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Reduction of superoxide (O, ~) by manganese-containing superox-
ide dismutase occurs through either a “prompt protonation” path-
way, or an “inner-sphere” pathway, with the latter leading to for-
mation of an observable Mn-peroxo complex. We recently reported
that wild-type (WT) manganese superoxide dismutases (MnSODs)
from Saccharomyces cerevisiae and Candida albicans are more
gated toward the “prompt protonation” pathway than human
and bacterial MnSODs and suggested that this could result from
small structural changes in the second coordination sphere of
manganese. We report here that substitution of a second-sphere
residue, Tyr34, by phenylalanine (Y34F) causes the MnSOD from
S. cerevisiae to react exclusively through the “inner-sphere” path-
way. At neutral pH, we have a surprising observation that proto-
nation of the Mn-peroxo complex in the mutant yeast enzyme
occurs through a fast pathway, leading to a putative six-coordinate
Mn3* species, which actively oxidizes O, in the catalytic cycle.
Upon increasing pH, the fast pathway is gradually replaced by a
slow proton-transfer pathway, leading to the well-characterized
five-coordinate Mn3*. We here propose and compare two hy-
pothetical mechanisms for the mutant yeast enzyme, differing in
the structure of the Mn-peroxo complex yet both involving forma-
tion of the active six-coordinate Mn3+ and proton transfer from a
second-sphere water molecule, which has substituted for the —OH
of Tyr34, to the Mn-peroxo complex. Because WT and the mutant
yeast MnSOD both rest in the 2+ state and become six-coordinate
when oxidized up from Mn?2*, six-coordinate Mn3+ species could
also actively function in the mechanism of WT yeast MnSODs.

antioxidant enzyme | metalloenzyme | product inhibition |
coordination number | proton transfer pathway

uperoxide dismutase (SOD) with manganese at its active site

(MnSOD) is remarkable in that it becomes less efficient when
levels of its substrate O, ~ are high, while other subclasses of SOD
catalyze the disproportionation of O, ~ at virtually diffusion-con-
trolled rates independent of O, ~ level (1). The degree of depres-
sion of MnSOD activity at high levels of O, ~ is most prominent in
human MnSOD, while the MnSODs from bacteria and yeast are
relatively more efficient under the same conditions (2). This un-
ique property of human MnSOD could result from the need for
stringent regulation of H, O, production, due to the complicated
roles of H,O, in mammalian cells, especially as a signaling
agent (2).

The mechanism by which MnSOD removes O, ~ involves pro-
duct inhibition (1). Specifically, reduction of O,~ by Mn?+*SOD
(Scheme 1) occurs either through a pathway (called “prompt pro-
tonation” pathway here) (reaction 2), where protonation and dis-
sociation of the peroxo moiety is instantaneous, or through an
“inner-sphere” pathway (reaction 3), where a detectable inter-
mediate is formed, which has been suggested to be a side-on
Mn(III)-peroxo species (3). (We here refer to this intermediate
as a Mn-peroxo complex instead of as a “product-inhibited” com-
plex, the latter term having been used frequently in previous re-
ports.) When protonation of the Mn-peroxo complex (reaction 4)
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Scheme 1. Catalytic mechanism of MnSOD.

is rate-limiting, the “inner-sphere” pathway has the effect of slow-
ing down MnSOD catalysis.

Our recent study showed that the two yeast MnSODs, one
from Saccharomyce cerevisiae mitochondria (ScMnSOD) and the
other from Candida albicans cytosol (CaMnSODc), are both very
efficient at high levels of O, ~ relative to other MnSODs that have
been characterized to date (2, 4). Spectroscopic analysis of the
oxidized yeast enzymes suggests the presence of a six-coordinate
Mn3+ species, in addition to the well-characterized five-coordinate
Mn3+ (2). The sixth ligand is likely a hydroxide. Based on these
findings, we earlier proposed, for the fast catalysis by yeast
MnSODs, a mechanism that involves putative translocation of an
outer-sphere solvent molecule (2). More recently we have been
pursuing this mechanistic investigation by focusing on mutant yeast
MnSOD with substitutions in the second coordination sphere.

Tyr34 is highly conserved and structurally similar in all known
MnSODs, where it participates in a hydrogen-bonding network at
the active site. Computational studies suggest that Tyr34 provides
one of the two protons needed to form H, O, in the catalytic cycle
(5). Deprotonation of Tyr34 is responsible for the spectroscopic
changes, including the blue shift and the decrease in intensity of
the optical absorption maximum, that occur for Mn3*+SOD with
increased pH (6). Wild-type (WT) and Y34F mutant human
MnSOD have similar k., /K, but k., is decreased by approxi-
mately 10-fold in the mutant protein (7). Tyr34 also plays an in-
teresting role in the “prompt protonation” pathway, as elucidated
by the changes in the kinetics of Y34 mutant human MnSOD (8).

To test our previously proposed mechanism and to address
questions regarding the role of Tyr34 in yeast MnSOD, we
purified and characterized Y34F mutant SeMnSOD. To our sur-
prise, we have found that catalysis by Y34F ScMnSOD is com-
pletely “inner-sphere.” More interestingly, our results reveal
that Y34F ScMnSOD has a novel mechanism involving an active
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six-coordinate Mn3* species, different from any previously char-
acterized WT or mutant enzyme.

Results

An Additional Water Sits in the Active Site of Y34F SdMnSOD. To aid in
our investigation of the role of Tyr34, we determined the X-ray
structure of Y34F ScMnSOD (Table S1). The subunit structure
and the tetrameric assembly of WT and the mutant ScMnSOD
closely resemble each other (Fig. S1). Superimposition of all
backbone atoms of the mutant tetramer onto those of the WT
protein gives a rmsd of 0.22 A. Y34F ScMnSOD maintains the
strictly conserved five-coordinate Mn at active site, and the sub-
stitution of Tyr34 causes only minimal changes to positioning and
conformation of active-site residues (Fig. 14).

An additional water molecule occupies the cavity created by
the replacement of Tyr34 with phenylalanine in all four subunits
in the unit cell of Y34F ScMnSOD. This water has substituted
for the —OH of Tyr34 in the WT enzyme by forming hydrogen
bonds to GInl154 and the water molecule hydrogen bonded to
His30 (Fig. 14). Its presence at that location supports the impor-
tance of the hydrogen-bonding chain involving Tyr34 (GIn154---
Tyr34..-H,0---His30) in the WT enzyme (9). This additional
water molecule is also present in Y34X (X = A, N, H, or V) mu-
tant human MnSOD (8). However, it was absent in the crystal
structure of human Y34F MnSOD, which had bgen carried out
at a resolution similar to that of our study (1.9 A) (7).

Like the WT enzyme, Y34F ScMn3*SOD Contains Both Five-and Six-Co-
ordinate Mn3+ Centers. WT MnSODs are usually isolated in the
oxidized state, Mn3*SOD (10-12). Yeast MnSODs appear to be
an exception, since we showed previously that WTyeast MnSODs
from S. cerevisiae and C. albicans rest predominantly in the re-
duced (2+) state (2, 4). This preference to be reduced is un-
changed in Y34F ScMnSOD, the resting form of which absorbs
weakly around 480 nm (Fig. 1B).

As in the WT enzyme, the spectrum of Y34F ScMnSOD
immediately after oxidation was characteristic of five-coordinate
Mn3+SOD (Fig. 1B). Additional absorption intensity appeared at
<400 nm over time (Fig. 1B), which was proposed to result from
formation of a six-coordinate Mn3*SOD, with hydroxide as the
sixth ligand (2). The intensity is blue-shifted from 390 nm in WT
ScMn3*+SOD (2) to 370 nm in Y34F ScMn3+SOD (Fig. S2). The
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Fig. 1. Active-site structure and oxidation state of Y34F ScMnSOD. (A)
Superimposition of the active site of Y34F ScMnSOD (chain A, red) onto that
of WT ScMnSOD (chain A, green). Coordination bonds are indicated as solid
lines, and hydrogen bonds are shown as dashed lines in WT (black) and Y34F
(gray) ScMnSOD, respectively. The graphic was generated using the PyMOL
Molecular Graphics System (28). (B) (a, b) Optical spectra of as-isolated (solid
line) and reduced (dotted line, by sodium hydrosulfite) Y34F ScMnSOD. Inset:
The difference spectrum between as-isolated and reduced Y34F ScMnSOD.
(c) Optical spectra of Y34F ScMnSOD oxidized by potassium permanganate
([KMnO,]:[MnSOD] = 0.75:1) at pH 7.4 as measured over time. The spectra
were recorded after mixing KMnO, with the enzyme for 0, 10, 20, 30, 45 and
60 min. (d) Reduction (dashed line) of Y34F ScMn3+SOD (oxidized by 0.75
equiv of KMnO, and allowed to sit for 1 hr) by one equivalent of sodium
ascorbate. The sample solutions contained 200 uM (in Mn) enzyme in
25 mM potassium phosphate (pH 7.4).
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time to reach the final spectrum was shorter in the Y34F mutant
protein (approximately 45 min) (Fig. 1B) than in WT ScMnSOD
(approximately 2 h) (2), indicating faster formation of the puta-
tive six-coordinate adduct in Y34F ScMn3*+SOD.

Y34F ScMn3*+SOD also resembles WT ScMn3+SOD in that
its six-coordinate adduct is more prone to reduction by ascorbate
than the five-coordinate species (2), as 1.0 equivalent of ascor-
bate selectively bleached the absorption of Y34F ScMn3+SOD
around 370 nm (Fig. 1B). Therefore, the six-coordinate Mn>* has
a higher reduction potential than the five-coordinate Mn3*. Five-
coordination is preferred for Mn3+SOD, because six-coordinate
Mn3+SOD, with a high-spin d* center, displays strong Jahn-
Teller distortion (13). The slow formation of the six-coordinate
adduct and its high reduction potential in both WT and the mu-
tant yeast MnSOD are still not understood in detail, and we will
continue exploring their origins in future.

Y34F ScMnSOD is Gated Exclusively Toward “Inner-Sphere” Pathway,
yet Still Displays Fast Catalysis. In pulse radiolysis the disappear-
ance of 2-50 pM O, in solutions containing 1-5 pM Y34F
ScMnSOD was followed at 260 nm, and the observed traces
were compared to previous data collected under identical con-
ditions for WT MnSOD from S. cerevisiae, C. albicans, human,
E. coli, and D. radiodurans (Fig. 2). When O, ~ was in 7-fold ex-
cess over MnSOD, a relatively uninhibiting condition, human
MnSOD, the most inhibited WT MnSOD known, already showed
a depressed activity, while the O, ~ disappearance as a function of
time was similar for each of the other four WT enzymes (Fig. 24).
Notably, substitution of Tyr34 caused ScMnSOD to remove O, ~
more slowly under this condition than all of the WT enzymes,
including WT human MnSOD (Fig. 24).

We then increased the O, :MnSOD (in concentration) ratio
to 41, a condition where MnSOD from different organisms dis-
plays dramatically different efficiencies, due to different degrees
of product inhibition (10). The degree of product inhibition is
defined as the gating ratio k,/k; (Scheme 1). To our surprise,
Y34F ScMnSOD catalyzed the disappearance of O, more effi-
ciently than human MnSOD (Fig. 2B), even though the former is
gated exclusively toward the “inner-sphere” pathway (k,/k; <
0.01, see below). The zero-order phase, characteristic of the
presence of the Mn-peroxo complex, is dependent on k, /k; and
peroxide dissociation rate (k) (Scheme 1). The fact that the zero-
order phase was not as pronounced in Y34F ScMnSOD as in WT
E. coli or human MnSOD (Fig. 2B) suggests faster peroxide dis-
sociation steps in the former.

To measure individual rate constants, 60 pM of Y34F
ScMn?*SOD was pulse-irradiated to react with substoichio-
metric amounts (2-3 pM) of O,~, and the appearance of
Mn3+SOD was followed. The absorbance measured at 425 nm
within 2 ms after generation of O,~ could be divided into two
phases, a rapid emergence of absorption within 0.1 ms followed
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Fig. 2. Decay of 7 uM (A) and 41 pM (B) O, catalyzed by 1 uM (in Mn)
human (a, black), E. coli (b, red), D. radiodurans (c, blue) MnSOD, ScMnSOD
(d, green), CaMnSODc (e, pink) and Y34F ScMnSOD (f,gray). The samples con-
tained 10 mM potassium phosphate (pH 7), 10 mM sodium formate and 10 pM
EDTA. [0, 7] in these figures is calculated from the absorbance at 260 nm.
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Fig.3. Mn3* species observed from oxidation of Y34F ScMn?+SODc by O, ~ in
pulse radiolysis. (A) The absorbance change at 425 nm within 200 ms after pulse
radiolysis generated initial O,~ burst of 2.2 pM. (B) The spectra of the Mn3*
species (Int;: hollow circles; Int,: hollow triangles; Ints: solid circles). The sample
solutions contained 60 pM (in Mn) Y34F ScMnSOD in 10 mM potassium phos-
phate (pH 7.4), 10 mM sodium formate, 120 pM H,0,, and 100 pM EDTA.

by a relatively slow increase that lasted for approximately 15 ms
(Fig. 34, left). Similar biphasic increases at 425 nm absorption
have also been observed for several Y34 mutant human MnSODs
(8). The 425 nm absorption of Y34F ScMnSOD slowly decreased
at a longer time scale (Fig. 34, Right), leading to formation of a
Mn3+ species (Int;) with an absorption maximum at 480 nm
(Fig. 3B), consistent with well-characterized five-coordinate
Mn**+SODs (10, 14).

We attribute the rapid and slow absorption increase in Fig. 34
(left) to emergence of Intermediate 1 (Int;) and 2 (Int,), respec-
tively (Scheme 2). The data were fitted into two-exponential
models, and rate constants and molar-extinction coefficients were
calculated. The resulting spectrum of Int;, which has an absorp-
tion maximum at 415 nm (Fig. 3B), is identical to those reported
for Mn-peroxo complexes (8, 10, 14). Int, is an intermediate with
broad absorption in the visible range and a maximum at 425 nm
(Fig. 3B). The structure of this intermediate is unknown, but spe-
cies with similar spectral features have been observed in similar
studies of Y34A, Y34H, and Y34N human MnSOD (8).

The substitution of Tyr34 caused dramatic changes to the
kinetics of SeMnSOD. The rate constant for the “prompt proto-
nation” pathway, k, (Scheme 1), was too low to measure accu-
rately. The rate constant for formation of the Mn-peroxo
complex, k3 (Schemes 1 and 2), was dramatically elevated from
0.04-0.05 nM~!'s~! for WT ScMnSOD to 0.70 nM~!s~! for the
mutant protein (Table S2), such that the overall rate constant of
reduction of O, ~ by Mn?*SOD, defined as a sum of k, and 3, is
similar in the WT and the mutant protein. We define the rate con-
stant for formation of Int, from the Mn-peroxo complex as k3’
(Scheme 2), which was determined to be 310 s™' for Y34F
ScMnSOD and is comparable to that of Y34H human MnSOD
but lower than those of Y34A and Y34N human MnSOD
(Table S2). The rate constant for formation of the five-coordinate
Mn3+ from Int,, k,” (Scheme 2), was determined to be 20 s~! for
Y34F ScMnSOD and is 3- to 16-fold lower than those determined
for Y34 mutant human enzymes (Table S2).

Int, is the Active Mn3+ Species in Y34F ScMnSOD. As we have shown
that the mutant yeast enzyme reacts completely through the Mn-
peroxo complex, the question arises: What is the Mn3* species
that oxidizes O, ~? Is it Int, or the five-coordinate Mn3*? Int, is
a product from partial or full protonation of the Mn-peroxo
complex. Formation of the five-coordinate Mn3* from Int, is so
slow (k; =20 s~!) that if the former were the oxidant, Y34F

Neutral pH
X Unknown Intermediate
ks Inner-Sphere 3/’ (Irftz) ky, Oy
Mn2*SOD———= PeroxoComplex ky't > Mn2*SOD
(nt) g, \J
5-coord Mn**SOD

High pH (Inty)

Scheme 2. Reduction of O,~ by Y34F ScMn2+SOD.

14316 | www.pnas.org/cgi/doi/10.1073/pnas.1212367109

ScMnSOD would be much slower than WT human MnSOD
(ks = 120 s~1) under inhibiting conditions. This contradicts our
observation (Fig. 2B). Indeed, we were unable to fit our data to a
mechanism in which formation of the five-coordinate Mn>* is
the rate limiting step. By contrast, the experimental data (Figs. 2
and 4A4) with various enzyme and O, ~ concentrations fit well to a
mechanism in which Int, is the Mn3* species that oxidizes O, ~
(Fig. S3).

Fast and Slow Proton-Transfer Pathways in Y34F ScMnSOD. Increased
pH lowered the overall rate of protonation of the Mn-peroxo
complex, which is a combination of k;’, k4, and k,’ (see below),
in Y34F ScMnSOD. At pH 7, the overall protonation rate was
equal to k3” (310 s71); at pH 8.5, it dropped by a factor of three
to 100 s~! (Fig. 44). In addition, the rapid absorption increase at
420 nm, resulting from emergence of Int,, gradually disappeared
at increased pH (Fig. 4B). These facts were not caused by depres-
sion of k;’, which, calculated via fitting the data in Fig. 4B, stayed
almost the same from pH 7-8.5 (Fig. 44, inset). The most likely
explanation is that Int, no longer formed at increased pH
(Scheme 2). The same experiment recorded at 480 nm clearly in-
dicated generation of the five-coordinate Mn3* directly from the
peroxo complex at pH > 8 (Fig. S4). Protonation of the peroxo
complex in Y34F ScMnSOD appears to partition into two path-
ways—a fast one at neutral pH leading to Int, and a slow one at
high pH leading to the five-coordinate Mn3*. The gating between
the two pathways has a pK of about 8, and the enzyme reacts
completely through the slow pathway at pH > 9 (Fig. 4B, inset).
The rate constant for the slow pathway (k,) was calculated to be
40 s~!, by fitting the absorbance changes at 480 nm to first-order
reactions (Fig. S4).

Discussion

Tyr34 is Critical for the “Prompt Protonation” Pathway. To examine
the role of Tyr34 in catalysis by ScMnSOD, we replaced
Tyr34 with phenylalanine. WT ScMnSOD reacts predominantly
through the “prompt protonation” pathway, with a gating ratio
(ko /k3) of 16-20 (Table S2) (2, 4). Like in Y34 mutant human
enzymes (8), the “prompt protonation” pathway is completely
disrupted in Y34F ScMnSOD. In Y34F ScMnSOD, k; is close
invalue (0.70 nM ™' s71) to k, of WT ScMnSOD (0.80 nM~!s~1)
(Table S2), indicating that the “prompt protonation” pathway is
substituted by the “inner-sphere” pathway in the mutant yeast
enzyme.
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Fig. 4. pH determines the pathway of protonation of the Mn-peroxo com-
plex in Y34F ScMnSOD. (A) Decay of 41 uM O, ~ catalyzed by 5 pM (in Mn)
Y34F ScMnSOD at pH 7.0 (a) and 8.5 (b). The solutions contained 10 mM po-
tassium phosphate, 10 mM sodium formate, 1 mM Tris-Cl and 10 pM EDTA.
Inset: rate constant k3’(solid circles) and k4" (hollow triangles) as functions of
pH. (B) The absorbance changes at 420 nm upon generation of 8.9 uM O, ~ at
pH 7.5 (black), 8.0 (red), 8.5 (green), 9.0 (purple), and 9.5 (blue). Fitted curves
generated from PRWIN (27) are shown. The solutions contained 80 pM (in
Mn) Y34F ScMnSOD in 15 mM potassium phosphate, 10 mM sodium formate,
1 mM Tris-Cl, 160 pM H,0,, and 100 pM EDTA. Inset: percentage of the fast
protonation pathway as a function of pH, calculated by dividing the highest
420 nm absorbance at each pH to that at pH 7.5, assuming that at pH 7.5 the
enzyme reacts solely through the fast proton transfer pathway.
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Putative Six-Coordinate Int; is Associated with the Additional Second-
Sphere Water. Spectroscopic analysis revealed that resting WT
yeast Mn3+SODs consist of both five- and six-coordinate
Mn3* centers (2). In WT yeast enzymes, the absorption intensi-
ties around 480 nm and <400 nm correlate with two effective
>Mn hyperfine couplings in the EPR spectra, consistent with
five- and six-coordinate Mn3* centers, respectively (2). Like
the WT enzyme, Y34F ScMn3+SOD also absorbs at <400 nm
in addition to the 480 nm band (Fig. 1B), suggesting that the oxi-
dized mutant protein also contains both five- and six-coordi-
nate Mn3+.

When Y34F ScMn2+SOD was oxidized by O, ~, a Mn3* inter-
mediate (Int,, Scheme 2) was observed with an absorption max-
imum at 425 nm (Fig. 3). The blue shifting of its spectrum
compared to those of five-coordinate Mn3*+SODs leads to a spec-
ulation that Int, is six-coordinate. However, Int, must differ from
the six-coordinate component of resting Y34F ScMn?**SOD, be-
cause the two have distinct absorption maxima—i.e., <400 versus
425 nm (Figs. 1B and 3B). A simple explanation for the different
extent of blue shifting is that the sixth ligand is hydroxide in one
case and water in the other. Moreover, although we previously
proposed that the sixth ligand is hydroxide in resting WT ScMn3+
SOD (2), we cannot rule out the possibility that it is instead a
water molecule. Alternatively, the coordination geometry could
be slightly different in the six-coordinate species present under
catalytic conditions from the noncatalytic form.

An intermediate that is virtually identical in its properties to
Int, observed in Y34F ScMnSOD was previously reported in stu-
dies of several Y34 mutant human MnSODs (8). The rate con-
stant for formation of Int,, k3’, in the case of the Y34 mutant
human enzymes, was observed to be independent of ionic
strength, and it was concluded on this basis that the electrostatic
charge had not changed when Int, was generated and that Int,
could be six-coordinate with the metal ion adding an additional
water molecule (8). In the case of Int, formed by Y34F
ScMnSOD, the sixth ligand could likewise be H, O, although we
cannot rule out the possibility that it is instead OH~ or OOH™.

All Y34 mutant proteins shown to react via Int, contain an
additional second sphere water molecule occupying the cavity
created by the replacement of Tyr34 (Fig. 14) (8), suggesting that
the observation of Int, and the presence of the additional water
may be correlated. However, neither the additional water nor Int,
are found in any Y34F mutant protein that has been studied pre-
viously (7, 10), suggesting a particularly important role of Tyr34 in
WT ScMnSOD. Previously we proposed that fast catalysis by
yeast MnSOD could be related to fast proton transfer from an
outer-sphere solvent molecule (2). Particularly in Y34 mutant
proteins, protonation of the peroxo complex is always fast so long
as the additional water molecule is present. One would therefore
expect that the additional second-sphere water in these Y34
mutant proteins donates one of the two protons to the bound
peroxyl group.

In order to explore the catalytic properties of the six-coordi-
nate species in WT yeast MnSODs, we reduced ScMn3+SOD
or CaMn**SOD with substoichiometric amounts of O, ~ and fol-
lowed the absorbance changes at 475 nm (Fig. S5). The resting
form of oxidized yeast MnSODs is a mixture of five- and six-co-
ordinate Mn3*SOD. In the case of the six-coordinate Mn3*SOD
being a “dead-end” complex, k; would be significantly reduced
due to inhibition by the sixth ligand. However, k; was determined
to be 1.0-1.3 x 10° M~ s~! for yeast WT MnSODs and is com-
parable to that of other WT MnSODs (4), whose catalysis appar-
ently only involves five-coordinate Mn>* species. Therefore, the
six-coordinate Mn3* center is equally as catalytically competent
as the well-characterized five-coordinate Mn3*. This, along with
the correlation between the additional second-sphere water mo-
lecule and fast proton transfer, suggests that the sixth ligand in
Int, is most likely a solvent molecule. Unfortunately, it is difficult

Sheng et al.

to confirm the structure of Int, using spectroscopic tools, due to
short lifetime (approximately 200 ms) of this intermediate.

Proposed Mechanisms for Y34F ScMnSOD in Which Six-Coordinate Int,
is the Active Species. Y34F ScMnSOD is even more gated through
the Mn-peroxo complex, Int;, than is WT human MnSOD, as in-
dicated by their gating ratios (k, /k3) of <0.01 and 1, respectively
(Table S2). Surprisingly, the mutant SeMnSOD is faster than hu-
man MnSOD when O, ~ levels are high (Fig. 2B). In the case of
human MnSOD, high levels of O, ~ causes the overall reaction to
slow because of the relatively low rate of peroxide loss (120 s~! at
pH 7) upon protonation of Int,. In the case of Y34F ScMnSOD,
by contrast, protonation and loss of peroxide is much faster
(310 s~! at pH 7). We conclude from curve fitting (Fig. S3) that
Int, is the active Mn®" species that oxidizes O,~ in Y34F
ScMnSOD. Although Int, has been observed in studies of several
Y34 mutant human enzymes, the active species that oxidizes O, ~
in those systems remains five-coordinate Mn3+ (8). Since Int, is
putatively six-coordinate, Y34F ScMnSOD represents the first
MnSOD, whose catalysis may involve a six-coordinate Mn3*.
Here we propose a mechanism to describe the catalytic cycle of
Y34F ScMnSOD (Mechanism A, Scheme 3, involving Int;-A). It
involves binding of O, ~ to Mn?* in the sixth coordination posi-
tion close to Tyr34 prior to inner-sphere electron transfer, as pro-
posed in the “5-6-5” mechanism (15), referring to increase of
coordination number from five to six upon binding of O, ~, and
decrease of coordination number from six to five upon dissocia-
tion of H,0,. The solvent ligand instantaneously transfers the
first proton to the distal oxygen of the newly formed 0,2~ (16),
leading to a six-coordinate end-on Mn3*-hydroperoxo species,
which in this mechanism corresponds to the Mn-peroxo complex.
The additional outer-sphere water molecule then transfers a sec-
ond proton to the proximal oxygen of HOO™, leading to disso-
ciation of the peroxide ligand. The vacant sixth ligand site is then
occupied by a second-sphere solvent molecule. We formulate Int,
as a six-coordinate Mn3* center binding two solvent molecules.
In the other half reaction, O, ~ first replaces the solvent molecule
in the sixth ligand site (17), before it is oxidized by the Mn3* ion.
Because replacement of the HOO™ group by a solvent ligand
(ky =310 s7!) is much faster than loss of the HOO~ group
(ks = 40 s71) or the solvent ligand (k] =20 s~!), fast catalysis
can be achieved through formation of the six-coordinate Int, and
bypassing the slow steps leading to five-coordinate Mn**SOD.
Mechanism A is strongly supported by experimental and com-
putational studies. The “5-6-5” mechanism is supported by the
fact that azide, an analog of O, ~, binds to the metal in the sixth
coordination site in Fe and MnSOD (15). Cryotrapped EcMn-
SOD crystallized at pH 8.5 binds an additional water in the same
sixth ligand site (18). In addition, several theoretical calculations
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Scheme 3. Proposed mechanisms for Y34F ScMnSOD.
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suggest that the most stable conformation of a bound peroxyl is
end-on (17, 19). The most probable candidate for Mn-peroxo
complexes has been proposed as an end-on Mn3*-hydroperoxo
complex with HOO~ pointing toward the solvent ligand (19).

The structure of Mn-peroxo complexes is one of the most con-
troversial topics in MnSOD research. To test the feasibility of
Mechanism A, we modeled an end-on Mn3+-hydroperoxo spe-
cies in the active site of Y34F ScMnSOD. The O1 of HOO™ in
the model was placed at the same (x, y, z) coordinates as the N1 of
azide in the six-coordinate azide-MnSOD (Protein Data Bank
code: IMNG). HOO -, sitting in the sixth coordination site, does
not have unfavorable steric interactions with the active-site resi-
dues (Fig. 5). The only adjustment needed for a good fit was a
small displacement of the water molecule that has substituted
for the —OH of Tyr34 to a position 0.85 A away from the Mn.
The proposed new position for this shifted solvent is indicated
in cyan in Fig. 5, which should be compared with Fig. 14. When
the Mn—-O1(HOO™)-02(HOO™) angle was modulated between
90° and 180°, the distance between O2(HOO ™) and the additional
water molecule in Fig. 14 is always <2.0 A, suggesting that this
water molecule would be in close contact with a bound HOO -,
and thus proton transfer from the former to the latter could be
quite facile. This is consistent with fast protonation rates observed
for Y34F ScMnSOD (Figs. 2B and 44) and several Y34 mutant
human MnSODs (Table S2).

There is another mechanism (Mechanism B, Scheme 3, invol-
ving Int,-B) that has been proposed by many researchers. The
major distinction between Mechanism A and B lies in the struc-
ture of the Mn-peroxo complex. In Mechanism B the reaction of
O, ~ with Mn?*SOD initiates from displacement of the solvent
ligand by O,~ without occurrence of any proton transfer, and
the peroxo complex is a six-coordinate Mn** binding a side-on
0,27 (1, 5). The displaced solvent molecule would become part
of the water chain extending from active site to dimer interface
(Fig. S6). The side-on peroxo then would need to accept two pro-
tons, either through the hydrogen bond chain extending from
GIn154 or through direct hydrogen-bonding interactions with sec-
ond-sphere water molecules. The structure of Int, and the pro-
cess of oxidation of O, are the same as in Mechanism A.

Formulation of the Mn-peroxo complex as a side-on Mn3*-
peroxo species has been proposed based on computational and
spectroscopic studies (3, 5), and on the crystal structure of per-
oxide-soaked EcMnSOD showing side-on binding of peroxide to
active-site Mn (Fig. S74) (20). The active site structure in
Fig. S7A, although determined under cryo conditions, provides
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Fig.5. A suggestive end-on model of the Mn-peroxo complex built from the
crystal structure of Y34F ScMnSOD (chain A). The graphic was generated
using the PyMOL Molecular Graphics System (28). Manganese ions are shown
as purple spheres. Peroxyl groups are shown as red sticks with hydrogen
atoms in gray. Existing and hypothetical solvent molecules are shown as
red and cyan spheres, respectively.
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a potential pathway for protonation of the side-on peroxo com-
plex through coordination of a water molecule in the sixth ligand
site. An end-on Mn-hydroperoxo species is observed in two out of
four chains in the same structure (Fig. S7B), and it could be a
product of the protonation implied in Fig. S7A4.

Here we favor Mechanism A over B, because, in the former,
the pathway from the Mn-peroxo complex to Int, is much sim-
pler. This reaction in Mechanism A requires transfer of one pro-
ton and translocation of one solvent molecule, whereas in
Mechanism B it requires transfer of two protons and transloca-
tion of two solvent molecules. Moreover, one would expect to
observe additional intermediates between Int; and Int,, if Me-
chanism B in fact occurred. Y34 mutant MnSODs provide ideal
systems for studying the reaction mechanism of product inhibi-
tion. We will continue our exploration of the mechanism of pro-
duct inhibition through theoretical calculations in the future.

In Y34F ScMnSOD, pH Controls Proton Transfer Pathways. MnSOD is
well known for the gating between the “prompt protonation” and
“inner-sphere” pathways (Scheme 1), based on the likelihood of
reduction of O, ~ going through the Mn-peroxo complex. We re-
port here that protonation of the peroxo complex in Y34F
ScMnSOD is also gated between a fast and a slow pathway
(Fig. 4), with the rate constant differing by approximately 7-fold.
The fast pathway goes through the putative six-coordinate Int,,
while the slow pathway leads directly to the five-coordinate
Mn3+SOD and occurs in all MnSODs (Scheme 2, 3).

Previous studies on bacterial reaction centers (RCs) elucidated
mechanisms for electron transfer coupled with multiple proton
transfer pathways, and the gating is controlled by conformational
changes of the protein (21). In Y34F ScMnSOD, by contrast, the
gating is pH-dependent. The fast pathway dominates at neutral
pH and is replaced by the slow pathway at increased pH with a pK
of about 8 (Fig. 4B, inset). Examples of “fast” and “slow” proton
transfer being pH-dependent and pH-independent, respectively,
have been reported for metalloenzymes (22). The pH effects to
Y34F ScMnSOD could result from deprotonation of active-site
water molecules, especially the one that has substituted the —OH
of Tyr34, at high pH. If the additional solvent molecule stays as a
H,O0, it could donate a proton quickly to the Mn-peroxo complex.
When it is deprotonated at increased pH and forms a OH™, the
fast proton transfer would be shut down, and the bound peroxyl
would need to get a proton through the slow pathway that occurs
in all MnSODs.

Formation of the six-coordinate Int,, which is coupled with the
fast proton transfer pathway, is no longer observed at high pH.
We conclude, therefore, that the five-coordinate Mn3* generated
through the slow proton transfer pathway becomes the active spe-
cies at high pH (Scheme 2, 3). This is the first time for pH con-
trolling proton transfer pathways and determining the active
Mn3+ species to be reported in any WT or mutant MnSOD.

A Six-Coordinate Mn3+* could be an Active Species in WT Yeast MnSOD.
Two unique biophysical properties distinguish yeast MnSODs
from any previously characterized MnSOD. First, yeast MnSODs
rest predominantly in the reduced 2+ form (2, 4), while all other
MnSODs rest >50% in the oxidized 3+ form (10-12). The posi-
tioning of GIn154 has been proposed to control the resting
oxidation state of MnSOD (3, 23-25). Previously we showed
that the increased separation of the GInl54 side chain from
the metal ion in ScMnSOD leads to a smaller stabilization of
OH ™ vs. H,O and thus a relative stabilization of the 2+ vs. 3+
state (2). Second, yeast Mn3*SODs contain both five- and six-co-
ordinate Mn3* centers (2), while only five-coordinate Mn3* cen-
ters are present in oxidized MnSODs from other organisms (26).
Y34F ScMnSOD resembles the WT enzyme in that it rests as
Mn2+SOD and is oxidized to a mixture of five- and six-coordinate
Mn3+ centers (Fig. 1B).
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Although Y34F ScMnSOD and several Y34 mutant human en-
zymes share similar active sites and formation of the six-coordi-
nate Int,, only in the mutant yeast MnSOD does Int, react with
O, . This may result from the fact that Y34F ScMn3*SOD is
inclined to form a six-coordinate Mn** adduct. Because WT and
the mutant yeast Mn3+SODs are both composed of five- and six-
coordinate species (2), the active Mn3* species in WT yeast
MnSODs could also be six-coordinate. Indeed, our recent work
has revealed that catalysis by WT yeast MnSODs involves fast
proton transfer (2). Compared to that of human MnSOD, the
catalytic reactivity of WT yeast enzymes is significantly more de-
creased at high pH with indications of depression of the proto-
nation rate (2). Therefore, the mechanism proposed for Y34F
ScMnSOD could well apply to WT yeast enzymes. Decay of
the Mn-peroxo complex and the six-coordinate Int, may be
too fast to be detectible in catalysis by WT yeast enzymes under
the conditions of our experiments.

In conclusion, Y34F ScMnSOD has a unique mechanism in
which a putative six-coordinate Mn3* species reacts with O,~
at neutral pH. Fast catalysis can be achieved through formation
of this six-coordinate Mn3" species and bypassing the slow steps
leading to five-coordinate Mn3*+SOD. Protonation of the Mn-
peroxo complex has two distinct pathways with the gating con-
trolled by pH. Because both WT and Y34F yeast Mn3+SOD have
the tendency to become six-coordinate, six-coordinate Mn3* spe-
cies could also function in the catalysis by WT yeast MnSODs.

Materials and Methods

DNA Manipulation, Expression, and Purification of Y34F SdVInSOD. Strain,
plasmid construction, and yeast transformation is detailed in S/ Text. Y34F
ScMnSOD was expressed and purified as described (2).
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Pulse Radiolysis. The experiments were carried out using the 2 MeV Van de
Graaff accelerator at Brookhaven National Laboratory. O, is generated in
air-saturated aqueous solution containing sodium formate through the fol-
lowing reactions: *OH + HCO,~ — H,0 + CO,*", 0, + CO,*” - 0,°” + CO,,
€~ +0; = 0,°7, H* + 0, - HO,".

The experiments to measure catalytic rates were carried out using
two methodologies. One set of studies involved either oxidizing an resting
enzyme or reducing an oxidized enzyme (40-120 pM) with substoichiometric
quantities of O, and following the appearance or disappearance of
Mn3+SOD, respectively, via following absorbance change in the visible range
(370-550 nm). The other method involved following the decay of various con-
centrations of O, at 260 nm using a 1:1 to 1:50 ratio of MnSOD: O, ~. Here,
rate constants were calculated by fitting the data obtained to a mechanism
using the Chemical Kinetics program in PRWIN (27).

All MnSOD were taken as the ICP-measured concentration of manganese
in the sample. The pH of the buffer was adjusted using ultrapure (Baker
Ultrex) sodium hydroxide and sulphuric acid.

Crystallography: Crystallization, Data Collection, and Refinement. Reductive
methylation (Fig. S8) and crystallization of Y34F SctMnSOD, crystallography
data collection, and refinement was performed as described in S/ Text.
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