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Summary

When sulfur compounds are scarce or difficult to process, £. coli adapts by inducing the high-level
expression of sulfur-compound importers. If cystine then becomes available, the cystine is rapidly
overimported and reduced, leading to a burgeoning pool of intracellular cysteine. Most of the
excess cysteine is exported, but some is adventitiously degraded, with the consequent release of
sulfide. Sulfide is a potent ligand of copper and heme moieties, raising the prospect that it
interferes with enzymes. We observed that when cystine was provided and sulfide levels rose, £.
coli became strictly dependent upon cytochrome bd oxidase for continued respiration. Inspection
revealed that low-micromolar levels of sulfide inhibited the proton-pumping cytochrome bo
oxidase that is regarded as the primary respiratory oxidase. In the absence of the back-up
cytochrome bd oxidase, growth failed. Exogenous sulfide elicited the same effect. The potency of
sulfide was enhanced when oxygen concentrations were low. Natural oxic-anoxic interfaces are
often sulfidic, including the intestinal environment where £. coli dwells. We propose that the
sulfide resistance of the cytochrome bd oxidase is a key trait that permits respiration in such
habitats.

Introduction

Contemporary organisms have inherited from the primordial world a metabolism that
depends in many ways upon sulfur chemistry. The chemical properties of sulfur are far more
varied than those of most biological elements. Sulfur is redox active at physiological
potentials, it is a potent nucleophile even when exposed to bulk solution, it binds transition
metals tightly, and it exhibits flexible coordination geometry. Universal aspects of
metabolism exploit these qualities. For example, because organic sulfur can be oxidized
from its sulfhydryl form to its sulfenic and disulfide forms, cysteine residues can sense and
scavenge reactive oxygen species (Zheng et al., 1998; Poole, 2007) and provide stabilizing
crosslinks to secreted proteins. The reversible formation of thioesters is central to energy
conservation during glycolysis and pyruvate dissimilation. Sulfur ligands coordinate iron-
sulfur clusters, adhere molybdenum to pterins, and organize zinc fingers. Particularities of
sulfur bond angles tune the reactivities of thiamine and biotin and enable the group-transfer
activity of S-adenosylmethionine.
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Due to this reliance upon sulfur chemistry, all organisms must acquire substantial sulfur in
order to grow: the total sulfur-atom concentration inside £. coliis ~0.13 M (calculated from
Neidhardt and Umbarger, 1996). To meet this demand, microorganisms express a suite of
transporters and pathways that allow them to convert a wide variety of inorganic and organic
sulfur molecules to cysteine. The intracellular pool of cysteine then serves as the central
reservoir of sulfur atoms: in addition to its direct incorporation into polypeptides, cysteine is
a precursor of methionine and the direct donor of sulfur atoms for the synthesis of multiple
cofactors. When environmental sources of sulfur dwindle, bacteria respond by strongly
inducing the synthesis of each of its sulfur-compound importers, effectively turning the
bacterium into a sulfur sponge (Kredich, 1996). In the model bacterium Escherichia coll,
sulfur deficiency is sensed by the transcription factor CysB (Kredich, 1992).

E. coli dwells in aerobic and microaerobic habitats in which extracellular cysteine is
chemically oxidized by oxygen. Thus cystine—the disulfide form of cysteine—is likely to
be the most abundant form of organic sulfur. Indeed, the bacterium expresses two forms of
cystine importer: TcyP, a high-flux importer driven by membrane potential, and TcyJLN, a
lower-flux but higher-affinity system driven by ATP hydrolysis (Imlay et al.,, 2015). Both
systems are strongly induced by CysB when sulfur levels decline. Together they enable £.
colito grow at full speed even when environmental cystine concentrations fall as low as five
nanomolar.

However, the use of cystine as a sulfur source raises an unusual problem in transport control.
Because disulfide bonds can be quickly transferred to protein thiols, cystine must be reduced
as quickly as it enters the cell. Glutaredoxin systems do so very efficiently, and even during
rapid cystine import only cysteine is detected inside the cell (Imlay et al., 2015). A
consequence, however, is that cystine importers cannot be controlled by product inhibition.
In contrast, most other transporters slow down when the accumulated product occupies their
active sites. Indeed, when sulfur-poor E. coli cultures encounter even 5 micromolar cystine,
the unfettered action of its induced TcyP causes the rate of cystine import to exceed the
sulfur demand of the cell by as much as 50-fold (Imlay et al., 2015). Cysteine pools swell
more than 10-fold. Excess cysteine is problematic, as it inhibits a key enzyme in isoleucine
synthesis (Harris, 1981) and promotes Fenton chemistry (Park & Imlay, 2003). E. coli
responds to this dilemma by exporting the excess cysteine (Imlay et al., 2015). The
continuous cycle of cystine import, reduction, and export is energetically expensive,
increasing the demand for ATP and NADPH by an estimated 10% and 100%, respectively.
This futile cycle continues for an hour or longer, until the membrane content of TcyP
declines through cell division. Salmonella and Lactobacilli also excrete excess cysteine in
this situation, suggesting that this dilemma is widespread (Turner et a/., 1999, Imlay et al.,
2015). It seems odd that cystine importers did not evolve to be allosterically inhibited by the
growing cysteine pool, but perhaps this option is precluded by the structural similarities
between cysteine and serine.

In studying this process, we noticed that during the period of excessive cystine import, £.
coli cultures emanate the odor of hydrogen sulfide. (The term sulfide is used here to denote
both H,S and HS™, as the pKj, of H,S is 6.9.) Like cysteine, sulfide is chemically reactive
and potentially problematic. It exhibits a substantial affinity for heme and for soft metals,
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including those in proteins (Wu et al., 2015, Vitvitsky et al., 2015, Bolic et al., 2015, Nagy,
2015). Due to its tiny size, sulfide cannot easily be physically excluded from their active
sites. Therefore, we anticipated that during periods of cystine uptake, endogenous sulfide
might threaten the activities of heme or copper enzymes. How does £. coli cope with what
must be a common event?

In this study we examined the impact of cystine influx, and of the consequent evolution of
sulfide, upon cytochrome oxidases, the most critical heme and copper enzymes in this cell.
We learned that when cysteine pools swell, some of the cysteine is adventitiously degraded
to sulfide, and this sulfide is abundant enough to potently inhibit the energy-conserving
cytochrome bo oxidase. This action does not block growth, however, because the respiratory
flux shifts to the cytochrome bd oxidase, a copper-free enzyme. Although the latter enzyme
does not pump protons, its action enables aerobic metabolism and growth to continue. A
similar series of events is likely to occur when E. coli encounters exogenous sulfide, a
common solute in oxic/anoxic interfaces. A key role of cytochrome bd oxidase may be to
enable respiration in that situation.

Sulfate is traditionally employed as the sulfur source in defined lab growth medium. It is not
the sulfur source that £. coli prefers, however, as the CysB transcription factor is only fully
deactivated when cystine is provided (Imlay et al., 2015). When cystine was added to wild-
type cells growing in sulfate medium, thiol compounds were immediately and continuously
excreted (Fig. 1A). Calculations (Experimental Procedures) demonstrate that the rate of thiol
excretion was approximately 50 times the total sulfur demand of the cell.

Previous mass spectroscopic analysis determined that the majority of excreted thiol
compounds were cysteine (Imlay et al., 2015). However, direct assay for sulfide—which
would have been lost from mass spectrometry samples—demonstrated that sulfide is also
generated (Fig. 1). Sulfide was released from cells only after cystine was provided, and its
release depended upon the presence of TcyP (Fig. 1B). TcyP is the predominant cystine
importer; it exhibits an apparent Ky, for cystine of 2 uM (Imlay et al., 2015), so that low
micromolar cystine is sufficient to cause the full rate of thiol excretion that was observed. In
the experiments reported here, higher cystine concentrations were used only so that the
external cystine was not depleted during the period of the experiments. Notably, cells that
were grown continuously in cystine released substantially less cysteine and sulfide than did
those to which cystine was abruptly added (Fig. 1B). Prior work showed that when cells
grow in cystine-containing medium, CysB is deactivated, fcyPtranscription falls to basal
levels, and the rate of cystine import declines (Imlay et al., 2015). Therefore, cysteine and
sulfide excretion is maximal in the generation or two that immediately follow an increase in
cystine availability.

The release of sulfide from cysteine can be accidental

We hoped to identify the endogenous source of sulfide during cystine import. A substantial
number of E. coli enzymes can exhibit cysteine desulfidase activity in vitro: 3-
mercaptopyruvate:cyanide sulfurtransferase (SseA), O-acetylserine sulfhydrylases A and B
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(CysK and CysM), cystathionine -lyases A and B (MetC and MalY), and IscS (Awano et
al., 2005, Smith et al., 2001). Importantly, most of these enzymes have other recognized
functions in vivo, indicating that their action upon cysteine is adventitious. Mutants that
lacked these various enzymes were tested, but none of them were substantially diminished in
the rate at which they generated sulfide during cystine import (data not shown). Either the
sulfide production is due to the collective action of all these enzymes, or else another
enzyme with especially high activity has escaped notice.

The literature suggests that when cysteine is incubated with extracts from cells grown on LB
medium, the primary sulfide source is tryptophanase (Awano et al., 2005). This enzyme
exhibits parallel activities upon both substrates:

Tryptophan — indole+pyruvate+NH, " €))

Cysteine — sulfide+pyruvate+NH, " 2)

The transcription of #aA, encoding tryptophanase, is positively regulated by Crp bound to
cyclic AMP, and it requires the unusual binding of free tryptophan to a ribosome/leader-
peptide complex (Cruz-Vera & Yanofsky, 2008). The implication is that the enzyme is
synthesized only if abundant tryptophan is available to be used as a carbon source. LB
matches that condition, but our Trp-free glycerol medium did not. Indeed, we found that the
addition of cystine to cells grown on glycerol triggered tryptophanase-driven sulfide release
only if tryptophan had been provided in the pre-culture (Fig. 1C). If glucose (a PTS
substrate) was present or if tryptophan was absent, tryptophanase did not contribute to
sulfide release. The #naA regulatory scheme indicates that the physiological role of
tryptophanase is indeed tryptophan degradation and that its activity upon cysteine is
accidental.

The kinetic properties of the enzyme fit this view. The chemical mechanism of the pyridoxal
phosphate-dependent elimination reaction fails to discriminate against cysteine, as Vmax
values differ only two-fold (Newton et a/., 1965). The adventitious reaction is assisted
because sulfide is an especially excellent leaving group. The small size of cysteine enables it
to occupy the tryptophan binding site, but it does so loosely, so that the Ky, value for
cysteine (11 mM) is much higher than that of tryptophan (0.33 mM). Under our standard
growth conditions the intracellular cysteine levels are ~ 0.2 mM (Park & Imlay, 2003), and
so degradation by tryptophanase will be minimal. Only when cystine is over-imported into
the cell does the cysteine concentration rise to millimolar levels (Park & Imlay, 2003),
approaching the Ky, of the enzyme and triggering degradation at a rate that creates a sulfide
hazard.

The endogenous sulfide impairs cytochrome bo oxidase

Thiol compounds bind with substantial avidity to soft metals and hemes and therefore are
potentially inhibitory to enzymes that use these cofactors (Nies, 2003, Wu et al., 2015,
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Vitvitsky et al., 2015, Bolic et al., 2015, Nagy, 2015). Zinc has a moderate affinity for thiols,
and zinc enzymes can be inhibited when moderate concentrations of cysteine or sulfide
coordinate and perhaps extract the metal (Martin & Maricle, 2015, Gu & Imlay, 2013).
However, the softest biological metal is copper. £. coli synthesizes only a handful of copper
enzymes: the respiratory cytochrome bo oxidase, copper-zinc superoxide dismutase,
monoamine oxidase, and multicopper oxidase. £. colialso has relatively few heme enzymes
(Table S3 in (Mancini & Imlay, 2015)), of which the cytochrome bo oxidase and a partner
cytochrome bd oxidase are the only ones that provide an essential activity under standard
growth conditions. Cytochrome bo oxidase is a four-subunit transmembrane complex that
catalyzes the transfer of four electrons from two molecules of reduced ubiquinone to
molecular oxygen in conjunction with the pumping of four protons into the periplasm
(Abramson et al., 2000). This proton translocation contributes to the energy yield of
respiration. During the reaction the bo oxidase binds molecular oxygen between its Cug
copper atom and heme o3 cofactor. Cytochrome bo oxidase is similar in active-site structure
to the mitochrondrial cytochrome c oxidase. The latter enzyme differs most substantially in
that it receives electrons from cytochrome ¢ rather than ubiquinone and in that it uses an &
type heme in its binuclear cluster.

Sulfide can potently inhibit mitochondrial cytochrome ¢ oxidase. The mechanism is complex
and depends upon details of the active-site structure (see Discussion), and relatively resistant
forms of the enzyme are found in a few higher organisms that routinely experience sulfide
stress (Martin & Maricle, 2015, Pfenninger et al., 2013, Tobler et al., 2014). The impact of
sulfide upon bacterial cytochrome bo oxidase has not been reported.

The simpler two-subunit cytochrome bd oxidase is an alternative ubiquinol oxidase that
binds oxygen between its heme ¢'and heme 6595 moieties (Junemann, 1997). It does not
pump protons, although by enabling electron flow it sustains proton translocation by
upstream complexes of the respiratory chain. It has been proposed that the physiological role
of cytochrome bd oxidase is to maximize respiration when oxygen levels are very low, since
its affinity for oxygen is ~0.3 uM, whereas that of cytochrome 6o oxidase is ~6 uM (Mason
et al., 2009, D’mello et al., 1996). (For comparison: Air-equilibrated 37° C water contains
210 uM oxygen.) Indeed, synthesis of cytochrome bd oxidase is induced when oxygen levels
fall (Tseng et al., 1996).

Because these ubiquinol oxidases rely upon solvent-exposed copper and heme moieties, we
tested whether they continue to function during periods of cystine intoxication. In glycerol
medium respiration is essential for growth. Both AcyoABCDE mutants (lacking cytochrome
bo oxidase) and AcydAB mutants (lacking cytochrome bd oxidase) grew equally well in the
base medium, as either of the two respiratory oxidases is sufficient. The addition of cystine
only modestly slowed the growth of wild-type cells and of mutants lacking the cytochrome
bo oxidase (Fig. 2A, B). However, cystine addition virtually stopped the growth of mutants
that lacked cytochrome bd oxidase (Fig. 2C). The data suggest that upon cystine addition,
cytochrome bo oxidase lost activity, but cytochrome bd oxidase did not. No other essential
enzymes failed.
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Respiration is required for energy production when glycerol and acetate are carbon sources,
but glucose fermentation can allow slow growth to continue when respiration is impeded.
Accordingly, the growth problem was reproduced in acetate medium but was slightly
lessened in glucose medium (Fig. 3).

We considered the possibility that cystine might interfere with cytochrome bo oxidase
function by transferring disulfide bonds to domains that are periplasmically exposed.
However, the AcydAB mutant defect was alleviated in a fcyP mutant (Fig. 2D), indicating
that toxicity required cystine influx into the cytoplasm.

Oxygen consumption was monitored with a Clark-type electrode (Fig. 4A, B). As
anticipated, cystine addition eliminated respiration in a AcydAB mutant that depended upon
cytochrome bo oxidase for oxidase activity. It did not block the respiration of either the
wild-type strain or the AcyoABCDE mutant, both of which retain cytochrome bd oxidase.
Notably, although thiol excretion commenced immediately upon the addition of cystine (Fig.
1), there was a lag before respiration slowed (Fig. 4). This observation suggests that an
inhibitor takes time to accumulate. Because the immediacy of cysteine efflux indicates that
cysteine pools rise very rapidly, we inferred that sulfide rather than cysteine is the probable
inhibitor. Indeed, the addition to the medium of 4 pM sulfide alone was sufficient to block
respiration (Fig. 4C, D). Sulfide also generated the growth defect (Fig. S1).

Sulfide directly inhibits the cytochrome bo oxidase

Inverted membrane vesicles were prepared that contained intact respiratory chains. When
NADH is added to these membranes, electrons flow through NADH dehydrogenases,
ubiquinone, and cytochrome oxidases to molecular oxygen. The addition of cysteine did not
diminish respiration by membranes that contained only cytochrome 6o oxidase, but sulfide
did inhibit (Fig. 5).

To confirm the site of inhibition, the NADH dehydrogenase and cytochrome oxidase
activities were specifically assayed by measurement of NADH:plumbagin and
dihydroubiquinone-1:0xygen oxidoreductase activities, respectively (Fig. 6A). Only the
latter activity of AcydAB mutant membranes was blocked.

We anticipated that the inhibition would occur through reversible binding of sulfide to the
cytochrome bo oxidase active site rather than irreversible damage to the protein or metal
cofactors. The notion fits the fact that doses of sulfide that partially inhibited the enzyme did
so immediately but did not progressively diminish the activity any further (Fig. 5A). To test
the reversibility of inhibition, sufficient sulfide was added to membranes to inhibit
respiration to 15% of the control rate. The suspension was then bubbled for 1 min with
nitrogen to remove sulfide, and then air was added. In this short time, respiration rebounded
to 75% of the control rate, confirming that inhibition was quickly reversible. This result was
replicated with intact cells: the removal of sulfide promptly restored full respiration (Fig.
S2).

The sensitivities of the two cytochrome oxidases to sulfide were evaluated in air-saturated
buffer. The cytochrome bo oxidase activity was progressively blocked by increasing levels of
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sulfide with half-inhibition occurring at ~ 5 micromolar sulfide (Fig. 6B, C). In contrast, a
thousand-fold higher concentration was needed to inhibit the cytochrome b6d oxidase.

Because £. coli spends much of its time in hypoxic intestinal environments, it was pertinent
to test whether sulfide inhibition is influenced by the oxygen concentration. Using the
oxygen electrode to quantify both oxygen and respiration rate, we observed that a low
concentration of sulfide was much more potent when the oxygen concentration was reduced
(Fig. 7). Interestingly, inhibition occurred more readily at lower pH (Fig. S3), suggesting
that H,S rather than HS™ was the initial ligand. In fact, hemoglobin initially binds hydrogen
sulfide in its H,S form (Vitvitsky et al., 2015), with deprotonation occurring subsequent to
binding. It has also been proposed that cytochrome ¢ oxidase may initially bind protonated
hydrogen sulfide (Pietri ef a/., 2009). An alternative interpretation of our result is that low
pH favors the dissociation from copper of the presumptive hydroxide anion that sulfide must
displace.

The environmental sulfide concentration determines sulfide levels in the cytoplasm

The rate of diffusion across membranes must be considered in order to evaluate whether
intracellular sulfide production immediately poisons the producing cell, or whether rapid
egress will keep the cytoplasmic sulfide concentration low. As a charged species, the sulfide
anion (HS™) cannot penetrate membranes at a significant rate. However, hydrogen sulfide
(H2S) is substantially more hydrophobic than water and exhibits a twofold partition
coefficient into hydrophobic phases relative to aqueous ones (Cuevasanta et a/., 2012). Using
these values, Cuevasanta et al. estimated the membrane permeability coefficient P of H,S to
be 3 cm s71, which is 1000-fold higher than that of water (P = 2-4 x 10”3 cm s,
(Fettiplace, 1978, Xiang & Anderson, 1994)). This value was consistent with experimental
measurements of H,S diffusion across bilayer lipid membranes (P > 0.5 +/- 0.4 cm s71
(Mathai et al., 2009).

The relationship between intracellular sulfide production and intracellular sulfide
concentration can then be calculated. The rate of sulfide formation detected in Fig. 1 is an
underestimate, because some H,S escaped from the cultures in these shaken flasks. Using
cells transferred to a closed test tube (Procedures), we directly measured the rate of sulfide
production inside cystine-treated £. colito be approximately 10 mM min~L. Cell volume in
minimal medium is 3.2 x 10715 L cell™! (Seaver & Imlay, 2001), so this rate of sulfide
production = 6 x 10719 mole sec™® cell™L. The rate of H,S efflux can be calculated:

Jefiux (mole secflcellfl):[HQS] x 103 Lem™2 x P x A ©)

in

where A is the area of the cytoplasmic membrane (1.4 x 1077 cm? cell™! (Seaver & Imlay,
2001)). For a cell in an infinitely dilute environment, where the external sulfide
concentration is regarded as zero, the steady-state cytoplasmic H,S concentration can then
be calculated by equating the rate of sulfide production with the rate of sulfide efflux.
Despite the rapid rate of sulfide production, that calculation indicates an intracellular
concentration of only 1.4 nM H5S. Since the pKa of sulfide = 6.89 (Mathai et al., 2009), the
total sulfide concentration (H,S + HS™) would be 5 nM in a pH 7.4 cytoplasm. This
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concentration is far below the low-micromolar concentrations that poison cytochrome bo
oxidase. For biological purposes sulfide can be regarded as equilibrating instantaneously
across cell membranes, and toxic doses can be achieved only if the collective sulfide
production by the microbial community drives the extracellular sulfide concentration to
micromolar levels.

This analysis was tested by examination of the kinetics of respiratory inhibition in cystine-
treated cells. Oxygen consumption ceased most quickly when cells were at higher densities
during treatment (Fig. 8), in accordance with the faster accumulation of sulfide in the
medium. Thus in nature very dilute sulfide-producing bacteria will be spared its toxicity.
Denser bacteria in biofilms or microcolonies must contend with the sulfide that accumulates
locally.

Similarly, bacteria that enter a sulfide-rich environment will experience intracellular sulfide
concentrations equivalent to that outside the cell. That expectation was borne out by the
inhibition of respiration when sulfide was added to culture medium in Fig. 4C, D.

Discussion

Respiration is essential for the growth of aerobic £. coli, but we have found that the primary
cytochrome bo oxidase can be completely blocked by low-micromolar concentrations of
hydrogen sulfide (Fig. 9). Such doses can accumulate through the inadvertent degradation of
cysteine during periods of cystine import; they are also likely to be encountered in many
natural habitats. In such circumstances respiration is sustained by diversion of electrons to
the cytochrome bd oxidase. The sulfide resistance of the latter enzyme may be central to the
role it plays in bacteria.

Interaction of sulfide with cytochrome oxidases

The toxic effects of sulfide upon mammals has long been recognized (Reiffenstein et al.,
1992), and at its core lies the inhibition of cytochrome ¢ oxidase. The mechanism is more
complex than for cyanide, nitric oxide, and carbon monoxide, which form reversible
complexes with the active-site heme az (Pietri et al., 2011, Nicholls et al., 2013, Cooper &
Brown, 2008). Sulfide can bind both the heme and copper moieties, it can do so in
protonated or anionic form, and it can transfer electrons to them in acting as a substrate
rather than inhibitor. Spectroscopic analysis of inhibited enzymes reveals that sulfide
ultimately binds to both the iron and copper atoms (Hill ef a/., 1984), but it may be copper-
mediated transfer of sulfide to the heme moiety that produces the reversibly inhibited
structure at physiological doses of sulfide (Nicholls et al., 2013, Pietri et al., 2011). The
local polypeptide has a hand in the avidity and fate of the bound complex, as residue-
catalyzed deprotonation of the sulfide may enable a cycle of oxidase activity rather than
inhibition (Pietri et al., 2011). Further, polypeptide changes that constrict the D pathway, a
water-filled channel that delivers protons to the binuclear active site, appear to hinder sulfide
entry and confer relative resistance (Pfenninger et al., 2013). Such changes were observed
among fish that live in sulfidic waters and plants that must tolerate sulfide exudations from
sediments during flooding. Intriguingly, a cytochrome ¢ oxidase in a sulfate-reducing

Mol Microbiol. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Korshunov et al.

Page 9

bacterium appeared to be tolerant of 0.25 mM sulfide, but the structural basis was not
explored (Wu et al., 2015).

Evidently E. coli copes with sulfide not by evolving a resistant heme 05 Cug site but by
providing the alternative cytochrome bd oxidase. It has been noted that this oxidase is
modestly resistant to nitric oxide and cyanide, which are competitive inhibitors of oxygen
binding (Mason et al., 2009). Its NO resistance may help respiration to persist when bacteria
are confronted by NO that is released by phagocytes or that leaks from nitrate-reducing
bacteria (Fu et al., 2013). The NO resistance does not arise from poor NO binding—the bd
oxidase actually binds NO slightly (8-fold) more tightly than does the bo oxidase (Mason et
al., 2009). Yet the bd oxidase binds oxygen with 20-fold higher affinity, so the net effect is
that the 1C5q of NO for the bd oxidase is three-fold higher. Similarly, the 1C5q of cyanide for
the bd oxidase about 10-fold higher than its ICsq for the bo oxidase Figure S4, which again
suggests that the key difference stems from the difference in the affinities of the two
enzymes for oxygen. These effects, however, are very small compared to the 1000-fold
difference in sulfide ICgq values of the two enzymes (Fig. 6). We infer that sulfide binds
much more poorly to the bd oxidase than to the bo oxidase, either because binding is weak
or because it triggers sulfide oxidation rather than stable complex formation.

Interestingly, £. coli expresses a second ba-type oxidase (cytochrome ba-11 oxidase, encoded
by appBC). 1t is very poorly expressed under the aerobic, exponential-growth conditions
employed in the experiments here, and its role in £. coli physiology is obscure. However, it
can be induced in anoxic, stationary-phase cells (Atlung and Brondsted, 1994). We found
that the cytochrome bd-11 oxidase activity is approximately as resistant to sulfide as is the
standard cytochrome bd oxidase (Fig. S5).

Of course, the fundamental difference between the o and bd oxidases is that the bo oxidase
contains copper, which may pull sulfide into the complex. Copper and sulfide have an
antagonistic relationship with long roots in evolutionary history: in the anoxic primordial
world, sulfur was present in the sulfide form and trapped copper into copper sulfide
precipitates. The metal was unavailable to early organisms, as copper enzymes appeared
only after the Great Oxygenation Event (Ridge et al., 2008, Ochiai, 1983). That pattern
persists today, as obligate anaerobes do not employ copper as a cofactor for their enzymes.
Indeed, copper enzymes are primarily involved in aerobic biochemistry that explicitly
involves oxygen: in oxidases, superoxide dismutases, respiratory cytochrome oxidases,
hemocyanins, and components of oxygenic photosystem 1.

The biological niche of £. coliis as an oxygen-consuming microbe in a low-oxygen
intestinal environment, although it has a secondary habitat in fully aerated surface waters
during transit from one host to another. In the gut the oxygen levels are low, and local sulfur-
reducing bacteria (SRB) raise the hydrogen sulfide content to millimolar levels (Macfarlane
et al, 1992, Pitcher et al., 2000). At such an oxic-anoxic interface, the epithelial cells lining
the intestine express high levels of sulfide oxidase activity in order to protect their
cytochrome ¢ oxidase from inhibition (Goubern et al., 2007, Blachier et al., 2010). Bacteria
lack sufficient volume to try that strategy: sulfide instantly equilibrates across membranes,
and clearance of sulfide from the entire habitat is implausible. Synthesis of a sulfide-
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resistant isozyme is a better tactic. Indeed, mutants of £. colithat lack cytochrome bo
oxidase can competitively colonize the mouse intestine, but those lacking the cytochrome bd
oxidase cannot (Jones et al., 2007).

Cytochrome bd oxidase is also more fit for hypoxic environments because of its high affinity
for oxygen and the fact that its activity does not depend on acquisition of copper, which is
likely to be sequestered by environmental thiols. Thus the sulfide resistance of the bd
oxidase is probably a key attribute, but not the sole one, that suits it for the intestinal habitat.
A similar case could be proposed for bacteria that live in the oxic/anoxic interfaces of
sediments and still waters, where sulfide produced by sulfate-reducing bacteria diffuses from
anoxic zones into microoxic ones. Indeed, cytochrome bd oxidase is common among
facultative, microaerophilic, and even obligately anaerobic bacteria.

Sulfide production inside bacteria

Like reactive oxygen species or 2-aminoacrylate (Imlay, 2013, Ernst & Downs, 2015),
sulfide is an unusual poison in that it is generated by the same bacterium that it can toxify.
Three mechanisms stand out. The one revealed in this study is the inadvertent degradation of
cysteine during cystine over-import (Fig. 9). As detailed here, this phenomenon arises from
an unfortunate combination of enzyme attributes which otherwise serve important
physiological purposes: the high flux capacity of TcyP, which enables growth on scant
cystine but is excessive when cystine is more abundant; the rapid reduction of cystine by
glutaredoxins, which avoids disulfide stress but precludes product inhibition of TcyP; the
robust activity of tryptophanase, which is sufficient to employ tryptophan as a sole carbon
source but has enough accidental cross-over activity to degrade cysteine; and the solvent
exposure of the copper-heme binuclear site of cytochrome bo oxidase, which enables
binding of dissolved oxygen but also of sulfide. Higher organisms also generate modest
sulfide via cysteine degradation, and sulfide oxidase activity comprises a scavenging
defense. Indeed, ethylmalonic encephalopathy is a human genetic disorder in which the
oxidase activity is disabled and cytochrome ¢ oxidase inhibition leads to fatal sequelae
(Tiranti & Zeviani, 2013). Enzyme features that were selected for one purpose can lead to
unfortunate off-target consequences for which organisms must develop coping mechanisms.

Authentic cysteine catabolism comprises a second potential source of endogenous sulfide. £.
coli does not degrade cysteine quickly enough for cystine to serve as its sole carbon source
(Imlay et al., 2015). Yet other bacteria deliberately degrade cysteine more robustly, and they
generate sulfide when they do so. These bacteria include the related pathogen Salmonella,
for which the rapid evolution of sulfide is used clinically as a diagnostic marker. The key
enzyme is CdsH (Oguri et al., 2012), which E. colilacks. How does Sa/monellatolerate the
sulfide that it produces?

Since sulfide freely equilibrates across membranes, it is possible that relatively dilute cells
might be spared sulfide toxicity because the sulfide quickly clears the cell and the habitat.
Our calculations show that infinitely dilute bacteria would contain only ~ 5 nM sulfide if it
were generated at the rate observed during £. coli cystine overloading; accordingly, even a
100-fold increase in the rate of cysteine degradation would not boost the intracellular sulfide
concentration to the micromolar level needed to poison cytochrome bo oxidase. Thus sulfide
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toxicity only occurs if sulfide accumulates in the local habitat, as when cells are in high
density. Interestingly, cytochrome bd oxidase is indispensable even during intraperitoneal
Salmonella infection (Craig et al., 2013), raising the possibility that CdsH action does
elevate the local sulfide concentration in microhabitats. Other enzymes that enable anaerobic
growth—pyruvate:formate lyase, anaerobic ribonucleotide reductase, and the Fnr
transcription factor—are not needed for full virulence, so it is unlikely that this need for
cytochrome bd oxidase arises from growth in host environments with very low oxygen
concentrations.

The third endogenous source of sulfide is the sulfate/sulfite assimilation pathway itself. The
conventional understanding is that sulfite reductase generates sulfide that is released to the
bulk cytoplasm prior to capture by O-acetylserine sulfhydrase (CysK) (Mino et a/., 2000).
CysK condenses sulfide and O-acetylserine to form cysteine. At the outset the model seems
problematic in two ways. First, the extremely high permeability of membranes suggests that
this pathway intermediate could easily escape the cell. Such a situation is anathema to
metabolism, which is configured to operate almost exclusively with charged metabolites that
are membrane-impermeant. Second, the CysK binding constant for sulfide (Ky = 6 uM,
(Mino et al., 2000)) is high enough that concurrent inhibition of cytochrome bo oxidase
(ICsq ~ 3 uM) seems plausible. Yet in this study we did not observe any sulfide release
during sulfate assimilation (Fig. 1), and cytochrome bo oxidase remained active (Fig. 2C).
One possible explanation is that sulfite reductase channels its sulfide product directly to
CysK without release to the bulk solution. Another is that the CysK titers are calibrated to be
so high that CysK quantitatively intercepts sulfide before it escapes the cell, while keeping
steady-state sulfide levels too low to poison cytochrome 6o oxidase. The second explanation
is probably correct. CysK is by far the most abundant protein in the sulfate-assimilation
pathway, and the total CysK activity exceeds by > 100-fold those of the other pathway
enzymes (Li et al.,, 2014, Kredich, 1971). Indeed, our calculations (Experimental
Procedures) indicate that the abundant CysK should keep sulfide at nanomolar levels, so that
the bo oxidase can function under sulfate assimilatory conditions and little sulfide escapes
the cell. In this view the high CysK activity can be construed as another device that
circumvents sulfide stress.

In sum, it appears that sulfide can be produced at a substantial rate in £. coli by both
deliberate and accidental intracellular processes. Cytochrome bo oxidase is the sole apparent
target inside this bacterium, and the presence of the bd oxidase is sufficient compensation. It
would be interesting to learn whether microbes that occupy highly aerobic habitats feature a
greater number of sulfide-sensitive enzymes. Such aerobes might thereby be constrained
from dwelling in hypoxic environments, much as the toxic actions of oxygen upon low-
potential enzymes block anaerobes from growing in aerated habitats.

Experimental Procedures

Reagents

Potassium mono and dibasic phosphates, ammonium sulfate, sodium citrate, magnesium
sulfate, glucose and glycerol were from Fisher Scientific. N,N-dimethyl-p-phenylenediamine
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was from Fluka, and Coomassie reagent was from Thermo Scientific. All other chemicals
were from Sigma.

Cell cultures

Cells were grown in minimal A medium (Miller, 1972) supplemented with 0.5 mM each of
leucine, isoleucine and valine. Branched-chain amino acids were provided because excess
cysteine can impair Ile synthesis (Harris, 1981). Either 0.2% glucose, 0.7% glycerol or 50
mM sodium acetate were used as a carbon source. For induction of tryptophanase in the
experiment of Fig. 1, 5 mM of tryptophan was added 2 hrs before cell harvesting. For typical
experiments, cultures were grown overnight in the specified medium, resuspended to 0.005
ODgqg in 25 ml of the same medium, and then grown to 0.15-0.2 ODgqg in 125- ml flasks at
37° C with vigorous shaking. Eleven ml of cell culture was placed into each of two 50-ml
flasks, and 0.6 mM of cystine were added into one of them, leaving the other flask as a
control. Since nonfermentable carbon sources provide slow growth rates, the subsequent
increase in optical density was monitored at 420 nm in 6 to 10 min increments depending on
the experiment. The lower wavelength increased the sensitivity about two-fold.

Strain constructions

Strains are all congenic derivatives of the wild-type K12 strain MG1655 and are listed in
Table S1. P1 transduction was performed by standard methods (Miller, 1972) with antibiotic
selection on LB plates.

Total thiol measurements

A 1-ml aliquot of cell culture (0.15 ODgqg) was filtered using 220 nm syringe filter, and then
0.5 ml of the filtrate was mixed with 0.5 ml of 0.4 mM 5,5’-dithiobis-(2-nitrobenzoic acid)
(DTNB) in 100 mM KPi buffer, pH 7.0 at room temperature. The mixture was incubated in
the dark at room temperature for 5 min, and then the absorbance at 412 nm was measured
using an extinction coefficient of 14 mM~1 cm1. Authentic reduced glutathione and sodium
sulfide nonahydrate were used as standards.

Sulfide measurements

Hydrogen sulfide release was quantified using the methylene blue method (Siegel, 1965). A
20 mM stock of N,N-dimethyl-p-phenylenediamine (DPMDA) in 50% HCI was freshly
prepared for each experiment. A 30 mM stock solution of ferric chloride was dissolved in 1
M HCI. Cells were grown to proper OD, collected by centrifugation, washed with 100 mM
KPi buffer (pH 7.0, room temperature) and resuspended in fresh medium in 50 ml flasks at
37° C. After the addition of cystine, 1 ml aliquot of cells suspension was added to a 2 ml
plastic tube, 0.1 ml of ferric chloride and 0.1 ml of DMPDA were added as quickly as
possible, and the tube was sealed with parafilm and kept in the dark at room temperature for
15 min. The suspension was then centrifuged for 4 min on a table-top centrifuge, and the
absorbance of the supernatant was determined at 650 nm. Calibration was performed for
each medium using sodium sulfide nonahydrate.
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Vesicle preparation

For most work, cells were grown to 0.2 ODgqg in glycerol medium. Two tubes of 40 ml of
cell culture were centrifuged, resuspended in 4 ml of 100 mM KPi buffer, pH 7.0, and lysed
by French press (Messner and Imlay, 1999). The lysates were centrifuged for 10 min at
10,000 x g at 4° C. Vesicles were sedimented from the lysates by centrifugation for 1 hr at
100,000 x g, and they were then resuspended in 1 ml of cold 100 mM KPi buffer, pH 7.0,
and stored on ice. The total protein concentration was determined using Coomassie blue
reagent. In respiration experiments a final vesicle concentration of 0.01-0.02 mg mlI~1 of
protein was used. To obtain cells with substantial content of cytochrome 642 oxidase,
SSK12 was grown in anoxic medium containing 0.2% glucose and 0.2% casamino acids to
0.5 ODgqg in an anaerobic chamber. This enzyme is induced either anaerobically or in
stationary phase (Atlung and Brondsted, 1994); under these growth conditions, this cell
density comprises early stationary phase.

Oxygen consumption

The rate of oxygen consumption by whole cells was monitored at 37° C using a Clark cell-
based Micrometrix model 10 oxygen system at 0.2 ODgqq cell density. Consumption of
oxygen by vesicles was observed using 0.01-0.02 mg ml~1 total protein. The oxygen
concentration was deliberately varied in the chamber by incubating the cell suspension until
the oxygen concentration had fallen to the desired level. Respiration was temporally linear in
every experiment until 95-98% of oxygen was consumed. To demonstrate the reversibility
of sulfide inhibition, 4 ml of 0.2 OD cells were incubated in a 15 ml plastic tube with
sodium sulfide for 10 min. Respiration was then measured. Cells were bubbled with nitrogen
gas for 1 min, which removed 99% of the sulfide, and oxygen was reintroduced by
vigorously shaking the capped tube. Respiration was then measured again.

Assays of respiratory enzymes

Total NADH oxidase activity of membranes represented electron flow from NADH through
the NADH dehydrogenases, quinone pool, and cytochrome oxidases to molecular oxygen.
These assays were performed using 0.1 mM NADH in 200 mM KPi buffer, pH 7.1, and the
activity was determined by monitoring the disappearance of NADH at 340 nm (e = 6.22
mM~1cm™.

The NADH dehydrogenase enzyme activity was determined by performing the same
reaction in the presence of 3 mM KCN and 0.4 mM of ethanol-dissolved plumbagin. In this
situation plumbagin abstracts the electrons directly from the NADH dehydrogenase
enzymes. The final ethanol concentration did not exceed 1%.

The activities of the terminal cytochrome oxidases (cytochrome 6o plus cytochrome bd
oxidases) was monitored by oxygen consumption after the addition of reduced coenzyme Q1
(Thomas et al., 1993). Cell suspensions were incubated with 0.4 mM of Q1 (from 40 mM
ethanol solution stock) and 5 mM of dithiothreitol (as a Q1 reductant).

To test the reversibility of sulfide inhibition, membranes were prepared from the cytochrome
bo oxidase-overproducing strain SSK151 pRG110. Vesicles were suspended in 20 ml of 70
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mM KPi buffer (pH 7.0, room temperature) to a final protein concentration of 0.02 mg ml=1.
The suspension was then split into two suspensions of 10 ml apiece, and 25uM sodium
sulfide was added to one. After one min of incubation, both control and sulfide-treated
samples were tested for their ability to oxidize 100 uM NADH. Then 4 ml of each
suspension was placed in a 10 ml beaker and bubbled with nitrogen gas for 1 min. Air was
then bubbled briefly (about 3 sec) for re-oxygenation. DTNB analysis confirmed the
removal of 99% of sulfide from the sulfide-treated samples. Aliquots were then re-tested for
their ability to oxidize NADH. The gassing protocol modestly diminished the activities of
the untreated membranes (ca. 30%), and this correction was made in analyzing the data.

The rate of thiol efflux per cell

In closed tubes we determined that upon cystine addition to glycerol-grown cells, they
released 35 pM total thiol min~t OD~! into the medium. The cytoplasmic volume is 0.5 ml
per 1 L of 1 OD bacteria (Imlay & Fridovich, 1991), and so the thiols released represented
70 mM thiol min~ lost from cells relative to the cytoplasmic volume. Cellular demand for
sulfur from the medium is 64 pM to achieve 1 OD of biomass (Imlay et al., 2015), indicating
a total sulfur content of 130 mM. At a doubling time of 60 min in glycerol medium (k =
0.0116 min~1), the intracellular use of cysteine is 130 mM x 0.0116 min~1 = 1.5 mM min~1.
Therefore, the rate of thiol efflux from cystine-treated cells occurs at a rate 50 times the
cellular sulfur demand, due to the over-import of cystine by TcyP.

Calculation of the competition for sulfide between CysK and efflux

Extract measurements indicate 15.5 U mg™1 of O-acetylserine sulfhydrylase (OAS) activity,
primarily due to CysK, where 1 U generates 1 umol product/min (Kredich, 1971). The total
protein concentration in £. coliis ~ 300 mg ml~1 (Seaver & Imlay, 2001), so that one cell
[3.2 x 10715 L cytoplasm (Seaver & Imlay, 2001)] contains 1.5 x 1078 units of OAS, or a
Vmax 0f 2.5 x 10716 mol sec™1 cell™L. Since exponentially growing £. coli under the studied
growth condition synthesizes 1.5 mM min~1 cysteine (above section), the flux through OAS
is 8 x 10720 mole sec™! cell1. OAS behaves with Michaelis-Menten kinetics with an
apparent Ky, of 6uM for sulfide (Mino et al., 2000). Solution of the Michaelis-Menten
equation indicates that the observed flux occurs when the sulfide concentration is 1.9 nM.

Efflux by diffusion through the membranes can be described using the permeability
coefficient (3 cm/sec, (Cuevasanta et al., 2012)) and area of cytoplasmic membrane (1.4 x
10~ cm, (Seaver & Imlay, 2001)):

Jetx=[H2S] x 102 Lem ™ x 1.4 x 107" cm? cell ! x 3 cmsec™ (4)

At pH 7.4, when total sulfide = 1.9 nM, the concentration of H,S = 0.6 nM (Li et al., 2014).
The predicted rate of efflux is 2.5 x 10719 mole sec™? cell™L. This value is slightly higher
than the measured rate of cysteine synthesis (0.8 x 10719 mole sec™® cell™1) and at face value
suggests that 24% the endogenous sulfide is incorporated by OAS before it escapes the cell.
Considering that OAS was assayed in vitro at room temperature, it is likely that this value is
a considerable underestimate. It appears that CysK activity is plausibly high enough to trap
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most endogenous sulfide and that the internal steady-state sulfide concentration would be
~1000-fold below the OAS Ky,. That concentration is also several orders of magnitude too
low to interfere with cytochrome bo oxidase activity. Approximations of enzyme kinetics
and imprecision in cell measurements lead to imprecision in the final values; but if neither
oxidase poisoning nor efflux were a possibility, the CysK titer would provide an adequate
flux even if it were diminished by three orders of magnitude. It seems reasonable to
conclude that the high titer of CysK comprises an adaptation to solve the poisoning and
efflux problems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cystine stimulatesrapid cysteine and sulfide excretion
A. Total thiol excretion (circles) and hydrogen sulfide release (squares) from wild-type

(MG1655) cells. Cells were cultured in glycerol medium with sulfate as the sole sulfur
source. Solid symbols: 0.1 mM cystine (C,) was added at time zero. Open symbols: no
addition. B. Rate of hydrogen sulfide release after cystine addition. Bar 3 represents sulfide
release by cells that had been pre-cultured in medium containing 0.5 mM cystine. Time
courses are representative of at least three independent experiments; error bars in all figures
represent the standard deviation from three experiments. C. Wild-type and tryptophanase
mutant (4¢naA) cells were cultured in glucose or glycerol medium, with 5 mM tryptophan
supplements where indicated. After washing, sulfide production was measured immediately
upon the addition of 0.5 mM cystine.

Mol Microbiol. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Korshunov et al.

0.5
A. wild type
0.45
+cystine
0.4

0D 420

0.35

0.3

o

20 40 60 80
Minutes

0.5
C. Acyd
0.45

0.4

0D 420

0.35
+cystine

0 20 40 60 80
Minutes

0.3

Page 20
05
B. Acyo
0.45
o
g )
o 04 Fcystine
o
0.35
03 + T
0 20 40 60 80
Minutes
0.4
D. Acyd AtcyP
o
g
0.35 :
Q +
8 cystine
0.3 T
0 20 40 60 80

Minutes

Figure 2. Continued growth after cystine addition requires cytochrome bd oxidase activity
Open circles: no addition. Solid circles: cystine (0.5 mM) was added at time zero. Cells were

cultured in glycerol medium supplemented with Ile. (A) Wild-type cells. (B) AcyoABCDE
mutant. (C) AcydAB mutant. (d) AcydAB AtcyP mutant.
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Figure 3. Cystine inhibits growth most potently in medium lacking a fermentable carbon source
Cystine (0.5 mM) was added to the AcydAB mutant at time zero. (A) Glucose medium. (B)

Glycerol medium. (C) Acetate medium.
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Figure 4. Cystine and sulfide block cytochrome bo oxidase-dependent respiration, but

cytochrome bd oxidase is unhindered

(A, B) Cystine (0.5 mM, denoted C») or (C, D) sodium sulfide (4 uM) was added to cultures
in glycerol medium at time zero. Open symbols: no addition. Filled circles: cystine/sulfide
added. Circles: AcydAB mutant. Squares: AcyoABCDE mutant. (B, D) Mean values +/-
standard deviation of three replicate experiments. Respiration rates were measured 6-8 min

after cystine addition.
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Figure 5. Sulfide directly inhibits cytochrome bo oxidase in isolated vesicles
Vesicles were prepared from wild-type, AcydAB, and AcyoABCDE strains. A. NADH

oxidation was measured in vitro in the absence or presence of 8 uM sulfide. B. Normalized
NADH oxidation rates. Where indicated, 8 pM sulfide or 2 mM cysteine were added.

Mol Microbiol. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Korshunov et al.

120

100 -

Activity (%)
B [=2) [+4]
o o o

N
o

NADH Ndh Cyo Cyd
oxidation function function function

B

-
N
w«

AcydAB vesicles

=
o
<]

~
V]

NADH oxidation (%)
w
o

N
v

o

5 10 15
Na,S, (uM)

o

60

NADH oxidation (%)
8

N
o

o

C

Page 24

AcyoABCDE vesicles

e —

1000 2000 3000
Na,S, (uM)

Figure 6. Low micromolar sulfide inhibits vesicular respiration only at the cytochrome bo

oxidase site

A) The NADH oxidase, NADH dehydrogenase, and quinone oxidase activities of membrane
vesicles were each assayed in the absence or presence of 8uM sulfide. NADH oxidation
requires function of both the dehydrogenase and oxidase complexes, whereas the NADH
dehydrogenase and quinone oxidase activities are specific for those steps of the respiratory
chain. (B and C) The sensitivities to sulfide of cytochrome bo oxidase (B) and cytochrome
bd oxidase (C) were determined by assay of NADH oxidase activity in membrane vesicles

expressing only one or the other oxidase.
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Figure 7. Sulfideisa more potent inhibitor of cytochrome bo oxidase at low oxygen
concentrations

NADH oxidation rates were measured in AcydAB vesicles at 80% air saturation (170 pM
0,) and 25% air saturation (50 uM O5).
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Figure 8. Cystineinhibitsrespiration more quickly if cell density is high
Respiration rates were determined with an oxygen electrode using a single culture of cells
diluted to 0.2 (left set of bars) or 0.06 ODgg (right set). Cystine (0.5 mM) was added in both

cases at time zero.
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Figure 9. Sulfide physiology in E. coli

Excessive import of cystine by TcyP enlarges cysteine pools. Most cysteine is excreted, but

some is adventitiously degraded by tryptophanase and other enzymes. The sulfide is

membrane permeant and accumulates in the local environment. Environmental sulfide also
arises from sulfate-reducing bacteria in nearby anoxic zones. Intracellular sulfide inhibits the
proton-pumping cytochrome bo oxidase, diverting respiratory flux through the non-pumping

cytochrome bd oxidase.
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