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ABSTRACT. Tyrosine 34 and glutamine 146 are highly conserved outer sphere residues in the mononuclear
manganese active site BEcherichia colmanganese superoxide dismutase. Biochemical and spectroscopic
characterization of site-directed mutants has allowed functional characterization of these residues in the
wild-type (wt) enzyme. X-ray crystallographic analysis of three mutants (Y34F, Q146L, and Q146H)
reveal subtle changes in the protein structures. The Y34A mutant, as well as the previously reported
Y34F mutant, retained essentially the full superoxide dismutase activity of the wild-type enzyme, and the
X-ray crystal structure of Y34F manganese superoxide dismutase shows that mutation of this strictly
conserved residue has only minor effects on the positions of active site residues and the organized water
in the substrate access funnel. Mutation of the outer sphere solvent pocket residue Q146 has more dramatic
effects. The Q146E mutant is isolated as an apoprotein lacking dismutase activity. Q146L and Q146H
mutants retain only 510% of the dismutase activity of the wild-type enzyme. The absorption and circular
dichroism spectra of the Q146H mutant resemble corresponding data for the superoxide dismutase from
a hyperthermophilic archaeoRyrobaculum aerophilumwhich is active in both Mn and Fe forms.
Interestingly, the iron-substituted Q146H protein also exhibits low dismutase activity, which increases at
lower pH. Mutation of glutamine 146 disrupts the hydrogen-bonding network in the active site and has

a greater effect on protein structure than does the Y34F mutant, with rearrangement of the tyrosine 34
and tryptophan 128 side chains.

Superoxide dismutases (SODBaje ubiquitous antioxidant ~ from oxidative damage produced by toxic oxygen metabo-
metalloenzymes that catalyze disproportionation of super- lites. Four different kinds of redox active metal cofactors

oxide through a one-electron redox cycle-Q). have been found in superoxide dismutases:—2u, Fe, Mn,
and Ni @—7). FeSOD and MnSOD share both amino acid
20, "+ 2H" — 0O, + H,0, sequence and three-dimensional structural homol8gy (

10), while the other superoxide dismutases are structurally
This radical-scavenging function protects biological systems unrelated. Despite the high degree of structural homology
between Fe- and MnSODs, these enzymes generally require
* This work is supported by grants from the Marsden Fund of New @ Specific metal on (e'th?r Mn or Fe) for a_Ct'V'tQ)(f"md
Zealand (Grant MAU606 to G.B.J. and E.N.B.), the Lottery Health the structural basis for this specificity remains elusit, (
Grants Board of New Zealand (to G.B.J.), and the National Institutes 12). A small number ofcambialisticenzymes, which are
of Health (Grant GM42680 to J.W.W.). active with either Fe or Mn, are exceptions to this strict metal

* Atomic coordinates have been deposited with the Protein Data | o
Bank, with accession codes 1en5 (Y34F), lend (Q146H), and len6ion specificity (L3—20).

(Q146L). i ; ;
* To whom correspondence should be addressed. G.B.J.: telephone High-resolution crystal structures have been determined

(+64) 6 350-4431; fax, £64) 6 350-5682; e-mail, G.B.Jameson@ TOf four MnSODs [from Thermus thermophilug1.8 A)
massey.ac.nz. E.N.B.: telephon¢fd) 9 373-7599; fax,{64) 9 373- (21, 22), Bacillus stearothermophilu@.4 A) (23), human

7619; e-mail, Ted.Baker@auckland.ac.nz. J.W.W.: telephone, (503) mitochondria (2.2 A) 24, 25), andEscherichia coli(2.0 A)

O Mooy o) 90-1464; e-mall, fim@bmb.ogl.edu. (26)], four FeSODs [fromE. coli (1.8 A) (27-29), Pseudo-
I Oregon Graduate Institute of Science & Technology. monas ealis (2.1 A) (30—32), Mycobacterium tuberculosis
U University of Auckland. (2.0 A) (33), and the hyperthermophilic bacteriuAguifex

1 Abbreviations: CD, circular dichroism; EPR, electron paramagnetic ; ialicti
resonance; LMCT, ligand-to-metal charge transfer; MCD, magnetic pyrophilus(1.9 A) (34, and wo cambialistic SODs [from

circular dichroism; NIR, near-infrared; rms, root-mean-square; SOD, PrOpionipaC.ter_ium shermani(1.6 A) (35 and Porphyro-
superoxide dismutase; UV, ultraviolet; wt, wild-type. monas gingialis (1.8 A) (36)]. Recently, crystal structures
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methods to characterize a seriegofoliMnSOD mutants.

In this paper, we present results on mutants involved in the

putative proton relay, including the coordinated @H,0,

GInl146, Tyr34, and solvent: specifically, Y34A, Q146E,

Q146H, and Q146L. X-ray structures at 2.0 A resolution have
D167, been determined for Q146H and Q146L mutants, as well as

Y344(AF) S O for Y34F (to 2.3 A resolution), whose biochemical and

’ spectroscopic characterization has previously been reported

(42, 52). In the Y34F mutant oE. coliMnSOD and human
/‘V E170g mitochondrial MNnSOD, hydrogen bonding of the hydroxyl

Q146,4(E,H,L)

" group to GInl146 is eliminated. The effects of replacing

H814 GIn146 with histidine, which is the side chain found in

H171,4 several Mn- and FeSODs, are investigated in the Q146H
mutant ofE. coli MNSOD, a system complementary to the

2 H146Q mutant oM. tuberculosid=eSOD b0). The complete
H304 g’ elimination of the putative proton relay between Tyr34 and
A Y1744 the coordinated OHH,O moiety is investigated with the
H26, approximately isosteric Q146L mutant. Our results on these
FiIGURe 1: Active site structure oE. coli MNSOD. Second-shell E. CO.“ MnSO.D mutants are combined .Wlt.h reSlflltS on other
residues are highlighted in bold. species to give new and unexpected insights into the roles

that Tyr34 and GIn146 play in active site chemistry.

have been determined for two hyperthermophilic archael
FeSODs [fromSulfolobus solfataricug2.3 A) (37) and MATERIALS AND METHODS
Sulfolobus acidocaldariug2.2 A) (38)]. The active site Biochemical PreparatioriThe pDT1-5 plasmid containing
structures of Fe- and MnSODs are highly conserved, andthe sodAlocus 63) was a generous gift from D. Touati
nearly identical. Mn and Fe are coordinated in their respective (Institut Jacques Monod, Centre National de la Recherche
enzymes by three histidines (His26, His81, and His171) and Scientifique, Universite Paris VII, Paris, France). This
an aspartic acid, Asp167 [numbering throughout this paper plasmid was used as a template for the production of all
refers to theE. coli MNSOD numbering scheme§, 39)]. mutant plasmids using the Stratagene QuickChamgéro
A solvent molecule (water or hydroxide) is also coordinated Site-directed mutagenesis procedure as previously described
to the metal 26), and is fixed in place by two hydrogen (27). Sequences of the mutant plasmids were verified by
bonds. The solvent is the donor of a hydrogen bond with DNA sequence analysis (Molecular Biology Core Facility,
the noncoordinated oxygen of Asp167 OD1 and serves asOregon Primate Research Center, Beaverton, OR) of the
the acceptor of a hydrogen bond from GIn146 NE2. entire structural gene. The mutant plasmids were transformed
Additional hydrogen bonds are formed between GIn146 NE2 into E. coli QC781 64) sod A cells for protein expression
and the hydroxyl group of Tyr34, and between GIn146 OE1 E. colicells were grown as described previouskg)( except
and Asn80 ND2 and Trp128 NE1. GIn146 is, therefore, a the medium was supplemented with either 1 mM Mn(ll) salts
key component of an extended hydrogen-bonding network or 1 mM Fe(ll) salts. Superoxide dismutase was purified as
around the active site (Figure 1). described previously5@). pH titration of Q146H- and
Recently, site-directed mutagenesis has been used td2146L-Mn(ll)SOD was carried out as described previously
investigate the functional role of individual protein residues (42), except Bicine/KOH buffer was not used for Q146L-
in Fe- and MnSOD through site-specific amino acid substitu- MNSOD due to the susceptibility of this mutant to reduction
tions @0—51).2 of Mn(lll) to Mn(ll) by Bicine. SOD activity was measured
For the Y34F 45), W161F ¢7), Q143N @6), Q143A @49), using the xanthine oxidase/cytochromiahibition assay4).
and H30N @8 mutants of the MnSOD from human Protein concentrations were determined by optical absorption
mitochondria, high-resolution X-ray structures (1.9, 2.3, 2.3, measurements using the previously reported molar extinction
2.13, and 2.3 A, respectively) have been determined. Rathercoefficient Pogo = 8.66 x 10* M~* cm™) (55). Metal
lower-resolution structures (2.5 and 4.0 A) are available for quantitation was accomplished by atomic absorption spec-
the H145E and H145Q mutants of the FeSOD frévn trometric analysis using a Varian SpectrAA 20B atomic
tuberculosis(50). absorption spectrometer equipped with a GTA-96 graphite
In general, mutation of residues in the second coordination furnace. _ _ _
sphere of the active site metal center may have a significant SPectroscopic Measuremen@ptical absorption spectra
effect on the catalytic activity but relatively little effect on Of the proteins were recorded on a Varian Cary5-tNs—
the conformation of the enzyme or on active site structure. NIR absorption spectrometer. CD and MCD spectra were
Mutation of the bridging outer sphere counterion Glu170 to recorded using an AVIV Associates model 40DS Us—
alanine inE. coli MnSOD is an exception that destabilizes NIR dichrometer as previously describeslf. An Oxford
the dimer structure and affects metal binding selectivig).(  Instruments SM4-6T magnetocryostat provided the magnetic
Here we combine structural, spectroscopic, and biochemicalfield and temperature control during MCD spectroscopy. The
mutant proteins were converted to the oxidized Mn(lll) form
2 Positions 143 of human mitochondrial MnSOD and 145 of FeSOD before optical spectrometry by treating the sample with

from M. tuberculosisare structurally equivalent to position 146 of ~€XCess molybdicyanide5g) or with 2 equiv of sodium
MnSOD fromE. coli. m-periodate, followed with desalting by gel filtration. EPR
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Table 1: Data Collection and Reduction Statistics Eorcoli Y34F-, Q146H-, and Q146L-MnSCD

Y34F-MnSOD Q146H-MnSOD Q146L-MnSOD
space group C222 C222 C222
Z(Z) 32 (4) 32 (4) 32 (4)
unit cell dimensions (A) a=100.84 a=100.77 a=101.70
b =108.89 b=109.24 b =109.30
c=182.88 c=180.89 c=181.72
V(m) (A3Da) 2.79 2.79 2.81
solvent content (%) 56 56 56
mosaicity (deg) 0.30 0.20 0.21
data collection temperature (K) 293 293 293

data processing

resolution limits (A) (last shell)
no. of unique reflections

402.3 (2.33-2.30)
45092

40-2.0 (2.05-2.00)
68276

40-2.0 (2.05-2.00)
68589

no. of observed reflections 348981 400712 812160

no. of observed reflections after averaging 242697 227560 609197

no. of observed reflections after averagihg-(1oy) 241639 220099 609136

no. of observed reflections after merging 43949 65122 66399

no. of observations deleted manuélly 116 210 3423
redundancy 55 35 9.2
completeness (%) 97.5(79.2) 95.4 (86.0) 96.8 (87.4)
RmergeON intensities 0.087 (0.298) 0.051 (0.327) 0.067 (0.255)
overalll/o 17.2 (3.2) 19.8 (4.5) 34.4 (4.7)

2 Ruerge= 22| — OOV 1, where[ICis the mean of the number of individual observations of intensitiéDeleted as outliers in averaging. In
addition, because exposure times were quadrupled for data collection on the second crystal of Q146L, data at resolution worse than 4.0 A were
deleted.

spectra were recorded on a Varian E-109 X-band EPR
spectrometer equipped with an Air Products He cryostat. The

mutant protein was converted to the Mn(ll) form for EPR 60oF
spectroscopy by dithionite reduction, followed by anaerobic
desalting. 400+

Crystallization. Y34F crystals were grown using the
method of hanging-drop diffusion at room temperature. The
well solution was 20% (w/v) PEG 6000, 0.1 M Bicine (pH 2001
8.3), and 25 mM Nail Drops were comprised of 2L of
well solution and 2«L of protein solution (concentration of
9.0 mg/mL in water). Crystals of Q146H and Q146L were 300 500 700
grown at room temperature using the method of sitting-drop Wavelength (nm)

vapor diffusion. The reservoir solution was 0.1 M Bicine at ) i . .
pH 8.0 containing PEG 6000 (20% w/v). The crystallization F(')Gg Rr’TEmz,l a(c)tﬁ)\t,'gagi?et;sicr’]r%t(')omﬂpiggsgfiJg‘ggl?f”gi%iﬁgc’;e'SH
well contained initially 40 mM Bicine at pH 8.0, 8% (W/V)  7.0: () Y34A after treatment with 2 equiv of Naland (- - -)
PEG 6000, and protein (concentration of 11 mg/mL for Y34A plus 100 mM NaN (K¢ = 4 mM).

Q146L and 20 mg/mL for Q146H). Crystals were typically
thick needles having dimensions of approximately 0.25 mm
x 0.30 mmx 1.2 mm.

X-ray Diffraction, Data Collection, and Structure Refine-
ment.Data for all three mutants were collected on a Rigaku
R-Axis 1IC image plate detector, using graphite-monochro-
mated Cu K radiation from a Rigaku RU-200B rotating

e (Mtem™)

crystal exposed to X-rays had suffered significant radiation
damage.

As all mutants and the wt MnSOD were isomorphous, a
common set of reflections was used in the calculation of
Riee. The initial model for Y34F-MnSOD was created from

anode generator. Data for all mutants were processed andVt MNSOD @6) by removing the metal ions, all solvent
scaled using the programs DENZO and SCALEPAGE)( water molecules, and the side chains of all residues within
The data were put on an approximately absolute scale using? 10 A sphere of Phe34. Final least-squares refinements of
the scale factor taken from a Wilson plot. Relevant data Y34F-, Q146H-, and Q146L-MnSOD were carried out with
collection and processing statistics for all mutants are given CNS 67), with NCS restraints on positional and thermal
in Table 1. The crystals were all isomorphous with each other Parameters of the four subunits. Refinement and model
(and with wt MnSOD fromE. coli), in space grouC222 statistics are given in Table 2. The structure of the Q146L
and with two dimers in the asymmetric unit. For Y34F- mutant was determined using the molecular replacement
MnSOD, data were collected to 2.3 A resolution from a program AMORE $8) with the structure of wt dimeric
single crystal at room temperature, for Q146L-MnSOD from MnSOD as the search model. The structure of Q146L-
two crystals at room temperature, and for Q146H-MnSOD MnSOD was used as the starting model for refinement of
from a single crystal at room temperature. For both Q146L Q146H-MnSOD; bias was removed by an initial round of
and Q146H mutants, the crystals were sufficiently large to automated torsion-angle simulated-annealing refinement
be translated during data collection when the part of the against maximum-likelihood targets with CNS7j.



18 Biochemistry, Vol. 40, No. 1, 2001

Edwards et al.

Table 2: Refinement and Model Statistics for coli Y34F-, Q146H-, and Q146L-MnSOD

Y34F Q146H Q1l46L
PDB entry 1EN5 1EN4 1EN6
no. of residues 820 820 820
no. of protein atoms 6508 6516 6528
no. of water molecules 303 444 300
no. of Mn ions 4 4 4
averageB-factors (&)
main chain atoms 24.1 25.8 29.9
side chain atoms 25.6 25.1 31.9
water molecules 27.4 34.4 35.5
Mn 11.6 135 16.9
overall 25.0 26.0 31.0
refinement
program CNS version 0.59) CNS version 0.459) CNS version 0.5%9)
no. of reflections used in refinement 43928 65109 66352
no. of reflections used in calculation Bfee 2220 (5.1%) 3182 (4.9%) 3258 (4.9%)
resolution limits (A) 40.6-2.3 40.6-2.0 40.6-2.0
rms for bond lengths (A) 0.005 0.005 0.006
rms for bond angles (deg) 1.19 1.16 1.13
Ramachandran plo6() (%)
most favored region 89.8 90.4 91.9
additional allowed regions 9.1 8.2 6.6
generously allowed regions 0.6 0.8 1.1
disallowed regions 0.6 0.6 0.4
main chain rms deviations
monomer vs monomer for mutant (A) 0:18.35 0.14-0.43 0.16-0.48
dimers of mutant vs dimers of wt (A) 0.3®.55 0.38-0.61 0.39-0.65
R-factor (all data) 0.164 0.192 0.189
Riree (all data) 0.192 0.211 0.214

Table 3: Catalytic Activity forE. coli Mutants

SOD activity (units/mg)

MnSOD mutant Mn Fe
wt 7300 60
Y34F 6000 850
Y34A 7300 170
Q146H (pH 7.8) 600 430
Q146H (pH 6.5) 590 1050
Ql46L 340 120
Q1l46E - -
RESULTS

Superoxide Dismutase Adty. With the exception of

extinction coefficients of 780 and 700 Mcm™?, respec-
tively, slightly lower than the value of 850 M cm™* for
the wt enzyme §2). Additionally, Y34A-MnSOD has a
broader shoulder around 450 nm when compared with the
wt and the Y34F-MnSOD mutant. The close correspondence
of the spectra of wt, Y34A-, and Y34F-MnSOD at pH 7
correlates with the relatively minor effects on the structure
produced by mutation of Y34 (see below). However, neither
the Y34F nor the Y34A mutant exhibits the significant (33%)
reduction in peak intensity at high pH (pH 10) observed for
the wt protein 42), although all three proteins share a similar
affinity (Kq ~ 5 mM) for azide at pH 7.

Optical absorption spectra of Q146H- and Q146L-Mn(lll)-
SOD are distinct from spectra observed for the wt enzyme

Y34A-MnSOD, the Mn forms of all of the mutants have (52) Y34F-MnSOD 62), and Y34A-MnSOD. For both of

significantly lower catalytic activities (Table 3) than wt
MnSOD (@2). Mutation of GIn146 to histidine or leucine

these Q146 mutants, the absorbance maximum is shifted to
higher energy (from 480 to near 465 nm), and the partly

results in the loss of more than 90% of the enzyme activity. resolved shoulder near 600 nm is about 30% lower in
QI46E was isolated as an apoprotein lacking SOD activity. intensity than that observed for the wt enzyme. This shoulder
Y34A was isolated mainly as the reduced Mn(ll) form, but is we|l-resolved in Q146L (Figure 3, upper solid line). Unlike

retaining the full activity of wt MNSOD. The reduced Mn(ll)

wt (52), Y34F-Mn(Il)SOD @2), and Y34A-Mn(II)SOD,

metal center in Y34A can be oxidized by the powerful the Mn(ill) absorption spectra of both Q146H and Q146L
oxidant, NalQ, to the Mn(lll) form with loss of~5—10%

of the SOD activity.

are unchanged in the presence of NgNata not shown),
but as observed for the wt enzyme (but not Y34A or Y34F),

The Fe-substituted mutants have considerably lower activ- both spectra are sensitive to pH (Figure 3, upper dashed line).
ity than their Mn-containing counterparts, except for Q146H At high pH, both absorption spectra decrease in intensity by
(Table 3) for which the Fe and Mn complexes have approximately one-third. The absorption maximum also shifts
comparable activity at pH 7.8. When the pH of the SOD to higher energy (Figure 3, upper dashed line), which is
assay buffer was lowered from 7.8 to 6.5, the activity of characteristic of the azide adduct of the wt protein rather
Fer-Q146H-MnSOD more than doubled but the activity of than the high-pH complex4@). The K, values for these

Mn,-Q146H-MnSOD did not change.

Active Site Spectra of MnSOD Mutant$he optical
absorption spectra at pH 7 of the Mn(lll) forms of Y34F enzyme (K, = 9.7).

and Y34A closely resemble the spectrum of wt Mn(l11)SOD,

conversions (K, = 10 for Q146L, K, = 9 for Q146H,
Figure 3, inset) are close to the value observed for the wt

At least four transitions are resolved in circular dichroism

having a maximum absorption peak near 480 nm with spectra of both Q146H- and Q146L-Mn(lI)SOD in the
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Table 4: Selected Interatomic Contacts (A) Associated with His148. icoli Q146H-MnSOD,Pr. shermaniiMnSOD, M. tuberculosis
FeSOD, andS. solfataricus=eSOD

Q146H Pr. shermanii M tuberculosis Ssolfataricus

Mn206 Mn OH207 OH 2.31(4) 2.1 2.29 (8) 2.32
His146 NE2 OH207 OH 2.78 (5) — — —

CE1l OH207 OH — 3.11 3.19 (12) 3.10
His146 CE1l Tyr34 OH 3.6 — — —

NE2 Tyr34 OH — 3.11 3.00 (6) 2.88
His146 CD2 Trpl28 NE1 3.6 — — —

ND1 Trpl28 NE1 — 3.00 2.95 (6) 2.94
His146 ND1 Asn73 (0] 3.02 (3) — — —

CD2 Asn73 o] - long 3.75(13) 3.32

aValues given are the means of the NCS-related hydrogen bond distances. For structures with more than two NCS-related chains, the standard
deviations of the NCS-related values are given in brackets. Weakly d@tigeli Q146H-MnSOD has a different orientation of its His146 ring
(rotation of ~180C° aroundyy) relative to the histidine rings of the active His146 SODs. Residues equival&ntdoli MNnSOD residues His146,
Asn73, Trp128, and Tyr34 afer. shermaniiFeSOD (PDB entry 1AR5) His146, Phe67, Trp126, and Tyi85tuberculosisFeSOD (PDB entry
1IDS) His145, Phe68, Trpl25, and Tyr36; aBdsolfataricus=eSOD (PDB entry 1SSS) His155, Asn154, Trp135, and Tyr41, respectively. The
covalent bond distance between the metal and its bound solvent is also given. Note that His146 of the camhialigionaniiFeSOD has been
rotated by 180 abouty; (see the Discussion).

800
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Ficure 3: Optical spectra of Q146H- and Q146L-MnSOD. (Upper left) Optical absorption spectra of Q14910.45 mM active site in

50 mM potassium phosphate at pH 7.0, (- - -) 0.45 mM active site in 50 mM CAPS/KOH at pH 10.5, and (inset) pH titration of the optical
spectrum, where the protein (0.2 mM active site) was prepared in the following buffer (100 mM) adjusted to an ionic gtoérigthith

NaSQ,, potassium acetate (pH 5.0), potassium phosphate (pH 7.0 and 8.53), or CAPS/KOH (pH 9.37, 9.7, 9.96, 10.18, 10.37, and 10.6).
(Upper right) Optical spectra of Q146H=—} 0.44 mM active site in 50 mM potassium phosphate at pH 7.0, (- - -) 0.44 mM active site in

50 mM CAPS/KOH at pH 10.5, and (inset) pH titration of the optical spectrum, where the protein (0.2 mM active site) was prepared as
described above, with potassium acetate (pH 5.0), potassium phosphate (pH 6.7, 7.18, and 8.35), Bicine/KOH (pH 8.0, 8.8, and 8.94), or
CAPS/KOH (pH 9.33, 9.97, and 10.6). (Lower left) Circular dichroism spectra of Q146t):1(mM active site in 50 mM potassium
phosphate at pH 7.0 and (- - -) 1 mM active site in 50 mM CAPS/KOH at pH 10.5. (Lower right) CD spectra of Q4pH:mM active

site in 50 mM potassium phosphate at pH 7.0 and (- - -) 0.72 mM active site in 50 mM CAPS/KOH at pH 10.5.

region between 300 and 800 nm (Figure 3, lower solid line). temperatures (Figure 4), with four principal electronic
The CD spectrum of Q146L closely resembles that of wt transitions resolved in the region between 350 and 800 nm.
Mn(l1)SOD in both the intensity and energy of the extrema, For Q146L-MnSOD, MCD features occur at 390, 460, 512,
although the strongest CD transition is shifted from 535 to and 600 nm, while for Q146H-MnSOD, the corresponding
515 nm. This shift leads to relatively low intensity near 550 foatyres lie at 385, 457, 520, and 575 nm. The intensity of
nm in the absorption spectrum, resulting in partial resolution o features\emep as0m= 12.9 M~ cm1 T~ for Q146L
of the lowest-energy ligand field feature near 600 nm. For andAe - 13'6 ,C,nﬁl cm~1 T~ for Q146H) is typical
the Q146H-MnSOD mutant, there is a dramatic reduction MCD.457nm = - . .
. . . of MCD arising within the high-spin Mn(lIl) ground state.
in the intensity of the 515 nm CD band, even though there . " L ;

The regions of positive and negative intensity are roughly

is no significant difference in absorption spectra between . L
those two mutant proteins. As for the optical absorption equal over the spectra, but the pattern of intensity is different

spectra, the CD spectra of both proteins are unchanged infor the two complexes, with a stronger contribution from
the presence of Nw\b.nd the CD intensity decreased for the feature near 512 nm in the Q146L mutant. The reduced
both spectra at high pH (Figure 3, lower dashed line). Mn(ll) complexes are also paramagnetic, giving rise to EPR

The oxidized Mn(lll) complexes of Q146H and Q146L spectra that are very similar to those observed for the wt
give rise to intense paramagnetic MCD spectra at low enzyme (data not shown).
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400 600 800

Wavelength (nm)
FiIGUrRe 4: MCD spectra of Q146H- and Q146L-MnSOD. (Top)
Q146L (3.5 mM active site) in 50% glycerol and 25 mM potassium
phosphate buffer (pH 7.0), with MCD recorded at 4.6 K with a
magnetic field of 1.0 T. (Bottom) Q146H (3.0 mM active site) in
50% glycerol and 25 mM potassium phosphate buffer (pH 7.0),
with MCD recorded at 4.3 K with a magnetic field 1.0 T.

The distinct optical spectra observed for the Q146H and
Q146L mutants correlate with structural data (see below),
showing that mutation of GIn146 has a greater effect on
protein structure than mutation of Tyr34, resulting in
rearrangement of neighboring groups.

General Comments on the Structural Resulti.three

Edwards et al.

and, to a lesser extent, Q146L mutants, there are significant
changes in bond angles and torsion angles in the first and
second coordination shells, relative to wt and Y34F-MnSOD.
These changes are described in detail below.

Structural Description of Y34FTyr34 is absolutely
conserved in all Fe- and MnSODs. The phenolic oxygen of
this residue lies 5.40 (2) A from the metal, and forms part
of the hydrogen-bonding relay linking the metal with solvent
in the substrate access funnel via GIn146 and the metal-bound
hydroxide. Mutation of Tyr34 to phenylalanine causes only
small rearrangements of the residues in and around the active
site. The hydrogen bonds of Tyr34 OH with GIn146 NE2
and with a water in the substrate access funnel of the wt
MnSOD are absent in the Y34F mutant. No water is observed
to move into or near the site vacated by the OH of Tyr34 in
the Y34F mutant. Despite the loss of these position-
restraining hydrogen bonds, coupled with the change in the
steric and polar character for this residue, negligible changes
occur in the positioning of the phenyl ring between wt and
Y34F-MnSOD structures. There is a shift of 0.4 A for the
CZ carbon of the phenyl ring (Figure 5a). Both Tyr34 and
Phe34 are positioned identically in the four subunits, leading
to identical positioning of GIn146. Consequently, there is
also no change in the hydrogen bond between GIn146 NE2
and the metal-bound solvent [2.91 (4) A in wt and 2.86 (11)
A'in Y34F-MnSOD].

The water structure is highly conserved in Y34F-MnSOD,
despite the absence of a hydrogen bond between Tyr34 OH

mutant structures have at least 89% of residues in the mostand the water in the substrate access funnel. Of the 16 waters

favored regions of the Ramachandran plot (Table&g).(
In all mutant structures (and wt), Asn145 was in a normally
disallowed region¢g ~ 45°, ¢ ~ —120°) and GIn178 (and
in several chains Lys204) lay in a generously allowed region.

in the substrate access funnel of Y34F, 15 can be found in
equivalent positions in the wt structure (Figure 5b). There
is only one additional water unique to the Y34F structure,
being found in chains BD near the edge of the substrate

For each structure, the pairwise rms differences among theaccess funnel. Of the 17 waters in the substrate access funnel

820 main chain atoms (N, CA, C, and O) of the four subunits

of the wt structure, two do not have a corresponding fully

range between 0.14 and 0.48 A (Table 2) Consistent with Occupied water present in all Chains—(@) of the Y34F

the facts that the mutations are conservative and/or ap-

proximately isosteric, interior to the enzyme, and not directly
involved in the interface forming the dimer or in dimer

structure. The water involved in the hydrogen bond with
Tyr34 of wt is very well ordered, having an averg@iéactor
of 18 A2 (compared with the average solvéfactor in the

dimer contacts, the quaternary structures of wt and mutantstructure of 32 A). In Y34F, this water is seen at full

dimers are highly similar. Pairwise comparison of the two
dimers of wt with the two dimers of the mutant structure

occupancy only in subunit (B¢factor = 28 A?), although
residual electron density indicates that this water may be

leads to rms deviations for the 1620 main chain atoms that present at low occupancy in subunit D. The wt structure also

comprise each dimer in the range of 0-:3561 A. Regions

has another water near Tyr34, but it is located 3.5 A from

of greatest dif_ference between monomers are concentratedhe phenolic oxygen and in a poor geometry for a hydrogen
at the N-terminus, the loop between the first and second hond. This water is only seen in subunits B and D of the wt

helices, residues 134136 (involved in dime+dimer con-
tacts), and the C-terminus.

Metal—ligand bond lengths in the mutant and wt structures
are very similar with the differences in the bond lengths
ranging from—0.05 to 0.06 A, most differences being in

structure and not at all in Y34F.

The position of Phe34 does not leave sufficient room for
a water to hydrogen bond directly with the NE2 nitrogen of
GIn146, replacing the tyrosine phenolic OH. Such a water
would have unfavorably close (2-B.0 A) contacts with

the same range as the standard deviations of the values whenarbon atoms on Phe34 and Trp169. Accordingly, no water

compared over the four subunits, typicaltyp.03 A. Here

density is seen close to the site vacated by the phenolic OH,

and elsewhere, the number in parentheses following anexcept that there is some weak residual density3@2level
average value for interatomic separations, bond angle, orin a JF,| — |F¢| electron density map) in one subunit (D)
torsion angle is the estimated standard deviation for the that has not been fully accounted for.

scatter of the values about their mean for the four subunits  Structural Description of Q146H5In146 is an important

of the asymmetric unit; viz., 2.71 (3) A denotes an esd of
4+0.03 A in the mean value of 2.71 A. For the Y34F mutant,
a systematic decrease in metlfjand bond lengths averag-

outer sphere residue, its side chain forming a second-shell
hydrogen bond with the metal-coordinated solvent molecule.
This hydrogen bond is conserved in all Fe- and MnSODs

ing 0.04 A is seen, possibly representing a higher proportion irrespective of whether this residue is Gln or His. In the wt

of Mn(lll) in the Y34F mutant than in wt. For the Q146H

structure, GIn146 makes four hydrogen bonds, involving both



Outer Sphere Mutations of Mn Superoxide Dismutase Biochemistry, Vol. 40, No. 1, 200121

]
‘E)HZO?
’ ~
i -

Aspl 67

Trples
Il

Glul 70(B)

(b)

Ficure 5: Active site changes for the Y34F mutant of MNnSOD. (a) A stereodiagram showing an overlay of Y34F subunit A (green) and
wt subunit A (colored by atom type) in the region of the mutation. The mutated residue Phe34 is shown in thick green lines. The largest
change is in Phe34, undergoing rotatioryinby 3—4°. The Mn ion is represented by the larger purple sphere and its coordinated solvent

by the smaller red sphere. (b) The 16 waters in the substrate access funnel of Y34F are caibfactoy B < 25 A2, purple;B < 26—30

A2 blue; B < 31-35 A2 green; andB > 35 A2, red. The averag® for solvent in the protein is 28 Aand for the 16 waters in the
substrate-access funnel is 36. Xhe unique waters in the substrate access funnel of the wt structure are superimposed for comparison, and
drawn as gray spheres. Tyr34 of the wt structure is shown in green, along with its hydrogen bond to a water in the substrate access funnel.
Labels on water molecules indicate that an ordered water molecule was not found in all four subunits at this position. The label lists the
subunits in which ordered water molecules were found. No label indicates the water was present in all four subunits. The Mn ion is
represented by the larger purple sphere. This figure was drawn with MOLSCRIPT (

oxygen and nitrogen atoms of the amide side chain. The NE2between His146 ND1 and Asn73 O. Moreover, the alterna-
nitrogen of GIn146 is the donor in hydrogen bonds with the tive orientation leads to very weak8.6 A) hydrogen bonds
metal-coordinated solvent [2.91 (4) A] and the phenolic (His146 ND%--Trp128 NE1 and His146 NE2Tyr34 OH)
oxygen of Tyr34 [3.00 (5) A]. The OE1 oxygen of GIn146 and to an unreasonably short distance of 2.78 (5) A between
is an acceptor in a hydrogen bond with the NE1 nitrogen of the His146 CE1 and the coordinated solvent species OH207
Trp128 [3.00 (4) A] and a weaker hydrogen bond [3.36 (3) O. The modeled orientation, therefore, requires that His146
A] with the ND2 nitrogen of Asn80 (Figure 6a). In the ND1 be an amine (NH) moiety, being hydrogen-bonded to
mutation to histidine, three of these four hydrogen bonds a carbonyl oxygen. The location of the proton in the
are lost, with only the hydrogen bond to the metal- hydrogen bond between His146 NE2 and OH207 O is,
coordinated solvent remaining. The orientation of His146 is however, more complex. The OH207--@Asp167 OD1
unequivocally determined by the 3.02 (3) A hydrogen bond distance is increased by more than 0.4 A from 2.83 (3) Ain
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(b)

FIGURE 6: Active site changes in the Q146X-MnSOD mutants. (a) A stereodiagram showing an overlay of Q146H and the wt structure in

the region of the mutation. Q146H structure in green (alternate conformation of Trp128 in red) and wt structure colored by atom type. The
Mn ion of the wt structure is colored purple. See the legend of Figure 5 for labeling of water molecules. (b) A stereodiagram showing an
overlay of Q146L and the wt structure in the region of the mutation. Q146L structure in green (alternative conformation of Trp128 in red)

and the wt structure colored by atom type. This figure was drawn with MOLSCRIB)T (

wt [2.83 (8) Ain Y34F] to 3.26 (5) A in Q146H, a separation imidazolium cation for His146 or an aquo species for the
that is ambiguous with respect to whether a hydrogen bondcoordinated solvent. The latter formulation is preferred,
still exists between the OH and the carboxyl oxygen of because Q146L-MnSOD, for which ho comparable hydrogen
Aspl67 in Q146H-MnSOD. This lengthening is effected by bonding with OH207 is observed (see below), and Q146H-
a substantial displacement of the coordinated solvent moietyMnSOD both exhibit similar spectral differences compared
by ~0.4 A relative to the wt and Y34F structures and a small to wt MnSOD at pH 7, similar large spectral changes between
rotation of the side chain of Aspl167, as is apparent in Figure pH 7 and 10.5, and a similar absence of spectroscopic
6a. These changes open up the OH20MAh—Aspl167 OD2 evidence for azide binding.

bond angle from 85 (2)in wt [85 (2)° in Y34F] to 91 (1} The rotamer adopted by His146Eh coliMnSOD coupled

in Q146H-MnSOD. If a coordinated hydroxide moiety with  with the absence of a hydrogen bond to Tyr34 OH causes a
the proton mediating a hydrogen bond between OH206 OH substantial rotation of the Tyr34 side chain into the substrate
and Asp167 OD1 is assumed, then either atom His146 NElaccess funnel, relative to wt &. coli Y34F-MnSOD. The

or OH207 O carries an extra proton to mediate the His146 phenolic oxygen shifts by 1.5 A and causes changes in the
NE21---OH207 O hydrogen bond, leading to either an positions of ordered solvents within the substrate access
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funnel, but this shift does not affect the positions of any other  Relative to wt, the side chain of Tyr34 rotates into the
side chains (Figure 6a). The side chain of Tyr34 forms a solvent access funnel like that seen in Q146H-MnSOD.
2.8 A hydrogen bond with an ordered water in the substrate These rotations relieve steric repulsion with the CD1 carbon
access funnel, the hydrogen bond being present in all fourof Leul46, leading to comfortable van der Waals contacts
subunits. In the mutant structure, the phenolic oxygen lies between the side chains of Leul46 and Tyr34 in the range
only 3.7 A from the ND1 nitrogen of His30, but the of 3.5-3.8 A. As in Q146H-MnSOD, the ND2 nitrogen of
proximity of the tyrosine to the histidine does not affect the Asn80 forms a 3.04 (8) A hydrogen bond with the main chain
position of His30, which maintains its hydrogen bond to the oxygen of Aspl147, at the expense of the hydrogen bond
phenolic oxygen of Tyrl74 across the dimer interface. The between Asn80 ND2 and the main chain oxygen of residue
movement of Tyr34 into the substrate access channel leadsl46, and Trp128, without the hydrogen bond to residue 146,
to a decrease of more than 0.5 A in the Miyr34 OH adopts an alternate conformation (Figure 6).

separation from 5.40 (2) A in wt to 4.86 (2) Ain Q146H.  The separation between the coordinated solvent species
The hydrogen bonds between the OE1 oxygen of GIn146 and the carbonyl oxygen atom OD1 of Asp167 of 2.85 (5)
and residues Asn80 and Trp128 are not conserved on thei resembles the separations observed for wt and Y34F [2.83
mutation of GIn146 to histidine. As a consequence, the (3) and 2.83 (8) A], in contrast to Q146H where this
Asn80 side chain rotates 20 {4)n x., lengthening the  separation is 3.26 (5) A.
hydrogen bond to the main chain oxygen of GIn(His)146
from 3.01 (5) to 3.37 (5) A and allowing the ND2 nitrogen DISCUSSION
of Asn80 to act as a donor in a 3.29 (5) A hydrogen bond to
the main chain oxygen of Asp147. The hydrogen bond The extended active site region of manganese superoxide
between Asn80 OD1 and a buried water is preserved in thedismutases is highly conserved in cross-species sequence
Q146H mutant. The loss of the hydrogen bond between correlations involving more than 80 sequences. Of the 20
GIn146 and the side chain of Trp128 has a dramatic effect residues that have at least one atom within 7.5 A of the metal
on the orientation of Trp128, which in Q146H-MnSOD center, nine (including the four Mn or Fe ligands) are
adopts a discrete alternate orientation with approximately absolutely conserved. An additional six residues are very
50% occupancy. Trp128 lies in a large solvent-excluded Similar (Trp — Tyr or Phe, Ala— Ser, and His— Asn).
cavity, and this alternate conformation corresponds to a flip From the time that the first X-ray crystallographic structures
of the indole ring. Neither conformation allows Trp128 to Of both iron and manganese superoxide dismutase revealed
form hydrogen bonds with His146. The repositioning of their location 22, 27, 30), two of these conserved residues,
Trp128 causes a slight rotation of Trp130 to relieve steric Tyr34 and GIn146, have been implicated as playing an
repulsion. important role in the catalytic fine-tuning of these enzymes,
The main chain of the first half of helix A2 in the Q146H largely based on their proximity to the metal center and their
structure deviates from the wt structure. The shift at the start involvement in a conserved hydrogen-bonding pattern in the
of the helix (residue 66) is up to 1.0 A, but the deviation active site. Residues in the secondary coordination sphere
becomes negligible (0-10.2 A) by residue 77. The main ~are known to modulate the behavior of the metal via their
chain shift is accompanied by the formation of a 3.02 (3) A interactions with directly coordinating metal ligands, fine-
hydrogen bond between Asn73 O and His146 ND1. The sidetuning the enzyme by defining the orientation of critical
chain of Phe124, which forms part of the lip of the substrate residues, modifying the redox properties of the metal center,
access funnel, also shifts to reoptimize its packing againstaltering substrate interactions, and affecting metal charge
the side chain of Asn73. stabilization, all of which affect catalytic activityg{—67).
Structural Description of Q146LThe leucine side-chain Tyr34, which is absolutely conserved in iron and manga-
has no hydrogen bond acceptor or donor atoms, so the foumese superoxide dismutase sequences, is positioned with its
hydrogen bonds that GIn146 makes in the wt structure cannotphenolic oxygen only 5.4 A from the metal center, forming
be made when the glutamine is mutated to leucine. The a hydrogen bond with the amide nitrogen of GIn146 (or its
leucine side chain is one methylene carbon shorter thanstructurally equivalent residue). The amide nitrogen of
glutamine, and has &pybridization of its CG carbon as  GIn146 lies 4.7 A from the metal and forms another hydrogen
compared with the gphybridization of the CD carbon of  bond to a solvent molecule that is covalently bonded to the
glutamine, affording the leucine a similar steric bulk. The metal. This solvent molecule,,8® or HO  depending on
leucine is, however, a hydrophobic residue, so would be the oxidation state of the metal ion, completes a hydrogen-
expected to prefer residue packing contacts different from bonding relay extending from the solvent surrounding the
that of the polar glutamine. Leu146 adopts a rotamer (Figure enzyme to the metal ion via Tyr34, GIn146, and the metal-
6b) similar to GIn146, having similar values for tjgtorsion bound solvent. Protons are involved in the mechanism of
angle of—68 (1Y and—68 (2, respectively. The, torsion superoxide dismutation, and the hydrogen-bonding relay may
angle is largely determined by side chain packing contacts function to deliver protons to oxyanion intermediates during
of which there are nine between 3.1 and 3.8 A. The closestturnover 2). In both Mn- and FeSODs, this functional group
approach of Leul46 to the coordinated solvent species iscan be provided by either a glutamine or a histidine, although
3.59 (5) A, via atom CD2. There is no evidence for water, this residue is not always part of the same secondary structure
or any other moiety, in hydrogen-bonding contact with the element. In the structures determined to date and for more
coordinated solvent species in three of the four subunits. Inthan 20 FeSOD and 65 MnSOD sequences, the following
subunit C, however, a relatively poorly defined watBr= pattern is observed, with alignments yet to be confirmed by
40 A? is found 2.7 A from the coordinated solvent species three-dimensional structure determinations in brackets. In
and 2.5 A from Tyr34 OH. MnSODs, the residue occupying the position equivalent to
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GIn146 is always either a glutamine or a histidine, and the and charge stabilization of the metal center. Tighter binding
position equivalent to Gly77 is always a glycine. In FeSODs, of azide in Y34F and Y34A mutants could be due to an
the position equivalent to GIn146 is either a histidine (or overall more positive charge on the metal center, or relaxed
glutamine) or an alanine (or, very rarely, glycine), in which steric constraints in the substrate funnel resulting from
case the residue at the position equivalent to Gly77 is a deletion of the tyrosine OH. Although azide has been shown
glycine or glutamine, respectively. However, no Fe- or to bind to both wt and Y34IE. coli MnSOD in solution, it
MnSOD has so far been observed to have a histidine athas not been possible to detect the azide in these species by
residue 77, nor has a glutamine been observed at residue 7X-ray crystallography
in any MnSOD. Hydrogen-Bonding Patterns of Wild-Type and Mutant
The effect that these two active site residues has on theSODs with Histidine at Position 148lutagenesis of residues
function of the enzyme has been tested by their selectivethat interact with the coordinated solvent species has a greater
replacement. This work presents the X-ray crystallographic effect on catalysis, the activity of Q146H-MnSOD being only
structures of three active site mutants, Y34F, Q146H, and 10% of that of the wt enzyme. Further, the iron-substituted
Q146L. While this work was in progress, structural and mutant has activity comparable to that of the manganese form
functional studies were published by other groups on the (Table 3), typical of cambialistic superoxide dismutases. The
Y34F, Q143N, and Q143A mutants of human mitochondrial SOD activity of Fe-substituted Q146H-MnSOD increased
MnSOD @5, 46, 49) and on the H145Q and H145E mutants at lower pH, while activity of the manganese form is
of the FeSOD fromM. tuberculosis(50). These studies relatively constant. Thus, the coliQ146H-MnSOD mutant
complement the work reported there and permit a deeperexhibits behavior similar to that found for the subfamily of
analysis of the role of these residues in enzyme function. metal-nonspecific (cambialistic) SODs fro8treptococcus
Y34X Mutants.The substitution of phenylalanine for mutans(15), Mycobacterium smegmatid9), Aeropyrum
tyrosine in Y34F-MnSOD eliminates structurally important pernix (20), andPyrobaculum aerophilunig8). The active
hydrogen bonds to GIn146 and solvent in the substrate accessite Mn(lll) absorption and CD spectra of Q146H-MnSOD
funnel. Nonetheless, solvent structure in the substrate accesalso resemble spectra observed for the cambialistic SOD from
funnel is very similar except that the water that forms a P. aerophilum(68), which has a histidine rather than a
hydrogen bond with Tyr34 OH in the wt MnSOD is less glutamine in the solvent pocket. Thus, the anomalously low
ordered in the Y34F mutant. No additional solvent diffuses CD intensity and peak extrema of the Q146H mutant may
into the active site to maintain the hydrogen bond relay correlate with its cambialistic character, implying that the
linking the Tyr34 to the metal ion via GIn146, and the metal- spectroscopic and catalytic features have a common origin
bound solvent molecule. This proposed hydrogen bond relayin the electronic perturbations in this site.
from the substrate access funnel to the metal is thus In the Q146H mutant, the histidine side chain of residue
completely disrupted by the mutation. However, this disrup- 146 adopts a conformation sterically similar to that of the
tion is accompanied by an onty20% loss of activity at pH  wt glutamine for which it substitutes (Figure 6a). Because
7.8 and 9.0, implying that GIn146, along with other polar of the different types and positions of hydrogen-bonding
groups in the active site, is sufficient to provide a proton- groups on the histidine, the hydrogen-bonding network of
hopping pathway into the solvent pocket during turnover. the wild-type enzyme is disrupted, leading to movement of
The activity of the Y34A mutant is insignificantly different  Tyr34 and disorder of Trp128. Both hydrogen bonds formed
at pH 7.8 from that of wt MnSOD front. coli. At pH 7, between GIn146 OE1 and the residues Asn80 and Trpl128
the UV—visible spectra of wt, Y34F42), and Y34A are in the wt MNnSOD are absent in the Q146H mutation. In the
very similar. However, at pH 10.5, the extinction coefficient wt, Asn80 and Trp128 orient the glutamine, and also possibly
at 480 nm has decreased by approximately 30% in wt but modulate its character. These roles can be further examined
by less than 10% in Y34F and Y34A. Similar diminutions in future mutation studies. The loss of the hydrogen bond
are observed for the wt and Y34F mutants of the MNnSOD with Trp128 causes conformational disorder of this trypto-
from human mitochondria4b). It has proved tempting to  phan residue, which adopts two positions in equal amounts,
assign this large spectral change for the wild type, which the wild-type orientation and another in which the Trp128
has a [K, of ~9.7, to deprotonation of the hydroxyl group side chain rotates-180° aroundy;. The NE1 nitrogen of
of Tyr34, and the smaller spectral changes of the mutants, Trp128 in the new orientation seen in the Q146H mutant is
which have a similar K, of ~10, to coordination of  not involved in any hydrogen bonds.
hydroxide at the sixth site4f). However, as argued earlier If the histidine is involved in modulating the character of
(42), binding of hydroxide to Y34F- and Y34A-MnSOD has the metal ion via the metal-bound solvent, then the orientation
a K of >11, by analogy with the pH-dependent spectral of His146, and its hydrogen bonds, becomes important. The
changes of FeMnSOD and FgY34F-MnSOD. The smaller  orientation of His146 in the weakly active and somewhat
spectral change seen at pH in Y34A- and Y34F-MnSOD cambialisticE. coliQ146H-MnSOD mutant can be assigned
may be attributed to a protonation event at, most likely, unambiguously (see the Results). This orientation, which
His30. places atom His146 NE2 in hydrogen-bonding contact with
Azide affinities for the Y34F and Y34A mutant complexes the coordinated solvent moiety, isot the orientation
are 1.5-4 times higher than for the corresponding complexes observed in three FeSODs. $ solfataricus=eSOD (PDB
of wt MnSOD @2). Azide provides a useful probe of entry 1SSS)37), S. acidocaldariugPDB entry 1B06) 88),
exogenous ligand interactions in the active site that may and M. tuberculosisFeSOD (PDB entry 11DS)3@) struc-
mimic substrate (superoxide) or product (peroxide) interac- tures, the histidine is oriented to place atom CEL1 close to
tions. Substrate binding is affected by both steric and the coordinated hydroxide (Figure 7B). This leads to sensible
electrostatic factors, including substrafgrotein interactions  hydrogen-bonding distances for the histidine imine and amine
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Ficure 7: Schematic of hydrogen bonding around residue 146 (His
or Gln). (A) Active wt E. coli MnSOD containing GIn146. (B)
Active naturally occurring His146 FeSODM( tuberculosis S.
sulfataricus and correcte®r. shermanij. Hydrogen bond lengths
are for the FeSOD fromvl. tuberculosigPDB entry 1IDS; average

of four subunits). (C) Weakly active Q146H coliMnSOD. Both
active forms (A and B) share common features, a hydrogen bond
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His146 CD2 and Trp128 NE2 (Figure 7C). If the histidine
is modeled in the alternate conformation, two strong hydro-
gen bonds (His146 NE2Tyr34 O and Trpl28 NE2-
His146 ND1) and a weaker His146 CEIOH207 OH
interaction provide a seemingly more favorable geometry of
the histidine (analogous to Figure 7B). We conclude that
the conformation of this histidine is systematically wrong
in thesePr. shermaniistructures. Moreover, for the parent
Pr. shermaniistructure (PDB entry 1AR5), notwithstanding
the authors’ commen8p) that the orientation of the histidine
could not be determined unambiguously, not only areBhe
values archived in the PDB for this residue very much lower
than average (813 A?) but also their pattern is utterly
consistent with nitrogen and carbon atoms being inter-
changed. Rotation of the imidazole by 2&bout the CB-

CG bond leads to the acceptable hydrogen bonding observed
in the M. tuberculosisS. solfataricusandS. acidocaldarius
FeSOD structures3@, 37, 39).

Role of GIn (or His) at Position 148Comparison of the
structures of wt and various site-directed mutants of iron and
manganese superoxide dismutases reveals an interesting
result: in all catalytically active forms of the enzyme, the
hydrogen-bonding potential of the residue at position 146 is
fully saturated. In all native or wt structures, the hydroxide
moiety interacts with either the weakly polarized but aprotic
(nonacidic) CE1-H moiety of His146 or the more strongly
polarized but still aprotic NH2 moiety of GIn146 (or GIn77).
The imine moiety (unprotonated nitrogen) of His146 hydro-
gen bonds to the H-NE1 tryptophan moiety equivalent to
Trp128 of E. coli MnSOD; the amine moiety (protonated
nitrogen) hydrogen bonds to the tyrosine equivalent to Tyr34
of E. coliMnSOD. Moreover, this orientation of the histidine
not only strongly disfavors its protonation, because of the
His ND1---H-NE1 Trp hydrogen bond, but also controls the
orientation of the phenolic hydrogen on Tyr34. The glutamine
NH, and C=0O groups of Mn- and FeSODs with GIn at
position 146 (or 77) perform the same function in orienting
the Tyr OH group.

In the nearly inactive Q143N mutant of human MnSOD
(Q146N in E. coli MnSOD), a (protic) water molecule
(possibly HO'1) hydrogen bonds not only to the amide side
chain but also to the tyrosine equivalent to Tyr34eofcoli
MnSOD and to the coordinated solvent molecwd€)( In
this mutant, the latter species is probably water, as the pH
of crystallization was 4.6, and the mutant resting state is
Mn(ll). In the weakly active, metal-nonspecific Q146H
mutant of E. coli MnSOD described here, the His146 is

between a nonacidic (aprotic) proton donor on residue 146 and the . .
metal OH" ligand, a hydrogen bond between residue 146 (donor) Unequivocally oriented to form a hydrogen bond, probably
and Tyr34 OH (acceptor), and a strong hydrogen bond betweenthrough its imine function, only with the coordinated solvent.
residue 146 (acceptor) and the adjacent tryptophan (donor). TheThe H145Q-FeSOD mutant ofl. tuberculosishas the

inactive form (C) lacks both the hydrogen bond with the tyrosine glutamine amide oriented in a manner similar to that of

and the hydrogen bond with the tryptophan, and has a strong .
hydrogen bond involving a mildly acidic proton shown here attached GIn146 of E. coli (and other SODs that have a structurally

to a metal OH ligand. Alternatively, this proton may be attached €quivalent Gln), as best as can be determined at 4 A
to the imine nitrogen of the imidazole ring. resolution with NCS constraints applied to the two crystal-

lographically independent moleculésf). The H145E mutant
moieties to the adjacent Trp128 and Tyr34 residues. How- preferentially binds manganese, and at 2.5 A resolution, a
ever, for thePr. shermaniistructures [PDB entries 1AR5, clearer definition of residues results. The authors favor a
1AR4, 1BS3, 1BSM, and 1BT8)6, 44, 69)], the models coordinated hydroxide hydrogen-bonded to an anionic Glu145
that have been adopted place the His146 NE1 atom within side chain, which in turn hydrogen bonds to Tyr36 (equiva-
hydrogen-bonding distance of the coordinated hydroxide. In lent to Tyr34 ofE. coli MnSOD) (60). However, this alters
all these structures, this then leaves an unnaturally close, nonthe inferred locations of the hydroxide and Tyr OH hydrogen
hydrogen-bonding contact of 2.93.05 A between atoms atoms. Even at pH 7:07.6, the pH of crystallizations,
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protonation of Glu145 or of the coordinated solvent species A]. This is despite the fact that mutation of residue 146
seems more likely, especially as both this and the H145Q modifies the ligand field strength of the metal as seen by
mutants are described as active, and the hydrogen bondchanges in the optical spectra. The rotation of Tyr34 into
between the coordinated solvent species and the carboxylthe solvent access funnel constricts the volume of the sixth
oxygen of the aspartate ligand is, presumably, preserved. coordination site at the metal center. In all native or wild-

Thus, in native or wt Mn- and FeSODs, the major role of type structures with unmodified Tyr321—29, 33—36, 38),
the histidine or glutamine side chains structurally equivalent this distance falls between 5.2 and 5.5 A [5.40 (2) A in wt
to GIn146 ofE. coli MNSOD appears to be the orientation MnSOD from E. coli] (26, 59). However, in theE. coli
and polarization of the MrOH bond of the coordinated Q146H and Q146L mutants, this distance decreases to 4.86
solvent. The bulk of the side chain also buttresses the Tyr34(2) and 4.92 (4) A, respectively. This reduction in size of
group, preventing closer approach of Tyr34 to the metal the binding cavity for the exogenous sixth ligand may be a
center. These effects appear directed to facilitating step 1b,significant factor contributing to the diminished activity of
the oxidation of the metal, and the reduction and protonation these mutants, and to the inability of these mutants to bind
of superoxide to give hydrogen peroxide. In the reduced azide.
complex, the coordinated solvent is water, with the second
proton likely occupying the open trigonal site defined by CONCLUSIONS
interactions with GIn146 and Aspl167. GIn146 (a hydrogen  The Y34F and Y34A mutations of the MnSOD fron
bond donor) and Asp167 (a hydrogen bond acceptor) controlcoli have little effect on superoxide dismutase activity, azide
the reactivity of the coordinated solvent in the M(Qldnit, binding, or, in the case of Y34F, the structure, but shift
with the remaining lone pair of electrons on the oxygen atom the K, for the binding of hydroxide to the sixth coor-
of the coordinated solvent open for exogenous protonation dination site of Mn to>10. The Q146L mutant disrupts
during turnover. Protonation at this position would be the hydrogen-bonding chain (MnQ++NE2 GIn146--OH
consistent with previous density functional theory calcula- Tyr34---solvent), leading to diminished activity, loss of
tions on the active siter(). Proton transfers in and out of azide binding, and significantly different optical spectra
the buried solvent pocket may be facilitated by the side compared to those of wt, Y34F, and Y34A, although
chains that form the base of the substrate funnel. The hydroxide binding is still observed with aKp of <10.
combined effects of Tyr34 and GIn146 (or equivalent Tyr Substantial rearrangements of active site residues occur, in
and His) are to facilitate departure and protonation of the particular of Tyr34, which moves into the substrate access
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