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Abstract

Clostridium difficile, which inhabits the human digestive tract, is an etiological agent
that causes pseudomembranous colitis and antibiotic-associated diarrhea. The
oxidative stress tightly relates to its virulence, which highlights the function of its
superoxide dismutase (SOD). The SOD from Clostridium difficile (SOD) is a Mn/Fe
cambialistic SOD with MnSOD.y exhibiting an optimal activity while
Fe-sub-MnSOD¢4 showing 10-fold less activity. To explain why the Fe-loaded protein
exhibits a much lower activity than the Mn-loaded form, Fe-sub-MnSOD. and
MnSOD.4 were expressed in E. coli using M9 minimal medium, and characterized by
X-ray crystallography, metal analysis, optical and EPR pH titration, azide binding
affinity, etc. The pK, values for the active site residues and substrate affinities
determined by spectroscopic titrations indicated that MnSOD.y has a higher
affinity with substrate compared to Fe-sub-MnSOD.q4 , while Fe-sub-MnSOD4 has
more affinity for OH". The different tendency of the anion ligation may be ascribed
to the electronic configurations of Fe®* in d°vs Mn®*" in d*, and it could be tuned by
the hydrogen-bonding network around the active site of SOD¢y. Furthermore, the
free energy for the O,” oxidation-reduction transition state from DFT calculation,
demonstrated that MnSOD. could disproportionate O,  more easily than
Fe-sub-MnSOD¢4. These results revealed that SOD¢q could exquisitely differentiate
between the Mn- and Fe-based activity. This metal specificity for SOD¢y may
benefit the pathogenicity of C. difficile and pave a fundamental way for retarding

C. difficile associated diseases.
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Introduction
Clostridium difficile is an anaerobic gram-positive spore-forming pathogen bacillus,
which infects human through the fecal-oral route, adheres to human gastrointestinal
tract, and causes an acute illness called Clostridium difficile infection (CDI) such as
severe diarrhea, antibiotic-associated colitis, pseudomembranous colitis, toxic
megacolon, and intestinal perforations®. The virulent surface proteins, toxin A and
toxin B, are demonstrated to induce mitochondrial swelling and release of reactive
oxygen species (ROS) in its germination process . On the other hand, the
internalization of toxin A into host cells could elicit severe inflammatory cascade and
produce substantial ROS, which deeply attacks the host cells and facilitate the
infection of C. difficile®. However, this infiltration process would put this pathogenic
bacterium in the oxidative tension, which is exacerbated by the tremendous oxidative
byproducts of the oxidative phosphorylation and tricarboxylic acid cycles (such as
oxidation of flavoproteins) occurring in human digestive tract. To cope with the
oxidative stress, C. difficile has evolved a highly effective superoxide dismutase
SODq to detoxify ROS®.
SOD¢y catalyzes the disproportionation of superoxide anion with a two-step
ping-pong mechanism, in which the metal ion cycles between the reductive and
oxidative states (eq. 1 and 2)°. Fe, Mn, Cu/Zn, or Ni ion has been evolved as SOD

cofactor, respectively. FeSOD and MnSQOD are two very similar members of the SOD
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family’ and they have no significant similarity with the Cu/zZn- , or Ni-containing
SODs®. FeSOD and MnSOD share highly similar amino acid sequence with highly
identical protein folding, as well as virtually same active site coordination shell®. In
both cases, the metal ion is coordinated in a trigonal bipyramidal geometry with two
histidines and one aspartate in the equatorial plane, while the third histidine residue
and a coordinated solvent as axial ligands. The coordinated solvent is involved in a
hydrogen-bonding network linked by GIn178 and Tyr64 residues (named according to

the sequence of C. difficile) (Fig. 1).

M™E + 0, + H" - MOYEL" + 0, (1a)
MODELT + 0,7+ HY > M™E + H,0, (1b)
202_+2H+—>02+H202 (2)

Despite the extraordinarily structural similarity of Fe- and MnSOD, they differ
subtly regarding to the following aspects: (1) Mn?*SOD could bind H,O, and form an
unproductive intermediate presumed to be a side-on Mn**-peroxo complex, from
which it exhibits product inhibition effect'®**. FeSOD is irreversibly inactivated by
HO,™ with concomitant Fe release and amino acid modification?. (2) The active center
of MnSOD is more intimately coupled to the rest of the protein (Tyr64) than that of
FeSOD, which is reflected by MnSOD’s higher affinity towards substrate or its
analogues, reminiscent of the more elaborate structure for MnSOD in the evolution
progress from more primitive FeSOD™. (3) The matrix of MnSOD could depress the
reduction midpoint potential (Er, ) of the bound metal ion more than that for FeSOD™.

(4) Fe- and MnSOD showed distinct active-site pK,, which tightly relate to their
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catalytic ability since two protons are required for a turnover™ (eq. 1 and 2). Although
these originate in bulk solvent, they are almost certainly supplied to substrate and/or
nascent product by active site residues, including the existing coordinated solvent
molecule as one proton source** and Tyr64 as the other™. Much effort has been
dedicated into accurately determining the active site pKas. Fe**SOD from E. coli has a
pK, of 8.5-9.0'® %" assigned to a hydroxide ion to the five-coordinate active site based
on the fact that the Ky, increased with the raised pH due to the competition inhibition
of OH™®. Another evidence came from the crystal structure of Propionibacterium
shermanii Fe**SOD under pH 8.5, showing a OH" as the sixth ligand for Fe** °. By
comparison, the pKa of Fe®*SOD was associated with the deprotonation of Tyr64
based on the site-directed mutation studies by NMR?°. Comparatively, Mn®**SOD and
Mn**SOD have active site pKas of 9.5 and 10.5, respectively, which were associated
with the depronation of Tyr64 based on optical®* and EPR titrations™.

Given the existence of those differences, most of the Fe- and MnSODs exhibit
strictly metal ion specificity and reactivity, i.e., Fe incorporated into the MnSOD
protein scaffold [Fe(Mn)SOD]?* or Mn incorporated into the FeSOD [Mn(Fe)SOD]*®
is catalytically inactive due to the improper substrate binding affinity or redox
potential. However, besides the Mn and Fe specific SOD, there exists a group of
cambialistic SODs exhibiting substantial activities whenever Mn or Fe occupied®. It
seems that cambialistic Fe/MnSOD group might represents an intermediate in the
evolution process from the anaerobic FeSOD to aerobic MnSOD accompanying the

terrestrial atmosphere oxygen formation® 2°. Cambialistic SOD of microorganism
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could bind either Mn or Fe based on their growth conditions*’. Generally, cambialistic
SODs prefer Mn to Fe in aerobic, Mn efficient, and high pH environments®. The
flexibility of cambialistic SOD utilizing either Mn or Fe ion as its cofactor according
to the contingent growth conditions could encourage microorganisms to fluctuate
between aerobic and anaerobic environment and to accommodate the concomitant
changes in metal availability®.

The Fe ion affinity of SODq is tighter than Mn ion, when expressed aerobically in
E. coli, while the MnSOD displays about 10-fold more activity than the Fe-form®,
indicating that the SOD¢q is a kind of MnSOD with some cambialistic character. The
cambialistic character of MnSOD.y might facilitate C. difficile survive in the
complicated human digestive tract with various oxygen concentrations and metals
distributions in stomach, gut, bile, and intestine®® .. To explain why the MnSOD¢q
exhibits 10 times higher activity than the Fe-form and the mechanistic differences
between the Fe- and Mn-dependent SOD.q, the Fe-sub-MnSOD.4 and MnSODq Were
expressed in E. coli wusing metal supplement M9 medium, and the
structure-function-reactivity relationships of Fe-sub-MnSOD.y and MnSOD.y4 were
explored using spectroscopic, crystallographic and DFT computational methods . The
SOD activity assay showed that Fe-sub-MnSOD.4 was more vulnerable to OH™ and
H,O; inhibition while less sensitive to azide than MnSODq4. The active site pKgs of
Fe-sub-MnSOD.y and MnSOD¢qy revealed by spectroscopic titrations indicated that
MnSOD.y has a higher affinity with substrate than Fe-sub-MnSOD¢y, while

Fe-sub-MnSOD.4 prefers OH™ to the substrate. Furthermore, systematic DFT
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calculations were performed to identify possible intermediates to be mediated in the
reaction cycles of Fe- and MnSOD¢q4, from which the free energies were obtained to
explain the lower activity of Fe-sub-MnSOD.q. These results provide new insights
into the molecular mechanism for the same SOD.4 moiety to exhibit distinct function

when occupied by similar Mn or Fe ion.

Experiments and materials
Preparation and characterization of Fe-sub-MnSODq

Fe-sub-MnSOD¢y and MnSOD.y were expressed in E. coli using M9 minimal
medium (1>M9 salts, 2 mM MgSO,, 0.1 mM CaCl,, 0.00005% thiamine and 0.4%
glucose). When the OD reached to 0.5, ImM FeCls/or MnCl, was added into the M9
medium and the protein expression was introduced with 0.5 mM IPTG overnight. The
protein was purified as what reported previously®. The protein concentration was
determined by Bradford method?. The metal contents were analyzed by ICP-AES
(Inductively Coupled Plasma-Atomic Emission Spectroscopy) on Zeeman atomic
absorption spectrometer (Z-5000, Hitachi, Japan). Iron standard solution was
purchased from Merck Labs. Electronic absorption spectra 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 cytostat. The spectra were
recorded under the following conditions: microwave frequency, 9.44 GHz; microwave
power, 2.0 mW; modulation frequency, 100 kHz; modulation amplitude, 4.00 G; and

time constant, 163.84 ms. The SOD samples (0.5 mM) were buffered in 50 mM
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potassium phosphate, pH 7.8 plus 10% glycerol. N3 -Fe-sub-MnSOD.4 was prepared
by adding excessive NaNj into the Fe-sub-MnSOD.4 and then incubating for a few
hours.
SOD activity

SOD activity was assayed according to McCord and Fridovich’s protocol® *. For
azide and hydrogen peroxide inhibition, aliquots of the inhibitors were added into the
reaction solution, and the reduction curves were recorded. For clarifying the pH
dependence of SOD.q activity, the reaction cocktail pH values were adjusted by HCI
and NaOH titrations.
Optical, EPR pH titration and Azide binding

Optical pH titrations for MnSOD¢y and Fe-sub-MnSOD.4 were performed using
Hewlett-Packard 8453 spectrophotometer. pH values were measured continuously
using a combination pH microelectrode (Microelectrodes Inc.). The pH value was
increased in a small step by adding 100 mM KOH and then the optical spectrum was
recorded at each pH value. pK value was obtained by fitting the data with the
Henderson-Hasselbalch equation (Aa-Ags)/(Aa-Ag) = (K)/(K+10®), where Aa and
Ag (as the acid and base forms) are absorbance values at 476 nm, respectively. Agps IS
the observed absorbance at a given pH value, K is the acid dissociation constant and
the Hill coefficient is set to 1. The EPR pH titration was performed as follows: The
pH values of Fe-sub-MnSOD.y were adjusted successively with 100 mM KOH. The
SODy sample at each pH point, measured using a microelectrode, was transferred

into an EPR tube and promptly frozen in liquid nitrogen. Signal amplitudes in the
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spectra were plotted as a function of pH values. The pK, values were evaluated by
fitting with the Henderson-Hasselbalch equation neglecting cooperativity.

Azide binding affinity of these SOD.q proteins was determined by titration of azide
to the different SOD¢ proteins, respectively, using Hewlett-Packard8453
spectrophotometer at 25°C. The apparent dissociation constant of azide for each
SOD¢q protein was obtained by fitting the absorbance data to the following eq (1),
which describes weak binding with an invariant absorbance background B and

addition absorbance Amax When SOD protein saturated with azide.
A([S])= Ama™ [SI/(Ks + [S]) + B (D

The apparent Kq was corrected for the pK (4.7) of N3H based on the equilibrium

(NsH —H" + N3) using eq (2), generating the azide dissociation constant Kg’.
Ky’ = (1+10CPHP Ky )

Crystallography

Azide-Fe-sub-MnSOD¢ (~20 mg/ml) was crystallized by hanging-drop vapor
diffusion method at 16°C under the following conditions: 60% v/v tacsimate ™ at pH
7.0. The flash-cooled SOD.q crystals were then mounted under a liquid N stream, and
diffraction data were collected from single crystals on beamline BLXU17 at Shanghai
Synchrotron Facility (SSRF) of China, using a ADSC QUANTUM 315 detector with
wavelength of 0.9792 A at 100K. The diffraction data were processed and scaled with
HKL-2000*. The structures were solved by the molecular replacement method and

the 1.6 A structure of Bacillus subtilis SOD (PDB code 2RCV)*® was used as the

9
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starting model. Manual adjustment of the model was carried out using the program
COOT?® and the model was refined by Refmac5®” and PHENIX®. Stereochemical
quality of the structure was checked by using PROCHECK?®. All the data collection
and refinement statistics were listed in Table 1. The structure has been deposited in
the Protein Data Bank (PDB), with the accession code 4JYY. Structural figures were
prepared using PyMOL™.
DFT calculations

From the crystal structures of MnSOD.q (4JZG) and Fe-sub-MnSOD¢q (3TJT), the
metal clusters and the additional second-sphere residues Tyr64 and GIn178 were
extracted. In all cases, the amino-acid residues were truncated at their Ca atoms by
replacing the adjacent backbone atoms with H atoms. The His and Asp ligands were
modeled by imidazole and acetate ions, whereas the GInl46 and Tyr64 by an
acetamide and tyrosinate ions, respectively (ESI). The terminal methyl of the ligands
(including His56, His11l, His197 and Asp193), and the terminal methyl of GIn178
and Tyr64, were restrained when the geometries optimizations were performed (Table
S1 and Fig. S2). We used O, “conjugated acid form [hydroperoxyl radical ({<OOH)] in
place of superoxide (O.7) as the reactant®’ . The configurations of the reaction
reactants, products and transition states were also attained (Table S2 and Fig. S3). All
calculations were carried out with the GAUSSIAN 03 software package*. All
geometries were fully optimized in a vacuum with the hybrid density functional
theory (DFT) at the B3LYP/6-31G(d, p) level, except for iron and manganese atoms,
which were optimized with the B3LYP/6-31G(2d, p) method***2.

10
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Vibrational frequencies are analytically computed at the same level in order to
confirm that a local minimum has no imaginary frequency. Zero-point energies and
thermal corrections to the Gibbs free energy (at 298 K and 1 atm pressure, using an
ideal-gas approximation®?) were calculated from the frequency calculation, obtained
with the same method as for the geometry optimizations. The binding free energies of
the OOH to the metal sites were corrected by a constant of -32 kJ/mol, representing
the difference in the estimated translational entropy from the Sackur—Tetrode
equation®. When considering the energy change associated with protonation of O,", a
correction of -3.0 kcal/mol is further added to the energy of the states involved
by OOH to reference them to the true reactants (O, + H)*. Their catalytic
potencies were primarily studied by comparing the energy gaps between HOMOSs and
LUMOs in Fe/MnSOD/O," according to the frontier molecular orbital (FMO)
theory (Fig. S4)*°. Furthermore, the feasibility to dismutate superoxide for MnSOD¢q
and Fe-sub-MnSOD.4 were also investigated by comparing their transition states free

energies and their O, " disproportionation reaction AGs.

Results
Preparation and characterization of Fe-sub-MnSODq

The Fe-sub-MnSOD.y could be obtained by denaturing the isolated protein,
extracting the miscellaneous metals and refolding in presence of the designed metal.
But the low metal occupancy of the SODq reflected the low efficiency for the in vitro
metal insertion. The metal uptake for Mn/FeSOD requires activation energy to unfold

11
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the protein peptide “**’. In vivo, the metallation of SOD was probably under the aid
of chaperone protein*. In this study, we alternatively prepared Fe-sub-SOD¢ by
virtue of M9 minimal medium. The ICP-AES result showed that the metal occupancy
was 0.82 in Fe-sub-SOD.q. The gel filtration profiles and CD spectra indicated that
Fe-sub-MnSOD¢y had identical gross assembly and the second structure with
MnSODgg.

The Fe-sub-MnSOD.y was characterized by UV/Vis and EPR spectra, which
showed a shoulder absorption at 340 nm as the characteristic of Fe-specific SOD***,
ascribed to the LMCT transition bands between Fe** and the coordinated Asp oxygen.
The intensity of this shoulder increased as azide was added, which could be assigned
to the charge transfer between azide group and Fe®* center (Fig. 2). Interestingly, the
molar extinction coefficient of Fe-sub-MnSOD.q is much lower (300 M'lcm'l) than
that (1270 M™cm™ ) of the P. ovalis Fe-specific SOD*°, which reflects that the
absorbance spectrum of Fe-sub-MnSOD.q intervenes between those of Fe-specific
SOD and Fe-sub-Mn-specific SOD. The result thus indicated the minor cambialistic
character of SOD.y. The EPR spectrum (Fig. 2) of Fe-sub-MnSOD.4 exhibited an
dominated Fe(ll1) species, and the features near 1,570 G (g =~ 4.3) are characteristic of
high spin (S = 5/2 ferric iron in a strongly rhombic environment)®. Further, the g
=9.32 resonance was associated with the low-field component requiring inverted zero
field splitting of the high spin S =5/2 sextet ground state®. At higher field, the
transitions arising from the middle Kramers doublet are split (g = 3.51, 3.85 and 4.87),
reflecting a low rhombic Fe(lll) site in the protein®’. When azide was added, the

12
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anisotropy signals disappeared and exhibited a strong rhombic symmetry resonance at
g=4.31 (rhombic limit, characteristic of an octahedral Fe** site) along with the notable
signal at 9.27 (most likely representing the zero-field splitting, indicating a smaller D
and more rombic), suggesting that azide coordinated to the Fe®" center forming a

six-coordination state®,

Activities of MNSOD.4 and Fe-sub-MnSODq

MnSOD.4 showed ~10-fold higher catalytic activity than Fe-sub-MnSOD.4 based
on the XO/cyt ¢ method. The pH dependent activity profiles (Fig. 3) showed that the
activity of MnSOD.4 was not obviously effected by pH ranging from 5.5 to 11.0
(although minor decrease at the higher pH), while the activity of Fe-sub-MnSOD_q
was pH dependent with a transition at about pH 7.6. The pH relatively independent
activity of MnSODgq4 could render SODq working more smoothly in human digestive
tract. To evaluate the effect of H,O, on SODgq activity, the activities of MNSOD4 and
Fe-sub-MnSOD¢4 were measured in presence of different concentrations of H,O,. The
results showed that MnSOD. was less sensitive to H,O, inhibition than
Fe-sub-MnSOD¢q (Fig. 3). MnSOD family was demonstrated to accommodate H,0,
by the formation of side on peroxo-Mn intermediate and exhibit product inhibition
effect'’. By contrast, the conformations of several Trp residues around the active site
make FeSOD more prone to H,O; inactivation. The product inhibition effect of
MnSOD.y could avoid excessive H,O, production and may benefit the H,0,
homeostasis in C. difficile.

13
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Azide was usually used as a competitive inhibitor and substrate analogue for
SOD since it is an isoelectronic species to superoxide anion®2. The azide inhibition
experiments (Fig. 3) showed that azide could inhibit the activity of MnSOD .4 more

with the higher azide binding affinity than that of Fe-sub-MnSOD.

Spectroscopic titrations of MNSOD.4 and Fe-sub-MnSODg4

UV/Vis pH titrations of Fe-sub-MnSOD.y exhibited a pK, of ~7.2, while the
MnSOD4 showed a pK, of ~8.7 (Fig. 4). The EPR pH titration of Fe-sub-MnSOD4
also exhibited a pK, of 7.5 (Fig. 5). The same pKa value from UV/Vis and EPR
titrations for Fe-sub-MnSOD¢q indicated that the same event occurred at the Fe center
when the buffer pH increased. Here we assigned the pKa to the sixth OH" ligation to
Fe** center considering the Jahn-Teller stabilization of the d° Fe** center upon the
sixth ligand ligation in Fe-sub-MnSOD¢!. For Mn**SOD¢, the absorbance at ~478
nm declined upon pH increasing, which was not due to the reduction of Mn**
according to the EPR spectra (Fig. S1). Based on the electronic configuration,
Mn®**SOD.y would not bind OH" readily as Fe3*-sub-MnSOD,y and the ionization of
Tyr64 could happen first in Mn**SOD,y. Therefore, we ascribed the pKa of ~8.7 in
MnSOD.q to the deprotonation of Tyr64. Interestingly, the pK, of Fe-sub-MnSOD4
was consistent with its activity behavior (pKa = ~ 7.6), indicating that the exogenous
incoming OH would impel substrate binding and decrease its SOD activity.

The substrate analogue (azide) titrations showed that MnSOD.4 has a Ky of ~6.5
mM, smaller than that of Fe-sub-MnSOD¢ (~12.3 mM) (Fig. 6), which was

14
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consistent with the above azide inhibitory experiments and indicated that MnSODyq
has a higher substrate binding affinity than Fe-sub-MnSOD¢y. Collectively, the
spectroscopic titration results revealed that MnSOD.y preferably bound substrate
while Fe-sub-MnSODgq inclined to bind OH’, which in turn modulates the SODq

activity.

The crystal structure of azide-Fe-sub-MnSOD.g

The crystal structure of N3-Fe-sub-MnSOD¢y exhibited an orthorhombic form
which owned a space group of P6522 with unit cell dimensions of a=80.5 A, b=80.5 A,
and c= 249.5 A, in an asymmetric unit. The overall structure was very similar to that
of MnSOD.y and Fe-sub-MnSOD.s°. The Fe active center revealed a similar metal
coordination geometry of distorted trigonal bipyramidal formed by His111, His197,
Aspl93, His56 and a hydroxide or water (Fig. 7). As indicated in Table 2, the
Fe**-Ocoorasolv distance is 2.23 A, shorter than that of Mn-Ogoorason (2.46 A), which
may stem from the mixture oxidation state (2+/3+) in the crystal structure of
MnSODgg.

Unexpectedly, we did not observe the azide electron density in the first
coordination sphere although we soaked Fe-sub-MnSOD.y crystal at high
concentration azide (200 mM) for a few days. The azide located in the vicinity of
substrate channel due to the hindrance by hydrogen bonding with Thr99, Arg102 and
Asp9l (Fig. 7). This result was different from that of FeSOD from E. coli, where
azide bound as a sixth ligand with distorted octahedral geometry®*, but in consistence

15
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with the azide-MnSOD from E. coli reported by Whittaker et al (PDB: 1ZJZ). These
different azide binding modes may result from different crystallization conditions in
terms of buffer pH and salt concentration. Possibly, our complex crystal structure may

represent an intermediate state in a progress of azide entering into the metal center.

DFT calculations for Fe-sub-MnSOD.4 and MnSODq4

The key residues from the first and second coordination sphere were selected to
reach to single point energy equilibrium (ESI). Firstly, the catalytic competence
towards OOH was compared according to the frontier molecular orbital (FMO)
theory™. The computed HOMO/LUMO energy gaps between the first-sphere
reactants indicated MnSOD.y potentiated O, " disproportionation more easily than
Fe-sub-MnSOD¢y (Fig. S4). Furthermore, their catalytic potencies were also
investigated based on the reaction transition states associated Gibbs free energies,
which were illustrated in the Fig. 8 (including the superoxide oxidation and reduction
steps). The whole reaction was an exothermic and spontaneous process. In the first
half-reaction, the reaction energy 16.3 kcal/mol for MnSOD¢y (12.9 kcal/mol for
Fe-sub-MnSODgq) was released; and the second half-reaction gave out ~13.7 kcal/mol
for MnSOD4 and 10.1 kcal/mol for Fe-sub-MnSODy. Thus these energies revealed
that both the superoxide oxidation and reduction steps for MnSOD.y are more
thermodynamically favorable than the Fe analogue. Besides, the free energies of
transition states for MnSOD. are also lower than those of Fe-sub-MnSODgg,
indicating that the reaction barriers for MnSOD. are lower than that for

16
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Fe-sub-MnSODgqy. Thus the DFT energetic calculations demonstrated that MnSODq4
catalyzes O, turnover more easily either from thermodynamic or Kkinetic respect,

which is consistent with the higher activity of MnSOD.g.

Discussion
(1) The metal cognate character and the hydrogen-bonding network of the
active site
Fe-sub-MnSOD,q exhibited 1/10 SOD activity of MnSOD.s’. UV/Vis, EPR and
azide titration investigations were carried out and the distinct pH dependent events for
MnSOD.y and Fe-sub-MnSOD.y were found to dissect the activity difference. The
metal cognate character, i.e. the d orbital electronic configuration and ligand field
stabilization, could impact its active site pKa. On the other hand, the pKa could be
fine-tuned by the conserved hydrogen-bonding network including the existing
coordinated solvent, GIn178, Tyr64 and His60 located at the active site, which plays
important roles in relaying the liable protons, and reorienting the substrate (Fig. 1 and
Fig. 7)> > ®.. The difference of pK. stems from metal cognate character and the
different distribution of labile proton density in the hydrogen-bonding networks of the
SOD.g. Because of the electronic configurations of Mn** in d* vs Fe** in d°, binding of
the sixth ligand to Mn** costs Jahn-Teller stabilization, whereas gaining Jahn-Teller
stabilization when binding of the sixth ligand to Fe**. Thus we assigned the pK, of
7.50 for Fe**-sub-MnSOD¢ to the sixth OH™ binding into the inner sphere®. The

bleaching of the absorption feature at 340 nm reflects the decreased CT transitions

17
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between aspartate and ferric iron upon the sixth OH" binding. The resulting additional
negative charge in the active site adjacent to the substrate access channel would
disfavor Tyr64 deprotonation. Indeed, because Fe**-sub-MnSOD.q began to denature
before a high pH asymptote was reached, it is impossible to observe the pKa of Tyr64
deprotonation. By contrast, upon pH increasing, Mn®**SOD.s would not bind OH" as
readily as Fe**-sub-MnSOD¢. Alternatively, we noticed that a titrable residue Tyr64
in the proximity of Mn®" (5.4 A) and Tyr64 ionization would cause a significant
change in Mn®*“s local dielectric, which would alter the intensities of
electric-dipole-mediated transitions™. Thus, the deprotonation of Tyr64 would cause
substantial UV/Vis alterations in Mn®*SOD.y. Therefore, we ascribed the pKa of 8.72
to the deprotonation of Tyr64. The ionization of Tyr64 would lead additional negative
charge in the active site to disfavor additional OH" binding.

As shown in the crystal structure of SODy, GIn178 donates stronger hydrogen
bond to Tyr64 in MnSOD4 than that in Fe-sub-MnSOD¢4°, which would depress the
pKa of Tyr64. Thus Tyr64 deprotonates prior to OH™ binds in MnSOD.q. Indeed,
mutation of GIn178 alters the optical signature of the pKa of E. coli MnSOD, and
changes the value of the pKa from 9.7 to 10 (for Q146L)°’ or 9.0 (for Q146H) .

The pKa from pH titration experiments could accommodate the pH dependent
activities of MNSOD.4 and Fe-sub-MnSODgq. The activity of Fe-sub-MnSOD.4 shows
pH dependence with a pKa of ~7.6 while that of MnSOD.4 displays no obvious pH
dependence although the overall decreased tendency along with the increased pH. The
competition binding of OH™ as the sixth ligand for Fe** in high pH could repel
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substrate and decrease the activity of Fe-sub-MnSOD4. By contrast, the p Ka of
MnSOD.q4 corresponds to Tyr64 deprotonation with the increased pH. Although the
importing negative charge along with Tyr64 deprotonation would repel substrate, this
disadvantage could be offset partly by GIlnl178’s donating hydrogen bond (GIn178
donates stronger hydrogen bond to Tyr64 in MnSOD4). Therefore, the dismutation
rate of MnSOD.4 reveals intriguing pH independence. However, when pH was
increased by a large amount, the activity surely decreased when considering the effect
of the lack of proportionation needed protons and the inhibition of protons relaying *°.
(2) Azide as a probe to explore substrate binding for MnSOD, and
Fe-sub-SOD¢q

The d° electronic configuration of Fe** vs d* of Mn®* renders Fe** owning higher
anion affinity than Mn*" based on the Jahn-Teller stabilization'*. But the azide
titrations showed that MnSOD.y anomalously bears higher azide affinity than
Fe-sub-MnSOD¢y. The reasons of which may lie at two aspects: 1. the crystal
structure of azide-Fe-sub-MnSOD¢y showed that the Thr99 and Arg102 at the outside
surface of Fe-sub-MnSOD.4 are more prone to grasp azide than those in MnSOD.y,
which would disfavor azide binding to the inner sphere but lagging at the surface; 2.
Tyr64 of SOD¢q is proposed to reorient substrate via hydrogen bonding interaction
with substrate®®. MnSOD,y should reorganize azide better than Fe-sub-MnSODgq
since GInl178 in MnSOD¢y couple more to Tyr64 than Fe-sub-MnSODy, leading
GIn178 propagate more proton density to Tyr64 and stabilizing azide®. Therefore,
MnSOD¢4 has lower Kq for binding azide than Fe-sub-MnSOD.g.
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(3) The reactivities of the Fe and Mn clusters to O, from the proof-of-concept
respect

Since the differences of d° Fe** vs d* Mn® in the highly similar active sites of
MnSOD.q4/Fe-sub-MnSOD4 are very subtle, the DFT calculation was applied to
support their catalytic competencies. We noted that energies of HOMO and LUMO
are popular quantum mechanical descriptors®®. It has been shown that these orbits
play a major role in governing many chemical reactions, and are also responsible for
charge transfer complexes®’. Hence, we firstly exploited the FMO theory to explore
the electron transfer between superoxide and the metals located in SOD.q, and thus to
compare their catalytic potencies. The FMO analysis primarily indicated that the Mn
center of MnSOD¢q is more prone to dismutate superoxide (Fig. S4).

Furthermore, to dissect their reaction feasibility from the energy respect we
performed systematic DFT computational investigations of possible intermediates to
be mediated in the reaction cycle of the SOD¢y. The spectroscopic titrations indicated
that the metals could modulate the SOD catalysis turnover through either modulating
the active site pKa or the substrate affinity. The DFT computational investigations
were mainly focused on the effects of the intrinsic properties of the active metal sites
on the SOD activity. We adopted the associative mechanism for the O, dismutation
since a six-coordinate, octahedral intermediate has been observed in Fe- and MnSOD/
N3~ complex crystal structures™. Likewise, spectroscopic studies indicate that the NO
adduct to Fe**SOD was six-coordinate®’. H,O or OH™ was considered as the model of
the metal-bound solvent molecule since it was proposed as to be an important proton
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source®®. For the second proton, it would be surely transferred to O, by the active site
residues, but it is experimentally difficult to determine which residue plays the role of
propagating this proton in the reduction step due to the quick reaction process of SOD
enzyme. Alternatively, given that superoxide is negatively charged and its protonation
must be a corequisite or prerequisite for its reduction, we hypothesized that
superoxide anion radical attacks the metal center in its protonation state (<OOH)
regardless of from which residue it obtains the second proton. The model of OOH is
a well simplification from the modeling respect. This treatment means that no charge
combination processes need to be modeled, which can be very difficult using the
present type of relatively small molecular system. This unified delivery of O, and H*
is reasonable because: (1) Fe- and MnSOD4 could create a low local pH at the active
site to stabilize O, ", which can be supported by the observations of the high enzyme
catalytic rates for Fe- and MnSOD¢4 under low pH (5.5). Thus the protonation of O, "
in the active site is feasible. (2) In case the local pH inside the active site is not
sufficiently low, this simplification has been subjected to an energy correction using
pKy(OOH) = 4.8. The estimated cost of the protonation for O, at pH = 7.4 is ~3.0

kcal/mol**

and was added to the energy of the states involving OOH with the aim of
referencing them to the true reactants (O, + H"). The results showed that the reaction
AG for MnSOD¢y was larger than that for Fe-sub-MnSOD¢q in both O, oxidation
and reduction steps. The free energies of transition states for MnSOD_q are also lower
than those of Fe-sub-MnSOD¢. Thus MnSOD.4 are both thermodynamically and

kinetically feasible to disproportionate O,", as compared to the Fe-sub-MnSOD.q,
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which could well backup the experimental activities.

Conclusion

Fe-sub-MnSOD,y was expressed, purified, and characterized by X-ray
crystallography, metal analysis, optical and EPR pH titration, azide binding affinity.
The pK, and substrate affinity for the active site determined by spectroscopic
titrations indicated that MnSOD. has a higher affinity to substrate, while
Fe-sub-MnSOD¢q inclines to bind for OH", which accounts for the lower activity of
Fe-sub-MnSOD¢q. The pKa of Fe-sub-MnSOD4 is associated with the sixth OH"
binding to Fe** center, exerting competitive inhibition to its SOD activity, while the
pKa of MnSOD. corresponds to the deprotonation of Tyr64. The structural
explorations revealed that MnSOD.4 orients the substrate into the active site better
due to the coupled hydrogen bond of GInl78-Tyr64. The substrate in
Fe-sub-MnSOD¢y was retarded at the protein surface by hydrogen bond to result in
low substrate binding affinity. These findings suggest that SOD¢q could modulate the

Fe and Mn dependent SOD activity through its active site microenvironment.
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Tables
Table 1. Summary of data collection

Azide-Fe-sub-MnSODq

and refinement statistics of

Azide-Fe-sub-MnSODq4

Wavelength
Space group
Unit-cell dimensions (A, 9

Resolution (A)
No.of observations
No. of unique reflections
Completeness (%)
<I>/(1)
Redundlgjncy

. svm
RcrvstlbJ (%)/ RfreelUJ (%)
RMSD bonds (A) / angles (9
Ramachandran plot, residues in:
Most favored regions (%)
Additional allowed regions (%)
Generously allowed regions (%)
Disallowed regions (%)

0.9792
P6522
a=80.375, b = 80.375,
€=250.532 a2:/)’: 90, y=120
1

1217938
29053 (1407)™
100(100.0)
69.5 (9.1)
41.9 (43.2)
0.094 (0.671)
18.2/19.8
0.007 /0.976

©
OFP o
ok o,

[a] Numbers in parentheses represent values in the highest resolution shell (A). [b]Rym = Z|I;-<1>]/ ZI;, where |; is the observed

integrated intensity, <I> is the average integrated intensity obtained from multiple measurements, and the summation is over all

observed reflections. [clRcryst =Z||Fobs|-|Fcaic| |/Z|Fobs|, Fobs and Fcacare observed and calculated structure factor amplitudes,

respectively. [d]Ry. calculated with randomly selected reflections (5%)
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Table 2. Bond lengths and bond angles at metal active sites and the hydrogen bonds

grasping azide in Fe-sub-MnSOD..

©CoO~NOUTA,WNPE

11 MnSOD,4 Azide-Fe-sub-MnSOD 4

13 A. Coordination bonds (A)

15 MANZyi56 2.22(0.02) 2.16 (0.01)
16 M-NZys111 2.12 (0.01) 2.23 (0.02)

17 M-0%psp103 1.98 (0.01) 1.91(0.03)
M-NTyic107 2.2 (0.02) 2.19 (0.02)
20 M-Ocoordsolv 2.46(004) 2.23 (001)

21 B. Coordination bond angles (°)

23 NZhis107-M-Nhiss 95.88 101.75
24 N hisse-M-O%asp1os 83.33 85.12

25 02Asp193'M'0coordsolv 8045 8351
26 Ocoortson MNPy 95.81 91.47
NZhis111-M-NZisa07 129.48 126.11

29 C. Hydrogen bonds (A)

31 Thr99 OG1- N3-N3 3.09 2.90
32 Arg102 NH1-N;-N3 3.21 3.14
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Figures

Figure 1. The metal coordination microenvironment of Fe- and MnSOD.g.
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24 Figure 2. UV/Vis (panel A) and EPR (panel B) spectra of Fe-sub-MnSOD.g.

27 UV/Vis Measurements were performed in buffer containing 100 Mm NaCl, 50 mM
30 potassium phosphate, pH 7.4 and the protein concentration was 10 mg/ml. EPR
32 spectra were collected on a Bruker EMX 300 equipped with an Oxford 900 cytostat,
35 and liquid helium as the coolant, operating at X-band (9.47GHz). The g axis was

38 calibrated at g=2.000 using DPPH.
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Figure 3. The SOD activity based on XO/cyt c assays. Panel A, B and C showed the
effects of pH, hydrogen peroxide and azide on the activities of MnSODy and

Fe-sub-MnSODgg.
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23 Figure 4. The optical pH titration of MnSOD.4 (Panel A) and Fe-sub-MnSOD4

26 (Panel B).
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Figure 5. The relevant EPR signals amplitude change along with pH variation of
Fe-sub-MnSODy. Panel A shows the different EPR spectra under alterative pH.
Panel B shows pK values of 7.5 for Fe-sub-MnSODq by fitting the signals amplitude

change as a function of pH values with Henderson-Hasselbalch (n=1) equation.
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23 Figure 6. The optical azide titrations of the two SOD.4 enzymes. Panel A, B are
26 the spectra of azide binding to MnSOD¢4 and Fe-sub-MnSODgy. Insets are the fitting
28 curves of the related absorbance change as a function of azide concentration,

31 respectively.
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Figure 7. The crystal structure of Nj-Fe-sub-MnSOD.. Panel A showed the
2Fo-Fc electron density map of the metal coordination microenvironment. Panel B

showed the 2Fo-Fc electron density map of hydrogen bonds grasping azide.
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34 Reaction Coordinate

36 Figure 8. The relative Gibbs energy curves for the superoxide disproportionation
39 reactions were computed at the B3LYP/6-31+(d, p) -6-31+(2d, p) level. The broad
42 lines represent the Gibbs free energies for the reaction catalyzed by Fe-sub-MnSOD.g.

44 The thin lines represent the Gibbs free energies for MNSOD..

35



