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tations may have implications for drug ther-
apy, because computer simulations suggest
that under these conditions, recombination
impairs rather then facilitates the evolution
of drug resistance in HIV (24). Third, it is
unclear whether the beneficial effects of re-
combination for negative epistasis are negated
by detrimental effects reflecting an equal
degree of positive epistasis. However, approx-
imate calculations assuming weak linkage be-
tween the locus coding for recombination rate
and the loci under selection suggest that
variation in the epistatic interactions weakens
the selection for recombination and that re-
combination is selected against for positive
mean epistasis (25). Finally, it remains to be
shown whether the pattern of epistasis found
in HIV-1 is representative of that in other
organisms (in particular of that in eukaryotes).
However, in contrast to studies measuring
epistasis in Escherichia coli, yeast, or Caeno-
rhabditis elegans (10, 13, 15), we have
measured epistasis in an organism in which
recombination occurs frequently. Therefore, it
may in fact be more appropriate to extrapolate
from retroviruses than from organisms that are
effectively asexual.

The predominance of interactions with pos-
itive epistasis in HIV-1 raises the question of
why retroviruses have evolved the capacity to
recombine (24). Whether drift-based explana-
tions for the benefits of recombination are ap-
plicable to HIV-1 remains to be investigated.
Recent studies suggest that drift can favor the
evolution of recombination even for very large
populations, as long as there are a sufficient
number of loci under selection (26). An al-
ternative explanation is the repair of single-
strand breaks (27). Retroviruses have single-
stranded RNA genomes that are susceptible
to ribonucleases and other agents during the
viral life cycle. Template switching by RT in
retroviruses could extend transcription beyond
breakage points and could thus explain why
retroviruses evolved to carry two complete ge-
nomes. According to this hypothesis, how-
ever, recombination in retroviruses would be
the consequence but not the cause of the
evolution of template switching.

Note added in proof: After this paper had
been accepted, a related paper or epistasis in
the vesicular stomatitis virus by Sanjuan et al.
appeared (29).
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Femtomolar Sensitivity
of a NO Sensor from
Clostridium botulinum

Pierre Nioche,! Vladimir Berka,? Julia Vipond,3 Nigel Minton,*
Ah-Lim Tsai,2 C. S. Raman'*

Nitric oxide (NO) is extremely toxic to Clostridium botulinum, but its mo-
lecular targets are unknown. Here, we identify a heme protein sensor (SONO)
that displays femtomolar affinity for NO. The crystal structure of the SONO
heme domain reveals a previously undescribed fold and a strategically placed
tyrosine residue that modulates heme-nitrosyl coordination. Furthermore,
the domain architecture of a SONO ortholog cloned from Chlamydomonas
reinhardtii indicates that NO signaling through cyclic guanosine mono-
phosphate arose before the origin of multicellular eukaryotes. Our findings
have broad implications for understanding bacterial responses to NO, as well
as for the activation of mammalian NO-sensitive guanylyl cyclase.

Nitric oxide (NO) is a small, short-lived, and
highly reactive gaseous molecule. In mam-
mals, NO is biosynthesized from L-arginine
by nitric oxide synthases, and it plays a key
role in many and disparate cellular responses
including host defense against microbial path-
ogens (/). Denitrifying bacteria generate NO
(1 to 70 nM) by a unique mode of respiration
in which nitrogen oxides (NO, ", NO, , NO,
and N,O) are reduced to N, (2). Nondeni-
trifiers, like Escherichia coli, can produce NO
during anaerobic nitrate respiration (NO;  —
NO,” — NH,"), although at much reduced
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levels (3). Clostridium botulinum, a strict an-
aerobe, is neither a denitrifier nor capable of
making NO via other mechanisms. It is the
etiological agent of botulism and produces
the most toxic substance known to humans
[median lethal dose (LD,) = 0.2 ng per
kilogram of body weight]. Since the late 1920s
sodium nitrite, with NO as the antimicrobial
principle, has been used to inhibit the growth
of heat-resistant C. botulinum spores and toxin
production in cured meats (4—6). However,
the molecular strategies used by this bacte-
rium to recognize and avoid NO in its native
and host environments have remained elusive.

To identify candidate NO sensors in C.
botulinum, we investigated the hypothesis
(7, 8) that a prokaryotic counterpart to the
mammalian NO receptor, soluble guanylyl
cyclase (sGC) (9, 10), exists and that a
bacterial NO sensor may communicate with
the chemotaxis machinery. Thus, we screened
the genome of C. botulinum (www.sanger.
ac.uk/Projects/C_botulinum/) for an ortholog
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of the NO-binding heme domain (//) of hu-
man sGC-B,. We found a gene that encodes
a two-domain protein (598 amino acids in
length) in which the N-terminal domain shares
15% sequence identity with the first 186
amino acids of sGC-B, and the C-terminal do-
main is similar to that of a methyl-accepting
chemotaxis protein (MCP). Because the N-
terminal region of mammalian sGC is in-
dispensable for NO binding, we named the
C. botulinum protein SONO (sensor of NO).
Reverse transcription—polymerase chain re-
action analysis (fig. S1) (/2) showed a tran-
script of the predicted size and confirmed
that SONO was expressed in actively grow-
ing vegetative C. botulinum cells.

We overproduced SONO N-terminal heme
domain (residues 1 to 186, CB-SONO,;,) in
E. coli. Purified CB-SONO,,, is red in color,
and electronic spectroscopy revealed the pres-
ence of a b-type heme (/2). Mass spec-
trometry confirmed the identity of the heme
prosthetic group (iron protoporphyrin IX)
(13). A heme protein has not been previously
identified in clostridia. To assess the coordi-
nation structure of the heme in CB-SONO,,,
we recorded its electron paramagnetic reso-
nance (EPR) spectra (12). The protein yielded
a classic three-line spectrum (/4) (Fig. 1A)
diagnostic of a five-coordinate (5c) low-
spin heme-nitrosyl, Fe(I)(NO), complex that
is unaffected by exposure to air. The main
spectral feature is the three-line hyperfine
splitting centered at g, = 2.007 with a sep-
aration of 1.7 mT. The splitting arises from
the strong coupling between the unpaired
electron spin and the nuclear spin (/ = 1) of
the '“N atom of NO. It further indicates that
the proximal Fe-histidine bond in the protein
is readily broken. Such an air-stable heme-
nitrosyl is unprecedented (/5—17) [supporting
online material (SOM) note 1]. We followed
the aerobic decay of the three-line EPR sig-
nal of CB-SONO,,, as a function of time.
A half-life (¢,,) of 70 £ 16 hours (n = 3)
was obtained (fig. S2) and is equivalent to a
dissociation rate constant (k) of = 3 x
1076 s7. NO binding to SONO,,, is dif-
fusion limited [k, =~ 108 M~ s7! (/8)], and
we obtain an equilibrium dissociation con-

stant (K, = k_/k ) of =30 x 10715 M. This
value approaches that suggested for NO
binding to four-coordinate model heme com-
pounds (75), but has not been previously re-
ported for Fe(II)-heme proteins (SOM note 2).
The presence of an air-stable Fe(II)(NO) spe-
cies indicates that molecular oxygen cannot
react with this complex.

We used CB-SONO,,, to quantify the
amount of NO generated during aerobic
growth of E. coli. E. coli are thought to
generate NO only during anaerobic nitrate
respiration (3) because NO production is un-
detectable during aerobic growth [as we con-
firmed with chemiluminescence-based NO
analyzer (Eco Physics CLD88sp) with a sen-
sitivity of <1 part per billion)]. However, the
EPR spectra of intact E. coli cells aerobically
expressing CB-SONO,,, (Fig. 1B) resem-
bled those of purified CB-SONO,,,, suggest-
ing that the bound NO originated in the E. coli
cytosol (SOM note 3). Cells that did not ex-
press CB-SONO,,, are devoid of this signal.
Quantitative EPR measurements (/2) indi-
cated that the E. coli cells produced (assum-
ing a linear rate of formation) approximately
one molecule of NO cell™! min~! (SOM note
4). The number of NO molecules bound to
highly purified CB-SONO,,, was in the same
range as that measured from intact cells. Note,
however, that one free molecule of NO per E.
coli, with a cell volume of 10713 liter (/9),
translates to a concentration of ~107 M. It is
conceivable that one or more NO molecules
may persist within the cytoplasm of a de-
nitrifying cell, but this would not be true for E.
coli, which lacks the denitrification machinery
(SOM note 5). Therefore, our ability to detect
NO production in aerobically grown E. coli
(12) is a direct consequence of CB-SONO,,,
functioning as a high-affinity sensor of NO.

We determined the crystal structure of a
SONO ortholog (table S1) from the extremely
thermophilic organism Thermoanaerobacter
tengcongensis, strain MB4T (20) (SOM note
6) [TT-SONO; 39% sequence identity with
CB-SONO (fig. S3)] due to difficulties in
growing crystals of CB-SONO,,,. The ter-
tiary topology of TT-SONO heme domain
(TT-SONO,,,) is characterized by a proxi-

Fig. 1. EPR spectra of SONO heme
domain (SONO, ). (A) CB-SONO,
purifies as a heme-nitrosyl complex.
(B) E. coli cells overproducing CB-
SONO,,,. (C) Purified NP-SONO.
(Sidebar) Coomassie-stained SDS-
polyacrylamide gel. The relative
molecular sizes of NP- and CB-
SONO, , are 22,482 and 22,630,
respectively.
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mal domain with an affoff motif and an
o-helical distal domain (fig. S4). This fold has
not been described previously. The heme is
sandwiched between the two domains (Fig. 2),
and its iron atom is coordinated by His!02.
Heme recognition is mediated by hydrogen
bonds between the propionates and the strictly
conserved side chains of Tyr'3!, Ser!33, and
Arg!3> (figs. S3 and S5; SOM note 7).
Numerous nonbonded contacts exist between
the tetrapyrrole and the residues that form the
binding pocket. With the exception of Tyr!4,
the distal heme pocket is apolar and there are
no polar atoms within 7 A of the heme iron.
During structure refinement, it became clear
that a distal ligand was bound to the heme iron.
The protein has a Soret maximum at 416 nm,
which suggests the presence of a hexacoordi-
nate Fe(I[)(O,) complex (SOM note 8). As a
consequence, we modeled dioxygen into the
density (Fig. 3). The chemical makeup of the
TT-SONOy, distal heme pocket resembles that
of the Thr-E11— Val variant (21) of Cerebratu-
lus lacteus minihemoglobin (fig. S6). This pro-
tein also purifies as a high-affinity Fe(II)(O,)
complex and, like TT-SONO,,,, has a Tyr
residue within hydrogen-bonding distance to
the terminal oxygen (SOM note 9).
Although both TT-SONO,,, and CB-
SONOy;, have a similar constellation of
side chains in the distal heme pocket (fig. S6),
we have been unable to generate a stable
Fe(I)(O,) complex with CB-SONO,;,. NO-
stripped CB-SONO,,, also readily oxidizes
to its Fe(IIl) state. Like C. botulinum, T.
tengcongensis is a strict anaerobe; however,
it has an optimal growth temperature of 75°C
(20). At 70°C, TT-SONO,,, did not form a
stable Fe(I)(O,) complex, but instead read-
ily oxidized to the Fe(IIl) state. Upon ad-
dition of exogenous NO, TT-SONO,,, also

Distal domain

Proximal domain

Fig. 2. Three-dimensional structure of TT-
SONO, . Ribbon diagram depicts residues 1
to 181 of the protein. The heme prosthetic
group (red) and the histidine coordinating its
iron are also shown.

www.sciencemag.org SCIENCE VOL 306 26 NOVEMBER 2004

1551



1552

REPORTS

generated a five-coordinate Fe(II)(NO) com-
plex at 70°C. In contrast, a six-coordinate
(6¢) Fe(I)(NO) complex was formed at 25°C,
and we found no evidence for a heme-nitrosyl
complex in purified TT-SONO,,.

To assess the role of electrostatic interac-
tions (22, 23) in stabilizing the bound ligand,
we replaced the distal Tyr!3° with a Phe in CB-
SONO,,, (fig. S6). This substitution resulted in
a protein that was unable to generate a Sc-
heme-nitrosyl, but instead produced a stable
6¢c-Fe(I)(NO) complex (fig. S7). The ability of
an amino acid side chain in the distal pocket
to modulate the bond strength of the proximal
Fe-His linkage is unparalleled in heme protein
research. Altogether, these results identify that
NO binds on the distal side in CB-SONO,,
and suggest that electrostatic interaction with
Tyr'3? is necessary for generating a neet 5c-
Fe(I[)(NO) complex and subsequently break-
ing the Fe-His bond (SOM note 10).

There appears to be a strong evolutionary
pressure to modulate the NO sensitivity and
specificity for SONO. For example, the rate
of NO dissociation from CB-SONO,, is at
least two orders of magnitude slower than that
of sGC (24). To evaluate the structural basis
for such variation, we used TT-SONO,,, as
a template to generate homology models of
SONOy;, from human sGC-B, and Nostoc
punctiforme (filamentous cyanobacterium)
[(NP-SONO; the full-length protein, com-
prising amino acids 1 to 183, represents the
heme domain and shares 40% sequence iden-
tity with human sGC-B, (fig. S3)]. Unlike
CB-SONO,,, and TT-SONO,,,, neither hu-
man sGC-B, nor NP-SONO incorporates a
Tyr side chain for interacting with the bound

Fig. 3. Omit difference electron density map
(Fops — Feud) Of the heme pocket. Maps are
shown at 3¢ level. Oxygen ligand density is in
blue. Dotted line indicates that the phenolic -OH
of Tyr™40 is within hydrogen-bonding distance

of the oxygen ligand.

ligand (fig. S6). Furthermore, the distal heme
pocket lacks a polar atom within 7 A of the
heme iron. Consistent with this, purified NP-
SONO is characterized by a Soret maximum
at 431 nm and shows no apparent EPR signal
(Fig. 1C) because it contains a Fe(Il) five-
coordinate high-spin heme (SOM note 11).
Most heme proteins, except sGC (25, 26),
can maintain this state only under anaerobic
conditions, because oxygen will readily bind
to the sixth coordination position. However,
the Fe(Il)-heme of NP-SONO remains five-
coordinate even after several weeks of aerobic
storage at 4°C. Because fossil data show that
the Nostoc branch of the cyanobacterial tree
diverged by 2.1 billion years ago (27), total
exclusion of oxygen from the coordination
sphere of SONO, concomitant with a diminu-
tion of NO sensitivity, may have occurred
before the origin of unicellular eukaryotes.

To better delimit when during evolution
the functional transition from SONO to sGC
may have taken place, we examined the
genome of Chlamydomonas reinhardtii—
the eukaryotic unicellular green alga whose
chloroplasts are derived from cyanobacteria
(28). We found a Chlamydomonas expressed
sequence tag whose product shares similarity
with NP-SONO. We cloned the gene, and
its product represents a full-length sGC-8
with close resemblance to human sGC-B,
(fig. S8; SOM note 12). A sGC ortholog has
not been previously reported in a chloroplast-
containing organism. The two proteins share
similar nonpolar distal heme pockets, and
both contain a Phe side chain in close prox-
imity to the heme iron. Thus, eukaryotic sGC-
B, may have evolved by the fusion of bacterial
SONOy;, and a cyclase, thereby coupling NO
binding to cyclic guanosine monophosphate
production before the origin of animals.

In summary, we have uncovered a heme
protein sensor that may be used by C. botu-
linum to recognize the presence of NO and
mediate a phobic response as a protective
mechanism (SOM note 13). Although C. botu-
linum is a motile organism, we have no direct
evidence that it moves away from a source
of noxious NO. However, two independent
observations suggest that CB-SONO can
sense and transduce signals to the chemo-
taxis machinery. First, the two-domain archi-
tecture of CB-SONO is reminiscent of the
soluble aerotransducer HemAT (29) in which
a myoglobin-like heme domain is used to
sense O, and the methyl-accepting chemo-
taxis protein domain helps with initiating bac-
terial aerotaxis. Second, the gene encoding
SONO in Vibrio cholerae is repressed by
about eightfold alongside other chemotaxis
genes in vibrios shed by cholera-infected in-
dividuals (30, 31). Furthermore, we draw a
parallel between the suggested taxis role for
SONO in bacteria and the ability of sGC to
confer chemoattractive responses to dendrites

and axons (32). Our structural findings also
provide mechanistic insights into how NO
activates sGC in mammalian systems (figs. S9
and S10; SOM note 14). Taken together, our
studies indicate that SONO,,,, with alterations
to its NO sensitivity, may have been coopted
to serve as a NO-activated molecular switch
for regulating distinct cellular processes.
Note added in proof: During revision of
this manuscript, structural characterization
(33, 34) of a similar protein was reported.
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Compensated Deleterious
Mutations in Insect Genomes

Rob J. Kulathinal," Brian R. Bettencourt,? Daniel L. Hartl'*

Relatively little is known about the importance of amino acid interactions in
protein and phenotypic evolution. Here we examine whether mutations that
are pathogenic in Drosophila melanogaster become fixed via epistasis in other
Dipteran genomes. Overall divergence at pathogenic amino acid sites is
reduced. However, ~10% of the substitutions at these sites carry the exact
same pathogenic amino acid found in D. melanogaster mutants. Hence
compensatory mutation(s) must have evolved. Surprisingly, the fraction 10%
is not affected by phylogenetic distance. These results support a selection-
driven process that allows compensated amino acid substitutions to become
rapidly fixed in taxa with large populations.

By mapping sequence space onto a fitness sur-
face, the “fitness landscape” provides a power-
ful metaphor to understand how proteins evolve
in populations. Sequence evolution may be vi-
sualized to traverse fitness peaks and valleys as
certain sequence combinations are deleterious,
advantageous, or neutral to an organism’s over-
all reproductive success. Using this landscape,
Sewall Wright (/) championed the view that
evolution occurs via epistatic or “coadapted”
genetic interactions (2). In contrast, R.A. Fisher
envisioned selection primarily acting on ad-
ditive effects of individual loci (3). Whether
epistatic interactions play an important role
in the evolutionary trajectory of proteins—
particularly in species with large effective
population sizes—remains an open question.
The recently completed genomic sequence of
D. pseudoobscura (4) offers a unique opportu-
nity to approach this question by integrating the
extensive mutant phenotypic information from
D. melanogaster with a full set of orthologous
gene sequences. These two fly species di-
verged between 40 and 50 million years ago
(mya) and contain ample divergence informa-
tion for comparative analyses. For nearly a
century, D. melanogaster has been the target
of extensive mutagenic screens, and a curated
database of characterized mutant phenotypes
and their corresponding molecular etiologies
is freely accessible in the public domain (35).
We analyzed single amino acid residues
that, when mutated in D. melanogaster, cause a
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drastic fitness loss yet appear as the wild-type
amino acid at its homologous site (termed
“index site”) in the D. pseudoobscura protein.
For such pathogenic substitutions to become
fixed in another species, second-site or com-
pensatory mutations must have coevolved
(6). The number of compensated pathogenic
deviations—or CPDs, using the parlance of
Kondrashov et al. (6)—was compared to the
number of index-site substitutions in D. pseudo-
obscura that contain an amino acid other than
the one known to be pathogenic in D.
melanogaster (Fig. 1). “%CPD” refers to the
fraction of CPDs among substituted index
sites. We sorted through all phenotypic mu-
tants available from FlyBase (version 3.1) with
the assumption that none of these mutants
could persist in a natural population. From
35,311 “Gene” entries in FlyBase, we found
2245 single-site amino acid mutations that
lead to a defined mutant phenotype, repre-
senting 525 unique genes. Most genes have
between one and three different mutations;
thus, our sample is not biased toward partic-
ular loci.

Of these genes, 475 had unambiguously
aligned orthologs in D. pseudoobscura (4)
representing 328,060 aligned amino acid sites.
Overall, 77.8% of all amino acid sites were
conserved between the two species. All in-
stances in which a pathogenic amino acid site
in D. melanogaster was present in the wild-
type D. pseudoobscura protein were tabulated.
To ensure site-specific orthology, we counted
the number of conserved sites among 10 flank-
ing amino acids on each side of the index site.
Single-site insertion/deletion mutations were
counted as one amino acid change. When a
50% identity criterion among flanking sites
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was used, we found that among 1527 amino
acid sites causing a phenotypic mutation in D.
melanogaster, only 64 had substitutions in the
D. pseudoobscura ortholog. Thus, substitutions
among index sites were significantly less
frequent than were random substitutions
(95.8% versus 77.8%, P < 0.0001), an
observation also reported in humans and mice
(7), which suggests that selective constraints
are maintained over time. Surprisingly, six of
these index sites, or 1 in 10 substitutions at
pathogenic sites, contained exactly the same
amino acid that causes a deleterious phenotyp-
ic change in D. melanogaster [%CPD ~ 10%
(Table 1)]. Similarly, using a 75% identity
criterion (close to the average protein diver-
gence estimated between these species), we
found four CPDs among 31 index sites.

The same analysis was then applied to the
more distantly related Anopheles gambiae
genome (divergence ~250 mya). We aligned
210,778 orthologous amino acid sites (inser-
tions and deletions ignored) from 317 pro-
teins, with an overall 52.4% identity. When a
50% flanking region cutoff was used (cor-
responding approximately to the average
amino acid divergence between these spe-
cies), there were 77 substitutions among 784

~250 mya

/ /\~40-50 mya

Anopheles Drosophila Drosophila
gambiae pseudoobscura || melanogaster

Fig. 1. Phylogenetic relationship of D. mela-
nogaster, D. pseudoobscura, and A. gambiae
and identification of compensated deleterious
mutations. D. melanogaster is the reference
species with site-specific mutational data on
phenotypic mutants. Sites possessing amino
acid residues that cause phenotypic deviations
in D. melanogaster are called index sites
(yellow bars). Other substituted sites are not
informative (black vertical bars). We concen-
trate on index sites that contain substitutions
(indicated as a and b) in at least one of the
other species (denoted by a star). Index-site
substitutions are of two types: the exact same
pathogenic amino acid (CPDs) or other, non-
exact amino acid substitutions.
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