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Abstract

Biocidal agents such as formaldehyde and glutaraldehyde are able to inactivate sev-
eral coronaviruses including SARS-CoV-2. In this article, an insight into one mechanism
for the inactivation of these viruses by those two agents is presented, based on analy-
sis of previous observations during electron microscopic examination of several mem-
bers of the orthocoronavirinae subfamily, including the new virus SARS-CoV-2. This
inactivation is proposed to occur through Schiff base reaction-induced conformational
changes in the spike glycoprotein leading to its disruption or breakage, which can pre-
vent binding of the virus to cellular receptors. Also, a new prophylactic and therapeutic
measure against SARS-CoV-2 using acetoacetate is proposed, suggesting that it could
similarly break the viral spike through Schiff base reaction with lysines of the spike pro-
tein. This measure needs to be confirmed experimentally before consideration. In addi-
tion, a new line of research is proposed to help find a broad-spectrum antivirus against

several members of this subfamily.
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INTRODUCTION

Coronaviridae is a large family of enveloped single-stranded RNA
viruses. It is divided into two subfamilies: orthocoronavirinae and
letovirinae.l!! Orthocoronavirinae consists of four genera named
Alpha, Beta, Delta, and Gamma coronaviruses. Betacoronaviruses
include several viruses that infect humans causing life-threatening dis-
eases such as SARS-CoV, SARS-CoV-2 and Middle East respiratory syn-
drome coronavirus (MERS-CoV).

Coronaviruses have a set of structural proteins, one of them is the
spike “S” protein. This protein is a class | virus fusion protein that forms
homotrimers giving clove-shaped molecules protruding from the virus
surface.[23] These viruses use this protein to attach to host cell recep-
tors to allow cellular entry. Each spike monomer is composed of two
subunits; S1 subunit which harbors the receptor-binding domain (RBD)
and S2 subunit which is required for the fusion of cell and virus mem-
branes. S protein is cleaved at a site between S1 and S2 either dur-

ing synthesis or during cellular entry to give the two subunits.[23] In
the case of SARS-CoV-2, S is cleaved during synthesis at the S1/52 site
(Figure 1A) by furinl4! and the two subunits remain non-covalently
bound. This protein is further cleaved during cellular entry at another
site termed $2’ by the transmembrane serine protease 2 (TMPRSS2)[4]
to release the fusion peptide (FP) to initiate membrane fusion. Both
cleavage events are required for successful infection by SARS-CoV-2.
Following receptor binding, S1 subunit separates from the virus parti-
cle and the S2 subunit undergoes conformational changes ultimately
bringing viral and cellular membranes closer to each other and driving
their fusion to release the viral genetic material inside the cell.[2]

Each subunit of the spike monomers of SARS-CoV-2 consists of sev-
eral regions (Figure 1A). The S1 subunit (residues 14-685) consists of
an N-terminal domain (NTD) and a C-terminal domain (CTD), while the
S2 subunit (residues 686-1273) includes an FP, heptapeptide repeat
sequence 1,2 (HR1, HR2), transmembrane domain (TM) and cytoplas-
mic tail (CT).[¢] The CTD acts as the receptor binding domain (RBD) for
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FIGURE 1 Domains (A) and amino acid sequence (B) of S protein of SARS-CoV-2 showing location of lysine residues (in red)

this virus,l”] in which the receptor binding motif (RBM) is the site for
receptor binding. S of SARS-CoV-2 is a dynamic structurel8! in which
the RBDs are able to transit between down and up conformations. A
recent analysis of the stability of the S protein in the absence of recep-
tors reported that spikes with RBDs in the up conformation are less
stable than those with RBDs in the down conformation!?! angiotensin-
converting enzyme 2 (hACE2) receptors can only bind to RBDs in the
up conformation, and this binding is suggested to help lock the RBDs in
this unstable conformation until S1 monomers dissociation.! 10!

S protein of SARS-CoV-2 is composed of 1273 amino acids, 61 of
which are lysine residues (Figure 1B). These lysines are almost equally
distributed between the two subunits; 30 in S1 and 31 in S2. Some of
them appear to help stabilize the RBD in the down-conformation and
hence stabilize the whole S protein.[?!

Glutaraldehyde is a dialdehyde commonly used in laboratory
research as a chemical fixative.[11] It has the chemical formula CsHg O,
with two carbonyl groups (one at each end). Formaldehyde is another
aldehyde with only one carbonyl group and is also used in chemical fix-
ation and virus inactivation.l2! It has the chemical formula CH,O and it

can polymerize to form paraformaldehyde. Both agents have the ability

to inactivate several types of coronaviruses.[13] By analyzing observa-
tions from electron microscopic examination of several coronaviruses,
a mechanism for this inactivation process, via interaction with viral
spikes, is proposed. Also, an intervention against SARS-CoV-2 is pro-
posed, using ketone bodies (in particular acetoacetate) which circulate
in the human blood and interstitial fluids, suggesting that they could
inactivate the extracellular virions in a similar pattern.

FORMALDEHYDE AND GLUTARALDEHYDE APPEAR
TO INDUCE THE LOSS OF VIRAL SPIKES

In one study,!**! during electron microscopic examination of Vero E6
cells infected with SARS-CoV, Snijder et al. reported that the viral
spikes of secreted extracellular virions were only visible in cryofixed
samples but were rarely seen in chemically fixed samples (with 1.5%
glutaraldehyde). This loss of viral spikes was also observed in the
chemically-fixed (with 2% glutaraldehyde) extracellular virions of the
transmissible gastroenteritis coronavirus (genus Alphacoronavirus),

which affects newborn piglets.[15! For the new virus SARS-CoV-2, virus
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FIGURE 2 Mechanism of Schiff base reaction between e-amino group of lysine and aldehydes or ketones

particles in the supernatant of infected cell cultures that were inacti-
vated with 2% paraformaldehyde also showed significant loss of viral
spikes.[16] Also, SARS-CoV-2 progeny virions in glutaraldehyde-fixed

samples were reported to have few or no apparent spikes.[17]

HOW CAN THIS EFFECT BE INTERPRETED?

Chemical fixation of samples is known to cause the cessation of all
biological processes inside cells, including the secretion of new virions
from infected cells. This in turn eliminates the possibility of the disrup-
tion of the virus assembly process or the pre-mature secretion of un-
assembled virions from infected cells by the action of the fixatives as
an explanation for the observed effect. Therefore, this effect of chemi-
cal fixation on viral spikes most probably results from direct chemical
interaction between the fixative and the spike protein. The fixatives
appear to interact with the spike protein in such a way that leads to its
separation from the virion. Also, since this effect is evident in several
members of the orthocoronavirinae subfamily, these fixatives appear
to interact with a conserved sequence of the spike protein in those
members.

The next question to ask is, what is the nature of this interac-
tion? Several studies showed that glutaraldehyde’s interaction with
proteins occurs predominantly with lysine amino acids on the sur-

s.118-20] The carbonyl group of glutaraldehyde reacts

face of protein
with the e-amino group of lysine side chain to form a Schiff base.
Schiff base reaction involves the formation of a carbon-nitrogen dou-
ble bond when the carbonyl group of an aldehyde or ketone reacts with
a primary amine (Figure 2).121] Formaldehyde was also shown to form
Schiff bases with lysine side chains during interaction with proteins
(Figure 3).122] Since both fixatives share in common the ability to form

Schiff bases with proteins, these bases are most likely responsible for
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FIGURE 3 Schiff base reaction between formaldehyde and lysine

s.114-17] One possible

the loss of viral spikes in the mentioned studie
explanation is that the formation of these bases with lysine residues
might alter the conformation of the spike protein leading to its sepa-
ration from the virion (via separation of S1 subunit from S2 subunit)
(Figure 4) or alternatively, leading to its bending. In fact, there are
several observations to support this view. Firstly, glutaraldehyde was
shown to induce gross conformational changes in several soluble and
membrane proteins through interaction with lysine residues via Schiff
base reaction[2923] and thus, is expected to do the same in the spike
protein. Similarly, formaldehyde was shown to be able to induce protein
conformational changes as well.12425] |n the majority of these tested
proteins, formaldehyde and glutaraldehyde tended to reduce the a-
helix content, which in turn loosens the protein skeleton.[25] Secondly,

conformational changes induced in the spike glycoprotein of the mouse
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FIGURE 4 Schematic representation of the proposed SARS-CoV-2 spike inactivation by biocidal agents (such as formaldehyde) and by ketone
bodies. Inset: representation of the spike protein with all RBDs in down or up conformation. Top: formaldehyde molecules react with lysine
residues of the spike protein via Schiff base reaction and alter its conformation leading to the separation of S1 subunit from S2 subunit (which
remains attached to the virion). Bottom: Ketone bodies (acetoacetate) react with the same residues of the spike protein and also alter its
conformation causing the separation of S1 subunit from S2 subunit. RBDs are shown in up conformation after both reactions

hepatitis coronavirus (MHV) A59 (genus Betacoronavirus) by other
means (pH changes) could dissociate the S1 subunit from the virions
and abrogate virus infectivity.!26] Similarly, conformational changes
induced in the spike protein of SARS-CoV-2 upon binding to ACE2
receptors were followed by the dissociation of S1 monomers.[20] 51
shedding following receptor binding was also observed in the cleaved
S of SARS-CoV.[27] This suggests the wide susceptibility for S1 separa-
tion following certain conformational changes induced in the cleaved
spike by different means. These changes might disrupt the interactions
between the two subunits ultimately driving S1 dissociation. Indeed,
conformational changes induced in the spike of MHV upon binding
to receptors were reported to drive the movement of S1 away from
52 and decrease the interface between theml(28] which could reduce
the interactions between them and facilitate S1 shedding. Similarly,
in SARS-CoV-2, conformational changes in ACE2-bound spikes were
shown to involve a decrease in the contact area between S1 and S2
with a reported loss of interactions between them, compared with

the unbound spikes.!2% [t is thus conceivable to predict that confor-

mational changes induced by the biocidal agents can do the same,
namely disrupt the interactions between S1 and S2 leading to the dis-
sociation of S1 from the virions. This may explain one mechanism by
which formaldehyde and glutaraldehyde can inactivate coronaviruses
(Figure 4). Based on this, other short aldehydes and ketones that are
biologically-competent and have carbonyl groups capable of forming
Schiff bases with the spike protein and altering its conformation could
be speculated to break the viral spikes as well and thus, have a ther-
apeutic potential. One such compound could be the ketone bodies.
Similar to glutaraldehyde and formaldehyde, ketone bodies can also
alter the conformation of proteins they react with, via Schiff base

reaction.!2%]

CAN KETOSIS INACTIVATE THE VIRAL SPIKES?

There are three types of ketone bodies in the human blood.[3%] These

include beta-hydroxybutyrate (C4H;O37), acetoacetate (C4H5037)
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be considered, which is able to induce ketosis without weakening the
immune system and the entire body. Ketogenic diet is a diet that has a
high-fat and low-carbohydrate content and has been used regularly to
treat children with refractory epilepsy and some congenital metabolic
disorders.[34] This diet should only be consumed under the guidance
of physicians since it is not suitable for some people.[34] There are
also some ketone supplements to raise the level of ketone bodies in
the blood such as ketone esters and salts.[35] These should also be
used under the guidance of physicians. Ketone body infusion is another

If such inactivating effect of acetoacetate on SARS-CoV-2 could be
confirmed experimentally in vitro and in vivo, then some of these meth-
ods could be considered for prophylaxis such as intermittent fasting or
ketogenic diet (as lifestyle regimens), while others could be considered

for treatment such as acetoacetate infusion (especially in immuno-
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FIGURE 5 Schiff base reaction between acetoacetate and lysine

and the least abundant one, acetone (C3HgO). They are synthesized
in the liver from fatty acids and released in the blood to act as a
source of energy when there is a shortage of carbohydrate supply
to the body. Thus, the level of ketone bodies increases in the plasma
during periods of fasting and starvation. In fact, there are observa-
tions strongly suggesting that acetoacetate can form Schiff bases when
reacting with lysine residues of proteins (Figure 5) and can alter their
secondary structure,l29! similar to the effect of the mentioned fixa-
tives. More specifically, acetoacetate reduced the a-helix content of
the tested protein, an effect similarly induced by formaldehyde and
glutaraldehyde.[23-25] Moreover, ketone bodies are short compounds
(three or four carbons long) and therefore should have accessibil-
ity to amino acids within proteins comparable to the short fixatives
(formaldehyde and glutaraldehyde have one carbon and five carbons,
respectively). Hence, ketone bodies are expected to effectively react
with the viral spikes and break or bend them similar to the fixatives
(Figure 4); however, this needs to be confirmed experimentally before
consideration. The induction of ketosis would then have a therapeu-
tic as well as a prophylactic potential. In infected patients, the loss of
viral spikes after virions secretion from infected cells would inhibit or
slow down the spread of infection to other cells and tissues in the body.
Also, virus particles in body secretions will have low or abrogated infec-
tivity toward other persons, thus rendering the infected patients rela-
tively non-infectious. In the non-infected individuals, the presence of
high titer of ketone bodies in the blood would decrease the magnitude
of subsequent infection or even make them highly immune to infection.

METHODS TO INDUCE KETOSIS

There are several ways to induce ketosis in the body, such as fast-
ing, ketogenic diet or ketone supplements. Fasting has been a sub-
ject of extensive research for its desirable effects on health.[31-33]

However, only controlled and regulated intermittent fasting should

compromised patients). It seems that infusion can rapidly raise the level
of acetoacetate in the body without causing harmful or intolerable
metabolic effects.[3¢:37] Further studies are needed to explore in detail
other effects on metabolism and body functions. Notably, if infusion is
to be used for treatment, it should be considered as early as possible
during active infection before SARS-CoV-2 induces significant pathol-
ogy, which may itself raise the level of ketone bodies in the body.[38!
The dangers arising from the established damage and cytokine storm
may obscure the therapeutic effects of these ketone bodies. Intermit-
tent fasting also has been shown to have a variety of metabolic effects
that are also beneficial and tolerable.[31-33] However, some individu-
als cannot tolerate fasting due to suffering from some health problems.
Ketogenic diet also has several desirable positive effects on health but
may have some short-term and long-term adverse effects3#! and thus,
can only be consumed under the guidance of physicians.

DOES KETOSIS HAVE OTHER BENEFICIAL EFFECTS?

Several studies showed fasting and the consumption of ketogenic
diet to have anti-inflammatory effects as well. For example, several
studies!39-41] reported that the levels of pro-inflammatory cytokines
such as interleukin 18 (IL-1p), IL-6, IL-8, IL-10, IL-16, IL-18, mono-
cyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor «
(TNFa) decreased significantly in the plasma during fasting, many of
which are involved in the cytokine storm of COVID-19.142] Also, the
genes of several cytokines were downregulated in peripheral blood
mononuclear cells during fasting.!43] Hence, intermittent fasting in
non-infected individuals may confer an additional advantage of pre-
conditioning the body via lowering the transcript and protein levels
of cytokines and thus decrease the severity of the cytokine storm
if subsequent SARS-CoV-2 infection occurs. Ketogenic diet was also
shown to inhibit the increase in the levels of IL-18 and TNF« in the
plasma of rats during inflammation and also inhibit the increase in
lymphocyte counts.!*4] Interestingly, ketogenic diet was shown also to
increase a specific type of T cells in the lungs of mice and make them
highly resistant to Influenza A virus infection.[5] There is also evidence

of anti-inflammatory effects of ketogenic diet in humansl4é! (several



SHAHEEN

MB?oEssays

pro-inflammatory cytokines are reduced such as TNF-q, IL-6, IL-8, and
MCP-1). Therefore, ketogenic diet consumption may also be advised
as a preconditioning procedure against the cytokine storm of SARS-
CoV-2 infection. Such preconditioning methods should be investigated
in detail.

Importantly, a recent paper by Stubbs et al.l4”] discussed the ther-
apeutic potential of ketosis against several respiratory viral infec-
tions including SARS-CoV-2. It suggested that increased ketone bod-
ies (beta-hydroxybutyrate) could interfere with viral replication and
reduce cell damage via several mechanisms. For example, beta-
hydroxybutyrate was proposed to help decrease oxidative stress asso-
ciated with infection and reduce its damaging effects through increas-
ing cytoplasmic NADPH, upregulating expression of antioxidant genes
and directly scavenging free radicals. It was proposed also to help
inhibit excessive inflammation mediated by the NLRP3 inflammasome
and the proinflammatory transcription factor NF-xB, both are acti-
vated during infection. Other proposed mechanisms include closure
of mitochondrial permeability transition pore, which is used by some
viruses (including the influenza virus) to dissipate the inner mito-
chondrial membrane potential and promote apoptosis, and inhibit-
ing glycolysis, which is increased by some respiratory viral infection
and is thought to help viral replication. Ketone bodies were also pro-
posed to help preserve and improve organ function, tissue resistance
and tolerance which may favor survival with few or no long-term

complications.!47!

CAN THE BIOCIDAL AGENTS INDUCE THE
TRANSITION OF S FROM CLOSED TO OPEN STATE?

There are some questions regarding the process of spike inactivation
that need to be answered. For instance, what happens to the spikes?
Are they lost or just bent due to conformational changes induced by
biocidal agents? Do these changes occur in S1, S2 or in both? In addi-
tion, which lysine residues are targeted by these agents and what is the
nature of conformational changes induced? One possible type of con-
formational changes could be proposed based on a recent study inves-
tigating the stability of the spike protein of SARS-CoV-2.[9! This study
showed the closed state, where all three RBDs are in down conforma-
tion (down-down-down), to be the most stable one. It also showed a
progressive decrease in stability with the successive transition of the
RBDs to the up conformation, with the up-down-down being less sta-
ble and the up-up-down being the least stable of the two open states
examined. This was associated with an increase in the number of desta-
bilizing residues with each up-transition. Importantly, this study identi-
fied a set of amino acid residues that make several contacts to stabilize
the dynamic RBDs in the down conformation. In the absence of recep-
tors, the biocidal agent molecules may target some of these residues
and block them causing the disruption of their contacts and inhibit-
ing their stabilizing effect, which may either drive the release of the
RBDs from the down conformation to the unstable up conformation
or prevent their transition back to the down conformation, depend-

ing on whether they can reach these residues in down or up confor-

mation. These agents not only react with lysines of proteins but also
react with other amino acids such as arginine or tyrosine.[2248] |n addi-
tion, the small size of these molecules suggests that they could reach
most of these residues easily when the RBDs are in the up conforma-
tion or even in the down conformation, which may facilitate the disrup-
tion of both intrachain and interchain stabilizing contacts. Eventually,
this may allow the up transition of more than one RBD (even the three
RBDs) in the absence of receptors, resulting in maximum instability
of the spike protein and subsequently S1 monomers dissociation (Fig-
ure 4). This effect may also be induced by acetoacetate in vivo in anal-
ogy to the biocidal agents. An example of candidate residues that may
be targeted is K386 in the RBD which makes contacts with S982, R983,
and L984 in S2 of the adjacent monomer in the down conformation.!?!
Such contacts are broken during transition to the up-conformation.
Noteworthy, the proposed locking of RBDs in the up conformation by
acetoacetate in vivo may help prevent SARS-CoV-2 immune evasion
and allow rapid and efficient immune detection and response, since
the RBD down conformation was suggested to help this evasion.[54]
Moreover, it can also increase responsiveness to antibody drug ther-
apy. Nonetheless, this proposition does not preclude the presence of
other types of conformational changes resulting from the targeting of
other lysine residues at different parts of the spike protein as an expla-
nation for the observed effect.

It is also possible that the induced conformational changes might
alter the shape of the receptor binding domain or the receptor-binding
motif and thus inhibit virus-receptor interaction without or before
breaking the spikes, which may represent an alternative mechanism for
inactivating virus particles that retain some of their spikes after bio-
cidal treatment. Another possibility is that biocidal agent molecules
might interact with and block amino acids involved in the interaction
with cellular receptors. Monitoring the binding of these treated virions
to cellular receptors could be helpful.

FUTURE DIRECTIONS

There are other questions that need to be investigated in detail. For
example, what is the exact nature of interaction between the fixatives
and the spike protein? Does this interaction occur outside cells only or
also inside cells (with unsecreted virions)? The analyzed observations
showed the loss of viral spikes in extracellular virions. The effect of the
fixatives on the spikes of fully-assembled intracellular viral particles
need to be assessed as well.

If the biocidal agents separate the spikes from the virions, it
should be assessed whether this involves the separation of S1
subunit from the membrane-anchored S2 subunit (which may be
retained) or the dissociation of the entire spike protein from the virion.
Visual inspection of the microscopic images in the analysed studies
suggests the separation of the entire spike protein. However, the first
possibility cannot be excluded. Supporting the first possibility, the S
protein of SARS-CoV-2 is known to be cleaved during biosynthesis at a
site between the S1 and S2 subunits and thus, S1 and S2 in extracellu-

lar virions are non-covalently associated, 5! which may facilitate the



SHAHEEN

separation of S1 subunit, presumably following conformational
changes. On the other hand, S protein of SARS-CoV is not cleaved dur-
ing biosynthesis and thus, S of secreted virions remains uncleaved,!°0!
which support the possibility of loss of the entire S protein rather than
only the S1 subunit. Importantly, a recent study!'”! showed that only
SARS-CoV-2 virions had no or few spikes in chemically fixed samples
while SARS-CoV virions had numerous spikes, which further supports
the loss of only S1 subunit. Further studies are needed to solve this
dilemma.

Other questions to investigate include; is Schiff base reaction solely
responsible for this effect or is it a part of a sequence of reactions lead-
ing to this effect? Are there any other reactions in addition to/aside
from Schiff base reaction with lysines that might have caused this
effect? It should be noted that formaldehyde can form Schiff base
with the side chain of the amino acid tryptophan and can also inter-
act with the side chains of cysteine, histidine and arginine.!?2] Simi-
larly, glutaraldehyde can also react to varying degrees with the side
chains of tyrosine, histidine and cysteine.[48] However, as mentioned
above, its most predominant interaction, which induces conforma-
tional changes in protein substrates, is with e-amino group of lysine
side chain to form Schiff base. Notably, both agents are known to
have a cross-linking activity. For formaldehyde, cross links were found
to form between several residues after treatment such as between
lysine and argenine, between lysine and histidine and between cysteine
and arginine.l?2] For Glutaraldehyde, cross-linking activity is generally
believed to involve the e-amino group of lysine residues.>!] On the
other hand, acetoacetate has no known cross-linking activity. Nonethe-
less, both fixatives share with acetoacetate the ability to interact with
lysines and to induce protein conformational changes. It should also
be noted that ketones are known to be less reactive toward nucle-
ophilic attack than aldehydes.[>2] The existence of two alkyl groups
attached to the carbonyl carbon of ketones reduces its partial positive
charge and increases steric hindrance that diminishes accessibility of
nucleophiles, compared with the carbonyl carbon of aldehydes which
has only one attached alkyl group. Therefore, lysine interaction with
acetoacetate is expected to progress at a slower rate than that with
formaldehyde or glutaraldehde. To what extent this slower interaction
can affect the S protein conformation and reactivity needs to be inves-
tigated.

The effect of various concentrations of ketone bodies (including ace-
toacetate and also acetone) on viral spikes should also be examined
using cryofixation. In addition, their effect on virus infectivity should be
assessed. Interestingly, during ketosis (either diabetic or dietary), ace-
toacetate can react with methylglyoxal (a metabolite produced mainly
during glycolysis) to yield 3-hydroxyhexane-2,5-dione, which can itself
bind to lysine residues of proteins.[53! It would be interesting to exam-
ine whether this ketosis-related compound can interact with lysines
of the spike protein and alter its conformation or reactivity. Finally,
research should be aimed to find or formulate biologically-competent
compounds that can function like the biocidal agents against coron-
aviruses (broad-spectrum antivirus). The observed loss of viral spikes in
different types of coronaviruses suggests that the biocidal agents react

with a conserved sequence/s shared by all of them and thus, any sim-
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ilarly acting compound would inactivate most of them. This could be
needed if there are future attacks by mutated or new members of this
family.

CONCLUSION

Schiff base reaction between short aldehydes (the biocidal agents)
and lysine residues of the spike protein is suggested to break the
spikes of some coronaviruses including SARS-CoV-2 via conforma-
tional changes.

In analogy, acetoacetate is expected to break the viral spikes in a
similar manner and thus may confer some immunity against SARS-CoV-
2 (only after experimental confirmation).

Intermittent fasting or consumption of ketogenic diets may be con-
sidered to precondition the body to decrease the severity of the

cytokine storm if subsequent SARS-CoV-2 infection occurs.
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