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ABSTRACT: Catalysis of the disproportionation of superoxide by human manganese superoxide dismutase
(MnSOD) is characterized by an initial burst of catalysis followed by a much slower region that is zero
order in superoxide and due to a product inhibition by peroxide anion. We have prepared site-specific
mutants with replacements at His30, the side chain of which lies along the substrate access channel and
is about 5.8 A from the metal. Using pulse radiolysis to generate superoxide, we have determined that
keaf Km Was decreased and product inhibition increased for H30V MnSOD, bothk-Bylfders of magnitude,
compared with wild type, H30N, and H30Q MnSOD. These effects are not attributed to the redox potentials,
which are similar for all of these variants. An investigation of the crystal structure of H30V Mn(ll11)SOD
compared with wild type, H30Q, and H30N Mn(lI)SOD showed the positions ofjtwarbons of Val30

in the active site; €1 overlaps @ of His30 in wild type, and @2 extends into the substrate access
channel and occupies the approximate position of a water molecule in the wild type. The data suggest
that Cy2 of the Val side chain has significantly interrupted catalysis by this overlap into the access channel
with possible overlap with the substratproduct binding site. This is supported by comparison of the
crystal structure of H30V MnSOD with that of azide bound to Mn(l11)SOD frohermus thermophilus

and by visible absorption spectra showing that azide binding to the metal in H30V Mn(l11)SOD is abolished.
Moreover, the presence of Val30 caused a 100-fold decrease in the rate constant for dissociation of the
product-inhibited complex compared with wild type.

The superoxide dismutases catalyze the decay of superand a reduction stage. The formation of the product hydrogen
oxide through oxidatiortreduction cycles of a metal ion.  peroxide requires two protons which must ultimately come
Manganese superoxide dismutase (MnSQi2)s an amino  from solution at a rate at least as fast as the maximal catalytic
acid sequence and crystal structure very similar to FeSOD, turnover, which is near 40 m&(2, 3) (see Scheme 1). In

but these have no homologies with CuZnSOD or NiSOD this scheme Mn(IlI)SOD represents the manganese bound
(1). Catalysis involves at least two stages, an oxidation stagetg the enzyme. The rates of various steps in this catalysis

were measured using stopped-flow spectrophotometry by
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Scheme 1
Mn(IIDSOD + O, = [Mn(III)SOD-O,~]1 - Mn(I)SOD + 0O,

Mn(I)SOD + 0,7~ +2H" = [Mn(I[)SOD-O,~ ]+2H" - Mn(IlI)SOD + H,0,
1
Mn-X-SOD

maximum at 420 nm was consistent with the formation of a amplified using a pair of oligonucleotide primers, GCATAT-
side-on (bidentate) peroxo complex of the manganese. TheGAA GCACAGCCTCC and GGAGATCTCAGCATAAC-
product-inhibited nature of the complex was confirmed by GATC. The plasmid pHMNSOD4 (ATCC no. 59947) which
Hearn et al.§) by observing the same characteristic spectrum contains human MnSOD was subcloned into the TA cloning
upon mixing human MnSOD with ¥D,. Subsequent studies  vector PCRII (Invitrogen Corp.). A series of primers were
showed that the extent of product inhibition during catalysis designed to create the mutants H30X in human MnSOD
was enhanced or diminished for various active site mutants(X = N, Q, V). A pair of oligonucleotides, primer 1 '(5
of human MnSOD &, 7). CCTAGTAATCATTTCATGAAGCACAGCCTCCCCG 3

We report here significant changes in the extent of catalysis and primer 2 (5CTGCAGAATACAGTAAGCTGC 3) were
and of product inhibition of human MnSOD by site-specific used to recreate the entire MNSOD coding region. For each
mutagenesis at a single site, position 30. Residue 30 ismutant, two oligonucleotides designated as primer 3 (5
histidine in the wild-type enzyme and is a highly conserved CAGCTGCACCATTCGAAGGTCCACGCGGCCTA'Band
residue in all MnSODs and FeSODs. The side chain of His30 primer 4 (8 TAGGCCGCGTGGACCTTCGAATGGTG-
in human MnSOD is located about 5.8 A from the manganese CAGCTG 3) were made, whose sequences are complemen-
and participates in a hydrogen-bonded chain that extendstary to each other and contain the mutation of interest at
from the manganese-bound solvent molecule to Tyrl66 of position 30 (underlined for H30V). Two separate PCR
the adjacent subunit and out to solutiod).(In previous reactions were used to amplify theHalf (primers 1 and 4)
studies, Borders et al.9) replaced His30 with Ala in  and 3 half (primers 3 and 2) of the MnSOD c¢DNA coding
Saccharomyces cerisiaeMnSOD and concluded that His30 sequence. The PCR products from these reactions were
does not play a crucial role in catalysis or stability. Ramilo purified by initially running gel electrophoresis, followed by
et al. (L0) replaced His30 of human MnSOD with several the removal of contaminants on the excised band using the
amino acids and observed catalysis and solved a crystalQiagen gel purification kit (Qiagen Corp.). To create the
structure for H30N Mn(llI)SOD. These substitutions were whole coding region, another round of PCR was carried out
shown to interrupt the hydrogen bond network extending into using the purified PCR products as template with primers 1
the active site of wild-type MnSOD. Moreover, catalysis by and 2. The PCR products which now contained the mutation
H30N MnSOD was decreased 10-fold tQk: and 6-fold for at position 30 of the cDNA coding region were purified as
KealKm compared with wild type. Edwards et alll) described above and then cut with the restriction enzymes
measured catalysis by H30A MnSOD frdascherichia coli BsHI and Psi. Restriction sitesBsgHI and Pst were
and found that it was reduced about-3M% compared to  incorporated into primers 1 and 2, respectively. Cloning was
wild type. They also obtained the crystal structure of this accomplished by ligating the cohesive ends of the vector and
mutant at 2.2 A resolution, which showed altered hydrogen the PCR-derived mutant cDNA MnSOD gene. The N-
bonding and significant conformational changes in backbone terminal portion of the protein which contained tBeHlI
atoms. site was ligated to the compatibdcd end in PTrc 99A

We show here that the replacement of His30 with Val in (Pharmacia Corp.), recreating an ATG codon, and the
human MnSOD resulted in a mutant with much decreased C-terminal end of the cDNA was annealed to sl site
catalytic activity and was very susceptible to product of the vector. Small-scale expression of the mutant protein
inhibition compared with wild-type, H30N, and H30Q was done on the selected clones to verify protein expression
MnSOD. The values of the midpoint potential were not by the clone, and correct incorporation of the desired altered
substantially altered in any of these variants. Rather, anbase was verified by DNA sequencing of both the top and
investigation of the crystal structure of H30V compared with pottom strands of the purified plasmid. The constructs
wild-type, H30Q, and H30N MnSOD suggests thatjad® expressed human MnSOD as mature proteins in the mutant
the side chain of Val30 has significantly interrupted catalysis SodA/SodB™ E. coli (strain QC774) and tagged with an
by steric overlap with the substratproduct binding site or  extra methionine at the amino terminus. Culture conditions
the substrate access channel. This is supported by comparisofhcluded 0.+1.0 mM MnCb. Yields of human MnSOD
of the crystal structures of human H30V MnSOD and the mutant protein were on average-5200 mg of protein/12
azide-inhibited complex off. thermophilusMnSOD and L of bacterial culture.
studies showing that azide binding to H30V MnSOD is

; Purification. Mutants of human MnSOD were purified
abolished.

from E. coli using heat treatment and ion-exchange chro-
METHODS matography [DE52 (anion exchanger) and CM52 (cation
exchanger), Whatman Corp.)] according to the procedures
PCR-Based Site-Directed Mutagenesttiman MnSOD of Beck et al. £3) with some modifications. The modification
cDNA [cDNA sequence reported by Beck et al2)] was included the use of another cation exchanger, SP-Sepharose
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(Pharmacia Corp.), Whenever necessary. Heat treatment Wa%aple 1: Diffraction Data and Refinement Statistics for Wild-Type,
also reduced to 30 min and 36 for the less stable mutants.  H3ov, and H30Q Human MnSODs

The purity of the protein was checked at various stages of

purification using SDSPAGE. The purified protein showed - dl A0V H30Q
a unique intense band. Each mutant was dialyzed extensively€s0tion () zc?lléz_l 85y 20(_113%2_1 82) 17(_22&_2 3
with EDTA and passed through a desalting column (PD 10, g, (%) 28.8 ' 24.0 ' 27.8 '
Pharmacia Corp.) before analysis for manganese content% test reflections 10 10 9

using inductively coupled plasma (ICP) or atomic absorp- Rerys:(%) 254 224 23.4
tion spectrophotometry. The concentration of the active ;‘g&ﬂ‘;‘aéﬁﬂem'o”s 2%262 74}?)609 218240
enzyme was taken as the manganese concentratigridr o Y 13.4 (3.3} 36.0 (5.6) 7.4 (2.6)
Mn(ll1)SOD is 600+ 20 Mt cm™%; 17]. The fraction of Rinerge (%) 7.8 (46} 7.9 (28) 7.5(33)
active sites occupied by manganese varied from 0.68 for % completeness 98 (99) 99.4(99.1) 93 (91)
H30N to 0.76 for wild type. Protein concentrations were "O:°f atf'ms 3146 8140 8142
determined by the Lowry method. noF%?g'c,|3ent 325 337 195

Pulse RadiolysisThe pulse radiolysis experiments were molecules
carried out using the 2 MeV van de Graaff accelerator at
the Brookhaven National Laboratory. The amount of super-
oxide generated during pulse radiolysis was established using2
the KSCN dosimeter, assuming that (SGNhas aG value 0 mM KH:PQ, at pH 7.8, and 50uM EDTA. The
of 6.13 and molar absorptivity of 7950 Ntm* at 472 nm. reductions were followed spectrophotometrically between
All UV/vis spectra were recorded on a Cary 210 spectro- 320 and 700 nm.
photometer at a constant temperature of°25 The path Redox Potential Measurementsleasurements of the
length was either 2.0 or 6.1 cm. Solutions contained enzyme,midpoint potential En of human H30V MnSOD were
30 mM sodium formate (as a hydroxyl radical scavenger) performed by single point experiments; enzyme and mediator
(14), 50 mM EDTA, aml a 2 mM quantity of one of the ~ were allowed to equilibrate from opposite redox states as
following buffers: Mops (pH 7.2), Taps (pH 8.2), and Ches described in Leéque et al. {7) at pH 8.0. Solutions of
(pH 9.2). Superoxide radicals were generated in situ by enzyme were exchanged into 20 mM Taps and 100 mM KClI
introducing nanosecond pulses to aqueous, air-saturatedhrough three cycles of concentration and dilution using
solutions containing sodium formate according to the mech- Centricon-10 filters. Once buffer exchange was completed,
anisms described by Schwar4]. Under these conditions,  the solution was diluted to 3 mL, resulting in 6:8.4 mM
the formation of G-~/HO, radicals is more than 95% H30V MnSOD. The solution was sealed in an anaerobic cell
complete by the first microsecond after the pulse. The decayWwith a combination electrode and made anaerobic through
of superoxide was monitored spectrophotometrically at 260 several cycles of vacuum and fas. MnSOD was partially
nm (€260 = 1800 Mt cm%; 15). reduced by 0.3 mM bD, and 0.27 mM KFe(CN}. The

Scanning Stopped-Flow Spectrophotoméeliye catalysis absorbance spectra and redox potential of the system were
by MnSOD and the mutant enzymes H30Q, H30N, and measured every hour for up to 24 h. Absorbance at 421 nm
H30V was observed by scanning stopped-flow spectro- (ferricyanide) and 485 nm [H30V Mn(l1)SOD] was plotted
photometry (Applied Photophysics Ltd., SX.18MV) in a against redox potential, and the midpoint potenialwas
sequential mixing experiment in which K@ a solution of determined through least-squares fits (Enzfitter, Biosoft) of
dimethyl sulfoxide and 18-crown-6 ethet6) was diluted ~ the Nernst equation. The midpoint potential of H30V
(1:10) in two sequential rapid mixings. The final solution MnSOD was also measured using 0.4 mM pentacyano-
contained 0.25 mM enzyme, 1 mM,O, 1.0 mM EDTA, aminoferrate as the mediator. Similar procedures were used
and 100 mM Ches buffer at pH 9 and 8.3% (by volume) to determineEn for H30Q MnSOD. Midpoint potentials are
dimethyl sulfoxide. The change in absorbance of the enzymereported versus the normal hydrogen electrode.
with time from 350 to 700 nm was monitored spectro-  Crystallography of H30V, H30Q, and Wild-Type MnSOD.
photometrically. Crystals grew from 23 M ammonium sulfate at pH-78,

Azide Binding to MnSODT he binding of azide to MNSOD  buffered by 100 mM imidazole/malate. Data were collected
and mutants was investigated using scanning stopped-flowon crystals flash frozen in the liquid nitrogen stream after
spectrophotometry (Applied Photophysics Ltd., SX.10MV) they were washed in mother liquor containing 20% ethylene
in a single mixing experiment. The final solutions contained glycol. The wild-type and H30V data sets were collected on
0.25 mM enzyme, 20 mM KKPO, at pH 7.8, and 5M beamline 9-1 at the Stanford Synchrotron Radiation Labora-
EDTA. Azide concentration was varied up to 125 mM. The tory using a Mar345 detector. The data for H30Q MnSOD
visible absorbance of the enzyme was observed between 35Qvere collected at the Protein Structure Facility at the

a Highest resolution bin.

and 700 nm. University of California, San Diego, from a CuoKrotating
Reduction of MnSOD by 4@, and Dithionite The anode X-ray source, using a Mar345 detector to record the
reduction of MNSOD and mutants by.6, and dithionite images. Data were processed and reduced using Denzo/

was measured using scanning stopped-flow spectrophotom-Scalepack 18). The structures were solved by rigid-body
etry (Applied Photophysics Ltd., SX.10MV) in a single refinement against the Y34F structu®), and the structures
mixing experiment. For hydrogen peroxide reduction, the were refined using CN(). Diffraction data and refinement
final solution contained 0.25 mM enzyme, 25 mM®4, 20 statistics are presented in Table Ry reflections were
mM KH,PO, at pH 7.8, and 5@M EDTA. Reductions with randomly flagged for 10% of the data across all resolution
dithionite contained 0.25 mM enzyme, 2.5 mM dithionite, shells. The structure was manually fit againsEd2- F)
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Table 2: Values of the Steady-State Kinetic Constants, the 3), the inhibited region for H30V MnSOD can be described

Zero-Order Rate Constaky/[E] for the Product-Inhibited Phase, as a zero-order process (Figure 1) with a zero-order rate
and the Midpoint Potentig,, for Wild-Type Human MnSOD and constantky/[E] = 2 s L. In Table 2 this value oky/[E] is
Three Mutants at Position 30 compared with that observed during catalysis by wild type
Keat KealKm ko/[E] = and two other site-specific mutants at position 30: H30N
enzyme  (ms?)  (uM™'s™) (s (mv) and H30Q MnSOD. The extent of product inhibition for
wild type 40 800 500 393+ 2¢ H30Q MnSOD was similar to that of wild-type MnSOB)(
H30N 4.3 130 2000 3654 28 and weakest for H30N MnSOD (Table 2).
:28\? E;‘? 5§b 663 iggif;g Since introduction of superoxide by pulse radiolysis does

444 not involve a mixing time, the initial velocity of superoxide

a . . decay before inhibition was accessible and used to estimate
From Hsu et al.§). ® From Ramilo et al. 10). ¢ This enzyme was o
extensively inhibited, and we have not measured this rate con:stantSteady's't":lte constants. These values for the _pos't'on_ 30
accurately? From Levéque et al. {7). ¢ Measurements using ferricyan- ~ mutants are compared with the more efficient wild type in
ide as mediator. One measurement using pentacyanoaminoferrate as Table 2. The ratidk../Km, for H30V MnSOD was more than

mediator. 2 orders of magnitude smaller than wild type. The extent of
product inhibition of H30V MnSOD was so great that we
60 — — could not accurately measure catalysis at the high superoxide
 Ew ‘ concentrations required to determikag.
50 - g Product inhibition was also studied by scanning stopped-
T flow spectrophotometry. The absorbance profiles from 350
40 | 21: | to 750 nm of H30V and H30Q MnSOD were obtained under

0 2 4 ol identical conditions using 0.25 mM enzyme and 1 mMO

time (ms) Figure 2 shows such profiles at 6.4 ms after mixing [these
‘ can be compared with the spectrum of wild-type MnSOD
presented in the inset of Figure 2; see also Hearn ebjl. (
The peak at 420 nm, which is characteristic of the product-
inhibited complex, is very distinct in H30V MnSOD in

A x 10°(260 nm)
w
o

10 contrast to the much smaller peak for the less inhibited H30Q
MnSOD. For H30V MnSOD, the 420 nm peak did not decay
0 : completely even after several seconds, while for H30Q the
0 0.1 0.2 0.3 420 nm peak had completely decayed by 50 ms.
time (s) We then used pulse radiolysis to follow the rate of

Ficure 1: Decrease in absorbance of superoxide at 260 nm (path appearance and disappearance of the 420 nm peak and were

length 2 cm) during catalysis by 54 H30V MnSOD. The initial able to estimate rate constants in a simplified mechanism.
concentration of @~ was 13uM generated by pulse radiolysis. The McAdam scheme (eqs—%) is a simple pathway that
Solutions at 25C also contained 30 mM formate, 201 EDTA,

and 2 mM Taps at pH 9.2 and were equilibrated with air. Inset: _k

Catalysis by 1.uM human wild-type MnSOD with the initial Mn(IlSOD + O, — Mn(INSOD + O, (1)
concentration of @~ at 16uM. Other conditions are as described

above. ky (+2H+)

Mn(I)SOD + O, Mn(lI)SOD + H,O, (2)
and F, — Fc) maps calculated in CNS and displayed using
the XtalView suite 21). Coordinates were deposited in the
Protein Data Bank with the following accession codes:
1INON for H30V MnSOD; 1LUV for wild-type MnSOD at K (42

H¥)
1.85 A; and 1LUW for H30Q MnSOD. Mn—X—SOD——— Mn(llI)SOD + H,0, (4)

K
Mn(I)SOD + O,*~ — Mn—X—S0D ©)

RESULTS has been used to explain catalysis and product inhibition by
Catalysis The decay of superoxide catalyzed by wild-type MnSOD @@); it makes few assumptions concerning the
MnSOD has been well characterized as an initial burst of identity of species and role of proton transfer. In eg21
catalyzed dismutation followed by a region of decay that is individual steps in the catalytic cycle are considered irrevers-
zero order in superoxide and attributed to product inhibition ible, justified in part by the favorable equilibrium constants
(2, 3). The zero-order rate constant for this region of the associated with these reactions. Equations 3 and 4 represent
decay ko/[E], was determined to be 500%for human wild- the formation and dissociation of the product-inhibited
type MnSOD (Table 27). Using pulse radiolysis to generate complex. The advantage of eqs-4 for this work is that
superoxide, we measured the decrease in absorbance ahey simplify the catalytic cycle of eqs 1 and 2 while
superoxide at 260 nm catalyzed by H30V MnSOD. Figure emphasizing the formation and dissociation of the inhibited
1 demonstrates the initial burst followed by the inhibited complex Mn—X—SOD in eqs 3 and 4. This mechanism has
region during catalysis by H30V MnSOD; it can be been applied to human wild-type MnSOD and adequately
compared to the much less inhibited wild type in which the describes catalysis and product inhibitid®);
catalytic burst was observed for about 1 ms after introduction We have used pulse radiolysis to introduce Ointo
of superoxide and before the inhibited region (inset to Figure solution containing H30V Mn(lI)SOD (reduced by.B)
1; see also ref 3). Like inhibition of wild-type MnSOLR2,( and have observed the increase in absorbance at 420 nm
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Table 3: Values of the Rate Constants of Egs4lfor Catalysis by
MnSOD and Mutants Obtained by Direct Observation of the
Absorbance of the Free Oxidized Enzyme at 480 nm and the
Inhibited Enzyme at 420 nin

ky k2 ks ks
enzyme  (uMls™h) uM~1ts™ wuMts™h (s
wild type 1500 1100 1100 120
‘W wm H30N 210 400 680° 480
Wavelength (nm) = H30Q 570 799 790j 200
H30V ~5° ~30° 160 0.7

aSolutions contained M mutant enzymes or kM wild-type
enzyme equilibrated in air and also contained 30 mM formate, 50 mM
EDTA, and 2 mM Mops buffer at pH 7.8 or 2 mM Taps buffer at pH
8.2. All data are at 25C. ® Values ofk, and ks are very close and
were difficult to differentiate® H30V was strongly product-inhibited,
and fitting of progress curves for catalysis showed that the simplified
mechanism of eqs-14 was inadequate to describe the kinetics. Hence,
these values must be considered very approximate.

[
[

Absorbance
e

e
o
©

Absorbance

0.04

-0.01 ‘ ‘ ,
350 450 550 650
wavelength (nm) ) ) o
Ficure 2: Absorbance spectrum of H30V MnSOD and H30Q that, In_formlnl? ths inhibited Cofmlp()jlekg for HB(;)V _I\;I]nﬁOD h
MnSOD measured by scanning stopped-flow spectrophotometry 6.4(€d 3) is smaller by at most 4-fold compared with the other
ms after mixing at an initial concentration of 1.0 mM superoxide. mutants of Table 3; however, in the dissociation of the
Solutions at 20°C contained 0.25 mM enzyme, 0.1 mM EDTA, inhibited complexk, for H30V (eq 4) is smaller by at least
and 200 mM Ches at pH 9.0. Spectra have been corrected forp grders of magnitude.
background absorbance by subtraction of absorbance at 730 nm. Th t tantg andk difficult t timat
Inset: Absorbance spectrum of wild-type MnSOD measured under € rate constantg andk, were more difncult {o estimate
identical conditions. for H30V MnSOD in large part because they are much
smaller tharks (Table 3). Fitting the data for emergence and

20 decay of absorptions at 420 nm and at 480 nm [the maximum
s in the visible absorption of wild-type Mn(l11)SOD] was
NP % e ambiguous and may signify the presence of enzyme species
15 4 . WWM not represented in eqs—4. Further work is in progress on
'g "ﬁ ° s this topic.
S & £ Human wild-type Mn(11)SOD upon reduction withJ,
I 10 ¥ & 10 passes transiently through a complex with a maximum
2 ts s absorbance at 420 nm decaying to Mn(I1)SOD, which has
: S e s no appreciable absorbance over the visible range (Figure 4;
5{¢ ho 5). H30V MnSOD was reduced by 8, without evidence
M 0 | I of an absorption at 420 nm (Figure 4). Under these same
H o 1+ 2z 3 conditions, wild-type Mn(ll)SOD was reduced by 2.5 mM
ol ‘ time (s) dithionite with a half-time of 0.3 s; H30V Mn(lI)SOD was
0 2 4 6 not reduced under these conditions.
time (ms) Azide inhibition. Hearn et al. §) and Whittaker and

FiGUre 3: Increase of absorbance at 420 nm during the catalysis Wh'tta_ker @3) noted that the visible abs,orpt'on spectrum of
of superoxide decay caused by the emergence of the inhibitedthe azide-MnSOD complex has a maximum near 420 nm;
complex of 20uM H30V MnSOD. The initial concentration of  the data for the azide complex with wild-type human
0.~ was 4.8uM, generated by pulse radiolysis. Solutions at 25 MnSOD is shown in Figure 5. This feature is also observed
°C also contained 30 mM formate, a EDTA, and 2mM Taps i the spectrum of the product-inhibited complex of H30V

at pH 8.2 and were equilibrated with air. H30V MnSOD was . . . .
reduced by introduction of D, before the experiment. Inset: MnSOD_(F!g_ure 2); however, the visible spectrum of this
Decrease in absorbance at 420 nm under the same conditions buProduct-inhibited complex lacks an absorbance shoulder near

over a much longer time that measures the decay of the inhibited 500 nm that is observed in the azide adductEofcoli
complex of H30V. MnSOD 3) and is represented as a broad absorbance in

the azide adduct of human MnSOD (Figure 5). We estimate
indicating the emergence of the inhibited state. The formation an apparent binding constant of azide of 2.8.2 mM under
and decay of the 420 nm absorption allowed us to obtain the conditions of Figure 5 from the intensity of the absorb-
the rate constants andk, of eqs 3 and 4. Figure 3 shows ance at 420 nm upon equilibration of azide with human wild-
the increase in absorbance at 420 nm for the inhibited type Mn(ll11)SOD. The binding constants for azide to H30N
complex of H30V MnSOD measured over a short time scale and H30Q MnSOD were 2.4 0.6 mM and 1.8 0.5 mM,
after introduction of superoxide by pulse radiolysis. The inset respectively. In a range of azide concentrations up to 125
to Figure 3 shows the decrease in this absorbance as thenM under the same conditions, there was no change in the
inhibited complex decays over a much longer time scale. absorbance spectrum of H30V MnSOD, which is very similar
The rate constants resulting from these and similar measure+o that of wild type (Figure 5). We conclude that azide does
ments on H30N, H30Q, and wild-type MnSOD are presented not bind to the metal of H30V MnSOD in the range of azide
in Table 3. Here, comparison with the other variants shows concentrations used.
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0.16 0.16
A
0.12 0.12
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s ©
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FicurRe 5: (A) Visible absorption spectra of wild-type MNnSOD in
the absence (curve 1) and presence (curve 2) of 125 mM azide. In
each measurement enzyme was present at 0.25 mM in 20 mM
Sphosphate buffer at pH 7.8 and 25. (B) Visible absorption spectra

of H30V MnSOD in the absence (curve 1) and presence (curve 2)
of 125 mM azide. Other conditions are as above.

wavelength (nm)

Ficure 4: (A) Reduction by hydrogen peroxide of wild-type
MnSOD measured by stopped-flow spectrophotometry. The upper
curve shows the enzyme in the absence gb4ithe remaining
spectra from the top are at 11 ms, 100 ms, 500 ms, 2 s, and 10
after introduction of 25 mM kD,. Concentrations after mixing were
0.25 mM enzyme, 25 mM kD,, and 20 mM phosphate buffer at

pH 7.8 and 25°C. (B) Reduction by hydrogen peroxide of H30V . - .
MnSOD. The upper curve shows the enzyme in the absence oftainty is high. The redox potentials of H30N and H30Q are

H.0; the remaining spectra from the top are at 100 ms, 2 s, 5 s, much closer to the value of the wild type (Table 2).
and 10 s after introduction of 25 mM,B,. Other conditions are Crystal StructureCrystals in the space grolg6,22 had
as above. unit cell dimensions of 79 A« 79 A x 240 A for all three
variants. The crystal structures of H30V Mn(lI)SOD (Fig-
Redox PotentialThe use of ferricyanide and pentacyano- e 6), H30Q Mn(lI)SOD (data not shown), and H30N
aminoferrate as mediators in the measurement of the redoxvin(111)SOD (10) establish that the mutations at position 30
potential of human MnSOD has been described byejge  cause no significant changes on the overall structure of the
et al. 17). These mediators were applied to human H30V enzyme. The root-mean-square difference far &oms
and H30Q MnSOD in single point experiments in which petween wild type and H30Q was 0.42 A and between wild
mediator and enzyme were allowed to equilibrate from type and H30V was 0.32 A. GIn143, Tyr34, and Tyr166 are
opposite redox states. The two mediators (ferricyanide andin the same conformation in both of the mutants H30V and
pentacyanoaminoferrate) were used in separate experiment${30Q as they are in the wild-type structure. These residues,
to calculate the intrinsic redox potentials of H30V and H30Q together with ordered water molecules, form the hydrogen-
MnSOD. Redox equilibration between fully oxidized media- bonded network that extends away from the agueous ligand
tor and partially reduced enzyme (reduced with hydrogen of the manganese to solvent, and they are believed to be
peroxide) was slow, with a half-time near 6 h. We observed catalytically important, 10, 19).
the change in absorption due to the reoxidation of enzyme When superimposed, the human wild-type Mn(l1)SOD
at 485 nm and the corresponding reduction of ferricyanide and the H30V mutant show a nearly identical first shell of
at 421 nm. The ambient potential and the ratio of concentra- ligands around the active site manganese, including the Mn-
tions of oxidized to reduced forms of enzyme were substi- bound solvent molecule (Watl of Figure 6). Also similarly
tuted into the Nernst equation to obtain the midpoint superimposed are the side chains of two residues of the
potentials En) of human H30V and H30Q MnSOD. Results  hydrogen bond network, GIn143 and Tyr34, as well as the
in Table 2 show that the midpoint potent&}, for H30V is torsional angley; representing the €-Cg bond for residue
higher by about 70 mV for H30V compared with wild type. 30. The major difference between the structures is that Val30
This indicates a slight difference in values Bf between has a branched carbon. One of these methyl groups;1IC
these variants of MNnSOD, although the experimental uncer- (Figure 6), overlaps the j}Cof His30 in the wild type [and
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H163 (170)

D159 (166)
—

Q143 (151)

FIGURE 6: Least-squares superposition of the crystal structures of
human wild-type (gray) and H30V Mn(ll1)SOD (yellow with Val30

colored blue). The ligands of the metal are His26, His74, His163, -
and Asp159. A water (Wat2) molecule hydrogen-bonded to His30 FIGURE 7: Least-squares superposition of the crystal structures of

and Tyr34 was not observed in the mutant structure. the complex of azide with Mn(lI)SOD fron. thermophilus
(orange with azide in white) [from the structure of Lah et ab)[

. and human H30V Mn(ll1)SOD (yellow with Val30 colored blue).
overlaps the ¢ of GIn30 in the crystal structure of H30Q The residue numbers in parentheses are for Mn(II)SOD fiom

Mn(ll)SOD; data not shown]. The second methyl group of - thermophilus His32 of T. thermophiluss labeled without paren-
Val30, Cy2, extends into the active site channel in the theses.

direction of Tyr34 (Figure 6). The 1.8 A electron density ) ) )
map of Val30 shows a single rotamer for this side chain; Subunit, these changes in hydrogen bonding to Tyr166
other rotamers are hindered by potential interactions between@Present alterations at the interface between subunits. The
of the ligands of the metal, His26. As a result, the channel however, in the mutant Y166F the value ke is smaller
leading to the active site is more narrow in the H30V mutant Py 10-fold than that of wild type1().
than in the wild type. The distance from thigZof Val30
to the manganese is 4.4 A; the distance from the hydroxyl DISCUSSION
oxygen of Tyr34 is 4.1 A. In the wild-type Mn(ll)SOD, The replacement of His30 in wild-type MnSOD with Val
the closest distance between the side chains of Tyr34has caused a significant decrease in catalysis and increase
(hydroxyl oxygen) and the imidazole ring of His30 is 4.9 in product inhibition, quite different than seen with the more
A, representing a larger channel for possible approach of conservative replacements by Asn and Gin. These changes
substrates and release of products. upon amino acid substitution cannot be attributed to the rather
There is a water molecule hydrogen-bonded to the side small change in the redox potential of H30V MnSOD.
chains of both His30 and Tyr34 in wild-type Mn(ll)SOD  However, our data provide several significant features to
(Wat2 of Figure 6) that maintains the network of hydrogen- understand the very small catalytic activity of H30V MnSOD
bonded residues that is believed to facilitate proton transfer compared with wild type, H30N, and H30Q. The crystal
in catalysis {, 10). Both H30Q and H30V lack this water  structure of H30V MnSOD shows that a side-chain methyl
molecule in their crystal structures; H30N has a water group of Val30 (G¢'2) points into the active site cavity toward
molecule between the side chains of Asn30 and Tyr34, but Tyr34 but causes no shift in the position of the side chain of
there is no hydrogen bond between Asn30 and this waterTyr34 (Figure 6); it is located about 4.4 A away from the
(10). Hence evidence is consistent with the interruption of manganese.
the hydrogen-bonded network in these mutations at residue To help to understand the implications on catalysis
30; this may reduce the efficiency of proton transfer and of Val30, we compare the structure of human H30V
account for the smaller values kf; for mutants at position ~ Mn(llI)SOD with that of the azide-bound Mn(l11)SOD from
30 (Table 2). In wild-type MnSOD the side chain of His30 T. thermophilus(25) (Figure 7), azide being a substrate
is also hydrogen-bonded to the side chain of Tyr166, which analogue. InT. thermophilusMnSOD, the azide binds to
emanates from the adjacent subunit. This hydrogen bond isthe metal through an end-on ligation expanding the coordina-
not possible for H30V; for H30N it is also lacking due to tion geometry about the manganese. The terminal nitrogen
the altered orientation and shorter length of the Asn30 side forms a hydrogen bond with the hydroxyl of Tyr34 and is
chain. This arrangement is somewhat complicated in the 3.3 A from the Nd1 of His30 (numbering as in human
crystal structure of H30Q MnSOD. There are two conforma- MnSOD). Superimposing the azide-boufidthermophilus
tions of the GIn30 side chain, one in each subunit. In one, MNSOD and human H30V MnSOD shows that the central
the hydrogen bond to Tyr166 is formed and in the other the nitrogen of the azide would interact unfavorably withZ
hydrogen bond occurs to Tyr166 but through an intervening of Val30; the distance betweerny€ of Val30 and N2 of the
hydrogen-bonded water molecule. Thus in each of the azide is 2.1 A and the van der Waals radius of a methyl
mutants H30V, H30Q, and H30N there is altered hydrogen group is near 2.0 A. The azide-bound complex Tf
bonding to Tyr166. Since Tyr166 emanates from an adjacentthermophilusMnSOD shows that binding of azide requires
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OH

OH
His 74/, | Asp 159 His 74, | Asp 159
Mn ‘Mn

| “His 163 —0” | “His 163
~CH3)  His 26 ~CHg His 26
A B

Ficure 8: (A) Model showing the approximate trigonal-bipyramidal
coordination about the manganese in H30V MnSOD. Th& C
methyl of Val30 is represented. (B) Model for an octahedral
coordination of substrate bound to H30V MnSOD based on the
distorted octahedral geometry about the manganesk. iooli
MnSOD at 100 K 26). The model shows a steric hindrance of the
Cy2 methyl group of Val30 at the substrate binding site.

slight movement of residues in the active site cavity including
Tyr34. Given the lack of constraints on Tyr34 in the H30V
structure, including loss of a hydrogen bond with residue
30, it is likely that Tyr34 could make space for azide binding.
Val30, on the other hand, is likely constrained by the
backbone carbonyl of His26 and would come into unfavor-
able contact betweem@ and this carbonyl oxygen if it were
to rotate abouy: to make space for azide.
Azide binds in a different mode i&. coli FeSOD 5),

Hearn et al.

one of the solvent molecules. The five-coordinate, trigonal-
bipyramidal structure in the absence of substrate found near
room temperature is shown in Figure 88).(The observa-
tions that reduction of H30V MnSOD with @, proceeds
without an apparent absorption at 420 nm (Figure 4) and
that H30V MnSOD is resistant to reduction by dithionite
may be related to poor accessibility in the active site channel
or steric overlap of the side chain of Val30 and binding sites
at the metal.

Another possibility for the very low rate of catalysis by
H30V MnSOD may be that a reduced efficiency of proton-
ation of product at the active site is caused by the protrusion
of the side-chain methyl group of Val30 into the access
channel. One observation in support of this suggestion is
that the rate constakg describing the reaction of Mn(I1)SOD
to form the inhibited complex (eq 3) is still quite fast, near
160uM~1 s1, for H30V MnSOD (Table 3). This is much
more rapid thark.a/Knm for H30V MnSOD near Mt s!
(Table 2). These data suggest that the formation of the
inhibited complex is not as greatly affected by overlap with
the Cy2 of Val30 in H30V as is the catalytic cycle itself.
The rapid formation of the inhibited complex of H30V,

forming an end-on ligation to the metal and expanding its represented b, would occur if the inhibited complex were,

coordination geometry. Here azide appears to interact with for example, a side-on complex of the peroxo dianion with
the side chain of His74 and is located about 3.4 A distant the metal, the formation of which does not involve proton-

from the carbonyl oxygen of His26. Although the active site
of human MnSOD is more similar to the. thermophilus
MnSOD, if azide were to bind to human MnSOD in a manner
similar to that of the iron-containing enzyme, the middle
nitrogen of the azide would still come into unfavorable
contact with the @2 of Val30, at an interatomic distance

near 2 A. These observations provide an explanation for the

lack of binding of azide to human H30V MnSOD.
The Val30 G2 of H30V Mn(ll)SOD appears to lie

directly on the substrate entry channel and may hinder the

ation. A less likely possibility is that the access channel for
formation of the inhibited complex is different from the
access channel of substrate in the catalytic pathway and is
less hindered by Val30.

Upon replacement of His30 with Val, the rate constant
for dissociation of the inhibited compléd is lower in H30V
MnSOD by a factor of over 100 compared with wild type,
H30Q, and H30N (Table 3). Hearn et a2 established
thatk, is proton transfer dependent with a solvent hydrogen
isotope effect near 2 in wild type and mutants at several

approach to and release of product in both the reduction (eqpositions including human H30N MnSOD. The crystal

1) and oxidation (eq 2) cycles of catalysis. Since azide is a

structure of wild-type MnSOD established the presence of a

substrate analogue, these data suggest an explanation for thﬁydrogen bond network involving a number of side chains

very weak catalysis of superoxide dismutation by H30V
MnSOD; specifically, the € methyl group may block the

and solvent molecule8). Mn—solvent-GIn143-Tyr34—
solvent-His30-Tyr166, in which Tyr166 originates in the

substrate access channel and/or sterically overlap the S“badjacent subunit of the dimer. The mutants H30V, H30N,

strate binding site, as it does for azide binding. This in
significant part may account for the low valuelef/K, for
H30V compared with the other variants of Table 2; in these
other mutants the singleyCat residue 30 does not protrude
into the substrate channel but superimposes wjth &f wild

type.

and H30Q all interrupt this hydrogen bond network. Hence,
this interruption by itself cannot account for the much
decreased value & for H30V compared with H30Q and
H30N MnSOD. However, the £ methyl group of Val30
may provide very strong inhibition by more thoroughly
interrupting proton transfer and thus blocking a pathway for

These observations are consistent with the lack of binding g |ease of the inhibited complex.

of the substrate analogue azide to human H30V MnSOD

under conditions in which azide readily binds at the metal

of the wild-type enzyme and support the suggestion that the
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