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Benov and Fridovich recently reported the existence of a copper- and zinc-containing superoxide dismutase
(CuZnSOD) in Escherichia coli (L. T. Benov and 1. Fridovich, J. Biol. Chem. 269:25310-25314, 1994). We have
used the N-terminal protein sequence to isolate the gene encoding this enzyme. The gene, denoted sodC, is
located at 37.1 min on the chromosome, adjacent to lhr and sodB. A monocistronic transcript of sodC
accumulates only in stationary phase. The presence of a conventional leader sequence is consistent with
physical data indicating that the E. coli enzyme, like other bacterial CuZnSODs, is secreted into the periplasm.
Because superoxide cannot cross membranes, this localization indicates that the enzyme has evolved to defend
periplasmic biomolecules against an extracytoplasmic superoxide source. Neither the source nor the target of
the superoxide is known. Although once considered an exclusively eukaryotic enzyme, CuZnSOD has now been
found in species that span three subdivisions of the purple bacteria. The bacterial CuZnSODs are more
homologous to one another than to the eukaryotic enzymes, but active-site residues and structural motifs are
clearly shared by both families of enzymes. The use of copper and an invariant disulfide bond suggest that the
ancestral gene of present-day CuZnSODs evolved in an aerobic environment, long after the evolutionary split
between the eukaryotes and the eubacteria. If so, a CuZnSOD gene must have been transferred laterally
between members of these domains. The eukaryotic SODs most closely resemble that of Caulobacter crescentus,
a relatively close descendant of the mitochondrial ancestor, suggesting that sodC may have entered the
eukaryotes during the establishment of mitochondria.

The immediate product of the oxidation of reduced electron
carriers by molecular oxygen is superoxide (O, ), a more po-
tent oxidant which can subsequently react with biomolecules
that cannot be damaged directly by oxygen itself. Hence a
universal defense against the toxicity of environmental oxygen
is the synthesis of superoxide dismutase (SOD) (EC 1.15.1.1),
which scavenges O, at nearly diffusion-limited rates (20):

SOD]

0,” + O,” + 2H* [_% H,0, + O,

SODs have been found in virtually all of the aerobic organisms
examined thus far as well as in some obligate anaerobes that
can tolerate transient exposure to oxygen. The dismutation is
catalyzed by the alternate reduction and oxidation of an active-
site transition metal by consecutive molecules of O, . Eubac-
teria and archaea typically contain cytosolic SODs that employ
manganese or iron as the catalytic metal (denoted MnSODs
and FeSODs, respectively). MnSOD is also found in the mi-
tochondria of eukaryotes. MnSODs and FeSODs have very
similar structures and presumably evolved from a common
ancestral gene (24).

The cytosolic SOD isozyme in eukaryotes, however, is struc-
turally distinct from MnSOD and FeSOD and contains copper
as the redox-cycling metal, with an adjacent zinc atom playing
a structural and electrostatic role (59). Plants also contain an
additional, structurally homologous CuZnSOD in their chlo-
roplasts, and mammals secrete an extracellular CuZnSOD (6).
Early studies failed to find CuZnSOD in bacteria. However, in
1974 CuZnSOD was isolated from Photobacterium leiognathi, a
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symbiont of ponyfish (46). The P. leiognathi enzyme was suffi-
ciently homologous to eukaryotic CuZnSODs that an evolu-
tionary relationship was inferred, and it was initially suggested
that the exceptional presence of CuZnSOD in this bacterium
occurred through gene transfer from host to symbiont (7).
However, the subsequent discovery of CuZnSOD in the free-
living bacterium Caulobacter crescentus (52) suggested that the
CuZnSODs might also exist in other bacteria. In fact, other
bona fide CuZnSODs have since been demonstrated to exist in
Pseudomonas diminuta and Xanthomonas (Pseudomonas) mal-
tophilia (53), Brucella abortus (9), several Haemophilus species
(34, 37), and Legionella pneumophila (2). Most recently, Kroll
and colleagues used PCR technology to recover the CuZnSOD-
encoding DNA sequence from Actinobacillus pleuropneumo-
niae, Neisseria meningitidis, and Pasteurella multocida (35).

Although the great majority of the bacteria that have been
surveyed by either enzymic assays or DNA hybridization have
appeared not to contain CuZnSOD, this spotty distribution
may be more apparent than real. This possibility was under-
scored by the recent discovery that Escherichia coli, the subject
of countless investigations of SOD function over the past 20
years, synthesizes a previously unrecognized CuZnSOD (12).
This isozyme may have eluded other workers because of its
instability in extracts and its almost complete repression during
log-phase growth. The possibility of an evolutionary linkage
between these bacterial CuZnSODs and their eukaryotic coun-
terparts is intriguing.

Interestingly, sequence data and direct localization tech-
niques have indicated that all of these CuZnSODs are secreted
to the periplasms of these gram-negative bacteria. The exis-
tence of periplasmic SOD in E. coli, whose physiology is well
understood and experimentally accessible, provides an excel-
lent opportunity to learn its function. We wish to identify the
source of the periplasmic O, and the vulnerable biomolecules
that CuZnSOD is designed to protect. This investigation will



Vou. 178, 1996

require the analysis of enzyme-deficient mutants, and the iso-
lation of the gene encoding CuZnSOD is a first step in that
process.

MATERIALS AND METHODS

Strains and plasmids. The K-12 strains AB1157 (F~ thr-1 leuB6 proA2 his-4
thi-1 argE2 lacY1 galK2 rpsL supE44 ara-14 xyl-15 mtl-1 tsx-33) (4), JI132 (as
AB1157 plus [sodA::Mu d PR13]25 [sodB-kan]1-A2) (28), and MG1655 (F~ wild
type) (5) were used in studies of sodC expression. DHS5« [supE44 AlacUI69
hsdR17 recAl endAl gyrA96 thi-1 relA1 (680 lacZDM15)] (13) was the host strain
for plasmid constructions. Plasmid vectors used for cloning were pUC1813 (30)
and pBR329 (16). The Kohara library of E. coli DNA was originally derived from
strain W3110 [F~ IN(rmD-rmE)I] (33).

Media. CuZnSOD synthesis and sodC expression was studied using “concen-
trated LB,” which contained 33 g of Bacto tryptone, 20 g of yeast extract, and 7.5
g of NaCl per liter of deionized water, with the pH adjusted to 7.4 with K,HPO,
(3). Lambda phage was propagated in 2X YT medium and LB medium (49)
supplemented with 0.2% glucose. The plasmid psodC2.3 required 300 wg of
ampicillin per ml to be stably maintained.

DNA manipulations. Standard techniques were used for the preparation of
lambda phage DNA, plasmid preparation, subcloning, Southern blots, and hy-
bridizations with oligonucleotide probes. mRNA was purified over a cesium
chloride cushion and analyzed by the standard Northern (RNA) blotting and
primer extension procedures (4). Primer extension reactions and the accompa-
nying DNA sequence reactions were performed with a 22-base *?P end-labelled
oligonucleotide complementary to positions +28 to +7 of the DNA sequence,
relative to the translational start site. Oligonucleotide synthesis and DNA se-
quencing were performed by the University of Illinois Urbana-Champaign Bio-
technology Center.

Assays. In agreement with the observation of Benov and Fridovich (12), we
recovered CuZnSOD in low yields when cells were lysed with a French press.
Therefore, CuZnSOD was routinely extracted for assay by osmotic shock. Ap-
proximately 10'° cells were centrifuged, washed with 50 mM KP;, pH 7.4, and
resuspended in 5 ml of plasmolysis buffer (50 mM Tris, 2.5 mM EDTA, 20%
[wt/vol] sucrose, pH 7.4) (40) at room temperature. After sitting 10 min, cells
were pelleted and resuspended in 2 ml of ice-cold deionized water and held on
ice for 15 min. Spheroplasts were then pelleted by centrifugation, and the su-
pernatant was dialyzed >5 h against 2 liters of 50 mM KP;, pH 7.4, at 4°C. SOD
activity was determined by the xanthine oxidase-cytochrome ¢ method (43).
Cyanide (2 mM, preadjusted to pH 7.4) was included where indicated as an
inhibitor of the Cu-Zn class of SODs. Total protein in the shockate fluid was
measured with the Coomassie protein assay reagent from Pierce, with ovalbumin
as a standard.

Time courses of sodC transcription and CuZnSOD activity. SOD synthesis and
sodC transcript accumulation were measured during growth of JI132 in concen-
trated LB medium. An overnight culture of JI132 was subcultured and grown for
more than four generations to approximately 5 X 107 CFU/ml. The log-phase
culture was then diluted into concentrated LB to an optical density at 600 nm of
ca. 0.01. At intervals, aliquots were removed and cells were prepared for RNA
extraction or enzyme assay after osmotic shock. mRNA was prepared and blotted
according to standard methods (4), with a 38-base oligonucleotide complemen-
tary to the N-terminal region of the translated sodC sequence used as a probe.

Sequence analysis. Predictions of the secondary structure were generated by
using both the NNpredict and ProteinPredict software, available on-line at http:
/www.cmpharm.ucsf.edu/~nomi/nnpredict.html and http://www.embl-heidel-
berg.de/predictprotein/predictprotein.html, respectively. The NNpredict pro-
gram analyzes sequences individually (32), whereas the ProteinPredict software
exploits protein alignments to improve the reliability of the method (47). The 16S
rRNA phylogenetic subtree was extracted from the ribosomal database (http:/
www.rdb.life.uiuc.edu). DNA Strider 1.2 was used to scan the sodC sequence for
DNA and RNA secondary structure. Phylogenetic analyses of bacterial CuZn
SODs were performed with the assistance of Gary Olsen using PAUP (phylo-
genetic analysis using parsimony) (58) and PROTML (1) (maximum likelihood)
programs. A cost matrix for amino acid substitution was based on Blosum 45
(25).

Nucleotide sequence accession number. The nucleotide sequence reported
here has been submitted to the GenBank/EMBL data bank and assigned acces-
sion number U51242.

RESULTS

Isolation of the CuZnSOD structural gene. The CuZnSOD
of E. coli was purified from stationary-phase cultures of
AB1157 to apparent homogeneity by Benov et al., and the
amino-acid sequence of the N terminus was determined to be
ASEKVEMNLVTSQGVGQ (10). This sequence is not en-
coded by DNA present in the GenBank database and was
generously provided to us to assist with the isolation of the
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structural gene. A four-fold degenerate oligonucleotide probe
[GAAAAAGTIGA(A/G)ATGAA(C/T)CTIGTIAC, where “1”
denotes inosine] was synthesized and hybridized to a filter
containing an ordered set of DNA blots from the Kohara
lambda library of E. coli DNA (Pan Vera Corp., Madison,
Wis.). Phage DNA was isolated from several clones that gave
positive hybridization signals at 42°C. The DNA was digested
with EcoRI and analyzed by Southern blotting using the same
oligonucleotide as a probe. Bands from two of the clones,
clones 125 and 317, maintained positive signals. The EcoRI
digests were repeated, the hybridizing bands were gel purified
and digested with Sau3A, and the resulting fragments were
cloned into BamHI-restricted pUC1813 and transformed into
strain DH5a. Colony-blot hybridization using the oligonucle-
otide probe identified corresponding clones. Plasmids contain-
ing hybridizing DNA from each of the original clones 125 and
317 were sequenced. The subclone from 317 had exact homol-
ogy to the N-terminal 15 amino acids of the E. coli CuZnSOD
but did not contain the entire gene. The insert derived from
clone 125 corresponded to the yafABCD region and is not
homologous to the CuZnSOD sequence.

Lambda phage DNA from clone 317 was then digested with
several restriction enzymes, fractionated on an agarose gel, and
Southern blotted with the oligonucleotide probe to determine
an appropriate fragment for subcloning the whole gene. A
2.3-kb Pvull fragment was subcloned into the Pvull site of
pBR329. The resultant plasmid, psodC2.3, was transformed
into JI132, which lacks both of the cytosolic SOD isozymes.
Osmotic shockates of the psodC2.3 transformant contained 23
U of SOD activity per mg of protein, while that of its JI132
parent contained 0.3 U/mg. All of the detectable SOD activity
in the transformant extract was eliminated by 2 mM KCN,
which uniquely inhibits the copper-zinc class of SODs. Thus,
the psodC2.3 plasmid evidently included the entire structural
gene for the E. coli CuZnSOD. This gene has been designated
sodC in accordance with analogous genes from other bacteria.
The sodA and sodB genes of E. coli encode its cytosolic man-
ganese and iron SOD isozymes, respectively (48, 63).

Southern blot analysis of DNA from clone 317 indicated that
sodC is positioned at 37.1 min on the E. coli chromosome. This
location is deduced from (i) the known structure of this region
(33), (ii) the failure of a 38-base oligonucleotide exactly com-
plementary to sodC to hybridize to either of the adjacent
lambda clones in the Kohara set (clones 316 and 318), and (iii)
strong hybridization to a 7.0-kb Bg/II fragment, a 4.4-kb Pst]
fragment, and a 2.3-kb Pvull fragment. The known gene order
of this region is pdhX-sodC-rnt-lhr-sodB. The orientation of
sodC is not revealed by these data. Interestingly, sodB is a close
neighbor, although these are not cotranscribed and appear to
be differentially regulated (see below). The 38-base oligonu-
cleotide did not hybridize to any other member of the Kohara
library, indicating that only a single sodC gene is likely to exist
in E. coli.

Features of the sodC gene. Both strands of the insert in
psodC2.3 were sequenced (Fig. 1). The sequence encoding the
amino terminus of the mature protein is preceded by a typical
leader region, containing a charged N terminus (Lys-Arg in
positions 2 and 3), a 16-amino-acid hydrophobic stretch, and
an Ala-Ala cleavage site. This result is consistent with osmotic-
shock and immunostain data (11, 12) which indicated that
CuZnSOD is a periplasmic protein in E. coli as it is in other
bacteria. The deduced amino acid sequence of the open read-
ing frame, after removal of the leader peptide, should yield a
mature protein of 15,736.6 Da. This value agrees with the
molecular mass, 15,737 Da, determined by mass spectroscopy
of the purified protein (9).
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GTTTACCATCGCAGCCGCTGCCAATTATCGGTTCAGGTAAAATTGAGCGCGTACGGGCAGCTGTCGAAG 69
CAGAAACACTGAAAATGACCCGTCAACAATGGTTTCGTATCCGTAAAGCGGCACTGGGGTACGACGTAC 138
CGTAAGCACTTTTAGGAATAGCCGCCGTTCAAAAATGTGTCACTGGTTTACACTTATTICAGGAATGCACA 208

ATGAACGGAGGTCCT 223
M K R F S L A I L A L vV Vv A T G A Q 18
ATG AAA CGT TTIT AGT CTG GCT ATT CTG GCG CTG GTT GTT GCA ACC GGC GCA CAA 277
A / A S E K vV E M N L v T S Q G V G 35
GCT GCC AGT GAA AAA GTC GAG ATG AAC CTC GTC ACG TCG CAA GGG GTA GGG 328
S I G S v T I T E T D K G L E F S 53

CAG TCA ATT GGT AGC GTC ACC ATT ACT GAA ACC GAT AAA GGT CTG GAG TTIT TCG 382
P D L K A L P P G E H G F H I H A K 71
CCC GAT CTG AAA GCA TTA CCC CCC GGT GAA CAT GGC TTC CAT ATT CAT GCC AAA 436
G S C Q P AT K D G K A S A A E S A 89
GGA AGC TGC CAG CCA GCC ACC AAA GAT GGC AAA GCC AGC GCC GCG GAA TCC GCA 490
G G H L D P Q N T G K H E G P E G A 107
GGC GGG CAT CTT GAT CCA CAA AAT ACC GGT AAA CAT GAA GGG CCA GAA GGT GCC 544
G H L G D L P A L vV Vv N N D G K A T 125
GGG CAT TTA GGC GAT CTG CCT GCA CTG GTC GTC AAT AAT GAC GGC AAA GCT ACC 598
D AV I A P R L K S L D E 1 K D K A 143
GAT GCC GTC ATC GCG CCT CGT CTG AAA TCA CTG GAT GAA ATC AAA GAC AAA GCG 652
L M Vv H v G G D N M S D Q P K P L G 161
CTG ATG GTC CAC GTT GGC GGC GAT AAT ATG TCC GAT CAA CCT AAA CCG CTG GGC 706
G G G E R Y A C G I K STOP 173
GGT GGC GGT GAA CGC TAT GCC TGT GGT GTA ATT AAG TAA 745

TTAAGAGGCCAGCGTACCTTGCGGTGGTGCTTGCTCAAGTTIGCGAAAGCGAGCAGTACAGCCGCCAGA 813
CAATTGCCGCCAGCTCACGGGCGGCAGGTTGATGATGACGGGCAAGGCTGTCGCAAATCCGCTGTAATT 881

CTTCAAGTGTGGCCGCCAGTGATTTTTGCTGAACGCC

918

FIG. 1. Nucleotide sequence of the sodC region. Nucleotide numbering is arbitrary from the beginning of the region shown; amino acids are numbered from the
N-terminal methionine of the sodC open reading frame. The cleavage site at the terminus of the leader peptide is indicated by the slash mark. The first base of the
transcript is indicated by a vertical arrow. Potential —10 and —35 promoter elements are underlined, and a ribosome binding site is indicated by boldface lettering.

The ribosome binding site GGAGG lies 4 nucleotides up-
stream from the initiating methionine residue. Cell extracts
and mRNA were prepared from cultures of JI132 at intervals
as it approached and entered stationary phase, and CuZnSOD
activity and sodC transcript accumulation were monitored. The
level of CuZnSOD activity was extremely low during exponen-
tial growth and increased at least 100-fold during stationary
phase (Fig. 2A). Northern blots showed that the sodC gene is
expressed as a monocistronic 600- to 800-base transcript. This
transcript was observed only in late-stationary-phase cultures,
parallelling the increase in CuZnSOD activity and indicating
that the growth-stage regulation is effected by transcriptional
controls (Fig. 2B). Among the bacterial genes, the sodC of E.
coli thus far appears to be unique in its virtually complete
repression during exponential growth. Primer extension anal-
ysis determined that transcripts are initiated at a single posi-
tion 24 bases upstream of the open reading frame (Fig. 2C). A
good —10 promoter sequence is evident upstream of this tran-
scriptional start site (Fig. 1). Although a moderate match to
the consensus —35 site is found further upstream, the 15-base
spacing between it and the —10 site is at the lower limit of the
functional range. Some genes that are expressed exclusively in
the stationary phase require the 0*®* RNA polymerase factor
(39) and do not have apparent —35 cassettes (61). Ongoing
studies will test the involvement of ¢*® and other global regu-
lators in sodC expression.

Analysis of protein structure. Physical studies of the E. coli
CuZnSOD have indicated that it is more unstable than other
bacterial or eukaryotic CuZnSODs (12) and that, unlike those
dimeric enzymes, it may be monomeric (8). Those qualities
suggested to us that it might be structurally and evolutionarily
distinct. Yet, homology searches in GenBank with the E. coli
sodC sequence extracted the known bacterial CuZnSODs and,
with a lower probability, many eukaryotic CuZnSODs. The
protein sequence of the E. coli enzyme has been aligned in Fig.
3 with those of the five other sequenced bacterial CuZnSODs,
as well as with representative eukaryotic cytosolic and chloro-
plast CuZnSODs. The E. coli enzyme is clearly homologous to
the other bacterial CuZnSODs, in particular exhibiting about

50% identity with the CuZnSODs of Haemophilus parainflu-
enzae, L. pneumophila, and P. leiognathi.

While the crystal structure of bovine CuZnSOD has been
defined to 2-A resolution, none of the structures of the bacte-
rial enzymes have yet been solved. However, close inspection
of the alignments indicates that the bacterial CuZnSODs al-
most certainly retain the basic higher-order structure of the
eukaryotic enzymes, despite having only about 30% identity.
First, the residues of the bovine enzyme that are known to
directly affect catalysis are invariably present in the bacterial
CuZnSODs, and their relative positions in the primary se-
quence are unchanged. Crystallographic studies of the bovine
enzyme identified His-59, His-61, His-88, and His-156 as li-
gands for the catalytic copper atom and His-88, His-97, His-
106, and Asp-109 as ligands for zinc, while Asp-160 may mod-
ulate the metal ligand geometry in the bovine enzyme by
hydrogen bonding to metal ligands His-59 and His-96 (all
amino acid positions refer to the aligned sequence in Fig. 3)
(59). Each of these residues is present at the corresponding site
of the E. coli enzyme. Additionally, an arginine residue that
coordinates O, within the active site is present at position 179
of the aligned sequences. These ligands are widely spaced in
the primary sequence, and it is economical to suppose that the
bacterial and eukaryotic enzymes use similar folding arrange-
ments to gather them into the active site.

In fact, key residues that are known to organize the tertiary
folding of bovine CuZnSOD are also present in the bacterial
enzymes. The bovine enzyme can be divided conceptually into
a B-barrel region, comprising eight antiparallel B-strands, and
three prominent loop regions (Fig. 4). An intramolecular di-
sulfide bond between Cys-70 and Cys-182 bridges the first loop
to the C-terminal B-strand, and the presence of homologous
cysteine residues in the bacterial enzymes implies that this
higher-order structure is retained. The B-strands are punctu-
ated at intervals by glycine residues, which assist in protein
packing, particularly at polypeptide turns near the ends of the
strands. These glycine residues are universally conserved
among eukaryotic CuZnSODs (6). They are also present in the
bacterial enzymes, including that from E. coli, indicating that
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FIG. 2. Induction of CuZnSOD activity and transcript accumulation subse-
quent to entry into stationary phase. Bacteria were growing exponentially prior
to being subcultured at time zero; see Materials and Methods for details. (A)
Optical density (broken line) and periplasmic SOD activity (solid line). At early
time points the SOD-specific activity of the periplasmic extract was <0.02 U/mg.
(B) Northern blots of the sodC transcript. Total RNA (30 ug) was loaded onto
each lane. Faint bands are due to minor nonspecific hybridization to 16S and 23S
ribosomal RNA. No sodC transcript was visible on blots of log-phase cells (not
shown). (C) Primer extension analysis of the sodC transcripts shown in panel B.
The arrow marks the position of the transcript terminus.

the bacterial and bovine enzymes have similar patterns of ter-
tiary folding.

Finally, even the many tracts of divergent sequence have
been constrained to retain structural motifs. Although the
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comparison of the six available bacterial sequences with the
eukaryotic enzyme indicates a total of 12 sites of amino acid
insertions and deletions, all align within the loop and inter-
strand regions of the bovine enzyme, permitting the B-barrel
structure to remain intact (Fig. 4). These bacterial sequences
were analyzed for secondary-structure tendencies by both Pro-
teinPredict and NNpredict programs (described in Materials
and Methods). The ProteinPredict analysis indicates a likeli-
hood of B-strand structure at precisely those regions that align
with the eight B-strands of the bovine CuZnSOD (Fig. 5). A
similar result was obtained with the NNpredict program (data
not shown). This apparent conservation of structure is partic-
ularly striking because in these potential B-regions the degree
of amino acid identity between bovine and bacterial enzymes is
fairly low, ranging from 27% (E. coli CuZnSOD) to 37% (C.
crescentus). Thus, despite their substantial evolutionary dis-
tances, the bacterial sodC genes tolerated only those mutations
that would maintain the B-barrel core structure and active-site
residues that are evident in the eukaryotic enzymes. These
similarities strongly argue that the bacterial and eukaryotic
enzymes evolved from a common ancestral CuZnSOD.

DISCUSSION

Evolutionary relationships among CuZnSODs. The known
bacterial CuZnSODs are all found in purple bacteria. Their
presence in members of the alpha, beta, and gamma subdivi-
sions (Fig. 6A) indicates that the evolution of bacterial CuZn
SOD at the very least predated the divergence of this division.
Since surveys of SOD distribution have largely concentrated on
purple bacteria, CuZnSOD could also be present in other
divisions. In any case, CuZnSOD has only been found in the
periplasms of gram-negative bacteria, and it seems likely that it
evolved to defend component biomolecules of that compart-
ment against damage by superoxide. This argument is based in
part upon the supposition that the FeSOD-MnSOD family of
cytosolic enzymes, which is universally distributed among ae-
rotolerant microbes, is more ancient than CuZnSOD and
would have rendered unnecessary the evolution of a second
SOD to defend the cytosolic compartment. (Although a few
bacteria, including E. coli, contain both MnSOD and FeSOD
in the cytoplasm, this duplication may serve to ensure that the
cell has active SOD even in environments where one or the
other metal is lacking, a feat also achieved by “cambialistic”
SODs [23, 42].) The inability of superoxide to cross mem-
branes, however, means that SOD in one compartment has no
effect upon superoxide concentrations in another. The acqui-
sition of the periplasm as a chemically discontinuous organelle
may therefore have been the event which demanded the evo-
lution of CuZnSOD.

The structural and sequence similarity between the bacterial
and eukaryotic enzymes is sufficient to conclude that these
enzymes have arisen from a common ancestral gene. One
possibility is that CuZnSOD evolved prior to the divergence of
the protoeukaryotes and the eubacteria from their common
ancestor. Although oxygen is thought not to have accumulated
to substantial levels in the biosphere until long after that evo-
lutionary split, the fact that FeSOD was apparently dispersed
among bacteria and archaea before that date (51) suggests that
photochemically generated oxygen may have been sufficiently
abundant to provoke intracellular superoxide formation. Some
models suggest that oxygen concentrations could have been as
high as 0.002 atm (0.2 kPa) (64), which is sufficient to inhibit
the growth of some present-day bacteria. The low-potential
biochemistries that predominated in ancient microbes may
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Leader peptide.

E. coli MKRFSLATLA VVATGAQA
P. leio. MNKAKTLLFT ALAFGLSHQA LA
H. Par. MMKMKTLLAL AISGICAAGV ANA
L. pne. MNKSGIILIG TILFSSMAIA
B. abo. MKSLFIASTM VLMAFPAFA
C. cre. MIRLSAAAAL GLAAALAASP ALA
Pea MASQTLSPSP LSSHSLLRTS FSGVSVKLAP
Bov (None)
M. r in
E. coli -~=------- A SEKVEMNLVT SQGVGQSIGS
P. leio. --=------- Q DLTVKMTD-- -LQTGKPVGT
H. par. HDHMAKPAGP SIEVKVQQLD PANGNKDVGT
L. pne. ---——--——- D DLTAPIYT-- TGPKPVAIGK
B. abo. ~-—------ E STTVKMYEAL PTGPGKEVGT
C. cre. --------- Q TSATAVVK-- -AGDGKDAGA
Pea @ @ o—mm-ee-- AA KKAVAVLK-- --~GTSAVEGV
Bov = @ -------—-- A TKAVCVLK-- --GDGPVQGT

1 11 21
E. coli QPATKDGRAS AAESAGGHLD PONTGKHEGP
P. leio ASSEKDGKVV LGGAAGGHYD PEHTNKHGFP
H. par DPKEKDGKLT SGLAAGGHWD PKGAKQHGYP
L. pne G---NHGM-- --- HAEGHYD PONTNSHQGP
B. abo APGEKRDGKIV KALAAGGHYD PGNTHHHLGP
C. cre G--TPDFK-~ ---~ SAGAHVH TAATTVHGLL
Pea I------=== --- STGPHFN P-NKLTHGAP
Bov Teemmmm e - SAGPHFN P-LSKKHGGP

* *

71 81 91
E. coli DR---=--—--~ -ALMVHVGGD NM----SDQP
P. leio. G@GH-------- -AIMIHAGGD NH----SDMP
H. par. GH-------- -SIMIHAGGD NH----SDHP
L. pne. NL~------—- -AVMIHANGD TY----SDNP
B. abo. QR--—-———-— -SLMVHVGGD NY----SDKP
C. cre. GRPALLDADG SSIVVHANPD DH----KTQP
Pea GR-—------- -ALVVHELQD DLGKGGHELS
Bov GR------—- -TMVVHEKPD DLGRGGNEES

* *
141 151 161

J. BACTERIOL.

QFSTLATSNF KPLTVVA

VTITETDKGL EFSPD--LKA LPPGEHGFHI HAKGS----C

TELSONKYGV VFTPE--LAD LTPGMHGFHI HONGS----C

VTITESNYGL VFTPN--LQG LAEGLHGFHI HENPS----C

VTFTQTPYGV LITPD--LTN LPEGPHGFHL HKTAD----C

VVISEAPGGL HFKVN--MEK LTPGYHGFHV HENPS----C

VTVTEAPHGV LLKLE--LKG LTPGWHAAHF HEKGD----C

VTLTQDDEGP -TTVNVRITG LTPGLHGFHL HEYGDTTNGC

IHFEAKGDTV VVTGS--ITG LTEGDHGFHV HQFGDNTQGC
* * *

31 41 51 61

-EGAGHLGDL PALVVNNDGK ATDAVIAPRL KSLDE---IK

WTDDNHKGDL PALFVSANGL ATNPVLAPRL -TLKE---LK

WODDAHLGDL PALTVLHDGT ATNPVLAPRL KKLDE---VR

-YGNGHLGDL PVLYVTSNGK AMIPTLAPRL -KLSD---MH

-EGDGHMGDL PRLSANADGK VSETVVAPHL KKLAE---IK

NPDANDSGDL PNIFAAADGA ATAEIYSPLV -SLKG---AG

EDEIRHAGDL GNIVANAEGV AEATIVDNQI -PLTGPNSVV

KDEERHVGDL GNVTADKNGV ATIVDIVDPLI -SLSGEYSII

* *

101 111 121 131

KPLGGGGERY ACGVIK----

KALGGGGARV ACGVIQ----

APLGGGGPRM ACGVIK----

-POGGGGDRI ACGVIK----

EPLGGGGARF ACGVIE----

-~IGGAGARV ACGVIK----

LSTGNAGGRL ACGVVGLTPV

TKTGNAGSRL, ACGVIGIAK-

* *
171 181

FIG. 3. Aligned amino acid sequences of the six defined bacterial CuZnSODs, a pea chloroplast CuZnSOD, and the bovine cytosolic SOD. Gaps were inserted to
optimize the total homology. Amino acids conserved in at least half of the enzymes are shown in boldface letters. Amino acids that are recognized as critical for the
function of bovine SOD (see text) are each marked with an asterisk. The P. leiognathi, H. parainfluenzae, B. abortus, C. crescentus, pea chloroplast, and bovine CuZnSOD
sequences were obtained from the literature (9, 29, 34, 54, 56, 57). The B. abortus leader sequence was communicated by John Mayfield (42a), and the sequence of

the L. pneumophila protein was retrieved from the GenBank database (2).

have particularly disposed electron carriers to form superoxide
even when oxygen concentrations were slight.

However, several objections can be raised to the hypothesis
that CuZnSOD arose in the common ancestor. (i) As men-
tioned, it would seem that the presence of FeSOD in the single
compartment of that ancient microbe would have made CuZn
SOD functionally superfluous. (ii) Copper was probably un-
available to organisms living in anaerobic habitats. In low-
potential environments copper is reduced to its less-soluble
Cu™ ion, and it has been estimated that the insolubility of Cu,S
restricted the copper levels of ancient seas to 107" M (44).
Therefore, copper probably entered the biological repertoire
only after the environment became aerobic (45)—a notion
supported by the fact that other recognized copper-containing
enzymes all appear to have evolved after the advent of oxy-
genic photosynthesis. In order to have synthesized CuZnSOD,
primitive microbes would have required energy- and material-
intensive scavenger and transport apparatuses that greatly ex-
ceeded in efficiency even present-day iron siderophore systems.
This scenario seems implausible, particularly given the avail-

ability of dissolved iron and manganese to metallate SODs.
(iii) The essential disulfide bond shared by the eukaryotic and
bacterial enzymes would have been unstable in the highly re-
ducing environments of their ancestor. This feature must have
evolved in an aerobic environment. (iv) To date CuZnSOD has
not been found in members of the archaea, which shared with
eubacteria and eukaryotes the common ancestor but appear to
contain only FeSODs. However, this failure should be re-
garded with some caution, since both molecular probes and
enzymic assays previously failed, for example, to identify the
CuZnSOD of E. coli.

It seems more likely that during the oxygenization of the
atmosphere a gene encoding periplasmic CuZnSOD arose in
gram-negative eubacteria and was then transferred laterally
into the eukaryotes. Consistent with this idea, the greatest
evolutionary distances between eukaryotic cytoplasmic CuZn
SODs is smaller than the distances between bacterial CuZn
SODs (51). A lateral transfer could have occurred when a
primitive purple bacterium invaded ancient eukaryotes, even-
tually evolving into mitochondria. The advantage of the orig-
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FIG. 4. Schematic diagram of bovine SOD showing the sites of the amino
acid insertions (+) and deletions (—) that are indicated by the aligned bacterial
sequences. The B-strands (shaded) that define the core topology of the eukary-
otic enzyme are left intact. The bovine SOD structure is derived from the
crystallographic studies of Tainer et al. (59, 60). Superscript letters indicate
insertions or deletions as follows: a, insertion present in H. parainfluenzae at
residues 1 to 9 of the aligned sequence; b, insertions of various lengths present
in all bacterial enzymes at residues 19 to 22; c, deletion in all bacterial enzymes
at residues 66 to 69; d, insertions of various lengths in all bacterial enzymes at
residues 72 to 83; e, insertion in all bacterial enzymes at residue 92; f, deletion
in E. coli, L. pneumophila, and B. abortus enzymes at residue 101; g, insertion in
E. coli, H. parainfluenzae, and B. abortus enzymes at position 131; h, deletion in
all bacterial enzymes at residues 135 to 137; i, insertion in C. crescentus enzyme
at residue 143 to 151; j, deletion in all bacterial enzymes at residues 162 to 165;
k, deletion in C. crescentus and L. pneumophila enzymes at residues 171 to 172;
1, deletion in all bacterial enzymes at residues 187 to 189.

inal symbiotic relationship is thought to be that bacterial sym-
biosis permitted a previously obligately anaerobic eukaryote to
acquire respiratory capacity and successfully compete for aer-
obic niches. Its entry into an aerobic habitat, however, may
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FIG. 5. Prediction of secondary structure from primary sequence of the E.
coli CuZnSOD protein. Data were analyzed by using the ProteinPredict program
(see Materials and Methods) using coaligned sequences from the other bacterial
CuZnSODs. Peaks indicate likely regions of B-strand formation. The horizontal
arrows demonstrate known B-strands in the bovine CuZnSOD. The vertical
arrow near amino acid 135 is the sole site of predicted a-helical structure. Both
the indicated a-helix and the potential B-strand at position 75 align with gaps in
the eukaryotic enzymes.
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FIG. 6. (A) Suspected phylogenetic relationships of bacteria known to syn-
thesize periplasmic CuZnSODs. The map is based on analyses of 16S ribosomal
sequences. (B) Best CuZnSOD tree derived from maximum likelihood analysis
of protein sequences. Branch lengths represent calculated phylogenetic dis-
tances.

have required some level of cytosolic SOD activity, since con-
temporary eukaryotic microbes exhibit gross defects without it
(14). Superoxide freely passes through outer membrane porins,
so it seems plausible that O, formed in the host’s cytosol was
scavenged by the periplasmic CuZnSOD of the symbiotic bac-
terium. The presence in both SOD lineages of an invariant
disulfide bond argues that the ancestral SOD was periplasmic,
since disulfide bonds appear not to accumulate in cytoplasmic
bacterial proteins.

In this light, it is of interest that the closest bacterial ho-
molog to the bovine CuZnSOD appears to be the SOD of
Caulobacter spp. a close relative of the mitochondrial ancestor
(Fig. 6B). After subtraction of 21 universally conserved resi-
dues, many or all of which are essential for enzyme function,
the Caulobacter SOD exhibits 33 amino acid identities among
mutable residues with the bovine and the chloroplast SODs,
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TABLE 1. Number of amino acid identities in the mature (processed) CuZnSODs*

CuZnSOD source

No. of amino acid identities

(no. of residues)”

E. coli P leiognathi  H. parainfluenzae L. pneumophila  B. abortus ~ C. crescentus ~ Pea chloroplast ~ Bovine cytosol

E. coli (154) 75 80 68 85 55 47 44
P. leiognathi (151) 75 90 67 79 57 43 47
H. parainfluenzae (164) 80 90 65 82 55 44 44
L. pneumophila (142) 68 67 65 60 44 40 41
B. abortus (154) 85 79 82 60 52 47 44
C. crescentus (151) 55 57 55 44 52 55 55
Pea chloroplast (154) 47 43 44 40 47 55 82
Bovine cytosol (151) 44 47 44 41 44 55 82

“ Number of identities determined on the basis of the alignment shown in Fig. 3.

> Number of residues in mature protein.

whereas the other bacterial enzymes average only 23 (Table 1).
In fact, the Caulobacter SOD is as similar to the eukaryotic
enzyme as it is to the E. coli enzyme, having 55 amino acid
identities with each. Maximum likelihood analysis of the avail-
able CuZnSOD sequences derived a best tree on which the
eukaryotic SODs were grouped near the C. crescentus enzyme
(Fig. 6B), while the remaining bacterial CuZnSODs consti-
tuted a more-distant cluster. The latter cluster was poorly
resolved, since changes in its internal branch order produced
trees that were rated as only marginally less likely than the best
and the placement of B. abortus CuZnSOD within this cluster
contradicts its TRNA lineage. However, the C. crescentus-eu-
karyotic group was placed at a substantial distance from the
other bacterial enzymes on each of the 15 best trees. This result
is consistent with the notion that the eukaryotic enzyme
evolved from that of a Caulobacter relative. Analysis of a
broader distribution of bacterial CuZnSOD sequences will be
required to fully test this idea.

Function of periplasmic SOD. Because O,  cannot cross
membranes (41), the periplasmic location of the bacterial
CuZnSODs suggests that they evolved to defend a cell surface
target against O, that is generated either extracellularly or
within the periplasm itself. At present the only well-defined
targets of O, in any organism are a subclass of dehydratases
that contain [4Fe-4S] clusters (18, 19, 21, 22, 36). Destruction
of these clusters underlies the branched-chain amino acid aux-
otrophy, the requirement for fermentable carbon sources, and
perhaps the hypermutagenesis of E. coli mutants that lack
cytosolic SODs (15, 17, 31). However, as we are unaware of any
cluster-containing enzymes in the periplasm, the need for SOD
in that compartment is unclear.

The possible sources of O, in the periplasm are equally
mysterious. Although some O, is formed by the respiratory
chain within the cytoplasmic membrane, the known sites of
respiratory O, production are flavoenzymes, on the inner
aspect of the membrane (26, 27), that would generate O, in
the cytoplasm rather than the periplasm. Furthermore, respi-
ration is most active and presumably most likely to generate
O, during rapid growth rather than during the stationary
phase, when the E. coli sodC is induced. The fact that periplas-
mic SOD is found in several invasive bacteria might suggest
that it defends the cell against O, that is released by phago-
cytes. To date, other workers have been unable to unambigu-
ously correlate the infectivity of other pathogens with the pres-
ence or absence of the SOD (34, 38; see also reference 62).
Dan Ferber in this laboratory recently determined that the
stationary-phase cultures of the virulent strain Salmonella ty-
phimurium ATCC 14028 contains 60 U of cyanide-inhibitable
SOD activity per mg in osmotic shockates, showing that it, too,

synthesizes a periplasmic CuZnSOD. The generation of a
knockout mutation should clarify the role of CuZnSOD during
infection.

However, even if CuZnSOD proved to be a virulence factor,
this would represent a new role for an old enzyme, since the
ancestral CuZnSOD-containing purple bacterium from which
these species emerged had no need for phagocytic defenses. It
remains unclear what extracellular O, source might have
threatened that bacterium. Steinman and Ely have suggested
that present-day C. crescentus, a free-living bacterium, may use
its periplasmic SOD to scavenge O, that is generated by the
photosynthetic apparatus of the algae with which it associates
intimately (56). Consistent with that idea, C. crescentus sodC
mutants did not exhibit any gross physiological defects when
grown in pure culture, but they were killed rapidly by extra-
cellular superoxide sources (50, 55). Studies with E. coli should
shed more light upon the physiological function of this enzyme
in bacteria.
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