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STRUCTURE-FUNCTION RELATIONSHIPS IN IRON 
AND MANGANESE SUPEROXIDE DISMUTASES 
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KATHERINE A. PAITRIDGE,’ JAMES A. FEE,’ and MARTHA L. 

LUDWIG*+ 
Biophysics Research Divtsion and Department of Biological Chemistry, University of 

Michigan’ and Isotope and Nuclear Chemistry Division, Los Alamos National 
Laboratory’, USA 

Using the complete sequences for MnSOD from Thermus rhermophilus and for FeSOD from E. coli, 
structural models for both oxidized enzymes have been refined, the Mn protein to a n  R ofO. 186 for all data 
between 10.0 and 1.8 A, and the Fe protein to an R of 0.22 for data between 10.0 and 2.5 A. The results 
of the refinements support the presence of a solvent as  a fifth ligand to Mn(II1) and Fe(I1I) and a 
coordination geometry that is close to trigonal bipyramidal. The putative substrate-entry channel is 
comprised of residues from both subunits of the dimer; several basic residues that are conserved may 
facilitate approach of O r ,  while other conserved residues maintain interchain packing interactions. 
Analysis of the azide complex of Fe(Il1) dismutase suggests that during turnover 0; binds to the metal a t  
a sixth coordination site without displacing the solvent ligand. Because crystals reduced with dithionitc 
show no evidence for displacement of the protein ligands, the redox-linked proton acceptor (C. Bull and 
J.A. Fee (1985), Journol ojrhe American Chemisrry Society 107, 3295-3304) is unlikely to be one of the 
histidines which bind the metal ion. Structural, kinetic, titration, and spectroscopic data can be accom- 
modated in a mechanistic scheme which accounts for the differential titration behaviour of the Fe(II1) and 
Fc(11) enzymes at neutral and high pH. 

KEY WORDS: x-ray structure. substrate path, invariant residues. pKs. redox-linked pKs. azide com- 
plex. 

INTRODUCTION 

The Fe and Mn superoxide dismutases possess a characteristic dimeric structure in 
which residues from both chains contribute to substrate binding and to formation of 
the metal binding Crystallographic refinement of the structures of E.  coli 
FeSOD’.’ and T. thermophilus MnSOD,’ using the sequences that have been deter- 
mined recently,5,6 permits us to analyze the geometry of the metal binding sites and 
to present in detail the features of the pathway which superoxide presumbly follows 
to reach the metal site. Structural studies of the Mn(I1) form of T. rhermophilus 
dismutase and of the binding of azide to Fe(I1I)SOD have added significantly to 
information about intermediates in the catalytic cycle. Finally, comparisons based on 
the three-dimensional structures, along with alignment of a number of sequences, 

‘Present address: Physical Sciences Center. Monsanto. BB4K 700 Chesterfield Village Parkway. St. 
Louis 63198. MO. USA. 
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260 W.C. STALLINGS ET AL. 

suggest roles for several conserved residues that are not in the immediate vicinity of 
the active site. 

RESULTS AND DISCUSSION 
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FIGURE I Top. The active centcr of Mn superoxidc dismutase from 7. //icniiophi/u.v. The sidc chains 
that bind the metal are shown with open bonds and the protcin atonis bonded to Mn arc fillcd. Thc five 
ligand atoms tic approximately at thc vcrticcs of a trigonal bipyramid. Coordinatcs for this drawing arc  
from a rcfincd modcl including 187 solvcnts. with R = 0.186 for all data bctwccn 1.8 and 10 A. Rcstraints 
applied during refinement" included repulsive interactions to prevent the ligond-metal distanccs from 
becoming too small, but did not include any terms involving anglcs at thc metal ion. Bottom. T h c  activc 
center of Fe supcroxidc dismutasc from E. coli in thc samc oricntation and notation as  in thc top pancl. 
Coordinates arc from XPLOR' rcfincmcnt with data from 10.0 to 2.5 A and R = 0.22. Gln 69 in Fc 
dismutasc forms thc samc intcractions as Gln 151 in MnSOD. 
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STRUCTURE-FUNCTION IN Fe-Mn-SODS 26 I 

bacterial dismutases (Figure I).  The arrangement of the ligands is best represented by 
a trigonal bipyramid, since the bond angle at Mn for the axial ligands, NE2 of His 
28 and 0 of solvent, is 175" and the bonds between the axial ligands and Mn are nearly 
perpendicular (85-95") to the plane formed by the remaining three ligands. The metal 
ion is displaced only 0.15 A from the plane formed by 166 OD I ,  83 NE2 and 170 NE2; 
the most obvious distortions from an ideal trigonal bipyramid are found among the 
angles in the trigonal plane, with N-Mn-N approximately 130". The occupancy and 
thermal parameters of the axial solvent ligand to Mn have been refined to values of 
0.99 and 8.0 A* (avera e of the A and B chain); average parameters for the Mn(II1) 

chain. Our findings for T. thermophilus MnSOD differ from those of Parker and 
Blake,4 who assigned partial occupancy to the metal sites in B. stearothermophilus 
MnSOD and found no density corresponding to a water ligand, although the coor- 
dination geometry otherwise resembles that found in the T. thermophifus enzyme. 
Extension of the resolution of E. coli FeSOD is still in progress, with R currently 0.22 
for data between 10.0 and 2.5 A, and the occupancy at the solvent ligand site has not 
yet been refined. However, a distinctive peak appears at the water position in differ- 
ence maps whenever this ligand is omitted from structure factor calculations. 

The residues surrounding the metal-ligand cluster are shown for both MnSOD and 
FeSOD in Figure 1. The hydrophobicity of this 'second shell' of residues has been 
emphasized in several discu~sions,'*~ as has the participation of residues from both 
chains of the dimer unit. Here we would like to comment on the distribution ofcharge 
in the active center. In the oxidized enzymes the formal charge on the central metal 
is + 3 .  Such a large positive charge in a low dielectric environment is likely to be 
compensated by corresponding negative charges. At neutral pH one would expect the 
Asp 166 ligand to be present in the COO- form, reducing the formal charge of the 
ligand cluster to + 2. Further partial compensation may be provided by Glu 169B (at 
7 A from Mn A) but if the histidines and tyrosines display their normal pKs, they will 
be uncharged (see below), leaving a significant net positive charge on the metal-ligand 
cluster at neutral pH. For this reason we suggest that the solvent ligand in the oxidized 
enzymes is  OH- rather than H,O. 

ion are 1.00 and 10.4 w *. Thus the metal sites are fully occupied in each monomer 

Binding o/ Inhibitors and Substrates 

The packing of residues next to histidines 73 and 160 in FeSOD or histidines 83 and 
170 in MnSOD is imperfect, leaving a vacancy or hole that does not appear to be 
occupied by a solvent molecule (Figure 2). This region, bounded on its other sides by 
His 30, His 3 I and Tyr 34 in FeSOD, corresponds to the location of positive density 
in difference maps comparing the structures of Fe(II1)SOD and its azide complex. At 
2.5 to 3.0 A resolution, the major positive feature in these maps can be fit by a linear 
N; with the terminal nitrogen about 2.0 A from the Fe+' ion and an iron-azide bond 
angle near 120" (Figure 2). The ligated azide nitrogen is approximately coplanar with 
the ligand atoms from His 73, His 160 and Asp 156. In these studies at moderate 
resolution, positive and negative peaks ajoining the rings of histidines 73 and 160 
suggest ligand shifts that change the coordination geometry to accommodate a i d e  
binding. Our interpretation is that azide binds to Fe(II1) without displacement of the 
solvent ligand, increasing the coordination number to six. We propose that 
superoxide anion and the reaction products bind like azide and that during turnover 
the metal cycles between 5- and 6-coordinate species. 
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262 W.C. STALLINGS ET AL. 

FIGURE 2 A. A slab through the atomic model of Fe(I1I)SOD showing the cavity formed between the 
metal ligands, His 73 and His 160. and residues His 30 and His 31. Dot surfaces arc drawn at van der Waals 
radii. Tyr 34, not shown in this view. partly obscures entry to the cavity. 
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STRUCTURE-FUNCTION IN Fe-Mn-SODS 263 

FIGURE 2 B. A model of azide bound to Fe(III)SOD, depicted in approximately the same orientation 
as panel A and showing the metal coordinated to six ligands. A linear N; has been built into different 
density observed in maps with coefficients (lFazl - lFn,,i)exp(iana,) at 2.5 A resolution. Positions o f  his- 
tidines 73 and 160 have been adjusted to fit densities in maps resulting from refinement of data from the 
Fe(II1)SOD azide complex at 2.5 A resolution. 

Access of Substrate and Inhibitors to the Metal Site 

Inspection of the structures suggests that the pathway from bulk solution to the 
catalytic site is a funnel or channel lined with solvents that interact with main chain 
and side chain atoms from each monomer of the fundamental dimeric unit found in 
all Fe and Mn dismutases. The outermost entry of the channel in  MnSOD is formed 
from Arg 180 and Met 125 of the B chain, along with Asn 39, Asn 75 and Asn 76 of 
the A chain (Figure 3). Moving inward toward the metal, the next layer of side chains 
includes Lys 31A, Phe 1288, Tyr 172B and Asn 178B. The innermost residues are His 
32A. Tyr 36A, Glu 169B and Tyr 173B. 

Displays of van der Waals surfaces or of accessible surfaces" demonstrate that 
residues 32 and 36 prevent access of a water molecule to the space bounded by the 
rings of histidines 83 and 170, suggesting that inner sphere interactions of superoxide 
or other ligands with the metal require the transient opening of the gate formed by 
His 32 and Tyr 36. Simulations of the reaction of superoxide with Fe or Mn dis- 
mutases" confirm the inaccessibility of the metal site in the static structures. 

Residues in the funnel may serve dual roles, both facilitating entry of substrate and 
stabilizing the dimer interface. It is not surprising that many are invariant or semi- 
invariant (Figure 4). In particular, basic residues at  the outer positions that are 180B 
and 31A in MnSOD may assist substrate approach to the metal site. Chemical 
modification of Arg12 or Lys".'' impairs the catalytic activity of manganese or iron 
enzymes from E.  coli. Deeper in the channel, His 32, buttressed by Tyr 173B, may also 
furnish a positive charge to attract anions. Arg 1808 contacts only B chain residues 
and may be replaced by Lys, as in yeast MnSOD; the residue which packs against it, 
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264 W.C. STALLINGS ET RL. 

75 

FIGURE 3 A view of the solvent-lined channel or mouth that connects the metal-ligand center with bulk 
solvent in MnSOD. It is presumed that the substrate takes a path approximately perpendicular to this view. 
The channel waters are represented as filled spheres somewhat larger than the protein atoms. Midway 
down, His 32 and Tyr 36 must be passed by ligands that form inner sphere complexes. Each monomer chain 
forms one of the lips at the mouth of the channel. Residues from the second, or "B', chain of the dimer 
are drawn with thinner bonds; those from the primary "A" chain are drawn with thicker bonds. The Mn 
ion and one of its ligands in the B chain have been included to show the relationship between the two active 
centers. A number of main and side chain atoms have been omitted from the drawing; e.g. His 33 has been 
removed, as has the side chain at 34, and waters other than those occupying the channel are not shown. 
Met 125B packs against Arg 180B and partly shields the guanidinium group, but has not been included in 
this picture. 

Met 124B in T. thermophilus MnSOD, is variable but apolar. Lys 3 I and His 32, more 
highly conserved, contribute to the A-B chain interactions as well as to formation of 
the substrate channel. An interesting semiconservative pairing occurs between Phe 
128B, which protrudes into the substrate channel of the A chain, and Asn 75A. These 
residues stack against each other to make part of the A:B chain interface. In yeast and 
human MnSODs, these residues are Gin in the B chain and Phe in the A chain, 
substitutions which can preserve the interchain stacking interaction. Both Glu 169B 
and Tyr 1738 penetrate across the dimer interface to form hydrogen bonds with active 
center residues of the A chain and are conserved although they may not come into 
direct contact with substrate. 

Titration of Groups in the Metal Binding Site: Comparison of M e ( l l I )  and M e ( l l )  
Structures 

Several observations suggest that groups on or near the metal undergo ionization in 
the pH range 5 to 1 1 .  Visible and epr spectra of Fe(1II)SOD indicate a reversible 
ionization with pK, - 5 and spectral, anion binding, and kinetic experiments establ- 
ish an ionization with pK, 9 in the oxidized protein." Kinetic observations have 
also suggested an ionization in the reduced form of the protein, having a pK - 9." 
Further, Bull and Fee" demonstrated that reduction of the metal ion is linked to the 
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Hangmesa Dismutisas 

thsrwphilus 7'R-N-N-G-G-G-8-L-N-H-S 12Sn4R-F+S-C+W '77Q-N-R-R-A 

- 8. st.arotharmophilus 7%-N-N-G-G-G-H-A-N-8-S 123A-G-R-r-G-S-G-W '"0-N-R-R-p 

-- E. coli 8 72R-N-N-A-G-G-H-A-N-H-S 1 Z 1 A - S - R - F 4 S - c W  178Q-N-R-R-P 

r u s t  72K-P-H-G-G-G-F-T-N-H-C u6A-G-V-Q-C-S-G-U '79Q-N-K-K-A 

tillman liver 65K-P-N-G-G-G-H-I-N-H-S ""V-G-V-q-CS-oU 16%-N-V-R-P 

Iron Dismutasrs 

-- E. coli U Z  6'F-N-N-A-AQ-V-W-N-H-T llsI-lC-N-F-G-S-G-U 167R-N-A-R-P 

- Ph. lciogmthi 6'F-N-N-A-A-Q-V-W-N-H-T 'lsI-K-N-FG-S-G-W '6%-N-L-E-P 

FIGURE 4 Sequences (5.6.14-18) that contribute residues to the channel depicted in Figure 3. Align- 
ments are taken from the references describing the sequences, and are consistent with comparisons of the 
three dimensional structures.'.'.' Conservation of sequences spanning the metal ligands has been dis- 
cussed.'~*' The alignments shown here illustrate conservation of basic residues at positions 31 and 180 and 
of interchain packing and hydrogen bonding involving residues 75 and 128 (7: ihermophilus MnSOD 
numbering). 

uptake of one proton per electron throughout the pH range of 7.0 to 10.0 in which 
they conducted the measurements. In order to account for for these data, a highly 
basic group (PK > 1 I )  must be formed on adding an electron to the Fe(II1) form of 
the protein, and an acidic group (PK < 6) must be formed on removing an electron 
from the Fe(I1) form of the protein. Moreover, the pK of 9.0 associated with 
hydrolysis of Fe(II1) must be compensated by a new pK of 9.0 in the reduced 
enzyme.*' Because pKs of ligands are so strongly influenced by the charge of the 
metal, attempts to identify ionizing groups have focussed initially on the imidazole 
and solvent ligands to the metal ion. 

Conceivably, one of the imidazole ligands could serve as the redox-linked proton 
acceptor. However, protonation of a neutral histidine ligated to Fe or Mn would be 
expected to displace the imidazole ring from the metal and should therefore be 
detectable in the structures of the reduced enzymes as a shift in the ring position. 
X-ray data have been collected from crystals of dithionite-reduced MnSOD (pH 7.0) 
to a resolution of 2.4 A and subjected to crystallographic refinement' with the five 
metal ligands omitted from the atomic model to avoid bias toward the ligand posi- 
tions found in the Mn(II1) structure. After refinement to an R of 0.200 (I29 solvents) 
for data between 5.0 and 2.3 A, (IFobs( - lFa,cl) difference maps display densities that 
correspond closely to the ligand positions of the oxidized MnSOD structure. The 
Fe(II1) and Fe(1I)SOD structures have been compared at lower resolution (4 A); 
difference maps show no features suggesting dissociation of one of the histidine 
ligands. Our observations on the Fe enzymes are consistent with Solomon's conclu- 
sion from MCD measurements that Fe(I1)SOD is 5-coordinate." Results of our 
studies of both Fe(I1)SOD and Mn(I1)SOD are incompatible with the proposal that 
an uncharged His ligand is the redox-linked proton acceptor. 

In Cu/Zn dismutase, His 61, the residue bridging the two metals, is anionic and does 
act as a proton acceptor, with the resulting neutral imidazole dissociating from 

Imidazolate 61 in the Cu/Zn enzyme is in a very different environment from 
any of the His ligands in the Fe or Mn enzymes, and it seems unlikely that one of the 
cut I .22 
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266 W.C. STALLINGS ET AL. 

His residues might exist in the anionic form in the oxidized Mn or Fe enzymes. The 
NDI atoms of histidines 83 and 170 in MnSOD are 2.6 and 2.8 8, from carbonyl 
oxygen 79 and the carboxyl oxygen of Glu 169B, respectively, indicating that these 
histidinesexist as uncharged species with hydrogen at NDI, and NDI of His 28 is 2.65 
A from a trapped solvent. 

We would like to present a new idea which appears to account for the high pH 
ionizations observed in both Fe(II1) and Fe(I1) species. At neutral pH, Fe(II1) is 
postulated to coordinate an OH- ion rather than the H 2 0  previously hypothesized." 
Fe(I1) is postulated to coordinate H,O at neutral pH and'to r e b t  hydrolysis even at 
pH I I .  That hydrolysis does not occur below this pH is based on Mossbauer studies 
of the reduced enzyme at pH 7 and pH 10.8.'' The Mossbauer spectra from samples 
at these two pHs are typical of high spin Fe(I1) and are essentially superimposable. 
If a water molecule bound to the Fe(1I) at pH 7 hydrolyzed to OH- below pH 10.8, 
the parameters of the Mossbauer spectrum would be significantly changed. Thus a 
coordinated water is not the ionizing group affecting the kinetic properties of the 
Fe(I1) enzyme. In addition, the Mossbauer spectra indicate that the Fe(I1) enzyme is 
not further hydrated at high pH and therefore remains pentacoordinate. An impor- 
tant aspect of scheme I is that at least two groups are responsible for the differential 

H 0- - L 
pK - 9 

- pK - 9 
160 

73 "I N 
160 

H+ 
26 

73 N 
26 

Scheme I 

titration behavior of the Fe(II1) and Fe(I1) enzymes. In Ref. 20, the group accepting 
a proton on reduction at neutral pH was assumed to be a ligand, charge type 
unstipulated, that also titrated at pH 9 in the reduced enzyme. The new X-ray and 
Mossbauer data lead us to introduce an alternative scheme in which a non-ligand 
group, here denoted BH, is sufficiently near the Fe to stabilize the high pH form of 
the oxidized protein. 

The p K s  and the H+/e- data are accounted for as follows. In analogy with the 
crystallographically observed binding of azide, the p K  of 9.0'' that is signalled by 
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spectral changes in Fe(II1)SOD corresponds to the addition of OH- at the sixth 
ligand position; the formal charge on the metal complex would then be 0. At high pH 
the protein group BH is presumed to interact with and stabilize Fe(III)(OH-), in its 
BH form. In the reduced protein, the p K  - 9 corresponds to ionization of BH. The 
resulting B- does not affect the electric field gradient at the iron, as demanded by the 
Mossbauer data, but its presence could affect the rate of binding of 0; to the reduced 
protein.” Reduction of the protein at high pH is accompanied by binding of one 
proton to each of the OH- ligands, loss of a coordinated water (as required by the 
Mossbauer data) and ionization of BH. This results in a net H+/e-  = 1 ,  as required 
by the titration data. On reduction of the enzyme at neutral pH, the OH- ligand 
would accept a proton. 

There is some support for this scheme in the crystallographic data. Difference 
Fourier maps of MnSOD, based on amplitudes (IFox[ - IFrdI) for data between 8.0 
and 2.4 A and phases computed from the most accurate model for Mn(III)SOD, show 
very few changes accompanying reduction, as expected from the refinement results 
described earlier. However, the strongest peaks are positive and negative features on 
either side of the water ligand, suggesting a small displacement of the metal-bound 
solvent oxygen toward the ‘free’ 0 of Asp 166 which might be expected on protona- 
tion of an OH- ligand. Tyrosine 36 in MnSOD, or Tyr 34 in FeSOD, lies in close 
proximity to the metal and is conserved in the known Fe- and MnSOD  sequence^;'^ 
in jur current models, the phenolic oxygen of Tyr 34 is about 3.5 A from the azide 
nitrogen that binds to Fe(II1). It has been suggested previously’*4*’ that this residue 
may be associated with the ionization properties of the metal center in SODS. Here 
we propose that Tyr 34 in FeSOD may be the residue which stabilizes the high pH 
form of the oxidized enzyme as ROH but ionizes to RO- at pH 9.0 in the Fe(I1) 
enzyme. Site mutagenesis experiments in progress may test the validity of this pro- 
posal. 
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