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Abstract

Biochemical mechanisms emerged and were integrated into the metabolic plan of cellular life long
before molecular oxygen accumulated in the biosphere. When oxygen levels finally rose, they
threatened specific types of enzymes: those that use organic radicals as catalysts, and those that
depend upon iron centers. Nature has found ways to ensure that such enzymes are still used by
contemporary organisms. In some cases they are restricted to microbes that reside in anoxic
habitats, but in others they manage to function inside oxygen-filled cells. In the latter case, it is
frequently true that the ancestral enzyme has been modified to fend off poisoning. In this review
we survey a range of protein adaptations that permit radical-based and low-potential iron
chemistry to succeed in oxic environments. In many cases, accessory domains shield the
vulnerable radical or metal center from oxygen. In others, the structures of iron cofactors evolved
to less oxidizable forms, or alternative metals replaced iron altogether. The overarching view is
that some classes of biochemical mechanism are intrinsically incompatible with the presence of
oxygen. The structural modification of target enzymes is an under-recognized response to this
problem.
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Background.

Life evolved in a world devoid of molecular oxygen. The first organisms that arose were
probably methanogens and acetogens, which generated energy by transferring electrons
from hydrogen and sulfide to carbon dioxide [1]. Subsequently bacteria developed the
capacity for cyclic photosynthesis, which enables growth even in the absence of favorable
redox substrates. Fermentative microbes then evolved to degrade dead autotrophs. This
cohort of microbes thrived, refined their enzymology, and grew to dominate the planet.
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A billion years later a second photosynthetic apparatus appeared: photosystem 11, which
harvests biosynthetic electrons from water. It was a boon for life. However, a problem was in
the offing: the by-product of water oxidation is molecular oxygen. In early stages it diffused
out of cells and was quickly consumed through its reduction by compounds in the
environment. This period is documented in the geological record as the conversion of
soluble ferrous iron to ferric precipitate and the solubilization of sulfide salts as sulfate. And
once such reduced species had been titrated from the environment, about 2.5 Gyr ago,
molecular oxygen began to accumulate in the atmosphere [2]. Levels held steady at about
1% of contemporary concentrations for the next billion years; then, with the full-scale
photosynthetic action of plant life, they rose to the 0.2 atm, where they remain today.

This history is important if one wants to understand how the biota reacted to this threat.
Molecular oxygen appeared very late in the history of metabolic evolution. It attacked only a
few particular biochemical mechanisms—albeit ones that were fundamental to the lifestyles
of the existing microbes. The metabolic schemes that these mechanisms underlay could not
easily be walked back and replaced. And so extant life forms, committed to types of
biochemistry that had made good sense in an anoxic world, struggled to cope with the toxic
effects of oxygen. Because oxygen accumulated gradually, adaptations emerged in
incremental layers. Most famously, enzymes appeared that could scavenge the most reactive
forms of reduced oxygen. The focus of this review, however, is upon the tweaks and
adjustments that have accrued in the classes of enzymes that oxidants directly attack. These
modifications say interesting things about how oxygen attacks them and about the facility
with which evolution can address such problems.

The problem with molecular oxygen.

Two distinctive features guide the chemical behavior of molecular oxygen. First, despite
having an even number of electrons, it is a diradical, with its two outermost electrons in
spin-paired orbitals (Fig. 1A) [3]. That arrangement means that it rapidly forms adducts with
other radical species—a serious problem for the radical-based enzymes that had arisen in the
anoxic world.

The fact that these electrons are unpaired also means that molecular oxygen can abstract
only one electron at a time from the familiar spin-paired biomolecules that comprise the
structural moieties of living cells: amino acids, nucleic acids, lipids, and carbohydrates. This
constraint has an enormous impact: molecular oxygen has a much more negative univalent
reduction potential (E,” = —0.16 V; Fig. 1B) than those molecules (e.g., Ey’ of
deoxyguanosine radical cation = +1.29 V), and so it cannot directly oxidize them at
meaningful rates. Biologists will recognize that these molecules are stable in aerobic buffers.
However, oxygen can oxidize the metal centers, flavins, and quinones that catalyze univalent
electron transfers in low-potential redox processes. When oxygen does so inside cells, it is
converted to reduced species (ROS) like superoxide and hydrogen peroxide. These ROS
have much more potent oxidizing potentials (E,” = + 0.94 and +0.38 V, respectively) than
does oxygen, and we will see that they quickly oxidize metalloenzymes with which oxygen
itself reacts sluggishly.
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Finally, the orbital structure of oxygen provides one oxidizing advantage that superoxide and
hydrogen peroxide lack: it can oxidize strong reductant partners from a distance. The
underlying reason is that outer-sphere electron transfers to oxygen do not require bond-
breaking, as in the case of hydrogen peroxide, and electron acceptance by oxygen is not
impaired by anionic status, as for superoxide. Low-potential metal centers near enzyme
surfaces can be oxidized by molecular oxygen even which it cannot contact them directly.

Therefore, the accumulation of oxygen threatened both the radical and iron-based
metalloenzymes that underpinned extant biochemistry. It is widely recognized that the biota
responded by evolving scavenging enzymes that suppress the toxic actions of superoxide and
hydrogen peroxide. The purpose of this review is to consider another form of evolutionary
adaptation: the modifications of erstwhile oxidative target enzymes so they remain
functional upon occasional or even constant oxygen exposure. The discussion is not a
comprehensive survey; instead, it aims to convey key ideas through illustrative examples.

Enzymes that perform radical-based chemistry.

Glycyl-radical enzymes (l): pyruvate:formate lyase.

Two core enzymes of the pre-oxic world were pyruvate:formate lyase (PFL) and
ribonucleotide reductase (RNR). Both catalyze reactions that cannot easily be achieved by
standard acid-base mechanisms; they solve this problem by resorting to radical-based
chemistry. In their resting states, these enzymes maintain a glycyl radical on a peptide strand
near the enzyme surface; when substrate binds, an electron moves to the glycyl radical from
an active-site cysteine [4](Fig. 2A). The resultant thiyl radical initiates the chemistry by
abstracting a hydrogen atom from the substrate, and upon completion, the radical returns to
the glycyl residue. The mechanisms and the energetics of these reactions have been reviewed
[4]. This discussion focuses upon the problem arises when cells containing such enzymes
are exposed to dissolved oxygen. Even in committed anaerobes such an event is likely
commonplace: without exception they sport full sets of antioxidant enzymes, including
scavengers of superoxide and hydrogen peroxide, in testimony to the fact that no
environment or lifestyle is reliably oxygen-free. Glycyl-radical enzymes are extremely
sensitive to molecular oxygen in vitro: even at O °C, aeration inactivates PFL within 10 sec
[5]. Oxygen adds directly to the radical, producing a glycyl-peroxyl radical species that
ultimately cleaves the polypeptide immediately adjacent to the glycine residue [6]. Activity
is lost. The question is: Have organisms that use such enzymes, and that might encounter
oxygen, made any tactical adjustments in order to minimize this problem?

A whole series of such adjustments have been revealed in the model bacterium £. coli. This
bacterium dwells in sometimes-oxic, sometimes-anoxic boundary [7] near the epithelial wall
of the mammalian intestine. The role of PFL is to cleave pyruvate without producing NADH
when the microbe grows in anoxic microhabitats; this strategy is advantageous because the
use of acetyl-CoA to reoxidize NADH diminishes the economy of anaerobic fermentations.
When E. colienters oxic environments, however, PFL is ably replaced by NADH-forming
pyruvate dehydrogenase (PDH). This shift makes sense not only because PFL is incapable of
oxic activity but because the oxidation of NADH by the aerobic respiratory chain makes a
virtue of NADH formation. Transcription of pf/is reduced by an order of magnitude [8]. In
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extension of the same logic, bacteria that live in reliably oxic environments have completely
dispensed with PFL.

It might seem odd that some residual PFL synthesis still occurs when E£. coliis in the
presence of oxygen—but, interestingly, under this condition the enzyme is not fully matured
to the radical form that oxygen would instantly cleave [9]. Formation of the PFL glycyl
radical requires an S-adenosylmethionine-dependent activating system (see below)—and this
accessory enzyme creates the PFL glycyl radical only when oxygen levels are very low. The
mechanism of this control is not clear. The residual synthesis of unactivated PFL becomes
immediately useful when oxygen levels drop, since rapid PFL activation restores activity
without any delay for protein synthesis.

The preceding describes a PFL control tactic that evolved to optimize its performance when
cells transit from oxic to anoxic environments. What about the opposite scenario? Consider
erstwhile anoxic cells that are suddenly confronted with an influx of oxygenated waters: the
expectation would be that oxygen would immediately destroy the extant glycyl-radical
enzymes, making them unavailable when anoxia is restored. However, workers reported that
upon cellular aeration the PFL glycyl radical is quickly reduced to its original glycine form
—thereby avoiding oxidative cleavage. The mechanism is mysterious. Two groups reported
that such deactivation could be catalyzed in vitro by alcohol dehydrogenase [10-12]; another
group was unable to reproduce the phenomenon, despite significant effort [13]. This issue
awaits resolution.

Finally, investigators have discovered that even if PFL is cleaved, all is not lost. The small
protein GrcA can adhere to oxygen-cleaved glycyl-radical enzymes, including PFL; GrcA
itself is then activated to a glycyl-radical form that replaces the lost section of the native
enzyme [14]. Authors have speculated that this ad hoc solution may enable the functions of
glycyl-radical enzymes to be quickly recovered in post-aeration situations, pending the de
novo synthesis of new PFL. The upshot is that in this post-anoxic world, a host of
adaptations have arisen to minimize and tolerate the quenching of PFL by oxygen. Sitting at
the center of metabolism, PFL is an abundant and indispensable enzyme, and so these
adjustments play a key role in bacteria that live at oxic/anoxic interfaces or that transit
between such habitats.

Glycyl-radical enzymes (ll): ribonucleotide reductase.

The adaptation story is completely different for ribonucleotide reductase (RNR), another
enzyme that employs radical chemistry to catalyze a challenging reaction. Contemporary
anaerobes employ a glycyl-radical RNR [15]. Like PFL, which it resembles [16], it employs
a glycyl radical to initiate a cysteinyl-radical attack on its substrate. Just as for PFL, such an
enzyme cannot work in an oxic environment—~but the difference is that radical-based
ribonucleotide reduction must somehow continue.

Accordingly, most committed aerobes have replaced the glycyl mechanism with a second
subunit in which iron (or manganese) and oxygen collaborate to generate a resting tyrosyl
radical [4, 17](Fig. 2B). Unlike the glycyl radical of the anaerobic enzyme, the tyrosyl

radical is buried away from the protein surface and thereby is shielded from inappropriate
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reactions with oxygen. When substrate binds, the tyrosyl radical abstracts the electron from
the active-site cysteine, and the reaction commences. This element of the mechanism
resembles that of the glycyl-radical RNR, which is ancestral to it. The evolution of oxygen-
tolerant RNRs constitutes one of the clearest examples of enzymic adaptation to oxygen;
indeed, the presence or absence of the glycyl-radical- and tyrosyl-radical-based enzymes
constitutes definitive evidence of whether a microbe replicates in the presence or absence of
oxygen.

B1,-dependent enzymes.

A third family of ribonucleotide reductase generates its catalytic radical using a B1o-
dependent mechanism [4, 17](Fig. 2C). Cobalamin is perhaps the most complex cofactor in
nature, and it is therefore assumed to be a late addition. In By, enzymes radical formation
begins with the binding of substrate, which conformationally strains the cofactor and
prompts homolytic scission of its adenosyl-Co(l11) covalent bond [18]. The resultant
adenosyl radical pivots towards the catalytic cysteine residue, enabling electron abstraction
and subsequent cysteinyl radical assault upon the substrate. After completion of the catalytic
cycle, the adenosyl radical reappears and then condenses with the cobalt ion to regenerate
the non-radical resting state. Thus the radical species is transient, a feature that minimizes its
availability for reaction with oxygen. Accordingly, the B1,-dependent ribonucleotide
reductase can operate in both oxic and anoxic environments.

Why doesn’t oxygen poison B, enzymes during the course of the reaction? Such enzymes
owe some of their aerobic stability to the shielding of the adenosyl radical by the bound
substrate. This inference is drawn from studies of glycerol and diol dehydratases. These
enzymes dehydrate substrates that are not amenable to standard dehydration mechanisms, as
they lack carbony! groups to serve as electron sinks; therefore, radical mechanisms are used.
As with RNRs, some diol dehydratases are glycyl-radical enzymes and work only in anoxic
cells, while others use B, and can operate when oxygen is present [19].

Yet in the test tube Bqp-based diol dehydratases are inactivated by oxygen with half-times as
short as 3 minutes [20], which is at odds with their ability to function in oxic cells. Study
revealed that the rate of inactivation of the substrate-free enzyme correlates with the facility
of spontaneous cleavage of the adenosyl-Co bond [20]. The first well-defined reaction
product is Co(lll) plus 5’-peroxyadenosine, indicating that, in the absence of substrate,
molecular oxygen adds directly to the adenosyl radical. The resultant peroxyl radical
apparently oxidizes the adjacent Co(ll), forming a non-radical dead-end product.
Importantly, the inactivation rate is far lower in the presence of substrate, suggesting that
substrate either physically shields the catalytic radical or outcompetes oxygen for it.
Presumably the presence of substrate inside cells is a key factor that lessens the rate of this
inactivating process.

The importance of cofactor shielding was reinforced by examination of methylmalonyl-CoA
mutase, which has a half-life in oxic buffers of 3 hours [21]. This value drops to 3 minutes,
however, in a mutant where the close packing of residues near the By, has been disrupted,
presumably allowing access of molecular oxygen.
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Even if the By, is oxidized, there may be a final safety net: the operons that encode the B1-
dependent dehydratases also encode “reactivating enzymes.” Upon the occasion of Bqo
oxidation, the reactivating enzymes extract the damaged cofactor from the active site of the
enzyme, and they enable binding of a new, undamaged B1, molecule so that full activity is
restored [22]. Thus it appears that the evolution of B;2 mechanisms has substantially
suppressed, if not fully extinguished, the problems that oxygen poses for radical-based
biochemistry.

Non-redox enzymes with exposed iron cofactors.

Mononuclear iron enzymes.

Some bacterial enzymes use a single Fe(ll) cofactor to bind substrates and activate them for
non-redox reactions. Examples include ribulose-5-phosphate 3-epimerase (RPE, in the
pentose phosphate pathway) [23] and peptide deformylase (PDF, which deformylates the N-
terminal methionine residue of nascent proteins) [24, 25]. The role of the Fe(ll) is to bind
the substrate and subsequently to stabilize an anionic reaction intermediate (Fig. 3A). In
vitro these enzymes gradually lose their activities in oxic buffers, because molecular oxygen
oxidizes the iron to Fe(l11), which dissociates. How do these enzymes fare in aerated cells?
In general they do well: these enzymes continue to function when cells grow in air-saturated
media. Substrate protection may slow their rate of oxidation, and the straightforward
remetallation of apoprotein helps to counteract whatever oxidation does occur.

However, the inactivation of these enzymes becomes a major issue whenever cells
experience high levels of intracellular superoxide or hydrogen peroxide [23, 26, 27]. Both of
these species are more-potent univalent oxidants than is molecular oxygen itself (Fig. 1B).
Unlike oxygen, they must directly bind iron atoms to oxidize them—abut the special
vulnerability of these iron enzymes is that their iron atom must be solvent-exposed so that it
can directly bind substrate. Therefore, the metal is unavoidably accessible to these oxidants.
They bind the iron and oxidize it, leading to metal dissociation (Fig. 3B). Strikingly, studies
with mutants of £. colihave shown that the cell processes that are most sensitive to H,O, are
all driven by mononuclear Fe(ll) enzymes. For example, as little as 0.5 micromolar
intracellular H,0O, is enough to block aromatic biosynthesis through its inactivation of
DAHP synthase [28].

The iron oxidation by H,0, also creates a second problem: the Fenton reaction generates a
hydroxyl-like ferryl radical, which is a powerful oxidant that can covalently damage the
active-site polypeptide. Consequently, some mononuclear enzymes—including Rpe—are
irreversibly inactivated upon H,0O, exposure [23]. Others, however, feature a metal-binding
arrangement that quenches the radical. PDF is an example [26]. One of its ligands to iron is
a cysteine residue, which is not the most avid binder of iron but is an efficient reductant of
strong oxidants. When H,05 reacts with the bound iron atom, cysteine immediately transfers
an electron to the nascent ferryl radical, preempting the release of a hydroxyl radical and
thereby avoiding the oxidation of other residues (Fig. 3B). Cysteine sulfenate is formed,
which is then restored to the thiol form by cellular reductive processes. Remetallation
restores activity. From this standpoint, it is plausible that cysteine coordination arose in these
enzymes as a defensive tactic to avoid the irreversible oxidation of other protein residues.
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In oxic environments, cells continuously generate ROS through adventitious electron
transfers from redox enzymes to oxygen [29]. The combination of repair processes and
scavenging enzymes ensure that mononuclear enzymes maintain adequate steady-state
activities under routine conditions.

However, problems can still arise when forcing circumstances cause ROS levels to rise. For
example, mononuclear enzymes fail when the obligate anaerobe Bacteroides
thetaiotaomicron encounters significant oxygen, because its rate of intracellular superoxide
formation is extremely high [30]. The enzymes can also lose activity even in air-tolerant
bacteria, if the bacteria enter environments that contain micromolar HoO5 [23, 26].
Hydrogen peroxide accumulates in some habitats through its direct excretion by lactic acid
bacteria, the chemical oxidation of reduced metals and sulfur species at oxic/anoxic
interfaces, the action of phagosomal NADPH oxidase, and incidental photochemistry.

For years workers have known that oxidative stress can be relieved if manganese is included
in the medium. Studies with £. colirevealed how this treatment protects mononuclear
enzymes [26, 28]. When H,05 enters E. coli, it activates the transcription factor OxyR;
OxyR then stimulates the transcription of a variety of genes, including ones that encode Dps,
a mini-ferritin that sequesters loose iron [31-33], and MntH, an importer that delivers high
levels of manganese into the cell [34, 35]. Their combined efforts enable the iron cofactor of
non-redox mononuclear enzymes to be replaced by manganese. Manganese is not quite as
good as iron at activating these enzymes—>but it has the virtue of not being oxidized by
H»0,. By switching metal cofactors £. colirestores the function of these enzymes during
periods of H,O, exposure.

This metal-replacement strategy extends far beyond this bacterium. £. coliis a facultative
organism that spends most of its life in the hypoxic intestine, and its exposure to oxidants
must only be occasional. In contrast, some obligate aerobes might be expected to contend
with oxidants almost constantly. Lactic acid bacteria, for example, generate H,O5 as a
stoichiometric by-product of their main fermentative strategy. They are famous for their
ability to continue growing even in laboratory cultures that have accumulated millimolar
H,0,—a level 10,000 times what would poison £. coli[36]. The difference is that lactic
acid bacteria maintain very high intracellular pools of manganese [37], and they apparently
employ it as their routine cofactor for enzymes like Rpe and Pdf. In effect, they
constitutively engage the H,0, defense that £. coli employs only under duress.

Bacterial pathogens have evolved to withstand the oxidative burst of neutrophils and
macrophages—and a big part of the picture might be the alternative metallation strategies
that they use for their mononuclear enzymes. The PDF of Borrelia burgdorferihas somehow
evolved to work well with zinc [38]. Interestingly, its active-site structure is not obviously
different from that of the £. colienzyme, which utterly fails with zinc. The guess is that
some second-sphere tinkering has tweaked the active-site geometries and polarities in subtle
ways. The PDF of Staphylococcus aureus is completely resistant to oxidants [39]. The
crystal structure revealed unprecedented iron ligation by cysteine sulfinic acid rather than
cysteine, leading the investigators to surmise that the sulfinicferric complex is catalytically
active [40]. Mycobacterium tuberculosis also employs an oxidant-resistant PDF, though in
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this case it appears that a closed-off active site effectively excludes oxidants from the ferrous
cofactor [41]. Presumably a gating mechanism must operate to allow substrate entry. In sum,
the fact that mononuclear enzymes are the weak links during oxidative stress has imposed
successful selection for modification. It is striking that evolution repeatedly succeeded by
retrofitting the extant metalloenzymes, rather than by replacing them wholesale with novel
proteins that use a different catalytic strategy.

Iron-sulfur dehydratases.

Superoxide and hydrogen peroxide attack one other class of enzymes: dehydratases that use
active-site [4Fe-4S] clusters to bind their substrates. Aconitase is the founding member of
this family [42]. These enzymes use a catalytic strategy analogous to that of mononuclear
Fe(Il) enzymes. One iron atom of the cluster projects into the active site and is under-
coordinated so that it can form bidentate bonds to substrate (Fig. 4A). The binding of the
iron activates the substrate for deprotonation because it electrostatically stabilizes the
resultant anion. The same iron atom then acts as a Lewis acid to withdraw the hydroxide
leaving group, thereby completing the dehydration reaction. Such non-redox surface
chemistry is facile, and turnover numbers are high. The ROS problem for such enzymes
resembles that of mononuclear enzymes: O,- and H,0 enter the active site, directly bind
the exposed iron atom of the cluster, and univalently oxidize it to create an unstable
[4Fe-4S]3* valence. The key iron atom dissociates, leaving behind a catalytically inactive
[3Fe-4S]* cluster (Fig. 4B). During periods of oxidative stress, the inactivation of these
enzymes is responsible for failures in TCA cycling and amino acid biosynthesis [43-46]. If
ROS stress is mild and oxidation of these enzymes is slow, the damage can be substantially
countervailed by cluster repair that restores activity [47]. However, when oxidant levels are
especially high, this dynamic equilibrium shifts towards the inactive form, metabolism fails,
and growth ceases. These phenotypes occur in eukarya as well [48].

Once again, nature has evolved modified forms of these enzymes that can withstand this
stress. When E. coli encounters natural redox-cycling antibiotics, which fill its cytoplasm
with superoxide [49], it replaces its [4Fe-4S] fumarase with an analogue that employs
charged amino acid residues rather than a cluster to position and activate the substrate [50].
Thus oxidants have no impact upon its activity. Strikingly, higher organisms evolved to use
the same cluster-free isozyme as their housekeeping enzyme; humans lack any cluster-
containing fumarase. One interpretation is that higher eukaryotes have fully converted to the
oxidant-resistant isozyme because our mitochondria are more frequently stressed than are
facultative bacteria. Conversely, one might wonder why E. coli does not make the same
choice: Why does it express the oxidant-resistant enzyme only when stress is detected? The
obvious hypothesis is that the cluster-containing enzyme is simply a more efficient catalyst,
and some kinetic analyses support this idea [51, 52].

A different story has emerged for dihydroxyacid dehydratase (DHAD), an iron-sulfur
dehydratase in the pathway of branched-chain biosynthesis in microbes and plants. Oxidants
rapidly poison the [4Fe-4S]2* enzyme of E. coli, but they do not impair the homolog found
in spinach chloroplasts [43, 53]. The key is that the latter enzyme uses a [2Fe-2S]2* cluster.
Whereas the iron atoms of [4Fe-4S]2* dehydratases are formally in mixed Fe(111) and Fe(l1)
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valences, those of the [2Fe-2S] clusters are already both in the ferric form, which likely
makes the cluster refractory to further oxidation. An additional feature is that the substrate-
free [2Fe-2S] cluster may be loosely coordinated by an accessory amino acid residue, as
resonance Raman spectroscopy indicated ligation by an oxygen atom but EPR analysis
apparently excluded water and hydroxide as the ligand [54]. The [2Fe-2S] DHAD is less
active than the [4Fe-4S] enzyme, indicating that catalytic efficiency has been compromised
for the sake of stability [55]. This is a recurring pattern among oxidant-resistant enzymes.

The DHAD enzymes of most obligate aerobes, including eukarya, are also predicted to
employ [2Fe-2S] clusters [56]. It is striking that [2Fe-2S] isozymes have not been found for
other [4Fe-4S] dehydratases, leaving some organisms with a counterintuitive a mixture of
oxidant-sensitive and —resistant enzymes. For example, although yeasts possess a cluster-
free fumarase and a [2Fe-2S] DHAD, those two enzymes lie in pathways that retain oxidant-
sensitive [4Fe-4S] aconitase and isopropylmalate isomerase. In stressful habitats, oxidation
of the latter enzymes creates crippling metabolic bottlenecks [48]. The logic of this
arrangement awaits explication.

Redox enzymes with low-potential metal centers.

Pyruvate:ferredoxin oxidoreductase (PFOR).

The non-redox iron-sulfur clusters discussed above are vulnerable to superoxide and H,0,,
which must directly bind iron to oxidize it. In contrast, these ROS cannot damage clusters
that are buried in polypeptide—which is true of most clusters that are used in electron-
transfer reactions. For example, the cluster-rich respiratory enzymes remain fully active in
ROS-stricken cells [46].

However, molecular oxygen can oxidize clusters without binding them directly. While
oxygen is not as thermodynamically potent as other ROS, it carries the distinction of being
able to accept electrons by outer-sphere transfer—if the reduction potential of the cluster is
low enough. One apparent example is pyruvate:ferredoxin oxidoreductase (PFOR), which
terminates glycolysis in many anaerobic bacteria. This enzyme is an analogue of pyruvate
dehydrogenase—it cleaves pyruvate into acetyl-CoA plus CO,. The key distinction is that
rather than transfer an electron pair to NAD™, it transfers the pair through a series of iron-
sulfur clusters to the enzyme surface, where the electrons hop to ferredoxin (Fig. 5A). The
reduced ferredoxin delivers the electrons to hydrogenase, and the redox balance is achieved
by hydrogen evolution. Thus PFOR, like PFL, plays a central role in the economy of many
anaerobic fermentations.

But if anaerobes are aerated, PFOR activity disappears over the next 20 minutes or so [57].
The deactivation is suspected of involving the over-oxidation and consequent destruction of
one or more of the clusters, since cluster bleaching occurs concomitant with the loss of
activity. The +2/+1 operating potentials of these clusters must be low enough (=540 to —390
mV [58] in Desulfovibrio africanus) to favor electron flow to resident ferredoxins (—410 to
-385 mV [59, 60]) and, ultimately, to enable the downstream reduction of protons to
molecular hydrogen (Eo’ = =414 mV). It seems plausible that the +3/+2 potential is
relatively low—and therefore within the reach of oxidation by molecular oxygen.
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PFOR inactivation appears to be a key reason that metabolism ceases when many anaerobes
are exposed to oxygen [57]. Strikingly, several bacteria maintain relatively stable forms of
PFOR. The best-studied of these belongs to Desulfovibrio species. This enzyme possesses
an extra C-terminal extension containing two cysteine residues, which are quickly oxidized
during oxygen exposure. Since oxygen is not a good direct oxidant of cysteine residues, it
seems likely that their oxidation is mediated by the metal centers. The resultant disulfide
bond closes the domain over the thiamine-proximal cluster of the electron wire [61](Fig.
5A). This shielding action is expected to suppress electron hopping to molecular oxygen in
the bulk solution, since electron-transfer rates vary inversely with the log of distance [62].
Indeed, deletion of the terminal domain leaves a protein that shows anoxic activity but is
fully vulnerable to oxygen [63]. In vitro, full activity is revived when the disulfide bond is
reduced by thiol agents. Evidence indicates that a thioredoxin reactivates the oxidized
enzyme when anoxia is restored in vivo [64].

PFOR apparently manifests a common pattern: that nature has learned to stabilize low-
potential enzymes by occluding their metal centers. The following section extends this
theme to the case of nitrogenase.

Nitrogenase.

The reduction of the triple bond of dinitrogen is thermodynamically challenging, and so
electrons are conveyed to it at low potential. As was manifested by PFOR, oxygen and low-
potential redox centers are a bad mix. Indeed, when nitrogenase is exposed to oxygen in
vitro, both components of this bipartite enzyme—the Fe and FeMo proteins—are quickly
and irrevocably damaged.

Yet some nitrogen-fixing bacteria are obligate aerobes, which seems like an impossible
situation. In fact, these bacteria use a variety of tactics to keep their internal oxygen levels
low: the excretion of high-viscosity biofilms, the formation of specialized cells with thick
walls, rapid uncoupled internal respiration, the synthesis of oxygen-binding globins, and so
on [65]. These strategies are expensive, and resort to them reflects the truth that life has
failed to evolve emphatically oxygen-resistant forms of the enzyme.

However, the bacterium Azotobacter vinelandii does have a closely studied mechanism that
transiently stabilizes the nitrogenase complex for the duration of oxygen stress, albeit in a
non-active form [66]. If oxygen levels rise, the 13 kDa Shethna protein binds to the
nitrogenase, forming a three-member Shethna/Fe protein/MoFe protein complex (Fig. 5B).
When hypoxia is restored, Shethna protein dissociates, and nitrogenase turnover resumes.
The apparent effect of Shethna is to physically shield the redox centers of the other two
proteins so that oxygen cannot approach near enough to oxidize them. Shethna contains a
[2Fe-2S] ferredoxin cluster, poised at =340 mV, whose role is presumably to sense a
threatening rise in oxygen [67]. The obvious model is that oxidation of the cluster triggers a
domain movement that enables it to bind nitrogenase. The same movement uncovers the
Shethna cluster, so that when oxygen levels fall, it is accessible for quickly re-reduction by
cellular reductants. Reduction would trigger back-movement of the domain and dissociation
from nitrogenase. The overarching principle—that a protein senses oxygen and then
occludes a redox center to prevent its oxidation—is the same as that which protects D.

Free Radic Biol Med. Author manuscript; available in PMC 2020 August 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Imlay et al. Page 11
africanus PFOR. The difference is that in its shielded form PFOR retains some activity,
whereas nitrogenase is stable but inactive.

Hydrogenases.

As mentioned earlier, many carbohydrate- and amino-acid-fermenting bacteria employ
hydrogenase reactions to consume electrons and thereby sustain the redox balance of their
fermentation schemes.

Hy=H"+H =2H"+2" (1)

Reduced ferredoxins transfer electrons to a multi-cluster electron wire that terminates at a
binuclear iron site. Protons are reduced at the distal iron atom. When oxygen is introduced,
turnover ceases. Analyses indicate that oxygen binds to the distal iron atom, and continued
delivery of electrons reduce it to iron-coordinated superoxide, peroxyl, and ferryl (hydroxyl)
species [68]. If electron delivery is fast enough, full reduction can be achieved, water is
released, and the enzyme remains competent to form hydrogen. However, if electron in-flow
is slow, oxygen binding causes irreversible damage through a mechanism that is
incompletely understood. One proposal is that intermediate ROS species, such as superoxide
or H,0,, are long-lived enough that they dissociate from the iron and diffuse to the adjacent
[4Fe-4S] sub-cluster, which they then oxidize and fatally destabilize. An alternative is that
the ferryl—or hydroxyl—intermediate oxidizes an adjacent cysteine residue to a sulfenic
acid, ending its function in proton conduction. An empty bi-nuclear site, degraded sub-
cluster, or oxidized cysteine have all been observed in oxygen-inactivated hydrogenases [68—
70]; the uncertainty lies in which injury occurs first, and under what conditions. No di-iron
hydrogenase is known that can withstand oxygen.

The reverse reaction—electron transfer from molecular hydrogen to cellular electron carriers
—is typically catalyzed by an evolutionarily distinct hydrogenase with a nickel-iron
binuclear center (Fig. 6). Nickel is the site of hydrogen binding; its avidity for hydrogen
minimizes the chance that oxygen will bind in its place. Still, if oxygen levels rise high
enough, as in air-saturated cells, most of these enzymes are poisoned [71]. As with the di-
iron hydrogenases, if reverse electron flow to the active site is rapid, it fully reduces oxygen
to a hydroxide form, and after its dissociation further electron input through the wire can
restore full activity within seconds. However, if electron inflow is slower, the catalytic center
is trapped in a complex with an oxygen intermediate that is tentatively proposed to be a
peroxide species. Resolution of this species is extremely slow and does not occur under
physiological conditions. Thus the standard Ni-Fe hydrogenases, like Fe-Fe hydrogenases,
cannot function in oxic environments.

Yet thermodynamic circumstance has prompted nature to evolve oxygen-resistant forms of
hydrogen-oxidizing hydrogenase. Oxic/anoxic interfaces exist in sediments and at the
periphery of the intestinal lumen, and at those interfaces hydrogen- and oxygen-containing
fluids mix. This situation provides a wonderful opportunity for enterprising bacteria to
exploit the strongly exergonic oxidation of hydrogen. Indeed, a variety of bacteria, including
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E. coli, carry Ni-Fe hydrogenases that adhere to the outer face of the cytoplasmic membrane;
these enzymes transfer electrons from periplasmic hydrogen to their respiratory quinones,
which ultimately deliver the electrons to a cytochrome oxidase, thereby capturing the redox
energy as a membrane potential. What trick enables these hydrogenases to withstand the
oxygen?

The core iron-nickel site of these hydrogenases is conventional, but the structure of the iron-
sulfur cluster proximal to it is unprecedented [72] (Fig. 6). One of the usual inorganic sulfur
atoms is replaced by a bridging cysteine thiolate, and an adjacent iron atom is coordinated
by two rather than one cysteine residue. The key is that if oxygen binds to the reduced nickel
site, the oxidation event also includes the abstraction of two electrons from this cluster.
Cluster oxidation is permissible because the superoxidized cluster is stabilized through
additional coordination by a deprotonated backbone amide nitrogen atom. The benefit is that
the extra electrons provided by cluster ensure the full reduction of nickel-bound oxygen to
water, thereby avoiding the putative inhibitory peroxyl state. Turnover is unabated. The
protein modifications that solved the oxygen problem in this way are strikingly modest: the
polypeptide thread is essentially conserved, but it has gained the two key cysteine residues
that allow the unusual cluster structure [73]. This evolutionary parsimony resembles the
generation of oxidant-resistant DHAD clusters. Another parallel is notable: the oxygen-
resistant Ni-Fe hydrogenases appear to be less efficient than the oxygen-sensitive homologs.

Why are radical SAM enzymes stable in air-saturated cells?

The most common radical-based mechanisms in nature start with the splitting of S-
adenosylmethionine (SAM) to produce an adenosyl-radical species [4]. Theses radicals
initiate a wide range of challenging chemistry. Radical SAM enzymes are notoriously
difficult to work with in vitro, requiring full anoxia. But this observation is strange, in that
the same enzymes are routinely used by organisms that grow in oxygenated environments.
E. coli, for example, relies upon such enzymes to synthesize lipoate, thiamine, and biotin—
all of which must happen in oxic as well as anoxic habitats. How do the enzymes escape the
damage that occurs in vitro?

Radical SAM enzymes employ [4Fe-4S] clusters to transfer single electrons from
flavodoxins to SAM, triggering its cleavage to generate the catalytic radical (Fig. 7). This
process is driven by substrate binding, so the resultant radical has a momentary lifetime in a
shielded environment, much like B1,-driven radicals. Indeed, it turns out to be the cluster,
rather than the transitory catalytic radical species, that is at risk in oxic buffers. Because the
cluster must directly bind incoming SAM, in the resting enzyme it sits in a solvent-exposed
orientation—and presumably oxygen can easily approach it. When it does so, oxygen over-
oxidizes the cluster to an unstable +3 state, which then degrades [74]. Both [3Fe-4S] and
[2Fe-2S] products are observed; these forms are catalytically incompetent. These events
parallel those which degrade the clusters of dehydratases. However, the reaction rate of
radical SAM enzymes with oxygen far exceeds that of dehydratase clusters: in oxic buffers
radical SAM enzymes lose activity within minutes. It seems plausible that, given the
extremely low potential of the catalytic +1/+2 cycling (as low at —0.55 V [75]), the cluster
+2/+3 potential is also relatively low. This might enable facile oxidation even though in most
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contexts molecular oxygen (-0.16 V) is not a compelling oxidant of [4Fe-4S] clusters. This
idea is recalls the oxygen sensitivities of the low-potential metal cofactors of nitrogenase and
PFOR.

Such instability would not be tolerable in vivo—and the mechanism by which these enzymes
are protected is an important unresolved question. One possibility is that the constant
delivery of electrons keeps the steady-state cluster in a +1 valence, whose oxidation can be
tolerated, rather than allowing it to linger in the vulnerable +2 valence. But whole-cell EPR
data do not support this idea: overproduced radical SAM enzyme tends to sit in the +2
valence even in oxic media [74], without rapid decomposition. Therefore it seems more
likely that substate physically shields the cluster from oxygen. Three cysteine residues
ligand the cluster, leaving a unique iron atom under-coordinated in the SAM-free enzyme. In
the reaction cycle this iron atom binds nitrogen and carboxylate moieties of SAM in
bidentate fashion, filling the iron ligand sphere and blocking direct ligation by oxygen. By
keeping oxygen at a distance, this feature seems likely to help stabilize the cluster against
oxidation. Indeed, the analogous [4Fe-4S] clusters in dehydratase-class enzymes are
strongly stabilized when substrate binds.

This model of protection requires that SAM occupy the resting enzymes in vivo. Direct
evidence is lacking, but some data support this idea. In £. colithe steady-state SAM level
might be inferred from the affinities for SAM of the proteins that control its synthesis. The
transcription factor MetJ drives transcription of MetK, the methionine adenosyltransferase
that generates SAM. MetJ is inhibited by SAM, with a dissociation constant of 180
micromolar [76]; this observation suggests that £. co/i maintains a level of SAM far higher
than the 10 micromolar Kg, for example, of the SAM radical enzyme that activates RNR
[15]. On the activity level, turnover of MetK itself is controlled by competition between
SAM and ATP for its substrate binding site; the respective K4 values are 10 micromolar and
100 micromolar [77]. Because the concentration of enzyme-accessible ATP is ~ 3 mM in the
cell [78], the upshot is that half-inhibition of MetK cannot happen until SAM levels
approach 300 micromolar. Thus both the transcriptional and activity controls upon SAM
synthesis are calibrated to maintain pools that far exceed the binding constant of the SAM
enzyme, which would seem to ensure that its cluster will be fully coordinated—and
minimally exposed to oxygen—in vivo.

Interestingly, whole-cell EPR analysis of one SAM radical enzyme suggested that other
metabolites, possibly including AMP, predominantly bound the cluster of the overproduced
enzyme [74]. It seems unworkable for the enzyme to be occupied by AMP in vivo, and one
wonders whether SAM levels were deficient under the non-growing conditions that were
used in that experiment.
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Summary points.

In general, aerobes did not jettison the oxygen-sensitive pathways that they
inherited from their anaerobic ancestors; instead, they modified the vulnerable
enzymes so they could withstand the stress.

Radical-based mechanisms enable chemistry that acid-base catalysis cannot
replicate—but they can be rapidly poisoned by oxygen through a radical-
radical addition reactions. As organisms moved to oxic environments, some
enzymes with exposed glycyl radicals were replaced by B1,-dependent
isozymes, in which the radical species are transitory and shielded.

The [4Fe-4S] clusters of dehydratases are oxidatively degraded by superoxide
and hydrogen peroxide. Some of these enzymes have now given way to
oxidant-resistant [2Fe-2S] paralogs or cluster-free analogs. The latter
enzymes are less catalytically efficient, which is a common theme of oxidant-
resistant isozymes.

Non-redox mononuclear enzymes appear to work best with iron, perhaps due
to its superiority at ligand-exchange behavior. However, ROS inactivate these
enzymes. Alternative metallation with manganese, zinc, or novel iron
complexes allows activity in microbes that are chronically exposed to
oxidants.

Oxygen can oxidize and destabilize the low-potential electron wires of
nitrogenase and pyruvate:ferredoxin oxidoreductase. In some species, metal-
based sensors trigger the movement of polypeptide over the vulnerable wire,
blocking any further approach of oxygen—albeit with diminution or
temporary inhibition of enzyme function.

Radical SAM enzymes present a puzzle that is not yet solved: They are very
oxygen-sensitive in vitro but not in vivo. One possibility is that metabolic
controls ensure the enzymes are saturated with SAM, which would occlude
and stabilize their clusters.
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Figure 1. The chemical nature of molecular oxygen.

(A) Molecular oxygen is a di-radical. This arrangement favors rapid reaction with other

radicals but permits only single-electron transfers from s

pin-paired biomolecules. (B) The

reduction potential of oxygen indicates that it is a mediocre univalent oxidant, in contrast to
superoxide, hydrogen peroxide, and the hydroxyl radical.
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Figure 2. The evolution of oxygen-tolerant radical enzymes.
All ribonucleotide reductases maintain similar active sites, but they employ distinct

mechanisms to generate the catalytic cysteinyl radical. The ancestral enzyme (A) features a
resting-state glycyl radical near the protein surface, which is itself generated by a radical
SAM activating enzyme (AE). Glycyl radical enzymes are rapidly inactivated by oxygen and
are found only in contemporary anaerobic microbes. (B) The binuclear isozymes maintain a
buried tyrosyl radical in an accessory subunit; the radical is physically insulated from the
approach of oxygen. (C) In B1o-dependent isozymes, an initiating adenosyl radical is
generated by homolytic cleavage of the cofactor only when substrate binds, thus minimizing
opportunity for reaction with O,.

B.
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Figure 3. Non-redox iron-dependent enzymes are inactivated by hydrogen peroxide and

superoxide.

(A) Mononuclear enzymes (here, ribose-5-phosphate 3-epimerase, RPE) employ an active-
site divalent metal (Me2*) to stabilize anionic reaction intermediates. (B) In the substrate-
free enzyme (here, peptide deformylase, PDF), the solvent exposure of the catalytic iron
atom leaves it vulnerable to oxidation by H,O, (left branch) and O,- (right). Dissociation of
ferric iron inactivates the enzyme. If cysteine coordinates the metal, the ferryl radical
generated by H,0, is quickly quenched, and activity can be restored by reduction of the
cysteine sulfenate residue and remetallation. Thioredoxins are likely mediators of the
reduction. Some organisms employ manganese or zinc in place of iron, conferring full

resistance to ROS.
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Figure 4. Dehydration by [4Fe-4S] clusters is elegant, but the enzymes are vulnerable to ROS.
(A) The unique iron atom of the solvent-exposed cluster provides an electrostatic partner

that activates substrate for deprotonation, and then it serves as a Lewis acid for
dehydroxylation. (B) Hydrogen peroxide and superoxide (not shown) can bind and oxidize
the cluster, destabilizing it. The steady-state cluster status in vivo represents the dynamic
balance between oxidation and repair. The repair process (dotted line) has been observed but
has not been genetically defined. The evolution of [2Fe-2S] and cluster-free dehydratases
enables some enzymes to completely resist oxidation.
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Figure 5. Protection of low-potential electron-transfer chains by accessory protein domains.
(A) The pyruvate:formate lyase of Desulfovibrio africanus features an unusual C-terminal

extension [61]. Electron flow is from the thiamine pyrophosphate cofactor (TPP) to
ferredoxin. Upon exposure to oxygen, a newly formed disulfide bond (rectangle) locks the
extension over the iron-sulfur clusters. (B) Protection of nitrogenase from molecular oxygen.
(Left) ATP-driven electrons move from the [4Fe-4S] cluster (Fe) of the FeSlI protein
through the P cluster to the molybdenum cofactor of the FeMo protein, where N is reduced.
Full reduction requires multiple cycles of FeSlI-FeMo association, reduction, and
dissociation. (Right) When oxygen is present, Shethna protein (gray) forms a complex with
the FeSll and FeMo proteins, interrupting activity but stabilizing their cofactors. The
binding activity of the Shethna protein is likely triggered by oxidation of its [2Fe-2S] cluster
(Fe) [66].
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Figure 6. An unusual [4Fe-3S] cluster stabilizes membrane-bound NiFe hydrogenases against
oxidation.

In soluble NiFe hydrogenases, oxygen may bind the reduced enzyme and pull electrons
toward it, forming a dead-end peroxide complex that cannot be reactivated. In the
membrane-bound enzymes, physiological electron flow is from hydrogen through the
binuclear center and the iron-sulfur clusters to the membrane-bound b-type cytochrome and
quinone pool. If oxygen binds the reduced enzyme, the back-flow of electrons to oxygen is
amplified by oxidation of the proximal cluster, enabling complete oxygen reduction to water.
The unusual structure of the cluster (bottom) [72] prevents disintegration of its super-
oxidized form, and subsequent enzyme reduction restores full activity. In the oxidized
cluster one iron atom receives bidentate coordination from the thiolate and amide nitrogen of
a single cysteine residue.
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Figure 7. Radical SAM enzymes remain functional in oxic cells despite featuring a low-potential
cluster.

(Top) The many members of this enzyme class cleave S-adenosylmethionine by electron
transfer from the coordinating cluster to SAM. The resultant adenosyl radical then operates
upon substrate (in this example, activating a glycyl-radical enzyme). (Bottom) The cluster is
rapidly degraded when the enzyme is exposed to oxygen in vitro, but such enzymes remain
functional inside air-saturated cells. One possibility is that the cluster is shielded in vivo by
SAM or other metabolites.
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