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ABSTRACT. The side chain of GIn143, a conserved residue in manganese superoxide dismutase (MnSOD),
forms a hydrogen bond with the manganese-bound solvent and is critical in maintaining catalytic activity.
The side chains of Tyr34 and Trp123 form hydrogen bonds with the carboxamide of GIn143. We have
replaced Tyr34 and Trp123 with Phe in single and double mutants of human MnSOD and measured their
catalytic activity by stopped-flow spectrophotometry and pulse radiolysis. The replacements of these side
chains inhibited steps in the catalysis as much as 50-fold; in addition, they altered the gating between
catalysis and formation of a peroxide complex to yield a more product-inhibited enzyme. The replacement
of both Tyr34 and Trp123 in a double mutant showed that these two residues interact cooperatively in
maintaining catalytic activity. The crystal structure of Y34F/W123F human MnSOD at 1.95 A resolution
suggests that this effect is not related to a conformational change in the side chain of GIn143, which does
not change orientation in Y34F/W123F, but rather to more subtle electronic effects due to the loss of
hydrogen bonding to the carboxamide side chain of GIn143. Wild-type MnSOD containing Trp123 and
Tyr34 has approximately the same thermal stability compared with mutants containing Phe at these
positions, suggesting the hydrogen bonds formed by these residues have functional rather than structural
roles.

Human manganese superoxide dismutase (MNnSG) with a keat Nnear 4x 10* st and akq./Km near diffusion
homotetramer composed of 22 kDa subunits each containingcontrol at 8x 108 M~ s7* (3). Addition of substrate also
one active site X, 2). Initial studies of human manganese initiates the appearance within milliseconds of an inhibited
superoxide dismutase show a trigonal bipyramidal geometry form; after a brief initial burst, catalytic decay of superoxide
about the active site manganese, the ligands consisting ofis characterized by zero-order kinetics in which a peroxide-
three histidines, an aspartate residue, and one solveninhibited form plays a significant role3(4). This enzymatic
molecule (). In the catalytic disproportionation of super- form is proposed to be an inner-sphere, end-on or side-on,
oxide, MnSOD cycles between the Mn(lll) and Mn(ll) states peroxo complex4, 5), and its visible absorption spectrum
to produce oxygen and hydrogen peroxide. Catalysis is rapidresembles that of the azide-inhibited form of MNnSO® (
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have large effects on the major thermal unfolding transition ganese, determined by flame atomic absorption spectroscopy,
of MNnSOD near 90C. However, the replacements of Tyr34 was used to determine the active enzyme concentration.
and Trpl123 with Phe decreased the catalytic activity of Metal contents were typically between 60 and 80% of the
MnSOD and resulted in an enzyme that was more product-total protein.
inhibited than the wild type. Both Tyr34 and Trpl23 appear  Pulse RadiolysisAll pulse radiolysis experiments were
to act cooperatively in this effect on catalytic activity. performed at Brookhaven National Laboratory, using the 2
MeV van de Graaff accelerator as described by Hearn et al.
MATERIALS AND METHODS (14). All spectra were obtained on a Cary 210 spectropho-
Site-Directed Mutagenesisluman manganese superoxide tometer with the path length set to 2.1 cm. Solutions at 25
dismutase cDNA (cDNA sequence published inX2f was °C contained enzyme, 30 mM sodium formate, &B
amplified via PCR using two oligonucleotide$; GCATAT- EDTA, and one of the following buffers (at 2 mM)
GAAGCACAGCCTCC-3 and 3-GGAGATCTCAGCAT- depending upon the pH of the experiment: MOPS at pH
AACGATC-3. The human MnSOD-containing plasmid 6.5-7.5, TAPS at pH 8.868.5, CHES at pH 9.89.5, or
pHMNSOD4 (ATCC 59947) was subcloned into TA cloning CAPS at pH 10.610.5. Production of up to 3Q«M
vector pCRII (Invitrogen Corp.). Four primers were used to superoxide radicals upon pulsing the aqueous air-saturated
generate the W123F mutant. The first pair of primers was solution occurred according to the mechanisms described by
used to regenerate the coding regior:C&CTAGTAAT- Schwarz 15).
CATTTCATGAAGCACAGCCT-3 (primer 1) and 5CGC- Differential Scanning Calorimetntudies were performed
CAAAACAGCCAAGCTTGCATGCCTGCA-3 (primer 2). using a Nano differential scanning calorimeter (Calorimetry
The second pair of primers (primers 3 and 4) differed for Sciences, American Forks, UT). Protein samples of the
each mutant, and served as complementary internal primergnutants and wild-type MnSOD were prepared at a concen-
encoding the desired mutation (underlined). For the site- tration of 1 mg/mL in potassium phosphate (20 mM, pH 7.8).
directed mutant W123F, the second pair of primers was 5 An identical solution without protein was used as a reference.
AAGGCTCAGGTTTTGGTTGGCTTG-3(primer 3) and 5 Both the sample and reference were degassed@thefore
CAAGCCAACCAAAACCTGAGCCTT-3 (primer 4). To scanning from 10 to 116C at 1°C/min. The baseline and
generate the Y34F/W123F site-directed mutant, the Y34F change in specific heatAC,) upon denaturation were
human MnSOD cDNA was used as the template, using the corrected as described previouslys(17). The transitions
same primers that were used for the W123F site-directedin the differential scanning calorimetry profile were fit
mutant. Four other substitutions at the W123 site were made,assuming a non-two-state, single-component ma&eusing
including Ala, Val, His, and Tyr. In one PCR, primers 1 Origin (Microcal Software, Northampton, MA). ThHRAG
and 4 were used to generate theHalf of the coding is the AG of the mutant calculated at the appropriate
sequence, while in a separate PCR, primers 2 and 3 werdransition temperaturd ) of the wild-type protein, assuming
used to generate the Balf of the coding sequence. The a constanAH (AC, = 0). All AAG values are in kilocalories
products of the first two reactions were gel purified using per mole of tetramer and were calculated using the van't
the QIAgen gel extraction kit (QIAgen Corp.) and then used Hoff enthalpy andT,, from the best fits of the transitions.
as templates along with primers 1 and 2 in a third reaction The estimated error of the transition temperature was less
to generate the complete coding sequence containing thethan 0.3°C.
mutation of interest. The PCR product was then cut with  Stopped-Flow Spectrophotometijne method of McClune
BsHI and Pst and cloned into the pTRC99a expression and Feel9) was used to measure the zero-order rate constant
vector (Pharmacia Corp.). THBsHI site, located at the  ko/[E]. Potassium superoxide (Aldrich) and an equimolar
N-terminal end of the protein, was annealed to the compatible amount of 18-crown-6 ether used to increase solubility were
Ncd site in the pTRC99a vector, while thest site at the dissolved in dry DMSO. A dual mixing stopped-flow
C-terminal end was annealed to tRst site in pTRC99a. spectrophotometer (Applied Photophysics, SX18.MV) was
The sequences of all mutants generated in this manner weraised to follow the decrease in the absorption of superoxide
verified by DNA sequence analysis. at 250 nm §,50= 2000 M~ cm™1 (20)]. Sequential dilutions
Protein Expression and Purificatiomhe pTRC99a plas-  were used; first, superoxide in DMSO in a 2b0 syringe
mid containing the mutated human MnSOD coding sequencewas mixed in a 1:10 ratio with an aqueous solution at pH
was transformed int8od A/Sod B null mutantEscherichia 11 containing 2 mM CAPS and 1 mM EDTA. After a 500
coli strain QC774 13). The mature protein was expressed ms delay, this solution was rapidly mixed in a 1:1 ratio with
with an extra methionine at the N-terminal end of the protein. a solution containing 4M enzyme, 200 mM CAPS, and 1
The bacterial medium was supplemented with G50MnCl, mM EDTA at pH 10.5. The final concentration of DMSO
during protein expression. Cells were harvested by centrifu- was 4.5 vol %. The average instrumental dead time was 4
gation, lysed, heat-treated at 8C, and then extensively ms. The mean of six to eight catalytic traces was fit to the
dialyzed against the appropriate buffer. The enzyme wassum of zero-order (catalyzed) and second-order (uncatalyzed)
purified via FPLC on a Q-Sepharose anion-exchange resinprocesses.
(Amersham Biosciences), and when necessary by gel filtra-  Crystallography Orthorhombic crystals of Y34F/W123F
tion on a Sephacryl S-300 column. Purity was determined MnSOD were grown by vapor diffusion from a solution
by SDS-polyacrylamide gel electrophoresis, where one consisting of 26 mg/mL protein, buffered in 25 mMMHPO,
intense band at 22 kDa indicated the presence of the(pH 7.8) and 22% poly(ethylene glycol) (PEG) 2000
monomer form of MnSOD. After the buffer had been monomethyl ether. A flash-frozen single crystal, supple-
exchanged, the enzyme concentration was determined by UVmented with 20% ethylene glycol cryoprotectant in its mother
spectrophotometryefgo = 40 500 Mt cm™%). Total man- liquor, was used for X-ray diffraction data collection at 100



7040 Biochemistry, Vol. 43, No. 22, 2004

800

W123F
(d

Y34F-W123F
| N

~
=
S

»
(=3
o

a
o
o

A
g0 (M cm’)

-
o
o

300 T T T
7.5 8.5 9.5 10.5

pH

Ficure 1: Change in molar absorptivity at 480 nm as a function
of pH for wild-type ©), W123F @), Y34F ), and Y34F/W123F
(m) human MnSOD. A single ionization with &g of 9.2+ 0.1
was used to fit the data for W123F and wild-type human MnSOD.

11.5

K. A data set was collected to 1.95 A on a Q210 ADSC
CCD detector at beamline 5.0.2 of the Advanced Light
Source, Lawrence Berkeley National Laboratory (Berkeley,
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FIGURE 2: Decrease iff\;50 due to the decay of superoxided, =

2000 M cm™!) catalyzed by 2uM W123F human MnSOD
measured by stopped-flow spectrophotometry. The solution con-
tained 100 mM CAPS, 50@M EDTA (pH 10.5), and 4.5 vol %
DMSO, with an initial concentration of superoxide of 3@9. The
solid line is a fit to the sum of a zero-order process witky/§E]

of 76 s1 and an uncatalyzed, second-order rate constant of 440
M~tst

CA). The data were indexed and merged with Denzo and

scaled with Scalepack{). The crystal belonged to space MnSOD by stopped-flow spectrophotometry. These curves
groupP2,2;2 and had the following unit cell dimensions; ~ for W123F and Y34F/W123F MnSOD could be fit to the

=739 A b=756A, andc = 68.4 A. The data set was SuUm of zero-order and second-order (uncatalyzed) processes,
99.0% complete [100% for the highest-resolution shell but were dominated by the zero-order component that has
(2.02-1.95 A); 27 941 unique reflections measured] with Peen associated with product inhibition of MnSOB 14).

an Ry, of 9.3% (25.3% for the highest-resolution shell). The Typical data for W123F MnSOD show the predominant zero-
data have an overalllol of 45.5 with anl/ol in the highest- ~ order decay (Figure 2). The zero-order rate constayfis]
resolution shell of 8.2 and a crystal mosaicity of0Bhases ~ Were smaller by~3—8-fold for all of the variants of this
were obtained by molecular replacement against the wild- Study compared with that of wild-type MnSOD (Table 1),
type human MnSOD structure in Crystallography and NMR demonstrating greater product inhibition during catalysis.
Systems, version 1.129) (CNS). The structure was fit A simplified kinetic scheme (egs-34) has been used to
against CNS-calculated?2 — F¢, Fo — F., and composite ~ describe catalysis by MnSOD14, 25). This scheme is
omit electron density maps in the Xfit module of XtalView modified here to reflect the _observation that MnSOD takes
(23) and refined in CNS. The structure was refined to an Up @ proton upon reduction of the metal, shown as
Ruork Of 24.2% and arRyee (24) of 29.0% (with 5% of the Mn(II)SOD(H") in eq 1; in addltlon, the protonated site is
reflections flagged for the test set). Coordinates were Suggested to be a solvent ligand of the meg#8).(Here
deposited in the Protein Data Bank as entry 1SZX. Mn(l11)(O2*")SOD(H") represents the inhibited complex.

_ ky(+HY)
RESULTS Mn(II)SOD + 0, — Mn(I)SOD(H") + O,
Visible Spectrophotometryhe visible spectrum of human )
MnSOD shows a broad absorption with a maximum at 480 o (HH)

nm (3). The pH profile of the molar absorptivity at 480 nm
(€480 can be fit to an ionization with aky of 9.2 + 0.1
(Figure 1; see also ref3and10). This fit does not include

a very small decrease in this extinction coefficient above

Mn(I)SOD(H") + 0, Mn(l1)SOD + H,0,

2

pH 10.5 that may indicate a minor influence of a second
ionization. The absorption spectrum of W123F MnSOD
exhibited a value oésg at pH <10 larger than that of the

Mn(I)SOD(H") + O, 5 Mn(111)(O ,")SOD(H")
3)

Ky(+H+)

wild type; however, upon titration, it showed the sanig p
of 9.2+ 0.1. In contrast, the pH profile of Y34F/W123F (4)
exhibited little change ir4s, While data for Y34F showed

a decrease inesg at pH >10.5 [Figure 1 {0)]. The Two stages of the catalytic cycle (eqs 1 and 2) are treated
manganese specificity of W123F was unchanged from that a5 jrreversible, justified by favorable equilibrium constants
of the wild type or Y34F; typically, the manganese content for formation of products. The formation and dissociation
of Y34F/W123F was 80% per monomer, while the iron of the product-inhibited complex are represented in egs 3
content was less than 1% per monomer. and 4. Estimates of rate constarks—k, were made by

Catalysis.From the change in absorbance of superoxide observation of the rate of change of absorbance of superoxide
at 250 nm, we measured the progress curves for the decayand of enzyme species in single-turnover experiments after
of superoxide catalyzed by wild-type and mutant human introduction of superoxide by pulse radiolysis4). Rate

Mn(I11)(0,2)SOD(H")

Mn(ll)SOD + H,0,
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Table 1: Zero-Order Rate Constdat[E] Describing a A
Product-Inhibited Region of Catalyzed Decay of Superoxide and
Second-Order Rate Constamtsandk, for Steps in the Catalytic
Mechanism (egs 1 and 2) for Human Wild-Type MnSOD and
Site-Specific Mutants

enzyme K/[E] (572 ki (nM~1shb  ky(nM~ts 1P

wild-type 220 1.5 0.1° 1.1+ 0.1
Y34F 26 0.55+ 0.03 <0.02
W123F 75 0.76 0.05 <0.02
Y34F/W123F 58 0.66- 0.06 <0.02
W161F 50 0.30t 0.08 <0.0T

a Data taken from stopped-flow measurements at pH 8.0 arf€€20
with 100 mM TAPS, 50«M EDTA, and 2uM enzyme. The error is 0 T T T
less than 10% for each valueFrom pulse radiolysis with conditions 0 25 50 75 100
as described in the legend of Figure 3 (pH 7.5). Values are the average
and standard deviations of at least three measurenféRége constant time (us)
for wild-type MNnSOD and W161F MnSOD at pH 8.2 and Z5taken
from ref 14. 8

A x 10° (420 nm)

constantk; was estimated from the decrease in absorbance
at 480 nm of the oxidized enzymks typically is difficult

to estimate in mutants of MNSOD that are strongly product
inhibited due to the rapid emergence of the product-inhibited
form (14). ks was estimated from the appearance of a peak
absorption at 420 nm characteristic of the product-inhibited
form. k, was determined by observing the increase at 480
nm and the concurrent decrease at 420 nm corresponding to
decay of the product-inhibited complex.

Typical single-turnover experiments beginning with Y34F/ 0 ' r
W123F Mn(I)SOD showed the first-order increase in 0 100 200 300
absorbance at 420 nm on a microsecond time scale corre-
sponding to formation of the product-inhibited complex (eq

3) (Figure 3A), and the subsequent increase in absorbancdIGURE 3: (A) Increase in the absorbance at 420 nm of 480
at 480 nm on a millisecond time scale resulting from the Y34F/W123F Mn(Il)SOD over microsecond time scales after pulse

. L A radiolysis generated 6.4M Oy~ in solution. The enzyme was
dissociation of the product-inhibited complex and appearance ¢ q,ced with HO, pnor’fo pufsing_ Solutions contained 30 MM

of uncomplexed Mn(ll)SOD (eq 4) (Figure 3B). The formate, 50uM EDTA, and 2 mM MOPS at pH 7.5 and Z&.
replacement of Tyr34 and Trp123 with Phe caused modestThe solid line is a fit to a first-order process corresponding ke a
reductions of~2—3-fold in rate constantk; and ks; the of 0.64+ 0.06 nM! s7L. (B) Increase in the absorbance at 480

v ; nm of 120uM Y34F/W123F MnSOD over millisecond time scales
double mutant exhibited roughly the same magnitude of after pulse radiolysis generated 3:®1 O,~. Solution conditions

decrease as the wild type (Tables 1 and 2). Valuds also were identical to those described for panel A. The solid line is a fit
decreased as much as 4-fold with these replacements (Tabl&o a first-order process corresponding té,af 25 + 1 s,

2).
An accurate measurementlafwas not possible in these Table 2: Rate Constankg andk, and Their Solvent Hydrogen

highly product-inhibited mutants of MnSOD since changes !Sotope Effects for Steps in the Formation and Dissociation of the

; : ; il Product-Inhibited Complex (eqgs 3 and 4) for Human Wild-Type

in absorption at 42(_) nm corresponding to the inhibited MnSOD and Site-Specific Mutartts

pathway (eq 3) dominate over smaller changes at 480 nm rp— —— - —

which represent eq 2 of the catalytic cycle. Using the kinetic ___€"Yme k("M s™) ks k(s ks

simulation of KINSIM @7), we fit the superoxide decay  Wild-type® 11401  12+02 120+£10 17402

traces obtained from pulse radiolysis to estimate a range of 046+£005  11£02 5243 18402

A x 10° (480 nm)

time (ms)

) ; - WI123F 0.64-0.08 1.0+£02 79+4 18402
values fork; that would be consistent with the data. In this  va4p/w123F 0708009 10+02 2742 1.9+ 0.2
simulation, values dki, ks, andk, determined experimentally ~ wi61F 0.464+0.04 1.0+£0.1 333 22402
(Tables 1 and 2) were held constant whiavas varied until a Conditions as described in the legend of Figure 3 (pH 7.5). Values

good agreement was seen between modeled and experimerare the average and standard deviations of at least three measurements.
tally observed progress curves for the catalyzed decay of® Solvent hydrogen isotope effects are indicated with a superscript D,
superoxide. For the mutants of Table 1, an upper limit of as in°ks = (kju.0/(ks)o,0. © Rate constants for wild-type MnSOD and
0.02 nM 1 s for k, could be estimated (Table 1). W161F MnSOD at pH 8.2 and 2% taken from refl4

The pH profile ofk; (eq 1) for wild-type human MnSOD  W123F, and the double mutant were nearly identical to those
was independent of pH up to pH 9.5; at higher pHs, it showed of k; for these enzymes (Figure 5). The valuekoteq 4)
a decrease, thekp of which is estimated to be 10.0 (Figure for wild-type and Y34F MnSOD showed no pH dependence
4). In contrast, the pH profiles &4 for Y34F, W123F, and over the pH range depicted in Figure 6. The pH profiles of
the double mutant were very similar not only in magnitude k, for the two mutants containing W123F have a pH
but also in [Ks, 9.5+ 0.2 (shown for Y34F/W123F in Figure  dependence consistent with K near 9.2 (Figure 6). The
4). The pH profiles ofks (eq 3) for the wild type, Y34F, data for W123F and Y34F/W123F MnSOD were obtained
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Ficure 4: Dependence df; on pH for Y34F/W123F @) and wild- PH
type human MnSODM). Solutions at 25°C contained 12Q:M Ficure 6: Dependence ok, on pH for Y34F/W123F @) and

Y34F/W123F, 30 mM formate, 5@M EDTA, and one of the W123F ©) MnSOD. Solution conditions were identical to those
following buffers (2 mM): MOPS at pH 657.5, TAPS at pH described in the legend of Figure 4. Each data point is the mean
8.0-8.5, CHES at pH 9.69.5, or CAPS at pH 10:610.5. Data and standard deviation of-6.2 measurements. A single ionization
for wild-type MnSOD were taken from ref4. Each data point is ~ Was fit to the data for Y34F/W123F with &kpof 9.3+ 0.1 and

the mean and standard deviation ef® measurements. The data {0 W123F with a §, of 9.1+ 0.2. The values ok, for wild-type

for Y34F/W123F were fit to a single ionization with &pof 9.5 (represented by the solid line, points omitted) and Y34F (dashed

+ 0.2; wild-type data were consistent with &gof >10.0. line) human MnSOD are invariant over this pH range and are given
' in Table 1.
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Ficure 5: Dependence d§ on pH for Y34F/W123F@) and wild- [ ‘ o D159
type human MnSODM). Solution conditions were identical to those ®
described in the legend of Figure 4. Data for wild-type MnSOD ®

were taken from refl4. Each data point is the mean and standard

deviation of 6-12 measurements. The data for Y34F/W123F were

fit to a single ionization with K, of 9.5+ 0.2; wild-type data were H30
consistent with an ionization with ap of >10.0.

H26

following reduction of the enzyme with hydrogen peroxide.
Values ofk, for these two mutants did not depend on the . :

. . Ficure 7: Crystal structure of the active site of human Y34F/
concentration of pe_ro>.<|.de used ex_cept at p0, and the W123F MnSOD (black) superimposed upon wild-type human
data that had a significant peroxide dependence are notvnsoD (blue) (). Hydrogen bonds connecting Tyr34, GIn143,
reported. and Trp123 are shown in orange for the wild type but cannot form

Experiments in HO and DO (98%) were carried out to  in the mutant.
estimate the solvent hydrogen isotope effect (SHIE) on rate
constantsks andk,. For the three mutant MnSODs and the Table 3: Unfolding Transitio_n_Temperatures of Wild-Type Human
wild type, ks displayed a SHIE indistinguishable from unity MnSOD and Mutants at Positions 34 and 123

(Table 2). However, an SHIE near 2 was observedkfor MnSOD Tm (°C* AAG (kcal/mol of tetramer)

for each of the mutants and the wild type. wild-type 90.7 -
Calorimetry. Differential scanning calorimetry was used J\/SfZZF %‘(1)-26 %)-2

to determine the thermal stability of the human wild-type V3AFIW123F 88.7 07

MnSOD and variants at positions 34 and 123 (Table 3). The — _
changes in the main unfolding transition temperafiz@nd ® The standard deviation din was estimated to be 0.%C.

AAG were modest. The values &AG were calculated

assumingAC, = 0 since it is difficult to measureAC, stability (ATm = 3.5 °C; Table 3). The substitution of
accurately and incorporatingC, into the calculation for phenylalanine at both positions in the double mutant (Y34F/
AAG has only a small effect when changes in stability are W123F) was destabilizingT,, = —2.0 °C). Substitutions
small. The main unfolding transitiornT) of the wild-type at position 123 that could not be purified and were presum-
enzyme with GIn143 hydrogen bonded to both Tyr34 and ably unstable included Ala, Val, His, and Tyr.

Trpl23 was 90.7C. Replacing Trp123 with Phe had no Crystallography.Like the wild-type enzyme, the W34F/
effect on stability, while replacing Tyr34 with Phe increased W123F MnSOD mutant crystallized in space grde32;2.
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The asymmetric unit contains a homodimer, and the biologi- suggested by Hsu et aB)(on the basis of similar data and
cally relevant tetramer is formed from a crystallographic determined by Maliekal et al.2@) on the basis of more
2-fold symmetry axis. The W34F/W123F subunit fold and detailed spectroscopic studies. This;mear 9.2 for human
tetramer assembly are well-defined in the 1.95 A electron Mn(lI)SOD has also been attributed to the binding of OH
density maps, and are very similar to the previously tothe metal on the basis of comparisons of the spectroscopic
determined wild-type structure; superposition of the two properties of MNSOD and FeSODY). The replacement of
mutant asymmetric subunit structures onto the two wild-type Trp123 with Phe did not influence thiKpnear 9.2 attributed
asymmetric subunits gave an average root-mean-squardo Tyr34 (Figure 1); this is one property for which Tyr34
deviation for all 198 @ atoms of 0.34 A. Minimal changes and Trp123 in MnSOD do not interact. Moreover, the
have occurred to the position, orientation, and bonding replacement of Trp123 with Phe did not alter the selectivity
distances of residues and water molecules of the substrateof this binding site for manganese; the iron content of the
access funnel and active site (active site region in Figure 7). purified mutant enzyme was very low, near 1% of binding
The phenyl rings of Phe34 and Phel23 appear to besites for metal at the active site.

superimposed on the phenol and indole rings of the wild Though not essential to catalysis, Trp123 contributes
type at these positions (Figure 7). Moreover, the water significantly to the catalytic capacity. Rate constants for
structure in the active site and substrate access funnel hasndividual steps in a simplified catalytic mechanism (eqgs
not changed in the W34F/W123F double mutant compared 1—4) showed that replacement of Trp123 with Phe resulted
with that in the Y34F mutant and wild-type structures. The in a 2-3-fold decrease in rate constak{sandks, and an at
position of the carboxamide group of GIn143 appears to be least 50-fold decrease k (Table 1). The observation that
the same as in the wild-type and Y34F structures; however, k, < ks was made for the single mutants (Y34F and W123F)
the double mutation Y34F/W123F has eliminated two and the corresponding double mutant and is a significant
hydrogen bonds to the side chain of GIn143, and we cannotsource of the greater product inhibition observed in the
comment on whether the orientation of this side chain has mutants compared with the wild type. That is, the magnitude
rotated 180 with respect to the wild type. Instead, the main of k, compared with that oks determines the gating into
structural alteration in the Y34F/W123F double mutation is the product-inhibited form, and a very significant result of
the removal of the Tyr34 and Trp123 hydrogen bonds to each of the mutants of Table 1 is a major change in this

GIn143. gating. In fact, so prominent is this change in gating and the
resulting inhibition that the progress curve for catalysis by
DISCUSSION W123F MnSOD (Figure 2) can be explained entirely by the

. . . . product-inhibited form (and the uncatalyzed dismutation).
The side chain of GIn143, a conserved residue in MNSOD, Thq enhanced product inhibition in the mutants was observed
forms a hydrogen bond with the manganese-bound soIventaS a 3-8-fold decrease in the rate constagl{E] for the

[Figure 7 )], functions to maintain the catalytic activity ;oo order region of catalysis compared with that of the wild
(9, 28), and by influencing thels, of the metal-bound water o (Tapje 1). Results very similar to these were obtained

fine-tunes the redox potential at the meta)( The side ¢ he replacement of Trp161 with Phe (Table 13) These
chains of Tyr34 and Trp123 form hydrogen bonds with the \oqiq e (Tyr34, Trp123, and Trp161) are all components
carboxamide side chain of GIn143. In other metalloenzymes, ¢ e active site cavity with their aromatic side chains within
such third-shell ligands serve to orient second-shell ligands g & ot the metal. They appear to maintain the pathway of
for cata|1Iy3|s and '”‘g“ef‘ce tT]e((?Of the metarll-_bounoll(water catalysis containing the oxidation of the manganese (eq 2).
[i-e., Glul06 in carbonic anhydrasq]. In this work, we It is remarkable that the magnitudes (Tables 1 and 2) and

have repla_ced Tyr34 and .Trp123. through site-specific pH dependencies (Figures 4 and 5)kefand ks were very
mutagenesis to examine their functional and structural role similar, nearly identical, for each of the single and double

and Fheir possible interaction. This Wo_rk complements earlier mutants as well as for wild-type MnSOD. The first conclu-
studies of the replacement of Tyr34 in MnSOLD(11). sion from this observation is that the catalytic steps repre-
The 1.95 A crystal structure of Y34F/W123F human sented b)kl andkg (eqs 1 and 3, respective|y) appear not to
Mn(ll)SOD was very structurally similar to the wild type  pe sensitive to the difference in the formal charge on the
(Figure 7) In the mutant, the carboxamide of GIn143 has metaL Sincekl proceeds with the metal oxidized a[w
lost its hydrogen bonds to residues 34 and 123; however,proceeds with the metal reduced. Miller et éﬂﬁx have
the side chains of Phe34 and Phel23 superimpose verybhserved that MnSOD takes up a proton upon reduction of
closely on the corresponding phenol and indole rings of the metal and have interpreted their data as being consistent
residues 34 and 123, respectively, in the wild-type enzyme. with protonation at the aqueous ligand of the metal. Thus,
Significantly, there appears to be no change in the position the oxidized and reduced forms of the active site may be
of the carboxamide group of GIn143 in this double mutant p(Mn3*OH-) and P(MR*H,0), respectively (where P is the
compared with the wild type. In addition, the trigonal protein). Clearly, the delocalization of charge into the ligands
bipyramidal configuration of the ligands of the metal is the as well as the formal neutralization of charge on the oxidized
same in the mutants and wild type (Figure 7). Therefore, metal by hydroxide indicates that the electrostatics at the
the prominent structural change in Y34F/W123F compared active site may be similar fo, andks.
with the wild type is the absence of the two hydrogen bonds \we note that the mutations in which both Tyr34 and
to GIn143. Trp123 are replaced with Phe have the same effect, greatly
The pH profiles of the visible absorption maximum at 480 enhancing product inhibition. This occurs by altering the
nm for wild-type and Y34F Mn(lII)SOD are consistent with  gating between catalysisk,] and inhibition ks); each
Tyr34 as the source of theKp near 9.2 (Figure 1), as mutation (Y34F and W123F) as well as the double mutant
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decrease&, with little effect onks (Tables 1 and 2). We  results, viewed with the very minor structural changes seen
know that the steps described kyclearly involve proton in the Y34F/W123F mutant compared to the wild type
transfer for formation of product #D,; moreover, these  (Figure 7), suggest the loss of a hydrogen bond to GIn143
proton transfer steps contribute to rate as indicated by theas a cause of the decrease kn and ks, rather than a
H/D isotope effect near 2 on the maximal velocity of catalysis conformational change.
by MnSOD @). The gating between the stepsiofandks The mutants of Table 3 have thermal stabilities ap-
can be described in terms of proton accessibility at the active proximately the same as that of the wild type; hence, neither
site with the proton donated by the metal-bound waddy.( Tyr34 nor Trp123 flanking GIn143 is stabilizing compared
In this context, the significant decreases seek;ifor the to Phe at these positions. The relatively small changes in
mutants of Table 1 most likely indicate the effects of these the unfolding transition upon substitution of Phe at positions
mutations on the accessibility of protons in the reactions of 34 and 123 suggest the hydrogen bonds from these residues
eq 2. If proton transfer proceeds predominantly 6 Othen to GIn143 are more likely functional rather than structural;
formation of product hydrogen peroxide is promoted and this is in agreement with the catalytic activity being reduced
catalysis occurs. However, if proton transfer is slow or occurs but the stability rather unchanged in each mutant. However,
at another site, such as the side chain of Asp159 rather thanwe point out that mutants of MNSOD with residues other
to O,* (31), then this peroxo ligand forms the product- than Phe at position 123 were too unstable to study,
inhibited complex. Hence, the data suggest that the enhance@uggesting that there may be a significant structural role for
product inhibition in Y34F/W123F MnSOD arises from Trp123.
altered gating between catalysis and inhibition, a gating that |n summary, a significant role of Trp123 in human
is caused by changes in the proton transfer pathway. TheseunSOD is in maintaining the gating between catalysis and
results suggest a significant role of the side chains of Tyr34 product inhibition. As found when Tyr34 was replaced with
and Trpl23 is to extend to the active site a network of phe (10) and Trp161 was replaced with PHg8), we found
hydrogen bonding, the ultimate effect of which is to provide that the extent of inhibition by a peroxo complex of the metal
protons for formation of the product hydrogen peroxide.  overwhelmed catalysis when Trp123 was replaced with Phe.
The rate constant for dissociation of the inhibited complex |t s possible that some degree of product inhibition is
ks for both single and double mutants containing the desirable for preventing cellular overload of producOi
replacement of Trp123 with Phe exhibited a pH dependence(34); however, compared with phenylalanine, Trp123 and
with a pKa near 9.2 and a maximum at high pH (Figure 6). Tyr34 of the wild type function in significant part to maintain
Wild-type and Y34F MnSOD exhibited no pH dependence catalysis and slow product inhibition in MnSOD.
in this parameter. Similar behavior ka was observed for
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