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A B S T R A C T

Viral spike proteins mutate frequently, but conserved features within these proteins often have functional
importance and can inform development of anti-viral therapies which circumvent the effects of viral sequence
mutations. Through analysis of large numbers of viral spike protein sequences from several viral families, we
found highly (>99%) conserved patterns within their intracellular domains. The patterns generally consist of one
or more basic amino acids (arginine or lysine) adjacent to a cysteine, many of which are known to undergo
acylation. These patterns were not enriched in cellular proteins in general. Molecular dynamics simulations show
direct electrostatic and hydrophobic interactions between these conserved residues in hemagglutinin (HA) from
in2uenza A and B and the phosphoinositide PIP2. Super-resolution microscopy shows nanoscale colocalization of
PIP2 and several of the same viral proteins. We propose the hypothesis that these conserved viral spike protein
features can interact with phosphoinositides such as PIP2.

1. Introduction

Viral spike protein sequences are known to mutate, sometimes
leading to inef<cacy of vaccines or drug resistance (Dharan et al., 2009;
Fujisaki et al., 2012; Korber et al., 2020a, 2020b; Obenauer et al., 2006;
Plante et al., 2020; Wainright et al., 1991). Because of their involvement
in viral binding and entry, spike protein ectodomains have been well
characterized (Belouzard et al., 2009; Brelot and Alizon, 2001; Colman
and Lawrence, 2003; Floyd et al., 2008; Hamilton et al., 2012; Hoffmann
et al., 2020a, 2020b; Ohuchi et al., 2002; Ou et al., 2020; Pabis et al.,
2020; Stahelin, 2014; Yang et al., 2004). However, intracellular portions
of spike proteins can interact with host cell components and other viral
components for traf<cking to appropriate locations for assembly and
budding (Ali et al., 2000; Barman et al., 2001; Jin et al., 1994, 1997;
McCown and Pekosz, 2005; Melikyan et al., 1997; Nayak et al., 2004).
Despite the typically small relative size of viral spike intracellular do-
mains (vSIDs), these domains can potentially be anti-viral drug targets.

Anti-viral drug designs which target conserved viral features are
highly desirable (Paules et al., 2018). The cytoplasmic tails of some

spike proteins have a cysteine-rich motif (Fig. 1). For example, the
10–11 amino acid intracellular domain of hemagglutinin (HA) from
in2uenza A virus (IAV) is known to contain three highly conserved
cysteines, C555 (technically within the transmembrane domain), C562,
and C565, which can be palmitoylated (Jin et al., 1996, 1997; Naim
et al., 1992) or sometimes stearoylated, and whose removal has been
shown to alter viral morphology and replication (Chlanda et al., 2017).
Site directed mutagenesis has shown that these cysteines are crucial for
budding and infectivity, particularly C565 (Chen et al., 2005; Sakai
et al., 2002; Wagner et al., 2005; Zurcher et al., 1994). Proper folding of
HA in the endoplasmic reticulum (ER) also requires palmitoylation
(Blanc et al., 2013). Mutating these <nal cysteines can inhibit HA fusion
activity (Chlanda et al., 2017; Naeve and Williams, 1990), alter viral
morphology (Jin et al., 1997), or impair release (Chen et al., 2005),
ultimately resulting in a non-infectious virus (Chen et al., 2005; Wagner
et al., 2005).

The endodomain of SARS-CoV-1 spike (S) contains 8 cysteines,
which are also found in the SARS-CoV-2 S endodomain; the SARS-CoV-2
S endodomain adds a 9th cysteine; these cysteines are acylated and
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important for entry (McBride and Machamer, 2010). Cysteines C1234
and C1235 in these coronaviruses must be palmitoylated for S to
mediate membrane fusion (Ujike et al., 2012). The severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) spike (S) protein also
catalyzes virus-cell and cell-cell fusion, which are crucial to infection
and pathogenesis (Belouzard et al., 2009; Bussani et al., 2020; Hoffmann
et al., 2020a; Oprinca and Muja, 2020; Ou et al., 2020; Tang et al., 2020;
Wang et al., 2020; Xia et al., 2020; Xu et al., 2020).

Acylated amino acids in close proximity to basic amino acids can
control protein interactions with membranes containing phosphoinosi-
tides (McLaughlin and Murray, 2005; McLaughlin et al., 2002). Phos-
phoinositide phosphates (PIPs) mediate a variety of intracellular
membrane-associated protein traf<c (Altan-Bonnet and Balla, 2012;
Balla, 2013; Balla et al., 2012a, b; Di Paolo and De Camilli, 2006; Levin
et al., 2017; O’Donnell, 2018; Rozelle et al., 2000). In general, cellular
transmembrane proteins are enriched in basic amino acids adjacent to
their transmembrane domains (TMDs), typically on the cytoplasmic side

(Sharpe et al., 2010). However, viral proteins and interactions with
phosphoinositides were not speci<cally analyzed in this context. Heo
et al. (2006) showed that host cell proteins with clusters of basic amino
acids and acylated residues could interact with phosphoinositides,
which mediated their traf<cking to the plasma membrane. We therefore
set out to test whether such amino acid patterns are found in viral intracel-
lular domains, to test whether such features are conserved in viral intracel-
lular domains, and to test whether they are able to interact with host cell
phosphoinositides. Considering that many viral proteins spontaneously
form multimers after expression in cells, the number of positive charges
found within a spike protein multimer is expected to be comparable to
the number found in many PIP-dependent cellular proteins with poly-
basic residues (Blin et al., 2008; Gambhir et al., 2004; Heo et al., 2006;
Lemmon, 2008; McLaughlin and Murray, 2005).

In addition to the conserved cysteines found in vSIDs, interactions
between PIPs and viral proteins have been described for human im-
munode<ciency virus (HIV) (Olety et al., 2015; Ono et al., 2004), Ebo-
lavirus (Gc et al., 2016; Johnson et al., 2016; Kang et al., 2020),
SARS-CoV-2 (Raut et al., 2022), and in2uenza virus (Curthoys et al.,
2019; Raut et al., 2022a, 2022b). PIPs play a role in IAV (Fujioka et al.,
2013; Hale et al., 2008; Nobs et al., 2016; O’Hanlon et al., 2019; Shin
et al., 2007; Zhu et al., 2014; Zhu et al., 2016), SARS-CoV-1 (Chan et al.,
2007; Tsoi et al., 2014), and SARS-CoV-2 infection (Bouhaddou et al.,
2020; Kang et al., 2020; Yuen et al., 2020). SARS patients showed
altered serum levels of PIPs many years after infection (Wu et al., 2017).
These interactions are either known or hypothesized to occur through
positively charged amino acids in the vSID and the negatively charged
phosphoinositide headgroup. In the case of HA, consensus sequences for
the vSID show cysteines and positive amino acids adjacent to one
another (Veit et al., 2013).

We therefore analyzed the degree to which viral spike proteins
contain a particular motif within their vSID: one or more basic amino
acids in close proximity to a potentially acylated cysteine, serine,
glycine, or hydrophobic amino acid. We abbreviate this generalized
feature as (C+/CX+), with the reverse of the features also being
included (i.e., +XC or + C). The amino acid sequences queried are
shown in Table 1. We chose to analyze a subset of viruses with particular
relevance to human health: in2uenza viruses A and B, with particular
attention to avian in2uenza virus strains, SARS-CoV-2 and other
β-coronaviruses, Ebolavirus, HIV1, RSV, and measles. While gag is not
technically a spike protein, it does have known interactions with anionic
lipid membranes, (Olety et al., 2015; Ono et al., 2004) and is thus of
interest. HIV1 envelope protein was also included as a comparison.

We used several approaches: sequence analysis to identify patterns
with putative phosphoinositide interaction, all-atom molecular dy-
namics to test for interactions between phosphoinositides and these
residues in viral proteins, and super-resolution microscopy to test for
nanoscale interactions between these proteins and phosphoinositides in
<xed cells.

2. Material and methods

Sequences were downloaded from the NCBI Virus database (National
Library of Medicine N.C.B.I, 1988). in FASTA format and imported into
MATLAB using the Bioinformatics Toolbox. Based on published

Fig. 1. Representative sequences of cytoplasmic tails (CTDs, green) and
transmembrane domains (TMDs, pink) of spike proteins from in2uenza A virus
HA, avian in2uenza A virus HA, in2uenza B virus HA, β -coronaviruses S, SARS-
CoV-2 S, Ebolavirus GP, HIV Env, RSV F, and Measles F. HIV Gag is shown as a
membrane-associated control.The boxed in region of interest (ROI, orange <ll
with blue outline) indicates the region of the sequence searched for
Table 1 patterns.

Table 1
Amino acid patterns searched.

Forward Sequence Reverse Sequence
Cysteine Patterns ’CR’ ’RC’

’CK’ ’KC’

’CLK’ KLC’

’CQK’ ’KQC’

’CIR’ ’RIC’

Serine Patterns ’SR’ ’RS’

All Other Patterns ’SMQR’, ’CFKIC’, ’KLH’, ’GR’, ’GAR’
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information about the cytoplasmic tails of the spike/fusion proteins for
these viruses (Cattin-Ortola et al., 2021; Dharan et al., 2009; Gc et al.,
2016; Lee and Saphire, 2009; McBride and Machamer, 2010; Ono et al.,
2004; Veit, 2012; Veit et al., 2013) the initial 20 aa or <nal 20–45 amino
acids (aa) were analyzed. For in2uenza A, avian in2uenza, and in2uenza
B viruses, suf<ciently large numbers of sequences were available within
the database to allow complete spike (S) protein sequences to be
analyzed exclusively. For SARS-CoV-2 sequences, S sequences at least
1260 aa in length were obtained, and the <nal 45 aa were analyzed. For
non-SARS-CoV-2 β-coronaviruses, S sequences at least 1300 aa in length
were obtained, and the <nal 30 amino acids were analyzed. For the
control HIV Gag, which is neither a spike nor a transmembrane protein,
all available sequences were obtained, and the <rst 20 aa of the sequence
(when complete) were analyzed. For Ebolavirus, envelope glycoprotein
(GP) sequences at least 600 aa in length were obtained, and the <nal 20
aa were analyzed. For HIV Env the <nal 21 aa were analyzed. For RSV,
the <nal 26 aa from fusion protein sequences were analyzed. For mea-
sles, the <nal 30 aa from fusion protein sequences were analyzed. Any
sequences containing missing or ambiguous amino acids were excluded
from further analysis. Tail sequences were then searched for the patterns
in Table 1. The histogram of location(s) for any patterns found, the
relative frequencies of patterns found, and the fraction of sequences
containing one or more of the pattern sequences were then calculated.

All Atom Molecular Dynamics. A system containing a solvated
membrane bilayer and a trimer of either in2uenza A HA or in2uenza B
HA was constructed using CHARMM GUI (Jo et al., 2007, 2008, 2009;
Lee et al., 2019; Park et al., 2021; Wu et al., 2014). The structure <le for
HA was obtained from Benton (RCSB 6HJR) (Benton et al., 2018).
PyMOL (Schrödinger Inc.) was used to add the cytoplasmic tail domain
(CTD) for either in2uenza A or in2uenza B to the structure <le as it just
contained the ectodomain and TMD. The CTD was modeled as an alpha
helix which was determined by using AlphaFold (Jumper et al., 2021).
We also removed the ectodomain to reduce the number of atoms in our
system to improve timings. This modi<ed pdb <le was then used to build
a bilayer using CHARMM GUI. The cysteines located in the CTD of both
In2uenza A and In2uenza B were palmitoylated in CHARMM GUI. The
protein was positioned such that the CTD was just beneath the cyto-
plasmic lea2et of the plasma membrane (PM) with the TMD inserted in
the PM. In the extracellular lea2et of the PM there are 100 cholesterol,
84 DSM, 90 DOPC, and 10 DOPE. The cytoplasmic lea2et contains the
following lipids (CHARMM GUI notation): 100 cholesterol, 42 DSM, 45
DOPC, 40 DOPE, 10 DOPS, and 24 SAPI. Na+ and Cl− ions were used to
neutralize the systems and create a NaCl concentration of 150 mM. The
CHARMM36m force<eld was used and water is modeled with TIP3. The
pressure and temperature for equilibration of the systems is 1 atm and
310 K.

Creation of Expression vector for Dendra2-tagged In%uenza B
HA. The expression vector for HA (In2uenza B/Victoria/504/2000) was
constructed to fuse the HA with Dendra2 at the N-terminal of the HA
(Dendra2-HA) using previously published methods (Curthoys et al.,
2019; Gurskaya et al., 2006). The DNA for HA In2uenza B (codon
optimized) was purchased from Sino Biological (Wayne, PA).

Super-Resolution Microscopy. To further test the hypothesis that
viral spike proteins can interact with host cell phosphoinositides, we
used localization-based super-resolution microscopy (FPALM) (Hess
et al., 2006) to visualize spatial distributions of viral proteins and
phosphoinositides.

NIH3T3 <broblast cells were cultured as described in Gudheti et al.
(2013); Gudheti et al. (2013). Cells were transfected using lipofectamine
3000 (Invitrogen) with constructs Dendra2-HA and PAmKate-PH.
Transfection proceeded at 37 ◦C/5% CO2 for 36–44 h in 35 mm Mat-
Tek dishes (35 mm, coverglass diameter 20 mm). Images were <xed
using 4% PFA in PBS at room temperature.

Two-color super-resolution imaging and localization follow previ-
ously published methods (Curthoys et al., 2019; Gunewardene et al.,
2011; Hess et al., 2006). A convex lens (f = +350 mm, Newport

Corporation) was used to focus a 558 nm laser (CrystalLaser LC,
CL558-100) and a 405 nm laser (FBB-405-050-FSFS-100; RGBlase LLC,
Fremont, CA) into the back of an inverted microscope (IX71, Olympus)
and directed through a 50 x 1.45 NA oil TIRF objective lens (Olympus).
Powers of ~17 mW and ~9.5 μW were used for the 558 nm laser and
405 nm laser respectively, with average intensities of 4.4 kW/cm2 and
0.0025 kW/cm2. Fluorescence emission from activated probes was
captured through the same objective, passed through a quad band
dichroic (Di01R 405/488/561/635 nm, Semrock) and a series of notch
<lters at wavelengths 561 nm (x2) and 405 nm (Stopline, Semrock).
Emissions then passed through a 2x telescope (lenses of f = +200 mm
and f = +400 mm, Newport Corporation) and were split by a dichroic
(FF580-FDi01, Semrock) angled at 34◦ to achieve a cutoff wavelength of
~600 nm. This split the light into two channels, which were <ltered by
bandpass <lters (ET585/40m, Chroma) and (ET605/70m, Chroma) for
the green and red channels respectively. This optical path resulted in a
measured camera pixel size equivalent to 119 nm at the sample. For each
acquired ROI, image stacks of 10,000 frames were captured using an
EMCCD (iXon + DU897DCS-BV, Andor Scienti<c) with an EM gain of
200 and exposure time of 0.0303 s per frame. Standard localization
methods via MATLAB (Mathworks Inc.) were utilized. This included
temporal median background subtraction (Piccardi, 2004), intensity
based localization thresholding, 2D Gaussian <tting, <t tolerancing, and
rendering (Curthoys et al., 2019; Gudheti et al., 2013).

Clusters of PIP2 and HA from in2uenza B virus were identi<ed using
a grid-based density plot as previously described (Curthoys et al., 2019).
Grids were binned into 10 nm × 10 nm pixels over the range of the
image. Clusters were determined using a 4x density threshold relative to
cell average. Clusters were required to have a minimum of 10 identi<ed
molecules to <lter out false clusters. A radial distribution function (RDF)
which plotted the distribution of Dendra2-HA molecules radially from
the center of mass of each cluster was generated from the average RDFs
across clusters and cells in a given dataset. Similarly, the distribution of
PAmKate-PH molecules around the centers of Dendra2-HA clusters were
plotted with bleed-through correction to measure colocalization be-
tween the species.

3. Results

Examples of viral sequences for each type are shown in Fig. 1. The
fraction of viral sequences containing the searched patterns is shown in
Table 2. Most of the viral sequences showed one or more patterns
frequently.

A high frequency of CR, RC, RIC, and CQK sequences were found in
IAVs (Figs. 2 and 3). However, avian IAV strains have virtually no CQK
sequences, and a higher fraction of sequences with CR than in IAV
generally. In contrast, in2uenza B virus strains have SR in virtually all of
their vSIDs. HIV Gag had a majority of sequences with GAR and GR,
which was uncommon among other strains we have analyzed.

Table 2
Fraction of sequences containing C+/CX+.
Virus (Protein) Matching

Sequences
Total
Sequences

Percent
Matching

In2uenza A virus (HA) 91227 91346 99.87
Avian in2uenza A virus (HA) 13769 13784 99.89
In2uenza B virus (HA) 18189 18245 99.69
HIV (Gag) 4306 4402 97.819
β-coronaviruses (S) not
including SARS-CoV-2

669 669 100.00

SARS-CoV-2 (S) 899392 899392 100.00
Ebolavirus (GP) 166 166 100.00
HIV (Env) 1818 5517 32.95
RSV (F) 10135 10211 99.26
Measles morbillivirus (F) 961 976 98.46
Uniprot (Non-Viral) 134447 563201 23.87
Random 20mers 285537 1000000 28.55
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Coronaviruses, in contrast, incorporate cysteines together with lysines
more frequently than arginines; SARS-CoV-2 contains CK and CLK but
not CR, RC, or any other of our combinations containing R. Furthermore,
SARS-CoV-2 contains KLH with a very high frequency, in contrast to all
of the other strains presented here. Ebolavirus, on the other hand, shows
purely CK, and none of the other sequences. HIV Env shows CR in the
position highlighted in Fig. 1 in about ~30% of searched sequences,
however other sequences show the C replaced by F, G, W, or other amino
acid in the same position.

We also quanti<ed the frequencies of motifs observed in random
amino acid sequences, using the published overall rates of amino acids
within human proteins (Shemesh et al., 2010). The frequencies of these
motifs were spatially uniform (data not shown); the overall frequencies
of the motifs can be compared to the other groups (Fig. 3).

As a control, representative viral spike tail sequences from in2uenza
A HA (Q71C80), in2uenza B HA (P03460), HIV Gag (P12493), HA from

avian IAV (P03452), Ebola (Q05320), Zika (Q32ZE1), β-Coronavirus
(K9N5Q8), and SARS-CoV-2 (P0DTC2) were analyzed with Multiple
Expectation maximizations for Motif Elicitation (MEME) (Bailey et al.,
2015). Individual motifs were then submitted to a Tomtom (Gupta et al.,
2007) search using the PROSITE and ELM2018 databases. No matches
were found for any motif in the databases - the lowest E-value found was
0.11. A random representative sample of all of the viral tail sequences
was then combined into a single <le and submitted to MEME. No motifs
were identi<ed. Single tail sequences from each virus were then sub-
mitted to an InterPro search. Although viral sequences were identi<ed as
viral in origin, none matched any other known domains.

To further investigate patterns surrounding cysteine near the TMD/
CTD junction, amino acids ±3 spaces from the <rst C in the tail were
analyzed from HA from in2uenza A virus, HA from avian strains of
in2uenza A virus, HA from in2uenza B virus, Env from HIV, S from
β-coronaviruses not including SARS-CoV-2, S from SARS-CoV-2, GP from

Fig. 2. Frequency distribution of sequence elements as a function of position within the amino acid sequence. The frequency of virus vSID sequences containing each
motif is shown as a function of sequence position (higher numbers are toward the carboxy terminal) for (A) HA from in2uenza A virus, (B) HA from avian strains of
in2uenza A virus, (C) HA from in2uenza B virus, (D) Gag from HIV, (E) S from β-coronaviruses not including SARS-CoV-2, (F) S from SARS-CoV-2, (G) GP from
Ebolavirus, (H) Env from HIV, (I) F from RSV, (J) F from measles, and (K) the <nal 20 amino acids of proteins within the Uniprot database, each normalized by the
total number of sequences. For in2uenza viruses, RSV, and measles, the approximate location of the junction between transmembrane domain and cytoplasmic tail
domain is indicated with a green line. For in2uenza, coronaviruses, HIV Env, RSV, measles, and Ebola strains, the <nal (C-terminal) 20–40 amino acids were
quanti<ed, respectively (larger values are C-terminal). For HIV Gag the N-terminal 20 amino acids were quanti<ed (1 is the N terminus of the sequence). The pseudo
color logarithmic scale shows the relative frequency of sequences (in percent) and the numerical value to the right of the color bar indicates the log10 of the per-
centage of sequences.
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Ebolavirus, F from RSV, and F from measles. The positions of the <rst
cysteine in the tails of each of the sequences was obtained from Veit
(2012). If a C was found in the exact position, the amino acid neighbors
were counted. If not, that sequence was skipped. The total count for each
amino acid at each position was then normalized by the expected amino
acid distribution from Shemesh et al. (2010); Shemesh et al. (2010). The
results are shown in Fig. 4. As a control, non-viral Uniprot sequences
were searched with the same methodology, and the results in Fig. 4J
show an expected average distribution. This analysis con<rms the
C+/CX + patterns that were searched for from Table 1 and highlights
some other patterns such as CN in measles (Fig. 4I). Sequence logos were
also created using the Bioinformatics Toolbox in MATLAB (Mathworks
Inc.) and are shown below each panel of the corresponding protein in
Fig. 4. These logos were created directly from the sequence data (only
sequences with C in the exact position searched for) and are not
normalized by expected amino acid distribution.

Molecular Dynamics (MD) Simulations. All-atom MD simulations
were conducted so that any interaction between in2uenza HA and
phosphoinositides could be observed at the molecular level and the
mechanism of interaction tested. Two MD simulations were progressed
to 1 μs containing either HA from IAV (HAA) in a mammalian PM
membrane or HA from in2uenza B (HAB) in a mammalian PM mem-
brane. Both systems were minimized and equilibrated accordingly. The
amount of PIP2 in the cytoplasmic lea2et was increased so that there can
be a chance of HA and PIP2 interacting within the simulated timescale.
The interactions were quanti<ed through RDF calculations using the
arginines in the CTD of HA and the phosphates in the PIP2 headgroup.

Both HAA and HAB have a spike within 1 nm showing an increase of PIP2
density close to the CTD of HA. HAB has a much higher peak than HAA.
Both RDFs decrease after 1 nm and slowly approach 1 for r > 1 nm. The
results are shown in Fig. 5.

Super-Resolution Microscopy. To further test the hypothesis that
viral spike proteins can interact with phosphoinositides, we followed up
on our published <ndings showing interaction between in2uenza A HA
and PIP2 (Curthoys et al., 2019) and SARS-CoV2 spike and PIP2 (Raut
et al., 2022b). Fig. 6 shows super-resolution imaging of in2uenza B spike
protein tagged with photoconvertible 2uorescent protein Dendra2
(HAB-Dendra2) alongside the PH-PAmKate, the pleckstrin homology
PIP2-binding domain tagged with a PAmKate label (Curthoys et al.,
2019) compatible with super-resolution microscopy (Gunewardene
et al., 2011). Colocalization patterns of Dendra2-HAB and PAmKate-PH
are observed (Fig. 6) and quanti<ed using the radial distribution func-
tion (RDF) (see methods). Compared to HA from in2uenza A (HAA), the
in2uenza B HA (HAB) appears to form denser, more compact clusters as
quanti<ed by the width and height of the peak in the RDF (Fig. 6B)
compared with similar analysis for HAA in (Curthoys et al., 2019).
Bleed-through corrected data (10% bleed-through used for each chan-
nel) supports the visual observation of PIP2 clustering around this
protein with density peaking around 100 nm from the center of the HA
clusters and persisting for around 500 nm.

4. Discussion

Acylation of viral proteins is fairly common (Gadalla et al., 2020;

Fig. 3. Frequency histograms of sequence motifs as a function of virus type. The percentage of virus vSID sequences containing each motif is shown in (A) HA from
in2uenza A virus, (B) HA from avian strains of in2uenza A virus, (C) HA from in2uenza B virus, (D) Gag from HIV, (E) S from β-coronaviruses not including SARS-CoV-
2, (F) S from SARS-CoV-2, (G) GP from Ebolavirus, (H) Env from HIV, (I) F from RSV, and (J) F from Measles, (K) the <nal 20 amino acids of proteins within the
Uniprot database, (L) randomly generated 20mers using the overall frequency of amino acids in human proteins, each normalized by the total number of patterns
found for the given virus. The total number of matches and the total number of sequences analyzed for the given virus type are shown in Table 2.
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Gadalla and Veit, 2020; Ito et al., 2001) and in some cases conserved
(Veit et al., 2013), but the role played by acylation in the viral life cycle
is not always clear. In2uenza HA and SARS-CoV-1 S are acylated at
highly-conserved cysteines (McBride and Machamer, 2010; Veit et al.,
2013). Myristoylation of HIV-Gag is required for production of infec-
tious particles (Furuishi et al., 1997), and the saturation of the PIP acyl
chains mediates the interaction with Gag (Olety et al., 2015). Traf<cking
of host cell proteins to the plasma membrane is mediated by polybasic
amino acids and acylation through interaction with phosphoinositides,
speci<cally PIP2 (Heo et al., 2006). In a number of viral spike proteins,
we <nd conservation of certain motifs which combine basic amino acids
and cysteines or serines. The high level of conservation suggests these
motifs are key in viral functioning.

A number of viral proteins interact with phosphoinositides. HIV Gag
is known to interact with PIP2 (Olety et al., 2015; Ono et al., 2004), and
the Ebola VP40 interacts directly with PIP2 (Gc et al., 2016). In2uenza
HA and SARS-CoV-2 S both interact with PIP2 (Curthoys et al., 2019;
Raut et al., 2022, 2022a), and in2uenza virus M1 assembly with HA is
mediated by PIP2 (Raut et al., 2022a). We hypothesize that this

interaction occurs between PIP2 and the HA CTD in the case of in2u-
enza, and between PIP2 and the S endodomain in the case of
SARS-CoV-2. Experimental data from our study show that multiple viral
spike proteins interact with PIP2: HA from IAV (Curthoys et al., 2019),
SARS-CoV-2 Spike (Raut et al., 2022b), and HA from in2uenza B virus
(Fig. 6), supporting this hypothesis. All-atom MD simulations show
direct interaction between arginines in the HA CTD and phosphate
groups in the PIP2 head group, also supported/stabilized by acylated
cysteines in the in2uenza A HA CTD (Fig. 5A–B) and in the in2uenza B
HA CTD (Fig. 5C–D), resulting in a net enrichment of PIP2 near HA
(Figs. 5 and 6). The relative generality of this <nding is to some extent
demonstrated by the experimental and molecular dynamics evidence
shown in multiple viral spike proteins by multiple methods.

The vast majority of viral spike proteins analyzed contain at least one
of the C+/CX + sequence elements; strikingly, more than 99% of all
in2uenza virus, coronavirus, Ebolavirus, and RSV strains contained one
or more of these elements (Figs. 2 and 3; Table 2). Measles virus strains
contain C+/CX+ in more than 98% of searched sequences. While HIV
Gag sequences preferentially contain the GAR pattern at the N-terminus

Fig. 4. Frequency histograms of amino acid neighbors to the <rst cysteine in the CTD as a function of virus type. The red line at the 0 position on each histogram
shows the position of Cys, and the spacing searched was up to 3 away from Cys in both directions. The amino acids on the y-axis are organized by properties, with
roughly polar amino acids towards the top and non-polar towards the bottom. The sequences analyzed were from (A) HA from in2uenza A virus, (B) HA from avian
strains of in2uenza A virus, (C) HA from in2uenza B virus, (D) S from β-coronaviruses not including SARS-CoV-2, (E) S from SARS-CoV-2, (F) GP from Ebolavirus, (G)
Env from HIV, (H) F from RSV, (I) F from measles, (J) the Cys at position 3 into the <nal 20 amino acids of proteins within the Uniprot database. The pseudocolor
logarithmic scale shows the relative frequency of amino acids normalized by expected distribution (Shemesh et al., 2010) in percent, and the numerical value to the
right of the color bar indicates the log10 of the percentage of sequences. Sequence logos (not normalized by expected distribution) are shown below each panel. Note
this analysis includes only the <rst cysteine in the CTD, although other CTD cysteines do sometimes contain similar patterns.
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of gag, it is known that this glycine is myrisytoylated (Pal et al., 1990),
and that the arginine interacts with PIP2 (Olety et al., 2015; Ono et al.,
2004), thus recapitulating the overall pattern of an acylated residue
close to a PIP-interacting basic residue. Interestingly, gag preferentially
interacts with PIP2 containing unsaturated lipid tails (Olety et al.,
2015). In HIV Env, these sequences are not as highly conserved. While
about 64% of sequences contain a CR or GR pattern, both of which are
commonly acylated, the rest of the sequences contain Phe or Trp. While
Trp can sometimes be acylated (Hu et al., 2022), neither Phe or Trp are
commonly acylated, and thus may not represent substitutes for C or G.

We do not know why 36% of the HIV Env sequences do not contain the
expected patterns. In contrast, the Uniprot database, which includes
many cellular proteins, showed a much lower frequency of the motifs
(23.87%). Furthermore, 100% of β-coronavirus, SARS-CoV-2, and Ebo-
lavirus sequences showed at least one of the motifs. Considering the
large number of SARS-CoV-2 sequences analyzed (more than 899,000),
this is a remarkable level of conservation. The avian IAV strains show a
similar distribution of the sequences compared to all IAV.

In contrast, the in2uenza B virus strains all have the SR motif
(99.693%), or do not contain any of the C+/CX + elements (0.307%).

Fig. 5. (A) Snapshot of an all-atom MD simulation of IAV HA (HAA) interacting with PIP2 in a solvated membrane bilayer (other lipids not shown). The HA-CTD is
colored cyan and the HA-TMD is colored gray. (B) Zoomed in view of the interactions showing the phosphates in the head group of PIP2 interacting with the two
arginines located in the CTD of IAV HA. The dashed lines represent the distances between the two phosphates in the PIP2 headgroup and the CZ atom on Arg-557 and
Arg-561. (C) Snapshot of an all-atom MD simulation of HA from In2uenza B (HAB) interacting with PIP2. The CTD is colored cyan and the TMD is colored gray. (D)
Zoomed in view showing the headgroup of PIP2 interacting with the arginine in the CTD of HAB. The dashed line shows the distance between a phosphate on the
headgroup of PIP2 and the CZ atom of Arg-576. (E–F) RDF measurements between the Arg and the headgroups of PIP2 for both HAA and HAB.
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While this result is somewhat unexpected since cysteines are commonly
acylated (Blanc et al., 2013; Li et al., 2022; Linder and Deschenes, 2007),
serines may also be acylated (Doubravska et al., 2011; Fu and Xiang,
2015; Port and Basler, 2010; Takada et al., 2006). Fig. 5C–D demon-
strates that In2uenza B HA (HAB) does interact with PIP2, even in the
absence of palmitoylation. Based on results for HA from in2uenza A, the
palmitoylation contributes to the interaction (Fig. 5A and B). Thus, if the
Ser in the SR motif is acylated, this would be expected to further
strengthen the interaction between PIP2 and HAB.

Comparison of the observed frequency of no matching motif in
random 20mers (71.44%) and Uniprot database sequences (76.13%)
shows somewhat lower motif frequencies in actual proteins than in
random sequences. The observed frequencies of SR (8.44%) and RS
(8.44%) are higher than CR (2.47%) and RC (2.45%) in the random
20mers (Fig. 3J). This relative pattern is reproduced qualitatively in the
analysis of Uniprot sequences SR (7.24%) and RS (7.49%), which are
again higher than CR (1.85%) and RC (1.49%). However, the overall
frequency of motifs is somewhat higher in the random 20mers, and the
sequence order seems to play a role in motif frequencies in the Uniprot
and viral sequences, where in the random sequences it does not, as

expected. One explanation for the differences in CR vs RC observed in
many sequence types (Fig. 3) is the potential for af<nity for membranes
when the cysteine is acylated; the order of residues might be biased by
the location of transmembrane (hydrophobic) and hydrophilic residues
relative to any given cysteine, on average. For example, if the Cys is close
to the transmembrane domain (TMD)-CTD junction, placing the Arg N
terminal to the Cys could, in some circumstances, force the Arg side
chain to reside within the bilayer, an energetically unfavorable situa-
tion. Perhaps some of the bias of Cys-Arg over Arg-Cys comes from this
possibility. However, the observed frequencies of RC vs CR and KC vs CK
do not show this preference in general (Fig. 3).

The differences in SR/RS compared to CR/RC motif frequencies in
random 20mers is likely due to the higher overall frequency of Ser
compared to Cys in human proteins. This pattern is also observed in the
Uniprot sequences. However, the SR/RS frequencies are in general quite
low except in in2uenza B viruses, again suggesting that overall amino
acid frequencies do not explain these patterns.

Are these conserved motifs also generally used for interaction with
PIP2 or other phosphoinositides? We hypothesize that the high level of
conservation of C+/CX + elements within a wide variety of viral spike

Fig. 6. (A) Representative image of Dendra2-HA (green) from in2uenza B virus and PAmKate-PH (magenta) in <xed NIH-3T3 cell captured using TIRF-FPALM.
Colocalized regions can be seen in white. Co-clustering can be seen along the right edge of the cell. (B) Density around HA clusters is quanti<ed for HA (green)
and for PAmKate-PH (red) as averaged over 42 cells collected from three replicates. Average density of HA clusters is seen to be ~17x the cell average at the center
and maintains a density greater than 4x the cell average until 80 ± 10 nm. PAmKate-PH can be seen to co-cluster with Dendra2-HA with highest density ~100 nm
from the center of the cluster.
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intracellular domains (vSIDs) suggests a function for these domains, and
that their purpose is to enhance membrane association of the vSID, and
interact with phosphoinositides through electrostatic and hydrophobic
interactions. One possible connection to infection is through viral as-
sembly, whereby interactions between viral membrane proteins and
phosphoinositides could mediate traf<cking of viral proteins to the as-
sembly site(s). Furthermore, the particles which assemble, bud, and are
released must contain the proper distribution of viral membrane pro-
teins in order to achieve binding to and entry into a subsequent host cell.
Interactions between the viral membrane proteins and phosphoinosi-
tides during assembly are likely to modulate the spatial arrangement
and membrane properties of subsequently released particles. Since high-
density clustering of viral spike proteins has been previously related to
binding and entry through membrane fusion (Chen et al., 2020; Ellens
et al., 1990a; Takeda et al., 2003; Zhang et al., 2020), we suggest that
the C+/CX + elements could play a role in the clustering of viral
membrane proteins and therefore their ability to enable binding and
entry, and their co-clustering with other viral components for assembly.
We hypothesize that these elements are conserved because they are
involved in these aspects of the viral life cycle. Future work will need to
test these hypotheses more thoroughly and explore their generality.

Several alternate hypotheses could also explain the observed con-
servation of these sequence elements. The sequences could relate to
acyltransferase function. One known sequence for palmitoyl acyl-
transferases is the DHHC motif (Ohno et al., 2006; Woodley and Collins,
2021). It is known that HA from in2uenza A virus can be acylated by
several ZDHHCs, but not HA from in2uenza B or C (Gadalla et al., 2020).
While this could help explain the remarkable conservation of the cys-
teines in the HA CTD (Veit et al., 2013), it is not clear how a nearby basic
residue would be involved, or why they would be conserved. Nonethe-
less, these enzymes may serve as promising anti-viral drug targets
(Gadalla and Veit, 2020).

The CaaX sequence is also known to encode post-translational
modi<cation of proteins with geranyl-geranyl or farnesyl groups,
among a number of others, and also to encode C-terminal cleavage of the
protein after the Cys (Krishnankutty et al., 2009). However, the features
observed here (Table 1) do not <t this pattern in general, and searching
of the viral sequences for 22 CXXX motifs presented in the literature
(Berger et al., 2022) yielded only a single hit 1/91346 in2uenza a se-
quences, zero for all other viral sequences, and 753/563201 positive
results for uniprot non-viral sequences. Similarly for the sequence
CKQQ, which is also involved in post-translational modi<cation of
proteins (Berger et al., 2022), we found zero instances within viral se-
quences examined, but 47 instances within the Uniprot non-viral se-
quences. Searches for a variety of protein sequence motifs using MEME
and Tomtom did not <nd any matches (based on E-value<0.1) to these
or related motifs within the viral protein sequences examined.

The motifs could direct the structure and the architecture of the
cytoplasmic tails. This hypothesis is certainly reasonable and could be
true at the same time that the motifs also mediate phosphoinositide
interactions. In fact, the presence of a phosphoinositide interacting with
the HA CTD seems to elicit a speci<c structure of the CTD (Fig. 5). It
would be very interesting to do MD simulations of several other viral
membrane proteins containing this motif to test for and compare their
interactions with phosphoinositides.

The motifs could control interactions with other viral mem-
brane proteins in viral assembly. It has been hypothesized that the
palmitoylated cysteines in the HA CTD mediate HA-HA clustering and
interactions between HA, NA and M1, although this issue remains
somewhat controversial (Chen et al., 2005; Chlanda et al., 2017; Jin
et al., 1994, 1997; Veit et al., 2013). The cysteines in the HA CTD are
certainly important for several aspects of the in2uenza virus life cycle;
mutation of the <nal HA CTD cysteine inhibits growth of the virus
(Chlanda et al., 2017). Yet, the role of the basic amino acid(s) nearby has
not been extensively investigated. Also, it is worth pointing out that in
HA sequences, the positive amino acid is found either directly prior to or

directly after one of the CTD cysteines or serines, suggesting that the
sequence order does not matter. This particular observation eliminates
certain sequence-dependent kinds of interactions. We therefore argue
that the hypothesis that basic amino acids work together with acylated
cysteines in a non-speci<c electrostatic + hydrophobic interaction with
PIP2 is a distinct and useful hypothesis for further investigation.

To test whether PIP2 can interact with HA and M1, we used super-
resolution microscopy and found that it does (Curthoys et al., 2019;
Raut et al., 2022a). We also tested whether HA-M1 interactions were
dependent on PIP2 and found that they are (Raut et al., 2022a). Com-
pounds which modulated PIP2 within the plasma membrane were also
found to modulate in2uenza A virus infectivity (Raut et al., 2022b).
These experimental results already demonstrate a role for certain
phosphoinositides in in2uenza virus assembly. The <ndings that HA
from in2uenza B (Fig. 6) and SARS-CoV-2 S colocalize with PIP2 (Raut
et al., 2022) are consistent with the hypothesis that phosphoinositides
could interact with a wide variety of viral membrane proteins.

In normal cells, PIP2 can medate traf<cking of proteins with poly-
basic residues and acylated cysteines to the plasma membrane (Heo
et al., 2006). We propose that viruses may use these sequence motifs to
“hijack” phosphoinositide-dependent host cell functions to enable or
enhance infection. Further work is needed to clarify the roles these
sequence motifs might play in the viral life cycle. Considering that
high-density membrane clustering of HA is needed for viral entry
through HA-dependent membrane fusion (Ellens et al., 1990b; Takeda
et al., 2003) and HA cluster density is dependent on PIP2 (Curthoys
et al., 2019; Raut et al., 2022a, 2022b), there could be a link between HA
clustering, PIP2, and viral entry, but this has yet to be tested. An exciting
recent study shows PIP2 can catalyze vesicle fusion (Ali Moussa et al.,
2024), but the connection to viral membrane fusion remains unknown.
Palmitoylation of the cysteine residues in the spike protein for both
SARS-CoV-1 and SARS-CoV-2 is essential for membrane fusion activity
(Ujike et al., 2012; Wu et al., 2021). Considering all SARS-CoV-2 se-
quences searched contain a Cys motif in the same position suggests there
could be a link between the conserved sequences and palmitoylation,
and thus spike-catalyzed membrane fusion, on which SARS-CoV-1 and
SARS-CoV-2 depend for entry. Again, these ideas need to be further
tested. Because of the numerous signaling pathways and cellular func-
tions that PIP2 modulates, there are many ways in which PIP2 could
affect viral entry, replication, assembly, and budding. If identi<ed, such
involvement could be investigated to identify new anti-viral targets.

Conclusions. We analyzed viral spike proteins from a number of
viral families and found that they contain highly conserved sequence
features in their cytoplasmic tails, typically consisting of one or more
basic amino acids in proximity to one or more cysteines. We hypothe-
sized that these basic amino acids, together with the cysteines, when
acylated, could interact with phosphoinositides as many cellular pro-
teins are known to do. Using molecular dynamics simulations, we show
that in HA from in2uenza A and B, these features do interact directly
with PIP2 through a combination of electrostatic interactions and as-
sociation of the acylated cysteines with the PIP2 tails. Experimental
evidence from super-resolution microscopy veri<es that several of these
same spike proteins colocalize with PIP2 at the nanoscale. Taken
together, these results are suggestive of a mechanism of interaction
between viral spike proteins and host cell phosphoinositides. Further
work is needed to test the generality of this proposed mechanism.
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