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Abstract

The three-dimensional X-ray structure of a recombinant human mitochondrial manganese superoxide dismutase
(MnSOD) (chain length 198 residues) was determined by the method of molecular replacement using the related
structure of MnSOD from Thermus thermophilus as a search model. This tetrameric human MnSOD crystallizes
in space group P2,2,2 with a dimer in the asymmetric unit (Wagner, U.G., Werber, M.M., Beck, Y., Hartman,
J.R., Frolow, F., & Sussman, J.L., 1989, J. Mol. Biol. 206, 787-788). Refinement of the protein structure (3,148
atoms with Mn and no solvents), with restraints maintaining noncrystallographic symmetry, converged at an
R-factor of 0.207 using all data from 8.0 to 3.2 A resolution and group thermal parameters. The monomer-mono-
mer interactions typical of bacterial Fe- and Mn-containing SODs are retained in the human enzyme, but the di-
mer-dimer interactions that form the tetramer are very different from those found in the structure of MnSOD
from 7. thermophilus. In human MnSOD one of the dimers is rotated by 84° relative to its equivalent in the ther-
mophile enzyme. As a result the monomers are arranged in an approximately tetrahedral array, the dimer-dimer
packing is more intimate than observed in the bacterial MnSOD from 7. thermophilus, and the dimers interdigi-
tate. The metal-ligand interactions, determined by refinement and verified by computation of omit maps, are iden-
tical to those observed in 7. thermophilus MnSOD.

Keywords: dimer-dimer interaction; human Mn superoxide dismutase; recombinant metalloenzyme; tetrameric
enzyme; X-ray structure

Superoxide dismutases (SODs) are metalloenzymes that
catalyze the dismutation of superoxide according to the
overall equation

202_ + 2H+ g 02 + HzOz.
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The reaction proceeds in two steps with cyclic reduction
and reoxidation of the metal ion (Klug-Roth et al., 1973;
McAdam et al., 1977; Bull & Fee, 1985; Bull et al., 1991),
which is essential for activity. Superoxide dismutases are
classified into two families according to the nature of the
essential metals: the Mn- and Fe-containing enzymes be-
long to one family, with strong sequence and structural
homology (Steinman, 1982; Bjerrum, 1987; Chan et al.,
1990; Stallings et al., 1991), whereas the second family of
Cu- and Zn-containing enzymes is distinctly different
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(Tainer et al., 1982) and bears no homology to the Mn-,
Fe- class of dismutases.

The reported roles of superoxide radicals in ischemia-
reperfusion injury, inflammatory response, chemical tox-
icity, and radiation damage have led to the suggestion that
superoxide dismutases be employed as therapeutic agents
(Bannister et al., 1987; McCord, 1988; Parizada et al.,
1990; Gorecki et al., 1991), and have prompted the clon-
ing and expression of human manganese superoxide dis-
mutase (Beck et al., 1988). Human MnSOD is an enzyme
with a subunit molecular weight of 22,200 daltons, con-
sisting of 198 amino acids of known sequernce (Barraet al.,
1984; Beck et al., 1987).

Two refined X-ray structures of bacterial Mn-contain-
ing superoxide dismutases have been reported (Stallings
et al., 1985, 1991; Parker & Blake, 1988; Ludwig et al.,
1991). However, the amino acid sequence of the human
mitochondrial enzyme, the optimal protein for clinical
applications, differs from the bacterial enzymes suffi-
ciently (less than 50% homology) to warrant an indepen-
dent study of its structure. In this paper we describe the
three-dimensional structure determination and refinement
of recombinant human mitochondrial MnSOD at 3.2 A
resolution, and compare it to the structure of bacterial
MnSOD from Thermus thermophilus. A parallel analy-
sis of the structure of the recombinant enzyme has been
carried out by Borgstahl et al. (1992), and the enzyme
purified from human liver has been studied by Deutsch
et al. (1991).

Fe- and MnSODs are composed of chains about 200
residues in length with a high proportion of residues be-
longing to a-helices. Current structural evidence indicates
that these enzymes all form similar dimers with monomer-
monomer interfaces utilizing invariant and conserved res-
idues located near the metal ions (Stallings et al., 1985;
Carlioz et al., 1988; Parker & Blake, 1988; Stoddard et al.,
1990; Ludwig et al., 1991). In some species or tissues the
dimers self-associate further to form tetramers: the tet-
rameric form is found in mitochondrial MnSODs from
yeast and from higher eukaryotes, and also in a few bac-
terial species including the extreme thermophiles 7. ther-
mophilus and Thermus aquaticus. Recent studies have
investigated the stability of either human (Matsuda et al.,
1990; Werber & Greenstein, 1991) or bacterial (Sato &
Nakazawa, 1978) tetrameric MnSODs as a function of pH,
temperature, and denaturant concentration. The human
enzyme can be dissociated into dimers and then mono-
mers in the presence of increasing amounts of guanidi-
nium chloride (Werber & Greenstein, 1991). Nevertheless,
the relation between tetramer formation and function or
stability has not been fully investigated for either human
or T. thermophilus MnSOD.

Preliminary alignment of the sequence of human
MnSOD with the three-dimensional structure of 7. ther-
mophilus MnSOD (Stallings et al., 1985) suggested that
the packing of the chains into tetramers might be dissim-
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Table 1. Refinement statistics®

Coordinate set R-factor CcC

A. Initial model

X-PLOR, partial data®, no NCS restraints 0.255 0.745

X-PLOR, no NCS restraints 0.194 0.878
B. Revised model

X-PLOR, no NCS restraints 0.180 0.897

X-PLOR, with NCS restraints 0.210 0.865

X-PLOR, with NCS restraints, Mn included 0.207 0.866

a R-values and correlation coefficients for models with group tem-
perature factors and for 6,266 reflections with F >0¢(F). NCS, non-
crystallographic symmetry.

b 4,554 reflections, with F >30(F).

ilar in the human and thermophilic species. The present
work demonstrates that in human MnSOD the conserved
dimers pack together with a rotational orientation that
differs by 84° from that in 7. thermophilus MnSOD. This
dramatic change in molecular structure is the result of de-
letions and residue exchanges in one segment of the poly-
peptide chains, which are otherwise highly homologous,
having an overall identity of 47% in amino acid residues.

Results and discussion

After cycles of model building and restrained refine-
ment using PROLSQ (Hendrickson & Konnert, 1980)
and X-PLOR (Briinger, 1992a), the R-factor! is 20.7%
(no solvents) and the linear correlation coefficient? is
0.866 for all unique data between 8.0 and 3.2 A resolu-
tion (Table 1). The quality of the Fourier maps (Fig. 1),
the geometry (root mean square [rms] deviations from
ideal values of bond lengths and angles are 0.022 A and
3.9°), and the Ramachandran plots indicate that the over-
all structure is correct. This paper describes the structure
of human MnSOD and presents a comparison of the hu-
man and 7. thermophilus MnSODs, with emphasis on the
differences in dimer-dimer interactions (Fig. 2).

Monomer structure

The SOD monomer adopts a bilobed triangular shape of
approximate dimensions 45 x 50 x 45 A. The same fold
is found in two FeSOD structures (Ringe et al., 1983;
Stallings et al., 1983; Carlioz et al., 1988; Stoddard et al.,
1990), in two bacterial MnSOD structures (Stallings et al.,
1985; Parker & Blake, 1988; Ludwig et al., 1991), and in
the human MnSOD structure reported here. The mono-
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Fig. 1. Stereo view of the (|2F,| — | F.|) map of human manganese superoxide dismutase (MnSOD) in the region of the con-

served 3-strands, contoured at 1o.

mer of human MnSOD comprises two distinct domains
(Fig. 3). The smaller amino terminal domain includes two
long antiparallel a-helices, -1 (from residue 20 to 50) and
«-3 (from residue 55 to 79), crossing each other with an
angle of about 35°. The first 20 residues of this domain
form an extended structure packing against the helix a-1.

As in MnSOD from 7. thermophilus, a tight turn
formed by a cis-Pro is found in the sequence preceding
the first helix. A remarkable feature, common to all
known MnSOD and FeSOD structures, is a distortion at
residue His 29 in helix -1, where an inserted residue may
facilitate the juxtaposition of the invariant residues His 26,
His 30, and Tyr 34 (Stallings et al., 1985). Helix «-3 in hu-
man MnSOD is kinked at Pro 62, but is not distorted at
the conserved Gly-Gly-Gly sequence.

In comparison with the 7. thermophilus dismutase,
seven nonconsecutive residues are deleted from the human
MnSOD sequence in the region between helices a-1 and
«-3 (Fig. 2). As a result of the deletions and mismatches,
the alignment of the human and bacterial enzymes is ar-
bitrary in this region, and we expected a significant dif-
ference in the main chain fold in this part of the molecule.
This portion of the structure of human MnSOD shows
the largest deviation from the initial model (Figs. 3A, 4;

Kinemage 1). Helices a-1 and «-3 are elongated, protrud-
ing from the surface of the monomer, and are joined by
a short connector. In bacterial MnSODs, «-1 and «-3 are
shorter and an additional «-helix intervenes between «-1
and «-3.

A short linker region connects the two main domains.
The longer C-terminal domain includes a layer formed by
three antiparallel 8-strands (3-1, 3-2, and -3) flanked
by four a-helices (a-4 to «-7) varying in length. The last
helix, «-7, is threaded through the curved connection that
links the two domains. Based on the main chain structure,
B-sheets and a-helices represent 12% and 48% of the total
structure, respectively.

Dimeric and tetrameric interactions

The evidence for a tetrameric structure of human MnSOD
in solution comes from molecular weights determined by
equilibrium sedimentation for both authentic (McCord
et al., 1977) and recombinant (Beyer & Fridovich, pers.
comm., 1988) human enzymes. The molecular weight for
the recombinant MnSOD was found to be 81,600 + 1,000,
assuming a v value of 0.737 mL/g, which was calculated
from the amino acid composition (Beyer & Fridovich,
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Fig. 2. Alignments of the sequences of human and T. thermophilus
MnSODs, based on superpositions of the three-dimensional models.
Structurally equivalent residues are connected by vertical lines. Second-
ary structural elements, as determined by the program DSSP of Kabsch
and Sander (1983), are indicated. The four metal ligands are marked with
asterisks. Enclosed in open boxes are the residues involved in A/B di-
mer contacts, which are generally conserved. Shaded boxes surround
the residues involved in dimer-dimer contacts. These contacts are not
conserved and occur at different positions along the chain.

pers. comm., 1988). These data were further corroborated
by gel permeation chromatography experiments at vari-
ous guanidinium chloride concentrations, in which it was
shown that the tetramer could be dissociated into dimers
at 1-2 M guanidinium chloride, whereas 4-6 M guanidi-
nium chloride was required to obtain monomers (Werber
& Greenstein, 1991).

Human MnSOD, like all the Fe- or MnSODs studied
previously, crystallizes in a cell with two monomers per
asymmetric unit. The chains dimerize about a noncrystal-
lographic twofold axis, utilizing highly conserved interac-
tions (Kinemage 2). There is no main chain penetration of
one monomer into the other, but side chains extend across
the boundary to form part of the packing of the oppo-
site chain. For example, Glu 162 and Tyr 166 appear to
hydrogen bond to residues in the metal-binding site of the
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neighboring chain, as in 7. thermophilus (Stallings et al.,
1985) and Bacillus stearothermophilus (Parker & Blake,
1988) MnSODs. In Figure 2 the 17 residues contributing
to this dimer interface in human and in 7. thermophilus
dismutases are enclosed in boxes. Almost all of the inter-
face residues are identical: the substitution of Phe for Gln
at 119 in the human sequence is coordinated with substi-
tution of Asn for Phe at position 66 to maintain side chain
stacking of Phe with Asn or Gln in both structures. Ser 121
of the human enzyme interacts with its symmetry equiv-
alent across the local axis, as does the corresponding
Ser 130 in T. thermophilus MnSOD. The local packing at
this interface brings the active sites close to each other;
the Mn-Mn distance is 18.4 A in T thermophilus SOD
and 18.1 A in the human protein. The conserved dimers
of the human and bacterial structures can be superim-
posed with an rms deviation of 0.84 A for the 174 struc-
turally conserved residues (see Figs. 2, 4).

Although the active site and the region surrounding it,
as well as the monomer-monomer interface, are essen-
tially indistinguishable in the human and bacterial en-
zymes, the dimer-dimer interface is completely different.
Indeed, the tetrameric contacts of human MnSOD have
not been previously observed for other Fe- or MnSODs,
and thus constitute interesting additions to the library of
dimer-dimer interfaces in tetrameric proteins (Miller,
1989). The T. thermophilus tetramer is relatively open,
showing mm symmetry (Fig. SA). In contrast, the human
tetramer is more compact, showing approximate tetrahe-
dral symmetry. The difference is due to a rotation of 84°
of one dimer relative to the 7. thermophilus structure
(Fig. 5A,B; Kinemage 3). In the human MnSOD struc-
ture the interface between the two dimers is formed
mainly by protruding helices, which aggregate like a four-
helix antiparallel bundle (Fig. 5C; Kinemage 4). The up-
down:up-down packing of residues 42-65 against the
symmetry-related residues 42#-65# is generated by the
symmetry operation: —x, 1 —y, z. A second set of tetra-
mer contacts is made by the turn between sheet strands
B-2 and -3, which fits nicely against «-3 of the symme-
try-related chain and adjoins the a—«a contact. The sub-
structures of the tetramer interface are very different in
T. thermophilus MnSOD, where a ring of short helical
segments acts as a pocket to accommodate the turn at res-
idue 140 (Ludwig et al., 1991). The packing of the dimers
in the tetramer of human MnSOD is tighter than in 7.
thermophilus MnSOD, rendering the molecule more com-
pact along the direction of the conserved local dyad, as
can be seen in the schematic drawing of Figure 5A. Dis-
tances of corresponding atoms from the plane that bisects
the tetramer are less by about 2.7 A in the structure of hu-
man MnSOD.

The overall structure that we determined at 3.2 A res-
olution is very similar to what was seen at 2.2 A resolu-
tion (Borgstahl et al., 1992). The rms deviation of the 396
equivalent Co atoms between the dimers of the two struc-
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ture determinations is0.72 A (0.49 A for the 394 equivalent
Ca, excluding the two C-termini residues). The largest
differenceinthestructures (excludingthe N-and C-termini)
lies in the connection between the two domains, i.e., be-
tween a-3 and a-4, in the vicinity of residues 83-86, where

U.G.Wagner et al.

Fig. 3. Comparison of the monomers of human MnSOD and MnSOD
from T. thermophilus. The structures were aligned using the algorithm
of Kabsch (1976). which is incorporated in the Protein Analysis Pack-
age; the final orientation was based on the matching of 177 Caatoms
of the A/B dimers. A: Stereo drawing of the superimposed monomers
of human (bold lines)and bacterial MnSOD (thin lines). Numbers along
the bacterial and human MnSOD chains are distinguished by the “H”
and “T” designations. The position of the Mn ion is shown for the hu-
man holoprotein. This view displays the principal differences between
the folds: at residues 44-69H, 130-133H, and 147-154H and in the do-
main connector. The differences in the region from 45 to 68 control the
mode of packing of the chains into tetramers (see text). B Ribbon draw-
ing (Priestle, 1988) of the polypeptidechain of human MnSOD, oriented
to display the two domains of the monomer unit. a-Helicesare indicated
by ribbons and 3-strands by arrows. The principal differences between
the two structures occur at the ends of helices »-1 and a-3 (lower right).
C Ribbon drawing of the polypeptide chain of MnSOD from T. ther-
mophilus, in the same orientation as B. D: Ramachandran plot of the
backbone conformations of residues in the monomer of human MnSOD,
after refinement with noncrystallographic symmetry restraints. Glycines
are indicated with + symbols, and triangles denote residues in “disal-
lowed” conformations.

equivalent C a atoms differ by up to 1.5 A, This may be
due in part to the difference in noncrystallographic re-
straints, in that the rms deviation in equivalent C a atoms
of this determination is 0.03 A, whereas for that of Borg-
stahl et al. (1992) it is 0.25 A.
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Fig. 4. Distances between Ce positions of the human and bacterial
MnSODs after spatial alignment of their A/B dimers as described in the
text. Numbering corresponds to the human sequence (see Fig. 2).

The active site

In all known bacterial Mn- and FeSOD structures, the
metal is bound by four invariant protein ligands (Fig. 2;
Kinemage 1): one aspartate and three histidines (Ringe
et al., 1983;Stallingset al., 1983, 1985; Parker & Blake,
1988). The positions of the ligand atoms in the refined
structures of 7: thermophilusand B. stearothermophilus
dismutases correspond approximately to the vertices of
a trigonal bipyramid (Fig. 6). One of the axial positions
in the Mn enzyme from 7: thermophilus (R =0.176 at
1.8 A resolution) is occupied by a solvent molecule (Stall-
ings et al., 1985, 1991; Ludwig et al., 1991), whereas in
the structure of B. stearothermophilusMnSOD (R=0.26
at 2.4 A resolution) this axial site appears open. The co-
ordination geometry at Mn in human MnSOD is indistin-
guishable from that found in the higher resolution
structure of MnSOD from 7: thermophilus (Ludwigetal.,
1991). The locations of the hydrophobic side chains that
surround the metal-ligand cluster are all maintained: the
aromatic residues, His 27, His 30, His 31, Tyr 34, Phe 77,
Trp 78, Trp 125, Tyr 166,and Tyr 176occupy essentially
the same positions as their counterparts in 7: thermophi-
lus MnSOD (Stallings et al., 1985; Ludwig et al., 1991).

Crystals of human MnSOD were grown in 2-methyl-
2,4-pentanediol (MPD) from preparations in which the
metal content before crystallization was typically 0.65-
0.85 Mn atoms per subunit (M.M. Werber, unpubl.).
However, the crystals of human MnSOD appeared almost
colorless, in contrast with the purple color observed for
bacterial Mn(111) crystals of SODs that were grown from
ammonium sulfate® or polyethylene glycol (Beem et al.,
1976; Bridgen et al., 1976; Stallings et al., 1984; Parker
& Blake, 1988). Nevertheless, Fourier and difference Fou-

3 Refinement of the parameters for the metal sites in MnSOD from
T. thermophilus shows that the metal sites in this crystalline MnSOD
are fully occupied (Ludwig et al., 1991).
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rier maps computed with and without Mn in the atomic
model clearly demonstrate substantial occupancy of the
metal sites (see Materials and methods). Partial reduction
to Mn(II) may be responsible for the loss of the visible
absorbance.

Materials and methods

Data collection

Recombinant human methionyl-MnSOD, expressed in
Escherichia coli, was purified (Beck et al., 1988)and crys-
tallized as previously reported (Wagner et al., 1989). The
crystals diffracted to —2.8 A resolution, but because they
were radiation sensitive, X-ray diffraction data were mea-
sured at 100K following the cooling technique described
by Hope (1988), using a Rigaku AFC5-R 4 circle rotat-
ing anode diffractometer. The cell parameters at 100K
(see below) are a = 77.80, b =74.10, c =68.42 A, V =
394,440 A3, which represents a shrinkage of 3% in unit
cell volume upon flash cooling from room temperature,
according to data reported previously (Wagner et al.,
1989). Two space groups were possible: P2,2,2, and
P2,2,2 with a pseudo-twofold screw axis along z. The en-
zyme is a tetramer in solution (Beyer & Fridovich, pers.
comm., 1988; Werber & Greenstein, 1991), and from den-
sity measurement, unit cell volume, and molecular weight
we deduced that the asymmetric unit contains a dimer. Of
the two possible space groups, only P2,2,2 allows the di-
mers to associate across a crystallographic dyad. Inten-
sities were measured from one crystal in a series of
resolution shells, using omega/two theta scans. Radiation
damage was monitored by a set of reference reflections,
which indicated no decay during the experiment, but data
collection was terminated by loss of coolant when the data
set was 98% complete to 3.2 A,

Noncrystallographic symmetry

Using the program PROTEIN (Steigemann, 1985), with
data for which F >3¢ and a resolution of 8.0-3.5 A, a
self-rotation search (Rossmann & Blow, 1962)gave an in-
dication for a noncrystallographic twofold axis about 11°
from the y-axis. The results, however, were not conclu-
sive (the peak height was about 53% of the origin peak;
the next highest peak was 23%) and were shown to be cor-
rect only after solving the structure.

Molecular replacement

The structure was solved by the method of molecular re-
placement using the well-refined structure of MnSOD
from 7: thermophilus (Ludwig et al., 1991)as a search
model. Because of the close similarity of the sequences,
the entire bacterial dimeric molecule containing 3,284 at-
oms, with all side chains, was used for calculating model
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A Local Dimer Axis
Crystal Axis

(Thermus) Crystal Axis
(Human)

Fig. 5. See next page for caption and balance of figure.
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Fig. 5. Comparisons of tetramer packing in human and 7. thermophilus MnSODs. A ( facing page): Schematic drawings show-
ing the relative orientation of the symmetry elements and the subunits in each structure. The conserved local dyads are vertical
in each structure and the A/B pairs of chains (bottom) are aligned. Human MnSOD is represented on the left and 7. thermophilus
MnSOD on the right. In human MnSOD the crystallographic dyad is perpendicular to the page, but in 7. thermophilus MnSOD
it is rotated as shown in the inset, which is a perpendicular view down the local dyad. The closer packing of the dimers in human
MnSOD is illustrated in this schematic comparison: the center of the human tetramer is displaced 2.73 A from the center of
the bacterial tetramer. This panel also serves as a guide to the photographs displayed in panel B. B (facing page): Ca represen-
tations of the tetramers of human MnSOD and 7. thermophilus MnSOD, viewed down the dyad axes of human MnSOD. The
structure of the human enzyme is at the left of each panel; to the right is a corresponding view of the thermophile MnSOD with
the red A/B chains aligned with the red (lower) A/B chains of the human enzyme. Top: View down the crystallographic axis
of human MnSOD. Middle: View down the conserved local dyad that relates two neighboring metal binding sites. Both mole-
cules show dyad symmetry in this view, and the relative rotation of the upper (blue) pairs of chains is clearly displayed. Bot-
tom: View along the third dyad of human MnSOD. C: Stereo drawing of the contacts responsible for tetramer formation in
human MnSOD. Four helical regions from chains related by crystallographic symmetry interact in a fashion resembling four-
helix bundle topologies. The crystallographic dyad is approximately perpendicular to the plane of the drawing. The tetramer
contact also includes interactions between the beginning of helix «-3 and a turn (147C-150C) from the symmetry-related sub-
unit (not shown). D: Details of a section through the helix interface shown in C, in the same orientation as that drawing. Sym-
metry-related tyrosines 45A and 45C are close to the dyad axis at the center of the drawing. The interactions of these and other
side chains can be compared with Figure 6 of Borgstahl et al. (1992).
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structure factors {(excluding only the Mn and solvent at-
oms). Computation was done with the molecular replace-
ment program package MERLOT (Fitzgerald, 1988)
running on a CONVEX C220 computer. An artificial P1
unit cell was chosen about two and a half times as large
as the longest intramolecular distance in the bacterial di-
mer, i.e., 130 x 130 x 130 A. An initial cross rotation
search was carried out over the unique Euler rotational
space using the fast rotation function CROSUM (Crow-
ther, 1972) with a step size of 5° in 3, including all data
in the resolution range between 8 and 4 A. This solution
was then refined with the Lattman cross rotation program
LATSUM (Lattman & Love, 1972), with all data between
8.5and 5.3 A, using 1.0°, 0.5°, and 0.5° steps in «, 8, and
v, respectively. The rotation search was limited to an Eu-
ler space of «, 0-180°; 8, 0~90°; v, 0-180°. The transla-
tion search was performed using both a Patterson search
in the Harker sections of space group P2,2,2 (Crowther
& Blow, 1967) and an independent R-factor search (Ward
et al., 1975) with data between 10 and 5.3 A. The rota-
tion and translation parameters were jointly refined using
the R-factor minimization procedure RMINIM (Ward
et al., 1975). At the end of these steps the R-factor was
0.49. Results of the searches are shown in Table 2.
Further refinement of the molecular replacement solu-
tion was carried out with the program CORELS (Sussman
et al., 1977), starting from an atomic model that was
modified to accord with differences in the sequences of
human and thermophile SODs. As there are seven addi-
tional amino acids between the « helices 1 and 3 in the 7.
thermophilus relative to the human MnSOD sequence, we
took the backbone of this part of the model from the
known structure of E. coli FeSOD, which also has fewer
residues in this region (Stallings et al., 1983). For the rest
of the model the backbone from 7. thermophilus was re-
tained, but the side chains were replaced by Ala except for
identities in the conserved helical and (3-sheet regions, and
where Gly is present in the human sequence. Each mono-
mer was treated as a rigid group and allowed to rotate and

U.G. Wagner et al.

Fig. 6. Electron density in the vicinity
of the Mn binding site of the B chain:
difference (| F,| — | F.|) map after X-
PLOR refinement of a model from
which the metal ions were omitted (line
4 of Table 1). The positive contours are
at 4¢; the peak density at the metal site
is about 6¢.

translate in the asymmetric unit. The refinement con-
verged at an R-factor of 0.42 (10-4.0 A) after 5 cycles and
0.44 (10-3.2 A) after 15 cycles including all data in these
resolution ranges.

Refinement and model building

PROLSQ refinement

The complete structural model for human MnSOD was
developed in several stages. The first stage employed re-
strained refinement with the program PROLSQ (Hen-

Table 2. Results of molecular replacement

Peak height

o (°) B ) v (®) (rms)*
LATSUM 30.5 50.0 123.0 2.0
Peak height
X y b4 (rms)?
TRNSUM
u,v,0 0.03 0.31 — 2.85
0.5,u,w ~ 0.30 0.25 3.72
u,0.5,w 0.04 — 0.25 4.15
Peak height
X y z (rms)®/R®
RVAMAP 0.05 0.30 0.25 4.74/0.52
a/x B/y v/z RP
RMINIM 29.5/0.04 50.2/0.30 122.0/0.25 0.49

2 Peak height in units of root mean square (rms) deviation above the
average value of the rotation search.
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drickson & Konnert, 1980; Finzel, 1987; Sheriff, 1987)
and alternating rounds of interactive model building.
Electron density maps with amplitudes (2| F,| — | F.|) and
calculated phases were used to rebuild portions of the
molecule where we could see density for side chains that
had been modeled as Ala. Interactive fitting was performed
using the computer graphics program FRODO (Jones,
1978; Pflugrath et al., 1984) on an Evans and Sutherland
PS390 graphics system. All of the atoms in the protein ex-
cept Mn were included in the last of these cycles.

X-PLOR refinement: Homology modeling of
the conformation at the tetramer interface

Inspection of the partly refined model in the region be-
tween residues 45 and 62 revealed some very short inter-
atomic contacts and unfavorable nonbonded interactions.
This region, where the sequences of the human and ther-
mophile MnSODs are very different, is part of the tetra-
mer interface. The unsatisfactory stereochemistry and the
rather high R and low correlation coefficient led us to
continue refinement and to attempt remodeling of the in-
terface regions. We employed a combination of simulated
annealing in X-PLOR (Briinger, 1992a), omit maps, and
weighted (2|F,| — |F.|) and (| F,| — | F.|) maps (Read,
1990) in order to improve and verify the atomic model.

The model from the initial PROLSQ and X-PLOR re-
finements terminated helix a-1 at Glu 47 and began helix
«-3 at Gln 61, so that Pro 62 was part of the N-terminal
cap of «-3. The residues intervening between helices were
in several tight turns. Using (3| F,| — 2|F,.|) maps and
omit maps calculated with phases from the remaining
atoms (coefficients | F,| exp iac) we compared this inter-
pretation with structures selected from the database by the
routine DGLP in TOM (Cambillau & Horjales, 1987). A
related region from uteroglobulin suggested an alterna-
tive model that extended helices «-1 and «-3, allowing
Pro 62 to introduce a distinct kink in helix «-3 (as shown
in Fig. 5C). To maintain reasonable nonbonded contact
distances, we also rebuilt the adjoining turn at 148-151.
Refinement of this modified model in X-PLOR, using
simulated annealing with B fixed at 15.0 for all atoms,
reduced R from 0.302 to 0.196 (for all |F,] >00). The
stereochemistry was much more acceptable, with absence
of short contacts, and the interactions at the tetramer in-
terface were chemically reasonable.

Refinements of the alternative models are summarized
in Table 1. From the results with the initial model the im-
portance of refining against all the data is evident. The
R for the partial data set was 0.190, but the model agreed
poorly with the full set of data (R = 0.255). Although the
revised model with longer helices was judged to be cor-
rect by all criteria, the substantial changes in the chain
fold at residues 46-60 did not result in dramatic differ-
ences in R at the 3.2-A limit of our resolution. We pre-
sume this is because the atoms in both models occupy
similar regions in the crystal.
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As a further test of the validity of the model shown
in Figure 5C and D, we omitted segments of the 45-60
sequence and its local symmetry equivalents from each
of the phasing models, repeated simulated annealing as
described by Briinger (1992a), and examined weighted
(2|F,| — | F.]) and (| F,| — | F.|) omit maps. Images cor-
responding to the modified model, with extended helices,
were observed in maps where the starting phases were de-
rived from the original model, but the “incorrect” images,
with shorter helices, were not observed in maps after omit
refinement starting from the “correct” model phases. In
attempts to discern differences in the models by calcula-
tions of free R (Briinger, 1992b), we found that the be-
havior of free R (for 10% of the scattering) was almost
the same for both starting models. The free R values pla-
teaued at 0.431 and 0.417, whereas the R for reflections
included in refinement decreased to 0.199 and 0.185 for
the original model and for the preferred alternative model
with extended helices, respectively.

To check other regions of the molecular model, where
the structure appeared to be identical with MnSOD from
T. thermophilus, we carried out positional refinements
(Briinger, 1992a), omitting 10-residue segments all along
the chain, and inspected the resulting omit maps. Regions
that are ill-defined or may differ in the A and B chains
were noted in this process: the N-terminus, the domain
connector, the turn near 130, and the C-terminus. All
these regions had larger than average thermal parameters.
Refinement of isotropic temperature factors in X-PLOR
reduced the average B from 15.0 to 11.1 A2, The small
temperature factors seem to be a consequence of the lim-
ited resolution, rather than indicators of reduced motion
at the temperature of data collection (100 K), since trim-
ming the data from 7. thermophilus MnSOD to 3.2 A in
control calculations yielded similarly small values for in-
dividual atom thermal factors.

The refinements with PROLSQ and X-PLOR, described
above, were conducted without imposing restraints on the
agreement of parameters of atoms related by noncrystal-
lographic symmetry (NCS). Some rather large variations
were observed in comparisons of the two chains compos-
ing the asymmetric unit, with the rms variation of Ca
atoms being about 0.7 A after simulated annealing and
positional refinement in the absence of NCS restraints. In-
voking NCS restraints resulted in an R value of 0.207
(with group B values and Mn) and rms differences in Co
coordinates of 0.025 A, when we started from the model
whose R-factor and correlation coefficients were 0.180
and 0.897, respectively, without NCS restraints (Table 1).
It is the NCS restrained model that we describe in this
paper.

The Mn binding site

Because the color of the crystals initially suggested loss
of Mn, the PROLSQ and initial X-PLOR refinements did
not include the metal ions. In the absence of the metal
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the protein ligands move during refinement and the side
chains rotate relative to their positions in the presence of
Mn. Indifference maps based on phases from the PROLSQ
model (Table 2), peaks appeared at the metal sites with
heights of approximately 20. After refinement of the re-
vised model in the absence of NCS restraints, the peak
heights reached 4o. (| F,| — | F.|) difference maps calcu-
lated after X-PLOR refinement of the apoproteinto R =
0.210 with NCS restraints (see above) displayed positive
peaks at the metal positions with heights of approximately
60 (Fig. 6).

Refinement by simulated annealing (Briinger, 1992a) of
a model including Mn was conducted with restraints on
the metal-ligand bond lengths but with very small force
constants (5.0) restraining the bond angles at the metal.
Refinement of the metal occupancy was not attempted,
but the B values of the metals were significantly higher
than those of the ligand atoms, suggesting less than full
occupancy of the metal-binding sites. The limited resolu-
tion also complicates identification of the solvent ligand
that has been observed in analyses of Mn- and FeSODs
(Ludwig et al., 1991).
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