bucket centrifuge. Cell pel-
lets were resuspended in 20 mM potassium phosphate, pH
7.4, 25 mM imidazole, 500 mM NaCl, 1 mM PMSEFE. Then
the cells were sonicated and centrifuged at 12,000xg for
30 min to clarify the lysate. The lysate was purified by a
preformed Ni-NTA His-Trap gravity column (Qiagen,
Chatsworth, CA). SOD,, fractions were then tested for ini-
tial purity by SDS-PAGE and subjected to TEV protease
for incision. After cleavage of the N-terminal maltose-
binding protein (MBP) tag, the protein solution was sub-
jected to Ni-NTA column again to remove the MBP tag.
Pure (>85 %) fractions were combined, and subjected to
the AKTA purifier FPLC system (Amersham Biosciences)
and passed over a HiLoad™ 16/60 Superdex™ 200 gel
filtration column (GE health). Fractions were analyzed by
SDS-PAGE (which indicated >95 % purity), combined, and
concentrated for long-term storage at —80 °C. Protein con-
centrations of SOD samples were determined by the Brad-
ford Method (Kruger 1994).

To obtain the pure and sole manganese occupied SOD,,
M9 minimal medium was applied, which contains 2 mM
MgSO,, 0.1 mM CaCl,, 0.00005 % thiamine and 0.4 %
glucose as carbon source. The transformed strain was first
amplified in 3 mL LB medium, then inoculated into 50 mL
minimal medium, and last, transferred into 1 L minimal
medium for over expression. 2 mM MnCl, was added
into the M9 medium when the OD reaches to 0.5, and the
expression was induced with 0.5 mM IPTG.

Characterization of MnSOD 4

ICP-AES (Inductively Coupled Plasma-Atomic Emission
Spectroscopy) was used to determine the metal content
of MnSOD_; on Zeeman atomic absorption spectrometer
(Z-5000, Hitachi, Japan). Metal standard solutions were
purchased from Merck Labs.

Electronic absorption spectra of MnSOD_ were
recorded on a HP8453 UV-visible spectrophotometer
(Agilent). X-band EPR spectra were recorded at 4 K on
a Bruker EMX 300 equipped with an Oxford 900 cyto-
stat and liquid helium as the coolant. The spectra were
recorded under the following conditions: microwave fre-
quency, 9.44 GHz; microwave power, 2.0 mW; modulation
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frequency, 100 kHz; modulation amplitude, 4.00 G; and
time constant, 163.84 ms. The SOD sample (0.5 mM) was
prepared in 50 mM potassium phosphate (pH 7.8) contain-
ing 10 % glycerol. MnSOD_4 was reduced by sub-stoichio-
metric H,O, and quickly frozen in liquid N,.

SOD activity assay

SOD activity was measured according to McCord and Fri-
dovich’s method (Crapo et al. 1978) using a 3 mL assay
reaction cocktail containing 50 mM potassium phosphate,
0.1 mM ethylenediaminetetraacetic acid, 0.01 mM cyt c,
0.05 mM xanthine, and XO (sigma) used as the uninhibited
control. The SOD activity inhibition of MnSOD_4 by 2-ME
was performed with 3 mL reaction solution containing the
proper concentrations of MnSOD 4, 2-ME, and XO (proper
quantity). After quickly mixed at 25 °C, the absorbance at
550 nm was traced. The relative activity of MnSOD_, was
calculated. Neither 2-ME nor DMSO (the solvent of 2-ME)
affects the colorimetric reaction of cyt ¢ in the absence of
MnSOD,,.

Crystallography of MnSOD 4

The MnSOD_; enzyme (~15 mg/mL) was crystallized by
hanging-drop vapor diffusion method at 16 °C under the
following conditions: 0.2 M sodium citrate tribasic dehy-
drate and 20 % PEG 3350. The flash-cooled MnSOD,4
crystal was mounted under a liquid N, stream, and diffrac-
tion data were collected from the single crystal on beam-
line BLXU17 at Shanghai Synchrotron Facility (SSRF) of
China using a ADSC QUANTUM 315 detector with wave-
length of 0.9792 A at 100 K. The intensity data was pro-
cessed using the program HKI.2000 (Adams et al. 2010).
For molecular replacement, the well-refined crystal struc-
ture of 1.6 A structure of B. subtilis Superoxide Dismutase
(PDB code 2RCV) (Liu et al. 2007) was used as the search
model. Model building was done with the program Auto
Build integrated into PHENIX (Terwilliger et al. 2008).
For energy-restrained structure refinement, the maximum
likelihood algorithms of CNS 36 were used (Paninski
et al. 2004). The detailed statistics are showed in Table 1.
Structural pictures were prepared using PyYMOL (Pasi et al.
2012). Protein Data Bank accession number of MnSOD 4
is 4JZG.

Isothermal titration calorimetry for the binding affinity
between 2-ME and MnSOD 4

To determine the stoichiometry of 2-ME binding with
MnSOD,_, the calorimetric titrations were performed with
the MicroCal ITC,, instrument (Northampton, MA). The
sample cell was held at 25 °C. The experimental buffer was

Table 1 Summary of data collection and refinement statistics of

MnSOD_
MnSOD,
Wavelength 0.9795
Space group P6522
Unit-cell dimensions (A, °) a = 80.592, b = 80.592,
¢ =249.509
a=8=90,y=120
Resolution (A) 232
No. of observations 363,844
No. of unique reflections 21,721 (1,055)*
Completeness (%) 99.9 (100.0)
<I>lo (I) 37.5(11.7)
Redundancy 16.7 (18.0)
R 0.084 (0.370)
Riryst (%)/R... (%) 16.3/18.8
RMSD bonds (A)/angles (°) 0.007/0.967
Ramachandran plot, residues in
Most favored regions (%) 91.2

Additional allowed regions (%) 7.1
Generously allowed regions (%) 1.6
Disallowed regions (%) 0.0

% Numbers in parentheses represent values in the highest resolution
shell (A)

b Ry = ZlI; — <[> /Z[;, where [; is the observed integrated inten-
sity, < I> is the average integrated intensity obtained from multiple

measurements, and the summation is over all observed reflections
¢ R = SlF, | — IF ,/ZIF/|, F.. and F,

cryst obs calc obs's * obs calc
calculated structure factor amplitudes, respectively

are observed and

9" Ry calculated with randomly selected reflections (5 %)

20 mM Tris—HCI (pH 7.4) containing 200 mM NaCl. The
0.1 mM MnSOD_, was fixed in the sample cell and 1 mM
2-ME was dissolved in 10 % DMSO in the injector. All
solutions were degassed for 5-10 min prior to usage. After
an initial addition of 0.4 wL of 2-ME solution, all subse-
quent additions were 2 wL with 120 s intervals between
additions. Background data were collected by titrating
2-ME solutions into buffer blank and were subtracted from
data obtained with the presence of MnSOD,. Titration data
were fitted using Origin 7.0 software (OriginLab, North-
ampton, MA) integrated into the ITC software choosing the
one single site binding mode.

Results
Preparation and characterization of MnSOD 4
The SOD 4 was expressed and purified as a MBP fusion

protein, and the MBP tag was removed by TEV protease
cleavage (Zhu et al. 2011; WE Blumberg 1967). The gel
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Fig. 2 Crystal structures of MnSOD_. a The overall structure of MnSOD 4. b The 2Fo-Fc electron density map focused on the Mn-coordination

sphere. ¢ The hydrogen bond network around the metal center

filtration analysis indicated that the recombinant MnSOD 4
exists as a dimer, similar to other bacterial SODs (Jack-
son and Cooper 1998) (Fig. S1). The authenticity of the
purified SOD_; was further confirmed by the peptide fin-
ger spectrum (MS/MS spectrum) (Fig. S2). The pure/sole
MnSOD_, was expressed in M9 minimal medium enriched
with Mn2" ions, and was purified in a strict metal-free
buffer. Metal content analysis of MnSOD_, indicated an
occupancy of 51 % for Mn?*. It should be noted that the
amounts of Mn were sub-stoichiometric in all reported
cases, although the reason for this is not clear (Yamakura
et al. 1995).

The spectroscopic characterization was further per-
formed to confirm the manganese existence of the
MnSOD_y. The UV/Vis spectra (Fig. 1, panel A) showed
that MnSOD_4 has a maximum peak at 478 nm with a
shoulder at 628 nm, which are similar to that of MnSOD
(Cabelli et al. 1999) from E. coli. The EPR spectra
of MnSOD_; (Fig. 1, panel B) showed six transitions
at ~ 1,000 G (g = 6.0), which is due to the hyperfine struc-
ture that arose from the magnetic interaction of the electron
spin (S = 5/2) on Mn(Il) and the nuclear spin (I = 5/2) of
3Mn (Maliekal et al. 2002).
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Crystal structure of MnSOD 4

2.32 A Crystal structure of MnSOD,, was solved and
details of the refinement statistics are presented in Table 1.
The overall structure of MnSOD_; is composed of the
a + P pattern and the metal coordination geometry of
MnSOD_, is trigonal bipyramidal, with His111, His197
and Aspl93 providing the equatorial ligands, and with
His56 and the hydroxide or water forming the axial ligands
(Fig. 2). The area around the active site is fairly hydropho-
bic with two encompassing tryptophan residues (159 and
195) being 5.43 and 5.24 A from the metal, respectively.
Trp159 forms a hydrogen bond with GIn178, which in turn
forms a hydrogen bond with the phenolic oxygen of Tyr64.
Tyr64 forms hydrogen bonds via a water molecule with
His60, which is the gatekeeper residue responsible for con-
trolling the substrate entering (Lah et al. 1995). Of particu-
lar interest comes from the dimer interface. As indicated in
Fig. 3, there are three conserved communications involv-
ing three hydrogen bonds between Glul96 and His197,
His60 and Tyr200, and another formed by Ser157 from the
respective subunit. The structure indicates a close interac-
tion of Glul96 and His197 between the two active sites,
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Fig. 3 The dimer of MnSOD_4
focused on the interface. The
upper and below pictures shows
that the overall dimer pack-

ing and the local cross-links

of MnSOD,. a and b Refer to
each of MnSOD_4 monomer

A subunit

' “:.;S B subunit

{
N2 A

\
\\Sel‘l§7 A

Glu196 A
His60 B

despite the fact that the enzyme is not known to exhibit
cooperativity (Stallings et al. 1984).

MnSOD_4, which is highly homologous to other
MnSOD species (Jackson and Cooper 1998), exhibits
similar peptide folding to other SOD species except that
al connects to a3 directly in MnSOD from H. sapiens,
while the al connects t a3 hrough a2 in MnSOD_, (Fig.
S3). The average coordination bond distances of MnSOD 4
are relatively longer than those in other MnSODs, espe-
cially for the distance of Mn-coordination solvent (2.35 A)
(Table 2). The second difference lies at the hydrogen bond
between GInl78 and the coordination solvent, which is
2.93 A in MnSOD,,, compared with 3.03 A in MnSOD
from P. gingivalis, 2.77 A in MnSOD from H. sapiens,
respectively. This hydrogen bond plays an important role
in tuning the redox potential of SOD and could partially
be a discriminating factor for determining the type of Mn/
Fe SOD.

Activity of MnSOD,, and its inhibition by 2-ME

The MnSOD_, activity, which was assayed using the XO/
cyt ¢ method (Crapo et al. 1978), exhibited 8,600 + 50 U/
mg. Notably, the activity of MnSOD_, from C. difficile is
relatively higher than that of MnSOD (2,680 U/mg) from
H. sapiens, MnSOD (3,300 U/mg) from D. radiodurans

(Abreu et al. 2008), and MnSOD (6,000 U/mg) from E.
Coli (Touati 1989).

The inhibitory investigation of MnSOD. by 2-ME
was performed based on the XO/cyt ¢ method. As shown
in Fig. 4, panel A, 1 puM of 2-ME exhibited a saturation
inhibition effect on MnSOD_; (~1 wM), indicating pre-
liminarily one molecular 2-ME binding to one monomer
MnSOD_y. Panel B showed that 2-ME exhibited a dose
manner inhibition. Panel C showed the approximate value
of ICy, for 2-ME is 75 wM. Panel D exhibited the blank
control for this activity assay. The 2-ME alone and its sol-
vent DMSO have no perturbation on the MnSOD  activity
assay.

The accurate binding stoichiometry between 2-ME and
MnSOD_4 was measured by ITC. As shown in Fig. 5 (upper
panel A), upon titration of 2-ME, the system displayed sub-
stantial enthalpy changes (AH = —4.08 £ 0.03 kcal/mol,
AS = 9.53 + 0.02 cal/mol/deg). By fitting the profile of
calorie compensation as a function of the molar ratio by the
one site binding equation, the binding constant was calcu-
lated to be ~8.6 WM with the binding stoichiometry of ~1:1
(bottom panel A).

To probe the inhibitory mechanism of MnSOD_ by
2-ME, a computational molecular docking based on the
crystal structure was performed. As indicated in Fig. S4,
two favorable interaction patterns were suggested. One
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Table 2 Bond distances and angles compared among the MnSOD from C. difficile, H. sapiens, E.coli and P. gingivalis, respectively

MnSOD from
C. difficile 4J2G

Cambialistic SOD
from P. gingivalis 1QNN

Mn-specific SOD
from H. sapiens 1ILUV

Fe-specific SOD
from E.coli 11SB

Coordination bonds (10\)

2
M- N2 2.20 2.14 2.20 2.15
2
M- N2, 2.08 2.13 228 2.06
2
M — 0% 103 1.97 1.88 2.04 1.89
M = N2, o, 2.20 2.12 2.07 2.08
M-0 001450y 2.35 2.11 2.17 1.92
Coordination bond angles (°)
2 2
Niiic97 — M — Nijise 93.13 93.22 88.56 90.66
2 2
Nifiss = M — Oxgp103 84.88 94.12 82.08 85.66
O%ep103 — M — Ocoordsoly 79.62 86.57 90.55 91.60
Ocoordsolv — M — N¢Z_ 95.70 89.85 93.77 89.17
2 2
N — M =N o, 132.42 134.39 133.92 128.40
Hydrogen bonds (A)
Ocoordsoly — o‘f(\lspw3 2.85 3.05 291 3.03
NEL 26 — Ocoordsoly 2.93 3.03 277 3.48
b
Néhnizs — Ofves 2.86 3.10 2.98 3.10
Fig. 4 MnSOD,, activity inhib- A 80 4 B .13
ited by 2-ME. a The inhibitory i I ] £ = OpM2-ME
effect of 2-ME on MnSOD,, 60 - I I E 10pM2-ME
activity under different con- R o 0.16 + 100uM2-ME
centrations. b The inhibtion for s 40 - &
MnSOD, activity dependent = ® 0414
) o g ™
on 2-ME concentration. ¢ The ‘= 20 4 s
approximate ICy, of 2-ME to £ 2
inhibit MnSOD,, activity. Panel 04 g 0129 | I
D, the blank control < * *
50 100 150 200 250 0.})0 0.;)5 0.'10 0.'1 5
MnSOD_y4 (pg/ml) [MnSOD](pg/ml)
C D
QU
8 100 4 ¢ :
s 021] ¥ 1 !
= 80 -
S £
g‘ 60 é 0.18
> o
£ 2 o015 P !
& 401 < i - 30min
'g 20 | 0.12 « 60min
® ——————————
& 0 50 100 150 200 250 300

0 20 40 60 80 100

2-ME (u M)

binding model (panel A) showed that 2-ME adopted a chair
conformation, which is held by a set of residues from a3
helix and the three typical § sheets as well as their linking
loops, including Ser183, Lys184, Asp179, Thr174, Thr175
and Metl73. Among which, Serl183, Lys184 and Thr174
are highly conserved in SODs (Jackson and Cooper 1998),
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2-ME(uM)

indicating the important roles of these residues although
they are not located in the first and second coordination
spheres. The other binding model (panel B) showed that
2-ME, impressively inserted into the dimer interface of
MnSOD_4, endowed static electronic (salt bridge) inter-
actions with Tyr200 and Glul196, which takes part in the
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Fig. 5 The ITC and gel A B .
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crosslink of the two subunit’s metal centers. In addition,
the hydroxyl group of 2-ME formed hydrogen bonds with
the metal coordinating residues His197 and Lys59, Ser157
and the carbonyl group of Gly156. Although these two
models showed similar conformation scores (Table S1) and
exhibited proper interactions with the SOD peptide, we
incline to the second one based on the gel filtration analysis
(Fig. 5, panel C), which indicated that 2-ME could disturb
the dimer of MnSOD_, and disassemble it to its monomer
species.

Discussion
Preparation and characteristic of MnSOD_4

The metal center of SOD_4 can be occupied by Mn or Fe
ions when expressed in TB media depending on the metal
ions availability in the culture medium. The pure/sole
MnSOD_4 can be obtained using M9 minimal medium,
enriched with Mn** ions. The SOD activity of pure
MnSOD,_4 (8,600 U/mg) is much higher than that of an iso-
lated impure Mn/FeSOD_4 (3,020 U/mg) expressed in LB
media. These results indicated that Mn ion is the native
metal of the SOD_y. In spite of high homolog of MnSOD
and FeSOD, they could be exquisitely discriminated
according to the primary sequence differences (Parker
and Blake 1988). Although a few exceptions have been
reported, these differences could be the primary candidates
to account for the metal specificity of the Fe- and Mn-SOD

family. An analysis of the primary residue sequence reveals
that SOD_, is a type of MnSOD. The sequence alignment
of SOD4 to other SODs was shown in Fig. S5. Lys54 of
SOD,, from the first o helix (KLHHDKHY) is the basic
residue while other FeSODs and MnSODs normally have
an acidic Glu residue or similar residues at this posi-
tion (Jackson and Cooper 1998). The sequence of o3
helix (RNNAGGAYNHKFFF) is more representative of
MnSODs. Hisl11 is the second metal ligand and highly
conservative across all the Fe/Mn SODs. Phel14 is con-
served in MnSODs but changes to Tyr in FeSODs and that
from P. gingivalis (Fig. S3) (Hiraoka et al. 2000). The only
exception exists GWAWLVAT, where GW is typical of
MnSODs but the Leul62 is conserved in FeSODs (Lancas-
ter et al. 2004). The most discriminating residue is GIn178,
which comes from the C-terminal of MnSODs but the
N-terminal of FeSODs (Jackson and Cooper 1998). Gly191
is mostly found in MnSODs and cambialistic SODs, but it
has changed to Thr in FeSODs (Fig. S3) (Yamakura et al.
2003). Briefly, the SOD_, is representative of MnSODs, but
meanwhile has mild characteristics of cambialistic SOD.

The inhibitor of MnSOD 4

Although the overall structure of MnSOD, is highly con-
served among the Mn/Fe SOD family (Stallings et al.
1984), its subtly unique characteristics may allow the
design of inhibitors to block the activity of MnSOD_, spe-
cifically without affecting other MnSODs. Human MnSOD
is a homotetramer, while the prokaryotic MnSODs exhibits
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a homodimer (Jackson and Cooper 1998). The human
MnSOD polymorphic variant, Ile58Thr, reduces activity
by destabilizing the tetrameric interface (Quint et al. 2006).
Though comparing the crystal structures, we found the dif-
ferent linkage manners of al and a3 between MnSOD_,
and H. sapiens MnSOD, which are important for tetrameric
folding of H. sapiens MnSOD (Borgstahl et al. 1996). The
dimer interface of MnSOD_, (Fig. 3) locates three com-
munication pairs, i.e., His60A-Tyr200B, His60B-Tyr200A,
Glul96A-His197B, Glul96B-His197A, and Serl57A-
Ser157B, which were proposed to contribute to charge
compensation for the buried metal ion and are important
for SOD activity (Ludwig et al. 1991). It is reported that
disturbing of the crosslink of Glu196-His197 at the dimer
interface destabilized the dimer structure and changes the
metal affinity (Whittaker and Whittaker 1998). Thus, the
dimer interface should be an effective target region for
developing potential inhibitors for MnSOD .

2-ME can bind to MnSOD_, with a binding constant
of ~ 8.6 uM and has a substantial inhibition effect with
ICsy of ~ 75 WM. Based on the molecular docking simu-
lation and the gel filtration results for the 2-ME-MnSOD
complex, we suggest that 2-ME binds into the dimer inter-
face and disturbs the communications of the two metal
centers. The substantial enthalpy decreases along with
2-ME binding with MnSOD_, resulted from the hydroxyl
and methoxyl group of 2-ME forming hydrogen bonds with
the polar residues of MnSOD_4 dimer interface. Mean-
while, other non-polar residues shield 2-ME in a relatively
low dielectric environment, and thus, could result in some
entropy penalties. The results provide valuable insights for
mechanism-based inhibition strategies and further investi-
gation by in vitro mutations and in vivo animal models.

Conclusion

The MnSOD,_,; from human pathogen C. difficile, for the
first time, was prepared, and characterized by X-ray crystal-
lography, UV/Vis and EPR spectroscopy, and activity assay,
et al. The 2.32 A crystal structure of MnSOD,, reveals a
manganese coordination geometry of distorted trigonal
bipyramidal with His111, His197, and Asp193 providing
the equatorial ligands, and with His56 and a hydroxide or
water forming the axial ligands. The activity of MnSOD 4
can be effectively inhibited by 2-methoxyestradiol with
IC5y of 75 wM. The affinity of 2-methoxyestradiol with
MnSOD_, by ITC indicated a binding constant of 8.6 uM
with enthalpy changes (AH, —4.08 £ 0.03 kcal/mol; AS,
9.53 £ 0.02 cal/mol/deg). The inhibitory model of MnSOD
by 2-methoxyestradiol based on the molecular docking
simulation, gel filtration analysis, and ITC studies was
proposed. The 2-methoxyestradiol binds the interface of

@ Springer

the MnSOD_,; dimer, thus compromising the SOD activity.
These results provide valuable insight for the rational design
of MnSOD, inhibitors for potential therapeutics for CDI.
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