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Abstract

SARS-CoV-2 may enter target cells through the process of membrane fusion at

either the plasma (�pH 7.4–7.0) or endosomal (�pH 6.5–5.0) membrane in

order to deliver its genetic information. The fusion domain (FD) of the spike

glycoprotein is responsible for initiating fusion and is thus integral to the viral

life cycle. The FD of SARS-CoV-2 is unique in that it consists of two structur-

ally distinctive regions referred to as the fusion peptide (FP) and the fusion

loop (FL); yet the molecular mechanisms behind how this FD perturbs the

membrane to initiate fusion remains unclear. In this study via solution NMR,

we witnessed only a slight conformational change in the FD between pH 7.4

and pH 5.0, resulting in a minor elongation of helix 1. However, we found that

the FD's ability to mediate membrane fusion has a large and significant pH

dependence, with fusion events being more readily induced at low

pH. Interestingly, a biphasic relationship between the environmental pH and

fusogenicity was discovered, suggesting a preference for the FD to initiate

fusion at the late endosomal membrane. Furthermore, the conserved disulfide

bond and hydrophobic motif “LLF” were found to be critical for the function

of the complete FD, with minimal activity witnessed when either was per-

turbed. In conclusion, these findings indicate that the SARS-CoV-2 FD prefera-

bly initiates fusion at a pH similar to the late endosome through a mechanism

that heavily relies on the internal disulfide bond of the FL and hydrophobic

LLF motif within the FP.
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1 | INTRODUCTION

The Coronavirus family contains several pathogenic
viruses, the most infamous of which being severe acute

respiratory syndrome-coronavirus-2 (SARS-CoV-2), the
causative agent of coronavirus disease-2019 (COVID-19).
Following the outbreak of SARS-CoV-2 in late 2019,
COVID-19 quickly developed into a global pandemic,
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which has infected more than 490 million people and led
to over 6 million deaths.1 Despite the arrival of several
vaccines to combat the pandemic, it remains ongoing,
mainly due to the rapid evolution of variants that contain
increased rates of infectivity and an improved capacity to
evade the immune response. Thus, a greater understand-
ing of the molecular mechanisms behind SARS-CoV-2
infection, particularly concerning highly conserved
regions, is necessity to help us better understand the
unique characteristics of the coronavirus family and how
they contribute to the virus's remarkable infectivity.

The success of a virus is determined by its ability to
infect and propagate, the two primary goals of the viral
lifecycle, the former of which is facilitated by the spike
(S) glycoprotein in the coronavirus family. The spike pro-
tein can be subdivided into two functional units; S1,
which is responsible for receptor binding and S2, which
facilitates membrane fusion.2,3 Following receptor bind-
ing, a cleavage event occurs within the S2 subunit at a
site commonly referred to as S2', exposing the FD at the
N-terminus of the cleaved S2 subunit.4 From here, the
FD is perfectly placed upon embedding into the target
cells membrane to initiate the process of membrane
fusion prior to the formation of the six-helix bundle; the
most well accepted mechanism of fusion for Class I viru-
ses.5As a result of this integral function, the FD is a well-
conserved region throughout the coronavirus family
(Figure 1) and is even found to be 100% conserved among
all SARS-CoV-2 variants.

While FDs are generally well conserved within viral
families, they can vary greatly across different viral fami-
lies. For example, HIV and Influenza both contain N-
terminal fusion peptides (FPs) but with different struc-
tures when embedded within the membrane.6–8 Ebola
virus contains an internal fusion loop (FL) that is held
together by a disulfide bond and undergoes a large con-
formation change at low pH,9 while the coronavirus FD
contains both an N-terminal FP and an internal FL that
has only ever been witnessed previously in the arenavirus
family.10,11 Nonetheless, all of the aforementioned FD's

are responsible for the initiation of viral fusion through
embedding within and perturbing their respective target
membranes. It should be noted that different nomencla-
ture has been used to describe the fusogenic domains
found within the coronavirus family in the past, with the
FP also referred to as FP1, and the FL referred to as the
fusion peptide proximal region (FPPR) or FP2.12,13 In this
article, we will use the terminology FP and FL, this best
captures the unique structural traits of these two defined
regions that are thought to play important individual
roles in the initiation of membrane fusion.

Previous work on the FD of SARS-CoV-1 displayed
that both the FP and FL contained independent fuso-
genic activity but were most effective in unison, suggest-
ing a synergistic relationship in the form of a bipartite
fusion platform.12 More recently, structural information
gathered for the SARS-CoV-2 FD in dodecyl phosphocho-
line (DPC) micelles at pH 7.410 and 1,2-dimyristoyl-sn-
glycero-3-phosphocholine: 1,2-diheptanoyl-sn-glycero-
3-phosphocholine (DH7PC) bicelles at pH 5.014 has
revealed further details. The FP was found to contain a
helix-turn-helix motif that buries into the membrane,
while the FL is more superficially associated with the
lipid headgroups. The two structural models represent
the FD embedded within the membrane following fusion
at the plasma membrane or endosomal membrane
respectively, as SARS-CoV-2 has been shown to be capa-
ble of entering target cells through both pathways.15,16

Fusion at the endosomal membrane is often associated
with low pH, as it is commonly found to be a major
determinant for viral fusion.17 The ability of SARS-CoV-2
to utilize either pathway in order to enter the cell via
membrane fusion, is a potential contributing factor to the
incredible infectivity of the virus. Hence, the molecular
mechanisms of how SARS-CoV-2 initiates fusion via its
FD at both plasma and endosomal membranes requires
prioritized research to fully understand how these events
transpire.

Here, we provide evidence that the FD of SARS-
CoV-2 initiates membrane fusion more readily at low pH,

FIGURE 1 Multiple

sequence alignment of the FD in

the coronavirus family. The

structurally distinct regions that

make up the FD, the FP and FL

are shown. Highlighted in green

is the conserved disulfide bond

found within the FL and in red

is the conserved hydrophobic

motif LLF found within the FP
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suggesting a possible preference for the virus to enter the
cell via the endocytic pathway. Through solution NMR a
slight change in the conformation of the FD was
observed between pH 7.4 and pH 5.0. However, utilizing
a FRET-based lipid mixing assay the SARS-CoV-2 FD dis-
played significantly more efficient fusion at pH 5.0 than
at pH 7.0, with a biphasic relationship found to exist
between the pH and the fusogenicity of the
FD. Furthermore, the perturbation of either the FP or the
FL results in a drastic decrease in activity, highlighting
the importance and synergistic relationship of both
regions. We propose a model to explain the structure and
function relationship involved in how the SARS-CoV-2
FD initiates membrane fusion.

2 | RESULTS

2.1 | A minor change in the
conformation of the FD embedded within
the membrane is present between pH 7.4
and pH 5.0

The majority of viruses may only enter the target cell via a
single pathway, yet SARS-CoV-2 has been shown to fuse

at both the plasma and endosomal membrane,15,16 with
one of the largest differences between the two membranes
being the pH of the local environment. Previous work on
other viral proteins demonstrates that the decreasing pH
of the endocytic pathway can induce a structural transition
to a more fusogenic conformation of the viral FD.9,18 Low-
ering the local pH environment of the SARS-CoV-2 FD
from pH 7.4 to pH 5.0 induces a slight conformational
change within the peptide (Figure 2).

We previously showed that when associated with
either a small unilamellar vesicle (SUV) or DPC micelle
at pH 7.4, the conformation of the complete FD (S816-
F855) undergoes a drastic conformational change com-
pared to in solution.10 When the FD is embedded within
a DPC micelle, decreasing the pH to that present in the
acidic environment of the late endosome (pH 5.0)
appears to induce a minor structural rearrangement
when compared to neutral pH (Figure 2). This lack of
global structural change is reiterated by CD utilizing the
more physiologically relevant bilayer environment of
SUVs (Figure S1). Comparing the 1H-15N HSQC spectra
at pH 7.4 and pH 5.0, we witness minor chemical shift
perturbations, suggestive of a change in tertiary confor-
mation (Figure 2a). Then, utilizing Cα chemical shift
indexing (CSI), we further examined the change in sec-
ondary structure. The defining structural features within
the FP that allow the complete FD to embed within the
DPC micelle at pH 7.4, the helix-turn-helix, also exists at
pH 5.0 (Figure 2b). Within helix 1, a slight elongation
was detectable from L822 to N824 in the CSI; this corre-
lates well with the published structure of the FD embed-
ded in a lipid bilayer in a wedge conformation at pH 5.0
(PDB: 7MY8).14 A potential elongation of helix 2 from
G838 to G842 was also detected in the pH 5.0 CSI
(Figure 2b). However, we believe that this elongation is
negated due to residues immediately downstream of G838

serving as a flexible linker that connects the FP and the
FL. Without this linker region, the wedge conformation
seen in the published pH 5.0 structure (PDB: 7MY8)
would be unable to form, offering an explanation as to
why helix 2 ends at G838 in all available experimental
structural data of the complete FD.10,14 We also com-
pared the dynamic nature and depth of insertion within
the DPC micelle of the complete FD at pH 7.4 and
pH 5.0. Both T1 and HN-NOEs revealed no significant
changes in the dynamics of the peptide; yet, the T2 data
displayed more dynamic behavior when embedded in the
membrane at pH 5.0 than at pH 7.4 (Figure S2). The
16-DSA paramagnetic probe also revealed little change
based on changing pH alone, but the 5-DSA probe did
suggest that the complete FD embeds deeper into the
membrane at pH 5.0 (0.20 ± 0.02) than at pH 7.4 (0.32
± 0.03) (Figure S3).

FIGURE 2 A slight conformational change is witnessed for the

SARS-CoV-2 FD embedded within DPC micelles between pH 7.4

(Red) and pH 5.0 (Purple). (a) A minor change in the tertiary

conformation of the FD was detected via 1H-15 N HSQC chemical

shift perturbations, with the backbone assignment shown at pH 5.0.

(b) CSI with Cα data revealed the same secondary structure

elements at both pH 7.4 and pH 5.0, with a slight elongation of

helix 1 at pH 5.0. All experiments were carried out in 25 mM

sodium phosphate, 150 mM NaCl and 100 mM DPC
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2.2 | The environmental pH is critical
for the FD to initiate membrane fusion

Functionally, environmental pH can be associated with
the fusogenicity of the FD at the plasma membrane
(�pH 7.4–7.0), as well as different stages of the endoso-
mal membrane (�pH 6.5–5.0). The endocytic pathway
sees a large decrease in pH as the lysosomal compart-
ment forms, ranging from pH 6.5–6.0 in the early endo-
some to pH 5.5–5.0 in the late endosome.17 Here, we
provide evidence that the environmental pH plays a sig-
nificant role in the fusogenicity of the SARS-CoV-2 FD,
with the virus preferentially fusing at a pH corresponding
to that of the late endosomal membrane (Figure 3).

At pH 5.0, the FD can initiate membrane fusion at
peptide/lipid (P/L) ratios as low as 0.01, with the relation-
ship between the P/L ratio and the amount of membrane
fusion found to increase in a linear fashion (Figure 3a). A
P/L ratio of 0.01 is close to that of physiological condi-
tions based on electron tomography analysis of the viral
surface.19,20 However, at pH 7.0 a dramatic decrease in
the fusogenicity of the FD is observed, where even at
much higher P:L ratios the amount of fusion witnessed is
significantly lower than at pH 5.0 (Figure 3a). A linear
correlation up to a P/L ratio of 0.2 is still observed at
pH 7.0 signifying a positive relationship between the con-
centration of peptide and the amount of lipid mixing wit-
nessed (Figure S4). This relationship eventually tails off
at higher P/L ratios (>0.2), most likely due to oversatura-
tion of the peptide on the liposome surface.

To probe the relationship between pH and fusogeni-
city further, we carried out the same functional assay
over a range of several different environmental pH's that
are relevant within the endocytic pathway (Figure 3b). A
biphasic relationship was revealed where we see an ini-
tial increase in fusogenicity at a pH corresponding to that

of the early endosome (pH 6.5–6.0) followed by a brief
plateau. The jump in fusion from pH 7.0 to pH 6.0 is
approximately sixfold, and thus signifies a dramatic
increase in the fusogenic capacity of the FD shortly after
being endocytosed. A second sharp increase in activity is
then found at a pH resembling that of the late endosomal
compartment (pH 5.0), and when we compare the ability
of the FD to initiate fusion at pH 5.0 to that at pH 7.0
with the same P/L ratio, we see almost a ninefold
increase in activity. Our results suggest that the FD can
initiate fusion in the pH environment of the plasma
membrane (�pH 7.0) and early endosome (pH 6.5–6.0),
yet as the pH decreases in the later stages of the endocy-
tic pathway (pH 5.5–5.0) the probability of a successful
membrane fusion event increases.

Our findings show that the SARS-CoV-2 FD preferen-
tially initiates fusion in an environment where the pH is
lower than that of the plasma membrane (<pH 7.0).
Moreover, the two-stage fusion profile witnessed
(Figure 3b) demonstrates that the FD can initiate fusion
in the early endosome (�pH 6.0), yet the potency of the
FD increases by �50% at a pH corresponding to that of
the late endosome (�pH 5.0). This suggests that the
SARS-CoV-2 not only favorably fuses via the endocytic
pathway, but its likelihood of initiating a successful
fusion event increases as the pathway progresses.

2.3 | The hydrophobic motif “LLF” of
the FP and the internal disulfide bond
within the FL are both integral for full
fusogenicity of the complete FD

We earlier found that the complete FD consists of two
structurally defined regions, the FP and the FL, with the
former proving to be the primary site of interaction with

FIGURE 3 The SARS-CoV-2 FD displays a large pH dependence to fusion in simple lipid compositions of 3:1 POPC:POPG. (a) A linear

relationship can be seen with the P:L ratio at pH 5.0 (Purple), but drastically reduced fusion is present at pH 7.0 (Red) even at much higher

peptide concentrations. (b) A positive, biphasic relationship is witnessed between decreasing environmental pH and lipid mixing with a P/L

ratio of 0.05. All lipid mixing experiments were all carried out in 10 mM HMA, 100 mM NaCl with n ≥ 4
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the DPC micelle.10 Previous work on the FP of SARS-
CoV-1 found that a “hydrophobic motif” consisting of
L821, L822, and F823 played an important role in perturb-
ing the membrane.12,21 On the other hand, although the
FL is known to be important for the activity of the com-
plete FD, how it contributes to the initiation of mem-
brane fusion at different pH's is still not completely
understood.21,22 Several previous studies have assessed
the FP and FL in isolation, thus removing any potential
synergistic interplay between the two with regards to the
mechanism of initiating membrane fusion. Here, we have
assessed the complete FD comprising both the FP and
FL, where we alternately disrupted the LLF motif within
the FP and the disulfide bond within the FL.

First, we mutated each individual amino acid in the
LLF motif to alanine creating three single mutation con-
structs as well as a triple mutant; all of which displayed a
remarkable loss of function (Figure 4a). We then
explored whether or not the aromatic functional group of
F823 plays a key role in fusion by replacing this

phenylalanine with a tyrosine (F823Y) and then a trypto-
phan (F823W) (Figure 4b). The F823Y mutant recovered
very little functionality and was equivalent to
F823A. Opposingly, F823W recovered significantly more
fusogenic activity than both F823A and F823Y, although
this was still approximately fivefold lower compared to
that of the WT (Figure 4b). These results echo that wit-
nessed in SARS-CoV-1, which also found each residue in
the LLF motif to be critical toward membrane perturba-
tion via viral infectivity assays.21 All of the LLF mutants
displayed the same global secondary structure as the WT
(Figure 4d), ruling out global secondary structure pertur-
bations as a reason for the large loss in function wit-
nessed. Therefore, it is clear from the data that every
residue within the LLF motif is integral toward the func-
tion of the complete FD, with a potential key role for the
aromatic amino acid of F823.

To assess the importance of the FL within the fusion
mechanism of the complete FD, we used the reducing
agent tris(2-carboxyethyl)phosphine (TCEP) to break the

FIGURE 4 The hydrophobic motif “LLF” and the FL play a key role in the fusogenicity of the complete FD at pH 5.0. (a) Mutating the

LLF motif residues to alanine individually, or all three simultaneously, leads to an almost complete loss of function (n ≥ 12). (b) Conserving

the aromatic functional group at position 823 replenished some of the peptide's activity only when tryptophan was present, but not with

tyrosine (n = 16). (c) The presence of 1 mM TCEP in the environment decreases the amount of lipid mixing witnessed substantially (n = 16).

CD then confirmed that the global secondary structure of all (d) LLF mutants and the (e) WT in the presence of 500 μM TCEP was closely

aligned with that of the WT in DPC micelles indicating that no significant changes in the global secondary structure had occurred.

Liposomes consisting of POPC:POPG 3:1 were utilized for all lipid mixing experiments in 10 mM HMA 100 mM NaCl. All CD experiments

were carried out in 1 mM HMA 10 mM NaCl 50 mM DPC
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conserved internal disulfide bond. In the presence of
1 mM TCEP a significant decrease in fusogenic activity is
witnessed (Figure 4c), with close to a 10-fold loss in fuso-
genicity observed if the internal disulfide bond is severed.
Furthermore, the addition of TCEP to the WT brought
about no change in the global secondary structure of the
complete FD as witnessed through CD (Figure 4e). This
suggests that the helix-turn-helix motif of the FP remains
intact even after the disulfide bond of the FL is lost. Inter-
estingly, we previously found chemical shift perturba-
tions in the FL when comparing the complete WT FD to
that present under reducing conditions via 1H-15N HSQC,
indicating large tertiary structure changes.10 Put together,
this indicates that the helix-turn-helix motif of the FP still
forms within the membrane even without the disulfide
bonded FL, and the decrease in fusogenicity witnessed is
likely due to a change in the tertiary orientation of the
FL and its association/interaction with the membrane
and/or with the FP.

3 | DISCUSSION

Much of the research involving the activity of the corona-
virus FD has been carried out in SARS-CoV-1, which
with a sequence conservation of �95% would appear to
be pertinent when it comes to the FD of SARS-CoV-2. To
date, research surrounding the FD has either concen-
trated on the peptides activity at pH 5.0 or assessed the
FP and FL independently.14,21,23,24 Initially, both
domains were found to contain some fusogenic proper-
ties in isolation, with the FP even displaying a preference
for fusion at low pH.21 Since then, it has been proven that
the FP and FL act in a synergistic manner to exert a
membrane perturbing effect that is greater than that wit-
nessed when the two components were assessed indepen-
dently.12 Thus, in order to fully understand the molecular
mechanisms behind how the FD of SARS-CoV-2 interacts
with the membrane and initiates membrane fusion, it is
integral to assess both the FP and FL together as a single
complete FD at different functionally relevant pH's that
represent the local environments of the plasma and endo-
somal membranes.

When investigating the mechanistic details of viral
fusion, it is important that the contributions of other
environmental factors toward membrane fusion such as
Ca2+ and lipids are also considered. In previous work
across several different viruses, both Ca2+ and the lipid
composition of the target cell membrane have proven to
be significant toward membrane fusion.8,25–32 For the FD
of SARS-CoV-2, limited research has been conducted
regarding the impact of lipid compositions on membrane
perturbation; yet, Ca2+ has been shown to be significant

at low pH.32 Interestingly when investigating the role of
Ca2+ at neutral pH, we found that no significant effect
was witnessed either structurally or functionally
(Figure S5). In this study in an attempt to understand the
importance of pH and the individual domains of the
SARS-CoV-2 FD without the added layer of protein:
Ca2+, protein:lipid interactions, and/or changing mem-
brane properties, we opted to use no Ca2+ and a simple
lipid composition of POPC:POPG 3:1, which is akin to
that used previously in the study of several different viral
FDs.9,33–35

SARS-CoV-2 is well established as being able to fuse
at both the plasma membrane15 and endosomal mem-
brane16 with the route taken thought to be due to the cell
type being infected and the presence of particular prote-
ases.36 For the majority of endocytosed enveloped viruses,
pH plays a major role in determining the site of viral
fusion; yet, the direct impact of pH on the fusion machin-
ery, specifically the function of the FD, is yet to be estab-
lished. The complete FD of SARS-CoV-2 has been shown
here to contain a clear pH dependency in order to initiate
membrane fusion (Figure 3). The biphasic nature of this
dependency points to a complex functional landscape of
the FD in the endocytic pathway, where fusion can be
initiated in the early endosome (pH 6.5–6.0) but may
more readily occur in the late endosome as the pH con-
tinues to decrease (�pH 5.0) (Figure 3b). A similar profile
has been witnessed previously for the internal fusion pep-
tide (IFP) of the avian sarcoma/leukosisvirus subtype A
virus.37 Here, the two-step process of fusion was attrib-
uted to the more complete transition from hemi-fusion to
full fusion at the lower pH, which is consistent with other
studies on the pH requirements for fusion.38 It is there-
fore reasonable to assume that this also occurs for the FD
of SARS-CoV-2 where an increasing number of complete
fusion events are witnessed as the environmental pH
decreases, although further experimentation is necessary
for this to be proven. Furthermore, a preference for
SARS-CoV-1 and SARS-CoV-2 to fuse in the late endo-
some (�pH 5.0) has also been shown in vivo.39,40 While
one hypothesis is that this may be due to the buildup of
cathepsin L and the subsequent cleavage of S2'; our data
suggests that this ability to fuse later in the endocytic
pathway could also be due to the increased fusogenicity
of the FD at decreasing pH.

Structurally, we witnessed very little change in sec-
ondary structure in the FD between pH 7.4 and pH 5.0,
with only a small elongation of helix 1 (L822-N824) appar-
ent. The FP (S816-G838) remains the primary region that
interacts with and perturbs the DPC micelle through a
helix-turn-helix motif, with the turn in the middle of this
motif being the deepest point embedded upon insertion.
Meanwhile, the FL (D839-F855) appears to interact
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superficially with the DPC micelle surface at both pH's.
Based on our structural data in combination with the
solved structure at pH 5.0 (PDB: 7MY8)14 and MD
simulations,41,42 we are proposing that slight changes to
the orientation of the FP alongside dynamic motions of
the FL on the surface of the lipid headgroups are respon-
sible for the drastic increase in functional activity of the
complete FD witnessed at low pH (Figure 5). In this
model at pH 5.0, the slight elongation of helix 1 sees a
minor change in the orientation of the helix-turn-helix
motif where the entire FP subsequently embeds deeper
within the membrane. Simultaneously, we believe the FL
becomes more dynamic and samples several orientations
atop the membrane at lower pH, with the wedge confor-
mation favored for membrane perturbation. Within this
wedge conformation, the FL has several interactions with
the FP14 and thus as the FP embeds deeper, the FL is also
drawn further into the membrane. This results in a much
greater local membrane perturbing effect, as it would
greatly impact the lipid packing in the immediate mem-
brane environment. This increased depth of insertion
throughout the complete FD within the lipid membrane
at lower pH is also corroborated by our PRE data with
5-DSA (Figure S3). MD simulations assessing the binding
of the complete SARS-CoV-2 FD to the endosomal mem-
brane identified the disulfide bonded FL as a potential
mechanical stabilizer, which served to further stabilize
the FP inside the membrane and increase the force
needed to remove it.41 This gives credence to our hypoth-
esis that the FL and FP work synergistically at low pH,
increasing their collective membrane perturbing effects
and associating more tightly with the membrane. Fur-
thermore, this idea that the FL could be dynamic is rein-
forced by cryo-EM data of the whole spike protein

carried out at a series of low pH's.16 Zhou et al., identified
the FL as a “pH switch,” which underwent large struc-
tural changes prior to receptor binding in the endocytic
pathway due solely to the decreasing pH. We believe the
FL may undergo similar dynamic motions while it is
associated with the endosomal membrane, with more
conformations sampled at increasingly lower pH's until
an appropriate orientation is found that allows for the
initiation of fusion.

Within SARS-CoV-1 the hydrophobic motif LLF in
the FP was shown to be integral to the regions capacity
to initiate fusion.12 This motif also appears to be critical
for fusion in SARS-CoV-2, at both pH 5.0 (Figure 4a) and
pH 7.0 (Figure S6), although the mechanistic details are
still unclear. LLF is found immediately before the deepest
embedded component of the complete FD, the turn
region. Hence, this hydrophobic motif may be integral
toward the correct orientation and subsequent insertion
of this region within the membrane. The FD of influenza
also contains a helix-turn-helix motif, although it is
inversed in comparison to that of SARS-CoV-2 FD, with
the turn the most shallow portion inserted in the mem-
brane.6,43 Crucial to the turn region within influenza are
two aromatic sidechains that flank either side.44 Within
the SARS-CoV-2 FD, F823 could be one such residue that
plays a similar integral role and alongside F833 at the
beginning of helix 2, could be responsible for ensuring
the turn region is correctly formed and embedded within
the membrane. The small gain of function witnessed in
F823W compared to that of F823A further strengthens this
argument (Figure 2d), while simultaneously pointing to a
necessity for phenylalanine at that position. A possible
explanation for the lack of function witnessed with the
F823Y mutant is that the hydroxyl group could form non-

FIGURE 5 Structural model of the FD at pH 7.4 (Opaque) and pH 5.0 (Full). The FP (Red) embeds in the membrane with a helix-turn-

helix conformation at both pH's; yet at pH 5.0, we see a slight elongation of helix 1 resulting in the turn region burying deeper into the

membrane. The FL (Green) interacts more superficially with the surface of the membrane and may display more dynamic motions at

different pH's. A wedge conformation, with the FL between the two helices of the FP, has been shown previously to exist at pH 5.0. As the

FP embeds deeper at low pH, it simultaneously draws the FL further into the lipid headgroups, leading to a greater membrane perturbing

effect
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native hydrogen bonds either within the FD or with the
lipid headgroups, which may then prevent the FD from
successfully initiating fusion. A similar proposal for the
importance of F823 and F833 was put forward based on
MD simulations prior to the full structural elucidation of
the complete FD.42 Within our model (Figure 5) the LLF
motif plays an integral role in the pH dependent rearran-
gement of helix 1, as it becomes encapsulated in the elon-
gated helix, which may be key to the increased
fusogenicity of the FD witnessed at low pH.

An interesting idea regarding the molecular mecha-
nism behind the initiation of membrane fusion is that
SARS-CoV-2 undergoes a variation on the six-helix bun-
dle that involves not just the FD but several domains in
perturbing the membrane.45 This would involve another
region downstream of the FD in the S2 subunit that has
also been identified as being able to initiate fusion and
perturb the membrane in isolation, known as the
IFP.23,35,46–48 The mechanism requires the FP to serve as
the primary anchor embedded within the target cell
membrane, which is then reinforced by more superficial
interactions between both the FL and IFL with the lipid
headgroup region; all of which have been proven to occur
experimentally.10,14,23 In a similar fashion, HR1 would
also perturb the lipid headgroup region of the target cell
membrane via insertion of its amphipathic helix, with
HR2 performing a similar role on the viral membrane. As
both HR regions perturb the membrane alongside the
complete FD and internal FL, the large energy barrier
associated with membrane fusion is significantly lowered.
Membrane fusion is then driven by the formation of the
6HB which physically forces the opposing membranes to
come into close proximity and ultimately coalesce.45

While this hypothesis is an enticing one and goes some
way to explaining the reason for several fusogenic regions
to exist within a single spike glycoprotein, more evidence
is needed to fully establish this as the mechanism for
SARS-CoV-2 membrane fusion.

In conclusion, the SARS-CoV-2 FD displays a remark-
able pH dependence to its activity suggesting a preference
to fuse at the late endosomal membrane. Structural infor-
mation at different pH's indicates that slight changes in
the orientation of the FP and dynamic motions of the FL
could have large functional significance on this pH
dependent mechanism for the initiation of membrane
fusion. Additionally, the LLF motif of the FP and the
internal disulfide bond of the FL have been shown to be
critical toward the fusogenecity of the complete FD at
both neutral and low pH. Here, we have provided further
insight into the molecular mechanism behind how the
SARS-CoV-2 virus initiates membrane fusion via its
structurally distinct FD.

4 | MATERIALS AND METHODS

4.1 | Expression and purification

The SARS-CoV-2 FD construct 816SFIEDLLFNKVTLA-
DAGFIKQYGDCLGDIAARDLICAQKF855 was designed
with an N-terminal 6x His-tag, followed by a small ubi-
quitin like-modifier tag from Saccharomyces cerevisiae
(SMT3 gene) to aid with solubility and expression.49 This
sequence was gathered from the SARS-CoV-2 spike pro-
tein with the UniProtKB accession number P0DTC2. Ni-
NTA affinity chromatography was employed and follow-
ing cleavage of both tags, the isolated FD was subjected
to a total of 12 L of dialysis buffer to ensure the correct
formation of the internal disulfide bond, with the pres-
ence of a pure monomer confirmed via gel filtration chro-
matography. The expression and purification of the
SARS-CoV-2 FD has been described in detail previ-
ously.10 All mutants in this study were purified in the
same manner as the wild type.

4.2 | NMR experiments

NMR spectra were acquired using a shigemi NMR tube
with a sample volume of �300 μl in 25 mM Sodium
Phosphate, 150 mM NaCl, pH 7.4 or pH 5.0 buffer with
90%H2O/10%D2O. All experiments were carried out on
the Bruker Ultrashield™ 600 MHz magnet with a CPTXI
600S3 H-C/N-D-05 Z Cryoprobe at a temperature of
23�C. Backbone assignment was performed following
HNCA, HN(CO)CA, HNCO, HN(CA)CO and HN(CA)CB
experiments using 20 or 25% nonuniform sampling. All
data was processed using the software NMRPipe and
NMRFAM-SPARKY via NMRBox.50–52 DPC was applied
as a membrane mimic at 100 mM, with accurate DPC
concentrations gathered via phosphorous NMR using the
Bruker Ascend 800 MHz magnet with a CPQCI 1H-
31P/13C/15 N/D Z-GRD Cryoprobe. Spin–lattice (T1),
spin–spin (T2) and heteronuclear NOE experiments were
carried out to determine the dynamic properties of the
FD at both pH 7.4 and pH 5.0. T1 and T2 data was pro-
cessed using the Bruker Topspin Dynamics Center, while
heteronuclear NOEs were processed via NMRFAM-
SPARKY. Paramagnetic relaxation enhancement (PRE)
experiments were performed for both 5-doxyl stearic acid
(5-DSA) (Avanti polar lipids, Alabaster, AL) and 16-DSA
(Sigma Aldrich, St Louis, MO), with the procedure and
data analysis described in detail previously.10 Data shown
here is using final concentrations of 2 mM for both PRE
probes and the error shown is propagated from the signal
to noise or standard error of the mean (SEM).
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4.3 | Preparation of large Unilamellar
vesicles (LUVs)

LUVs were produced by mixing specified amounts of
lipid stock solutions in glass test tubes. Chloroform was
removed via gentle vortexing while applying a continu-
ous stream of nitrogen and residual solvent was further
evaporated under vacuum overnight. The lipid film was
resuspended in 10 mM HEPES/MES/Sodium acetate
(HMA), 100 mM NaCl, pH 7.4 buffer and subjected to
10 freeze–thaw cycles between liquid nitrogen and a
42�C water bath. Finally, the liposomes were extruded
using a liposofast extrusion kit (Avestin™), a total of
21 times through two polycarbonate membranes with a
100 nm pore size. LUVs were either used immediately or
stored for a maximum of 72 hr at 4�C prior to use.

4.4 | Lipid mixing assay

The FRET based lipid mixing assay utilized here is well
established in the field to assess the fusogenicity of
viral FD's.8,9,35,53 All LUVs used in this study were
comprised of 75 mol% 16:0–18:1 POPC (1-palmitoyl-
2-oleoyl-glycero-3-phosphocholine) and 25 mol% 16:0–
18:1 POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
[10-rac-glycerol]). LUVs composed of these specified
lipids were mixed with vesicles of a similar composi-
tion, but with 1 mol% of the fluorescently labeled 18:1
Liss Rhod PE (1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-[lissamine rhodamine B sulfonyl]) and
18:1 NBD PE (1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-[7-nitro-2-1,3-benzoxadiazol-4-yl]) at a
ratio of 9:1 unlabeled: labeled. All lipids used in this
study were supplied by Avanti polar lipids (Alabaster,
AL). Experiments were conducted in a Corning Costar
black walled, clear bottom 96 well plates with excita-
tion and emission wavelengths at 460 nm and 538 nm,
respectively. To prevent spectral overlap from the
unwanted fluorophore a cut-off at 530 nm was present.
Volumes of 150 μl per well were employed, with 5 μM
FD and 100 μM LUVs (protein/lipid ratio of 0.05)
unless stated otherwise, with all conditions containing
at least four replicas (n ≥ 4). Both liposomes and FD
were suspended in 10 mM HMA, 100 mM NaCl, pH 7.4
prior to the experiment, with acidification to the
described pH controlled by addition of a specific
amount of 1 M HCl. Fluorescence was recorded using a
SpectraMax M5 microplate with all readings taken at
room temperature (�22�C). Percent lipid mixing was
calculated as IF�IBð Þ

I100�IBð Þ�100, where IF is fluorescence
intensity measured, IB is the background fluorescence,
and I100 is the 100% fluorescence intensity value gathered

after complete vesicle rupture following the addition of
1% Triton X-100. No fusion was witnessed when the FD
was incubated at pH 7.4 and thus this was used as the
baseline measurement for all experiments prior to
decreasing the pH. Controls containing no protein were
ran alongside all experimental conditions and subtracted
from the final values. Error was propagated from either
the standard deviation of the sample and the control
or SEM.

4.5 | Circular dichroism (CD)
spectroscopy

CD spectra were collected on a Jasco J810 Spectro-
Polarimeter using a quartz cuvette with a 2 mm path
length. All experiments were carried out at room temper-
ature (�22�C) in 1 mM HMA, 10 mM NaCl, 50 mM
DPC, pH 7.4 or pH 5.0 with a protein concentration of
�20 μM. Data was collected from 260 nm to 190 nm with
a step size of 1 nm at 50 nm/min and averaged over three
accumulations, with all smoothing carried out using the
program CDToolX.54
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