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Abstract: Most viruses encode their own proteases to carry out viral maturation and these often
require dimerization for activity. Studies on human immunodeficiency virus type 1 (HIV-1), type
2 (HIV-2) and human T-cell leukemia virus (HTLV-1) proteases have shown that the activity of
these proteases can be reversibly regulated by cysteine (Cys) glutathionylation and/or methionine
oxidation (for HIV-2). These modifications lead to inhibition of protease dimerization and therefore
loss of activity. These changes are reversible with the cellular enzymes, glutaredoxin or methionine
sulfoxide reductase. Perhaps more importantly, as a result, the maturation of retroviral particles
can also be regulated through reversible oxidation and this has been demonstrated for HIV-1, HIV-
2, Mason-Pfizer monkey virus (M-PMV) and murine leukemia virus (MLV). More recently, our
group has learned that SARS-CoV-2 main protease (Mpro) dimerization and activity can also be
regulated through reversible glutathionylation of Cys300. Overall, these studies reveal a conserved
way for viruses to regulate viral polyprotein processing particularly during oxidative stress and
reveal novel targets for the development of inhibitors of dimerization and activity of these important
viral enzyme targets.
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1. Introduction

A significant body of research on reversible S-glutathionylation of proteins (the for-
mation of a reversible disulfide bond with cysteine (Cys)) has demonstrated that this
process naturally occurs within cells and can regulate the function of many important
target proteins [1–3]. Nonetheless, there is still debate as to the extent in which this process
represents a significant mechanism to regulate normal biological processes as opposed
to processes that function more under “abnormal” or disease-like conditions that result
in oxidative stress. Infection with many pathogens can lead to oxidative stress, thereby
decreasing the ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) in the
cells and resulting in glutathionylation of susceptible protein thiols. Examples include the
bacterial induced oxidative burst [4], ischemia [5–8] as well as oxidative stress resulting
from viral infections [9–15]. For more information on this area the authors suggest a recent
review on the role of glutathionylation in infection and inflammation by Checconi et al. [16].
Our interest has revolved around the effects of glutathionylation of viral proteases. The
purpose of this article is to review some of the key points concerning the reversible oxi-
dation/glutathionylation of viral proteases and how it may impact viral maturation and
replication. We also discuss how these kinds of in vitro studies on reversible oxidation
can reveal susceptible residues within known pathogen protein targets allowing for the
development of new therapies. A variety of approaches can be taken to determine if
S-glutathionylation is more or less likely to take place for a particular protein and if so
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whether the activity or function of the protein may be affected by the modification. While
the only strict requirement for glutathionylation is the presence of a reduced form of Cys,
there is substantial evidence that the location and the pKa of the -SH moiety (more reactive
at lower pKa’s) can increase or decrease the likelihood of the modification. In one approach,
if the protein of interest is purified it can be examined for the presence of Cys residues
with that are not involved in disulfide bonds. Additionally, the conserved nature of these
Cys residues (for example among related species) may point to an important role for that
cysteine in a particular protein and the extent of surface exposure of the cysteine in the
protein can be evaluated if the crystal structure of the protein is known. This limited type of
analysis can, at least, inform potential leads for Cys residues that may undergo reversible
glutathionylation/oxidation and affect or act to protect protein activity.

2. Regulation of Human Immunodeficiency Virus Type 1 (HIV-1) Protease through
Reversible Glutathionylation

In 1991, Karlstrom and Levine demonstrated that purified HIV-1 protease, an aspartyl
protease, was inactivated by copper and mercury and that this was dependent on the two
conserved cysteines in the protease [17]. Subsequently, both cysteine 67 (Cys67) and cysteine
95 (Cys95) were found to have relatively low pKa’s (pKa about 6) in the native enzyme as
compared to the typical pKa of about 8.5 for cysteines in unfolded proteins [18,19]. At the
time, the goal was to identify novel targets (aside from the active site) for the development
of HIV-1 protease inhibitors as the need for therapies for AIDS was at its peak. The initial
studies primarily focused on targeting Cys67 as the crystal structure of HIV-1 protease
solved by Wlodawer et al. demonstrated that Cys67 was a surface accessible residue while
Cys95 was buried in the dimer interface [20]. The exposed nature of Cys67, it followed,
provided an attractive target for inhibitors. In addition to the surface exposed nature of
Cys67, it is directly adjacent to the sequence GlyHisLys. This tripeptide sequence forms a
high-affinity complex with copper II and is a well-known growth factor present in human
plasma [21]. Thus, these studies revealed that HIV-1 protease has two non-active site Cys
residues in their reduced state with higher reactivity in the native protein (lower pKa’s) than
typical Cys residues. It also revealed a potential exposed metal binding site (CysGlyHisLys)
for the possible development of site-specific metal catalyzed allosteric inhibitors of HIV-1
protease. Although the GlyHisLys sequence is within the HIV-1 protease sequence, the
region is surface exposed and may explain the reactivity of Cys67 to copper.

However, mutation of these Cys residues did not affect HIV-1 protease activity and
so it was unclear why the virus would have evolved to have two conserved Cys residues
within the protease that were otherwise unnecessary for protease activity [17]. One possi-
bility was that perhaps the virus regulates protease activity through reversible modification
of these residues to optimize viral replication. Due to the lowered pKa seen for the Cys67
and Cys95 along with viral infections generally leading to oxidative stress [13,14,22,23],
S-glutathionylation taking place at these residues was plausible. In 1996, studies were
carried out to assess if glutathionylation affected HIV-1 protease function and activity.
Surprisingly, while previous studies suggested that covalent modification of Cys67 with
Ellman’s reagent decreased protease activity [19], Davis et al. found that glutathionylation
at Cys67 (using GSSG as the modifier of a C95A mutant protease) increased the catalytic
activity 2-fold and also stabilized the enzyme from autoproteolysis (HIV-1 protease has
three sites within its sequence that can be self-processed by HIV-1 protease) [24]. In stark
contrast to the effects of glutathionylation of Cys67 was the finding that glutathionylation
of Cys95 resulted in complete inhibition of protease activity [24]. In both cases, the effects
were reversible with the addition of dithiothreitol (DTT), which removed the glutathione
modifications and restored normal activity. It was proposed that glutathionylation of Cys95
might lead to disrupting dimerization of the protease thereby inhibiting protease activity.
Inhibition of dimerization by glutathionylation was later demonstrated by analytical ultra-
centrifugation (AUC) [25] as well as size exclusion chromatography (SEC) [26] using an
autoproteolysis resistant form of HIV-1 protease. While the buried nature of Cys95 in the
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mature protease dimer might make it a poor target for inhibitors, it remained possible that
Cys95 may be exposed prior to excision from the poly-protein prior to viral maturation and
budding. Additionally, this new information on the effects of glutathionylation on HIV-1
protease activity provided a possible explanation for the conserved nature of Cys67 as it
could accelerate polyprotein processing under conditions favorable for glutathionylation
particularly if Cys95 was inaccessible to modification within the dimer. Although Cys95
is buried within the mature dimer interface, inhibition of protease activity or activation
via glutathionylation at Cys95 within the unprocessed polyprotein, where Cys95 might be
more accessible, remained a possibility.

Since the available technology at the time was not advanced enough to confirm
glutathionylation of HIV-1 protease taking place in infected cells, studies focused on
examining HIV-1 viral particles produced from mutant HIV-1 where the Cys residues of
HIV-1 protease encoded instead for alanine (Ala). Somewhat surprisingly, it was found
that mutating each Cys to Ala in HIV-1 protease in the context of the whole virus had no
noticeable detrimental effect on viral infection or replication. In fact, studies examining
virus production by measuring p24 capsid release indicated that, if anything, replication
improved if either or both Cys residues were mutated to Ala suggesting that in chronically
infected immortalized cells within the laboratory the presence of the Cys residues led to
slower polyprotein processing (unpublished data). This suggested that if glutathionylation
of HIV-1 protease were to take place in HIV-1 infected cells, it was not essential for virus
replication, at least not under typical laboratory conditions. Further, the results suggesting
improved replication for virions lacking the Cys residues supports the hypothesis that the
Cys residues, through reversible oxidation, might aid in attenuating replication to decrease
viral toxicity in infected cells that can occur upon viral release (viral lysis). To determine
if oxidation of the Cys residues within HIV-1 protease might occur within the virus at all,
studies were carried out by isolating immature HIV-1 virions (with the use of a potent
HIV-1 protease active site inhibitor) encoding wild type (WT) or Cys-mutant proteases that
were released from cells chronically infected with these virions [27]. These studies revealed
that Cys95, in particular, was oxidized within the immature virions, and this impaired viral
maturation which could be reversed with the addition of reducing agent [27]. Supporting
the idea that modification of Cys95 was the key factor leading to a slower maturation
rate, it was found that simply adding other sulfhydryl oxidizing agents (diamide or H2O2)
to WT or C67A immature virions led to complete inhibition of maturation [27]. These
studies demonstrated that Cys95 played a pivotal role in regulating viral maturation of
immature virions.

In immature virions, the protease is primarily retained within the Gag-Pro-Pol polypro-
tein. Thus, modification of Cys residues of protease may take place prior to its excision
from the Gag-Pro-Pol polyprotein. It was predicted that Cys95 is more exposed to solvent
when it is part of the larger polyprotein than when it is a mature protease. This would
explain why Cys95, which is inaccessible within the dimer interface of the mature protease,
might be modified prior to dimerization and therefore affect virion maturation. Indeed,
using the “one-cut” assay it was found that adding the sulfhydryl oxidizing agent, diamide,
blocked the initial step in WT Gag-Pro-Pol processing but had little effect on the Cys double
mutant embedded protease construct [28]. These studies provided further data to implicate
reversible oxidation of Cys residues in the protease in regulating polyprotein processing of
the GagProPol polyprotein prior to the formation of the mature dimer.

Assuming that modifications of Cys95 was occurring through the common abundant
low molecular weight thiol, glutathione, it reasoned that the process would likely be
regulated by cellular enzymes. In collaboration with Mieyal and colleagues, our group
demonstrated that low nanomolar concentrations of glutaredoxin (Grx) (also known as
thioltransferase) could readily remove glutathione from Cys95 of HIV-1 protease resulting
in protease specific activity that was greater than that seen for unmodified protease. Grx was
much slower at removing glutathione from Cys67 but could ultimately restore the wild type
unmodified enzyme and activity [29]. These data supported the likelihood that if the Cys
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residues did become modified by glutathione within cells under oxidative stress, that the net
result might be an accumulation of a more active form of HIV-1 protease glutathionylated
predominantly at Cys67 (because of the slower off rate at Cys67). Further supporting a role
for Grx was the discovery of the presence of Grx within HIV-1 viral particles isolated from
the media of infected cells [29]. Our current model for the regulation of HIV-1 protease
through reversible glutathionylation is shown in Figure 1. As shown in Figure 1, the HIV-1
protease dimer is in equilibrium with inactive monomers. Cys67 and Cys95 of the protease
can become glutathionylated in the presence of GSSG which prevents dimerization and
activity. Grx can rapidly remove glutathione from Cys95 resulting in restoring dimerization
and generating a form of HIV-1 protease with increased specific activity over that seen for
wild type enzyme. Finally, Grx at a slower rate can remove glutathione from Cys67 and
restore mature unmodified active HIV-1 protease dimer (Figure 1). These data provide a
framework by which regulation of retroviral protease activity by reversible oxidation may
take place in virus-infected cells. However, it should be made clear that while these studies
support the possibility of reversible glutathionylation/oxidation of HIV-1 protease within
cells they do not provide proof that glutathionylation of the protease is, in fact, taking place
in infected cells and further studies are needed to assess this. However, as you will see in
part 3 on the regulation of other retroviral proteases, there is accumulating evidence that
oxidation of viral proteases is taking place in immature viral particles and that this process
is reversible and affects viral maturation.
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Figure 1. Model depicting HIV-1 protease monomers (bottom left) in equilibrium with its active
dimer (bottom right). GSSG can glutathionylated Cys67 and Cys95 leading to inhibition of dimer-
ization and activity (top left). Grx can rapidly remove glutathione from the Cys95 which results in
dimerization and increased activity of the protease (top right). Grx more slowly removes glutathione
from Cys67 producing the unmodified active dimer (bottom right).

3. Regulation of Other Retroviral Proteases through Reversible Oxidation

As more and more sequences of HIV-1 isolates derived from patients were deposited
it became clearer that Cys95 is much more highly conserved among isolates than Cys67.
Additionally, under long-term HIV-1 protease inhibitor drug pressure, mutation of Cys95 to
Phe95 was found to occur although only following the mutation of 10 other residues of the
protease [26], providing evidence that while Cys95 is not required for HIV-1 infection and
replication it nonetheless is relatively resistant to mutation. A potential argument against
the concept that Cys95 might play a role in regulating HIV-1 protease activity was that HIV-
2 protease (also a 99 amino acid aspartyl protease with high sequence similarity to HIV-1
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protease) has no Cys residues at all. However, HIV-2 protease, has a conserved methionine
(Met) at position 95 among the HIV-2 isolates and this is located at the identical region of
the dimer interface as Cys95 of HIV-1 protease. Our group hypothesized that this may play
a similar role in regulating HIV-2 protease activity and subsequently demonstrated that
specific oxidation of Met95 with H2O2 led to inactivation of HIV-2 protease [30]. We further
showed that this inactivation by H2O2 could be partially reversed in the presence of the
cellular enzyme methionine sulfoxide reductase A (MsrA) [30]. The partial restoration of
activity by MsrA was expected since it can only reverse the S diastereomer of methionine
sulfoxide and H2O2 would generate both forms on the protease Met residues. MsrB was
subsequently discovered and shown to reverse the R diastereomer [31]. It is now clear that
cells contain Msr’s that can reverse both R and S forms of methionine sulfoxide [32,33].
Interestingly, the maturation of immature HIV-2 virions could be inhibited by the addition
of H2O2 similar to that seen for HIV-1 virions supporting a role in regulating viral matura-
tion [30]. Similar experiments were also carried out with HIV-1 protease whose Cys95 was
mutated to Met. This enzyme could be oxidized at Met95 to the sulfoxide and activity com-
pletely inhibited. The inhibition was reversible with methionine sulfoxide reductase [30].
These studies revealed the possibility of an alternate mechanism of reversible oxidation in
regulating protease activity through reversible oxidation of Met residues. These findings
also demonstrated the sensitive nature of the beta sheets making up the dimer interface
of HIV protease as the simple oxidation of a Met residue in each monomer can reversibly
inhibit dimerization and activity.

Additional insights into the regulation of retrovirus proteases came from elegant
studies carried out on Mason-Pfizer monkey virus (M-PMV) by Parker and Hunter [34].
Unlike most retroviruses, in which the virus particles mature on the cell surface, M-PMV
polyproteins assemble in the cytoplasm. However, these particles remain immature in the
cytoplasm. Parker and Hunter showed that immature M-PMV particles could be activated
to processing by the addition of reducing agent [34] similar to what is observed with
immature HIV-1 virions [27]. Subsequent studies on M-PMV revealed that an unusual in-
tramolecular Cys disulfide can form within the protease and increase protease activity [35].
This work provides evidence suggesting that inactivation of M-PMV Gag by exposure to
oxidizing conditions in the cytoplasm plays an important role in preventing premature
maturation and release of active protease (which could be toxic to the host cell) before
viral budding. Similarly, it was demonstrated that addition of reducing agent to murine
leukemia virus (MLV) immature particles produced in the presence of a mild oxidizing
agent, disulfide-substituted benzamide-2, induced their maturation in vitro [36]. While the
MLV protease does not have a Cys or Met residue predicted at its dimer interface, it does
contain a single highly conserved Cys residue [25]. It is reasonable to speculate that this
protease is also regulated through reversible oxidation at this Cys residue, although its
effect on protease activity may be through an alternate mechanism rather than through
blocking dimerization. Nevertheless, the accumulating evidence points to reversible oxida-
tion of retroviral protease activity as playing a distinct role in regulating the activation of
polyprotein processing in retroviruses. Glutathionylation of other viral proteins besides the
proteases may also take place. For example, it was recently demonstrated that glutathiony-
lation affects guanylyl transferase and RNA-dependent RNA polymerase activities of Zika
Ns5 proteins [37].

The revelations regarding reversible oxidation of HIV-1, HIV-2, and M-PMV led us to
explore if other, if not most, retroviral proteases might also be regulated through reversible
oxidation (glutathionylation, methionine oxidation, disulfide formation, nitrosylation, etc.)
taking place at the dimer interface regions of these dimeric enzymes. Our group explored
this possibility by first examining sequence alignments for the predicted interface regions
of several different retroviral proteases and found that most of the retroviral proteases
had Met or Cys, or both, near or within their predicted dimer interface regions [25]. For
example, human T-cell leukemia virus type 1 (HTLV-1) protease has two Cys residues at
position 90 and 109. Cys109 was predicted by sequence alignment to be adjacent to the
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dimer interface region although no structure was available at the time of publication of
the alignments. Our group assessed if glutathionylation of the HTLV-1 protease might
regulate HTLV-1 protease activity. Indeed, studies revealed that HTLV-1 protease could
be regulated by reversible glutathionylation much like HIV-1 protease [25]. The activity
could also be restored by adding the ubiquitous cellular enzyme Grx which could remove
glutathione from both Cys residues of HTLV-1. The crystal structure of HTLV-1 protease
was eventually solved [38] and so an inspection of the location of the Cys residues could
be done. A comparison of the dimeric crystal structure for HIV-1 protease and HTLV-1
protease and the location of the Cys residues within the interface regions is shown in
Figure 2. The crystal structure for HIV-1 (Figure 2a,c) shows the intimate association of
Cys95 within the dimer interface and the crystal structure of HTLV-1 protease (Figure 2b,d)
shows a similar involvement of Cys109 present at the end of the helix that positions the
interface peptides for dimerization (Figure 2b). Thus, oxidation or glutathionylation of
Cys95 in HIV-1 protease and Cys109 in HTLV-1 protease could sterically interfere with
beta sheet formation and dimerization. In summary, there is data to demonstrate that the
activity of several different retroviral proteases is regulated by reversible oxidation, and
these include the proteases from HIV-1, HIV-2, M-PMV, HTLV-1, and MLV.
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Figure 2. Side-by-side comparison of the ribbon and space filling models for HIV-1 (a,c) (PDB:4LL3)
and HTLV-1 (b,d)) (PDB:4YDF) proteases. The location of the two Cys residues in each protease is
depicted in magenta in the ribbon drawings (top). The space filling models below each ribbon model
are rotated 90 degrees to show the location of Cys95 (for HIV-1) and Cys109 (for HTLV-1) within the
beta sheet interface regions (in magenta, bottom).

4. Regulation of SARS-CoV-2 Main Protease through Reversible Glutathionylation

In December of 2019, a widespread infection of lethal novel coronavirus, now called
SARS-CoV-2 was observed in Wuhan, China. SARS-CoV-2 soon spread throughout the
world and led to the coronavirus-19 (COVID-19) pandemic; it was contained only with
dramatic public health measures including widespread lockdowns. Even with the rapid
development of effective vaccines, as of the summer of 2022, SARS-CoV-2 has killed more
than one million persons in the United States and over 6 million persons worldwide.
Based on research done previously on the main protease (Mpro) of SARS-CoV-1 and other
coronaviruses, it was learned that this cysteine protease was essential for viral replication
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and provided a promising target for the development of inhibitors of viral replication [39].
This holds true for SARS-CoV-2 Mpro which is strikingly similar in sequence and structure
between the two viruses (both proteases are cysteine proteases of 306 amino acids in length
and 96% conservation).

Mpro of SARS-CoV-2 is encoded as part of two large polyproteins, pp1a and pp1ab;
once released from the polyproteins by self-cleavage, Mpro is responsible for at least 10
additional cleavages during viral replication that in turn release additional Mpro and
additional proteins needed for virus production. Dimerization of Mpro from SARS-CoV-2 is
mediated by the C-terminal domain III a feature unique among the Coronaviridae family
as this domain is absent in the Picornaviridae and Caliciviridae families [40]. Thus, Mpro of
SARS-CoV-2 requires dimerization to be enzymatically active [39,41]. Interestingly, Mpro

contains 12 reduced Cys residues within each monomer one of which is the active site
Cys residue 145. It has been suggested that the high number of cysteines in Mpro may
function to protect the active site Cys from oxidative insult [42]. Our group explored the
potential for the cysteines of Mpro to be modified by glutathionylation and as a result
possibly affect the dimerization and/or activity of the enzyme. Using the expertise derived
from studies of HIV-1 protease, we found that dimerization of SARS-CoV-2 main protease
could be reversibly regulated through glutathionylation at Cys300; this Cys residue is at
the dimer interface and not part of the active site. Moreover, the active site Cys145 was
not found to be a significant target for glutathionylation [43]. Inhibition of dimerization by
glutathionylation was confirmed by analytical ultracentrifugation as well as size-exclusion
chromatography like that carried out for HIV-1 protease. Activity of the glutathionylated
protease could be restored with reducing agents or in the presence of glutaredoxin. Mpro

with a mutation of Cys300 to Ser300 was no longer inhibited by glutathionylation even
though another Cys residue in C300S was still glutathionylated. Thus, although two of the
12 Cys residues appeared relatively reactive to GSSG at a pH of 7.0, only glutathionylation
of Cys300 appeared to affect dimerization and activity. It was further found that the
glutathionylation of Cys300 could be reversed with Grx. Our current model depicting the
reversible glutathionylation for Mpro is shown in Figure 3. However, it remains possible
that reversible oxidation of Mpro activity occurs in pp1a and/or pp1ab polyproteins, as in
retroviral Gag-Pro-Pol, but this has not yet been experimentally shown.
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These studies mirrored the data obtained for HIV-1 protease and revealed that regula-
tion of dimerization through reversible oxidation may extend beyond the retrovirus family.
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However, a noteworthy difference is that the Mpro of SARS-CoV-2 acts at a relatively early
step in viral replication rather than just before viral budding as is the case with retroviral
proteases. SARS-CoV-2 is thought to have jumped to humans from a closely related virus in
bats. Bats sustain prolonged infection with many viruses without developing an inflamma-
tory response, which could deplete the scant energy reserves of the bats. One can speculate
that the inactivation of SARS-CoV-2 Mpro by glutathionylation may have evolved as a way
of preventing the virus from killing off the host bats when they are under oxidative stress
from expending excess metabolic energy, for example when migrating. Previous studies
have demonstrated that during migration bats are placed under a high level of oxidative
stress [44–46].

5. The Dimer Interface of Viral Proteases as A Novel Antiviral Target

While the basic biology surrounding glutathionylation of HIV-1 protease is still in-
complete and requires further investigation, these studies reveal new ways to target the
protease that does not rely on the active site. Additionally, combinations of an active
site inhibitor and a dimerization inhibitor of HIV-1 protease very likely could improve
inhibition of protease activity and replication and decrease the chances for the development
of resistance mutations needed to outwit these inhibitors. As a proof of concept, Davis
et al. developed cell permeable peptide dimerization inhibitors that mimicked the N and
C-terminal regions of HIV-1 protease which make up the dimer interface [47]. Although
these peptides inhibited protease activity by blocking dimerization of the purified protease,
by themselves they showed little activity against the viral protease processing in HIV-1
infected cells. However, in combination with suboptimal concentrations of different active
site inhibitors, the addition of the peptide resulted in greater inhibition of polyprotein
processing as evidenced by increases in the p55 polyprotein and decreases in the p24
capsid protein [47]. These studies provide a proof of concept for the combined use of
active site and dimerization inhibitors of HIV-1 protease in blocking HIV-1 replication.
Cys95 is also an attractive target for Cys modification and inhibition of protease activity
providing a new way to block protease activity as opposed to targeting the active site.
Indeed, in 1994, De Voss et al. identified haloperidol-based irreversible inhibitors of HIV-1
and HIV-2 protease [48]. Their studies revealed that these inhibitors were 4–80 times more
potent on HIV-1 protease than HIV-2 protease and this improved inhibition was ascribed to
irreversible alkylation of the Cys residues of HIV-1 protease (HIV-2 has no Cys residues).
A subsequent follow-up study revealed that the Cys residues were indeed targeted and
modified, with Cys95 becoming completely derivatized by haloperidol while Cys67 was
75% modified [49]. Together these studies suggest that HIV-1 protease activity could also
be inhibited (irreversible alkylation) by targeting Cys residues but particularly Cys95. Simi-
larly, Cys300 of Sars-CoV-2 Mpro might also be targeted by Cys alkylation agents or other
Cys modifying agents and block dimerization and activity. Recently, a hydrophobic pocket
consisting of Ile21, Leu253, Gln256 and Cys300 of Mpro was identified as a binding site for
two different compounds [50] and could be used as a starting point to target Cys300 and
dimerization. Interestingly, a month after our work which revealed Cys300 as a potential
target for glutathionylation and inhibition of activity, Xia and colleagues demonstrated that
colloidal bismuth subcitrate as an allosteric inhibitor of SARS-CoV-2 Mpro and that it could
inhibit SARS-CoV-2 replication [51]. In their report, Cys300 was required for the binding
of one unit of bismuth to the main protease and, based on size exclusion chromatography,
resulted in inhibition of dimerization. These data further demonstrate that Cys300 and the
dimer interface region can be an additional target for the development of new therapies
against SARS-CoV-2 replication. It is noteworthy that the production of infectious virions
of HIV-1 and Sars-CoV-2 requires activation of an embedded protease within the viral
polyproteins. Both viral proteases require dimerization for activity and therefore blocking
dimerization at the early stages of replication or at later stages could both be a viable way
to block virus production.
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6. Conclusions

The cumulative data on oxidation of viral proteases shows that several viruses have
evolved to have dimeric proteases whose activity can be modulated by reversible oxidation
of susceptible residues (Cys or Met). The role that these reactive residues play in vivo
remains uncertain but can include (1) regulating (inhibiting or enhancing) enzyme activity
during oxidative stress (2) protecting the protein from oxidative damage and/or (3) acting
as sensors to the environment so that replication only occurs under favorable conditions.
Modification of residues at the interface of these enzymes can block dimerization, likely
through steric hinderance, while modification at alternative sites may favor increased
activity (for example Cys67 of HIV-1 protease) or act as decoys to prevent damaging
oxidative events that could ultimately irreversibly damage the enzyme or the enzymes
active site. The inhibition of the proteases by modification of susceptible residues appears
to enable the viruses to optimize replication and perhaps prevent the premature killing
of the host cell by the viral protease. In the case of retroviruses, inhibition of protease
activity by modification of proteases at the dimer interface prevents the early cleavage
of GagProPol polyprotein. In the case of SARS-CoV-2, we can speculate that reversible
oxidation of the protease may serve to prevent the activity of protease and thus viral
replication when the host cell is under oxidative stress, and this may have prevented
the virus from killing the host bats when they are expending excess metabolic energy.
Modification of other Cys residues of SARS-CoV-2 by reversible glutathionylation also may
serve to protect the active site cysteine from modification. To this point, Mpro of SARS-CoV-
2 has 12 reduced Cys residues within each monomer. Having Cys and/or Met amino acid
residues that can shield oxidative insult following infection and at the same time be able to
undergo reduction through cellular enzymes is an attractive way to protect important viral
proteins. Still, it is not clear which reversible modifications (glutathionylation, nitrosylation,
palmitoylation, sulfenic acid or sulfoxide formation, etc.) occur in these viral proteins in
infected cells and the extent to which these modifications are affecting the rate of viral
replication. Recent advances in protein sequencing using mass spectrometry as well as
new ways to detect modifications such as anti-glutathione antibodies should pave the way
to better understand these biological processes and their roles. Finally, regardless of how
significant the role of reversible oxidation is biologically for these viral enzymes, these
studies have revealed alternative ways to design inhibitors that can block the function of
these important therapeutic targets for these deadly diseases.
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