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Abstract

In recent years, it has been shown that the liquid-liquid phase separation
(LLPS) of virus proteins plays a crucial role in their life cycle. It promotes the
formation of viral replication organelles, concentrating viral components for
efficient replication and facilitates the assembly of viral particles. LLPS has
emerged as a crucial process in the replication and assembly of herpes simplex
virus-1 (HSV-1). Recent studies have identified several HSV-1 proteins
involved in LLPS, including the myristylated tegument protein UL11 and
infected cell protein 4; however, a complete proteome-level understanding of
the LLPS-prone HSV-1 proteins is not available. We provide a comprehensive
analysis of the HSV-1 proteome and explore the potential of its proteins to
undergo LLPS. By integrating sequence analysis, prediction algorithms and an
array of tools and servers, we identified 10 HSV-1 proteins that exhibit high
LLPS potential. By analysing the amino acid sequences of the LLPS-prone
proteins, we identified specific sequence motifs and enriched amino acid
residues commonly found in LLPS-prone regions. Our findings reveal a diverse
range of LLPS-prone proteins within the HSV-1, which are involved in critical
viral processes such as replication, transcriptional regulation and assembly of
viral particles. This suggests that LLPS might play a crucial role in facilitating
the formation of specialized viral replication compartments and the assembly
of HSV-1 virion. The identification of LLPS-prone proteins in HSV-1 opens up
new avenues for understanding the molecular mechanisms underlying viral
pathogenesis. Our work provides valuable insights into the LLPS landscape of
HSV-1, highlighting potential targets for further experimental validation and
enhancing our understanding of viral replication and pathogenesis.
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1 | INTRODUCTION

Herpes simplex virus-1 (HSV-1) is a highly pathogenic
double-stranded DNA virus that infects humans
worldwide. It is responsible for wvarious clinical
manifestations, including oral and genital herpes,
encephalitis and ocular infections. The structure of
HSV-1 comprises four distinct components: a core
containing DNA, an icosahedral capsid that encases the
genetic material, a surrounding layer around the capsid
known as the tegument and an outer envelope
enclosing the entire assembly, within which the viral
glycoproteins are embedded."* The 152kb HSV-1
genome contains ~80 open reading frames (ORFs) that
encode proteins involved in various stages of the viral
life cycle.” These genes are classified into three classes:
immediate-early (IE), early (E) and late (L).* The IE
proteins are the first viral proteins synthesized follow-
ing viral infection and play critical roles in initiating
viral gene expression and modulating host cellular
processes. IE protein ICPO is an E3 ubiquitin ligase and
targets host factors involved in antiviral responses and
chromatin remodelling for degradation, enabling effi-
cient viral replication and immune evasion.” The E
proteins are synthesized after IE proteins and primarily
function in viral DNA replication, transcriptional
regulation and modulation of host responses. The E
protein ICP8, a major HSV single-strand DNA-binding
protein, is essential for viral DNA replication.® It has
been found to interact with multiple viral and host
factors involved in DNA synthesis and repair processes.
The L proteins are synthesized during the late phase of
viral replication and are predominantly structural
proteins involved in virion assembly and maturation.
A significant focus of recent research has been on
deciphering the intricate interactions and regulatory
networks between IE, E and L proteins and host factors.
HSV-1 proteins interact with host factors, influencing
viral pathogenesis and immune responses.” °
Intrinsically disordered proteins (IDPs) and their
associated intrinsically disordered regions (IDRs)
lack a fixed, stable structure. Instead, they exist as
an ensemble and comprise a dynamic collection of
conformations that fluctuate over time and among
different populations.'’™*®> An IDR is defined as a
region containing a continuous set of at least 30
disordered amino acid residues.'’'*'> A protein is
considered an IDP if it contains at least one IDR."
Liquid-liquid phase separation (LLPS) of proteins is a
fascinating phenomenon observed in cells, where
certain proteins undergo self-assembly to form liquid-
like compartments. This process plays a crucial role
in cellular organization, as these compartments

facilitate the spatial segregation of cellular components
and regulate various biological processes.'®'® Recent
research has revealed that several viral proteins are
intrinsically disordered and can undergo LLPS, forming
viral replication compartments or inclusion bodies.'®
LLPS of viral proteins is increasingly recognized as a
fundamental mechanism for the assembly and function
of viral replication complexes.”*** Various viruses,
including RNA viruses, DNA viruses and retroviruses,
exploit LLPS to create specialized membrane-less
compartments or membraneless organelles (MLOs) to
promote efficient viral replication and particle assem-
bly.?® These compartments provide an environment
that facilitates efficient viral genome replication,
transcription and translation. The formation of these
replication compartments is often mediated by specific
viral proteins that possess IDRs or low-complexity
domains. The LLPS of viral proteins relies on several
factors, including protein-protein interactions (PPIs),
posttranslational modifications (PTMs) and environ-
mental conditions.?” Viral proteins contain specific
domains or motifs that promote LLPS formation, such
as prion-like domains, multivalent protein-interaction
domains or RNA-binding domains. Interactions
between these domains can lead to the formation of
dynamic liquid-like droplets, which can subsequently
mature into more stable and membrane-less compart-
ments. The presence of viral nucleic acids and host
factors further modulate the phase behaviour of viral
protein droplets. LLPS of viral proteins not only
facilitates viral replication but also impacts viral
pathogenesis.”® The formation of viral replication
compartments sequesters viral components and pro-
tects them from host antiviral defences, including the
immune system and cellular restriction factors. The
dynamic nature of viral protein droplets also allows for
rapid and localized viral genome replication and gene
expression. Furthermore, the recruitment of host
factors into viral protein droplets can modulate cellular
processes, leading to alterations in host cell physiology
and immune responses.

Recent studies have revealed that certain HSV-1
proteins, such as infected cell protein 4 (ICP4 or RS1)
and myristylated tegument protein UL11, are capable of
undergoing LLPS.*"** These droplets serve as sites for the
concentration of viral replication machinery, viral genome
transcription and the sequestration of viral components,
protecting them from host antiviral defences.”* However, a
comprehensive analysis of the HSV-1 proteome to assess
their potential to undergo LLPS has not been performed. In
this study, we conducted an in-depth examination of the
HSV-1 proteome to explore the potential of its proteins to
undergo LLPS.
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2 | METHODS

2.1 | Retrieval of protein sequences

The sequences of the HSV-1 proteins were retrieved from
NCBI. A total of 74 protein sequences were retrieved and
used further for predictions and analysis (Supporting
Information: Table S1). The names and NCBI Protein IDs
of the proteins used in this study are myristylated
tegument protein UL11 (YP_009137085.1), transcrip-
tional regulator ICP4 RS1 (YP_009137149.1), capsid
maturation protease UL26 (YP_009137100.1), capsid
scaffold protein UL26.5 (YP_009137101.1), envelope
glycoprotein C (gC) UL44 (YP_009137119.1), large
tegument protein UL36 (YP_009137111.1), multi-
functional expression regulator UL54 (YP_009137130.1),
tegument protein US11 (YP_009137147.1), tegument
protein VP11/12 (YP_009137121.1) and ubiquitin E3
ligase ICPO RL2 (YP_009137074.1).

2.2 | Compositional profiling

The amino acid composition of a protein provides
valuable insights into its structural and conformational
properties. We utilized a freely available web server
called the Composition Profiler to analyse the composi-
tion profile.’*® This profiler calculates the fractional
difference in composition, (Cy — Corder)/(Corder), for each
amino acid within the protein query set (HSV-1 proteins)
and a reference set of disordered proteins obtained from
the DisProt database. C, represents the amino acid
content in the protein query and reference sets in this
formula. At the same time, Cy.4or denotes the standard
value derived from a set of ordered proteins obtained
from the PDB Select25.

2.3 | Per residue disorder propensity
analysis

The disorder propensities of the HSV-1 proteins were
analysed using the protein disorder predictor tools such as
IUPred3 (long, short and ANCHOR2),>’ PONDR (VLXT
and VSL2),* PSIPRED* and DISOPRED3.** IUPred3
is a comprehensive web interface that integrates the
functionalities of IUPred2 and ANCHOR?2. It enables the
identification of both disordered protein regions using
IUPred2 and disordered binding regions using ANCHOR?2.
By combining these two prediction methods, IUPred3
provides a unified platform for analysing and characteriz-
ing both intrinsic disorder and binding-induced disorder-
to-order transitions in protein sequences. PONDR VXLT
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and PONDR VSL2 are protein disorder prediction
methods that utilize neural network-based approaches
and sequence-based features to predict intrinsic disorder.
PONDR VXLT considers features such as amino acid
composition and predicted secondary structure, whereas
PONDR VSL2 incorporates an ensemble of neural net-
works trained on diverse feature sets, including composi-
tion, predicted secondary structure and sequence conser-
vation, to enhance prediction accuracy. PSIPRED is a
method for predicting protein secondary structure that
employs a two-stage neural network approach. In the first
stage, a feed-forward neural network predicts the proba-
bilities of each residue belonging to helix, strand or coil
secondary structure classes. In the second stage, a second
neural network improves the predictions by incorporating
information from neighbouring residues to assign more
precise secondary structure labels to each residue.
DISOPRED3 is an updated machine-learning approach
that excels in detecting IDRs in proteins. It integrates a
neural network and a nearest neighbour classifier, trained
on extensive data from the PDB and DisProt databases,
to identify long disordered regions. The output of the
predictors was in the form of a score value between 0 and 1
for the individual residue of a particular protein.
The residues having a score above 0.5 were considered
disordered.

2.4 | Structure prediction of the
shortlisted HSV-1 disordered proteins

The 10 disordered proteins, which showed promising
potential for phase separation, underwent structure
prediction due to the unavailability of their complete
structures. To gain a deeper understanding of their
disorderedness and grasp their entire structural topology,
AlphaFold v2.0, a state-of-the-art tool, was employed.*”
The run_docker.py Python script was utilized to specify
the FASTA file containing the protein sequences, while
setting the max_template_date to a recent date ensured
the inclusion of the most up-to-date templates for
comprehensive model construction source: https://
github.com/deepmind/alphafold.

2.5 | Prediction of LLPS potential

To predict the phase separation potential of the HSV-1
proteins, we used sequence-based predictor tools such as
PSPredictor,*® catGranule®” and FuzDrop.*® PSPredictor is
a machine learning-based tool that integrates with the
LLPSDB database. It enables the prediction of protein
phase separation potential and provides information about
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similar proteins in the LLPSDB database and their phase
separation conditions. The output is a score between 0 and
1, where a score above 0.5 suggests a more substantial
likelihood of phase separation. catGranule utilizes struc-
tural disorder, nucleic acid-binding properties and primary
amino acid sequence composition to predict the propensity
of a protein to undergo LLPS formation. A score >0
indicates a likelihood of undergoing LLPS, whereas a
score >1 indicates a strong ability to phase separate. The
FuzDrop server estimates the likelihood of proteins
undergoing LLPS. It employs a sequence-based approach
to identify regions within proteins that promote droplet
formation and regions that contribute to the aggregation
of proteins within these droplets. The scores can range
from 0 to 1, where a score closer to 1 suggests a stronger
likelihood of phase separation.

2.6 | Molecular recognition features
(MoRF) analysis

Prediction of MoRF sites for each protein was carried out
using different predictors like DISOPRED3,** MoRFpred™
and MoRFchibi SYSTEM.*’ Each predictor uses a different
algorithm to predict the MoRF site in a protein sequence.
DISOPRED?3 identifies the disordered regions in a protein
sequence and annotates them as protein binding regions
through an additional support vector machine (SVM)
classifier. It is more sensitive to IDRs longer than twenty
amino acid residues. In MoRFpred, the annotations
generated by sequence alignment are fused with the
predictions generated by SVM, which uses a custom set of
sequence-derived features. The MoRFchibi SYSTEM is
a set of software tools that includes three predictors:
MoRFCHiBi, a fundamental predictor component in other
applications; MoRFCHiBi_Light for high-throughput
prediction; and MoRFCHiBi_Web for high accuracy
predictions.

2.7 | Identification of nucleic acid-
binding residues

The messenger RNA (mRNA) and DNA-binding sites on
each protein of HSV-1 were predicted using DisoRPDbind
and DRNApred web servers. Both are sequence-based
predictive tools that identify binding residues within IDRs
capable of interacting with RNA, DNA and proteins.*>*
DisoRPDbind implements a runtime-efficient multilayered
design incorporating information from various sources,
such as amino acid physiochemical properties, sequence
complexity, putative secondary structure and disorder,
and sequence alignment. By leveraging these features,

DisoRDPbind aims to predict potential binding sites in
disordered regions that are traditionally challenging to
identify using conventional structure-based methods.
Residues lacking any annotations are represented as ‘x.
DRNApred incorporates a novel two-layered architecture
in its predictive model. This architecture enables the
method to capture intricate features and patterns associ-
ated with DNA- and RNA-binding residues, leading to
improved prediction performance. The output for both
predictors is annotated as 0 and 1, where ‘1’ represents
binding residues and ‘0’ nonbinding residues.

2.8 | PPI networks of HSV-1 proteins
The PPI of HSV-1 proteins with the human protein was
analysed using Viruses.STRING.** Viruses.STRING is a
database focusing on interactions between proteins,
specifically designed to address interactions between
viruses themselves and between viruses and their host
organisms. By integrating information from experimental
studies and text mining sources, this database offers
consolidated probabilities for protein interactions
between viruses and their hosts. In the network, the
nodes represent the protein, and the edges represent the
predicted functional associations. An edge may be drawn
with up to seven differently coloured lines that represent
the existence of the seven types of evidence used in
predicting the associations.

3 | RESULTS

Seventy-four protein sequences were retrieved from the
NCBI database and subject to the prediction of disorder
using seven predictors, namely IUPred3 (long and short),
ANCHOR2, PONDR (VLXT and VSL2), PSIPRED and
DISOPRED3. The analysis of all 74 proteins revealed that
27 proteins were predicted to be disordered (Supporting
Information: Table S2). These proteins contained at least
one disordered stretch comprising more than 30 amino
acid residues and exhibited an overall sequence disor-
deredness exceeding 30%. Out of 27 disordered proteins,
10 that demonstrated the potential to undergo phase
separation were selected for further analysis.

3.1 | Myristylated tegument
protein (UL11)

The myristylated tegument protein (UL11) localizes to the
Golgi and attaches to membranes through myristoylation
and palmitoylation (Table 1). ULI1 is a 96 amino acid
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TABLE 1
Protein

Myristylated tegument protein (UL11)

Transcriptional regulator ICP4 (ICP4
or RS1)

Capsid maturation protease (UL26)

Capsid scaffold protein (ICP35 or UL26.5)

Envelope gC (UL44)

Large tegument protein (UL36)

Multifunctional expression regulator
(ICP27 or UL54)

Tegument protein (US11)

Tegument protein 11/12 (VP11/12
or UL46)

Ubiquitin E3 ligase (ICPO or RL2)

i g, R

Functional roles of HSV-1 proteins used in this study.

Functional role

Golgi-localized, membrane-associated outer-tegument protein.**

UL11 homologues in herpesviruses, such as HSV-1, undergo N-terminal
myristoylation®® and palmitoylation,*® crucial for membrane attachment and lipid raft
association.*"*’

It is an IDP and undergoes LLPS in vitro.*!

It is vital for viral transcription regulation during infection.*®
It interacts with cellular RNA pol II machinery to control gene expression, including
TBP, TFIIB, and TAF1.*

It contributes to viral capsid assembly.*’

UL26's proteolytic activity processes itself and ICP35.%°

HSV-1 capsid proteins form B-capsids in the nucleus, with VP22a, VP21 and VP24
scaffolding proteins.>~>*

It has a role to play in DNA packaging.>

ICP35 shapes viral capsids and is processed by the UL26 gene's protease.>”
It also participates in VP5 nuclear transport.>®

It aids viral entry by binding to C3b, inhibiting complement immunity.*’

It interacts with cell surface proteoglycans, enabling entry and immune evasion.’
Its absence in HSV-1's mutant leads to the lack of a C3b receptor.®

Its role in immune shielding may contribute to HSV-1 persistence and is a target for
antibody neutralization, highlighting its significance in concealing vital viral
components from immune recognition.”>°

UL36 cross-links capsid, tegument and membrane proteins during viral assembly.®
Upon cell entry, it releases capsids from the outer tegument and envelope. UL36-
deficient capsids fail to target membranes for assembly and nuclear pores for genome
uncoating.®®

It serves diverse functions: viral mRNA processing and export, nuclear protein quality
control, cell cycle regulation, stress signalling activation and antiapoptosis.®*

It interacts with Nup62 in the host, inhibiting the host nucleocytoplasmic transport
pathways.

It is linked to host translational arrest pathways and found in HSV-1-infected cell-
derived vesicles.®?

It interacts with kinesin's heavy chain and cellular PAT1 polypeptide, suggesting
involvement in unenveloped capsid trafficking.®*%

It is a phosphoprotein that boosts viral gene transcription via VP16 and activates cell
survival while suppressing innate immunity.®®

It interacts with Src family kinase through C-terminal tyrosine-based motifs (YETV
and YEEI), triggering Src activation and VP11/12 phosphorylation.5”*®

ICPO in HSV-1, initially identified as a nuclear phosphoprotein, is pivotal in low MOI
cell cultures.'®

It serves as a transactivator of genes that are introduced by transfection or
infection.®®~7?

It also curbs innate immunity, affects endocytosis and performs other roles.'°

Abbreviations: gC, glycoprotein C; HSV-1, herpes simplex virus-1; ICP4, infected cell protein 4; IDP, intrinsically disordered protein; LLPS, liquid-liquid phase
separation; MOI, multiplicity of infection; mRNA, messenger RNA; RNA pol II, RNA polymerase II; TBP, TATA-Box-binding protein.

residue protein with a molecular weight of ~10.5 kDa and
a theoretical pI of 5.2. UL11 comprises 22.43% disorder-
promoting amino acid residues (Figure 1A), with a mean
predicted percentile of intrinsic disorder (PPIDpjean)
amounting to 64.58% (Table 2 and Figure 1C). An analysis
of the compositional profiling of the protein revealed its

enrichment in disorder-promoting amino acids Pro and
Ser, whereas it exhibited a deficiency in order-promoting
amino acids Trp, Ile and Phe (Figure 1B). Detailed
information about the amino acid composition of the
protein is shown in Figure 1A. The mean disorder
propensity analysis of the protein showed that UL11
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FIGURE 1 Analysis of myristylated tegument protein (UL11). (A) Amino acid composition. Red indicates disorder-promoting amino
acids, green indicates order-promoting amino acids and yellow indicates neutral amino acids. (B) Compositional analysis. UL11 protein
sequence was compared to a set of protein sequences from DisProt (red bars). Positive values indicate an abundance of amino acid residues,
whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition. The disorder profiles were generated
using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED and DISOPRED3. Their predictions are depicted using
black, red, blue, green, purple, orange and teal lines, respectively. The mean of the predicted scores is depicted by the maroon line.

(D) AlphaFold-based structural modelling. Model building and predicted structure of UL11 were generated using AlphaFold v2.0. The red
colour depicts the disordered region, while the green colour depicts the ordered region of the protein. The colour scheme is based on the
disorder propensity prediction. (E) Liquid-liquid phase separation propensities of UL11. Prediction scores by PSPredictor are shown in red
bars, catGranule scores in green bars and FuzDrop scores in blue bars. (F) Virus.STRING analysis. The red nodes indicate herpes simplex
virus-1 proteins, whereas the teal nodes indicate host proteins. Lines of various colours indicate different types of evidence for interactions,
including fusion evidence (pink line), neighbourhood evidence (green line), co-occurrence evidence (dark blue line), experimental evidence
(red line), text mining evidence (teal line), database evidence (orange line), co-expression evidence (black line) and protein homology (light

blue line).

contains one disordered region with >30 amino acid
residues spanning from amino acid residues 40-96 (total
57 residues) (Table 3).

Upon inspection of the UL11 structure using AlphaFold,
it was observed that the per-residue predicted local distance
difference test (pLDDT) scores for the residues 20-40 were
close to 90, indicating a high level of model accuracy
(Figure S1A). The residues 40-96 exhibited pLDDT scores
between 40 and 60, signifying lower confidence and a less
favourable backbone configuration. This observation aligns
with our prediction of disordered regions (Figure 1D).

UL11 is a protein known to undergo LLPS.*! FuzDrop
predicted the protein to have a high LLPS potential with
a score of 0.78. However, PSPredictor and catGranule
predicted no LLPS potential, with a score of 0.16
and —0.56, respectively (Figure 1E and Supporting

Information: Table S3). Notably, FuzDrop also predicted
one droplet-promoting region spanning residues 63-96.
In terms of MoRF, both DISOPRED3 and MoRFchibi
SYSTEM predicted the presence of three MoRF regions
each, whereas MoRFpred predicted two MoRF regions.
The specific details of the predicted MoRF regions are
listed in Table 4. Furthermore, DisoRPDbind and
DRNApred provided insights into UL11's binding prop-
erties. DisoRPDbind predicted the protein to contain one
RNA-binding residue and no DNA-binding residues,
whereas DRNApred predicted the absence of both RNA-
and DNA-binding residues. The RNA- and DNA-binding
residues are enlisted in Supporting Information:
Tables S4 and S5, respectively.

Based on the STRING analysis, UL11 was found to
interact with four other HSV-1 proteins, namely
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TABLE 3
Protein
Myristylated tegument protein (UL11)
Transcriptional regulator ICP4 (RS1)
Capsid maturation protease (UL26)
Capsid scaffold protein (ICP35/UL26.5)
Envelope glycoprotein C (gC/UL44)

Large tegument protein (UL36)

Multifunctional expression regulator
(ICP27/UL54)

Tegument protein (US11)
Tegument protein VP11/12 (UL46)
Ubiquitin E3 ligase ICPO (RL2)

Disordered regions in the selected HSV-1 proteins under study.

Disordered regions (stretch of >30 amino acid residues)
40-96

1-295, 311-342, 486-518, 590-621, 700-829, 1213-1251, 1262-1298
259-325, 339-378, 406-481, 492-617

33-80, 102-174, 187-312

19-132

260-507, 743-786, 945-1036, 1242-1331, 1910-1944, 2269-2306,
2491-3076

1-247

1-161
429-614, 659-699
1-109, 223-636

Abbreviations: gC, glycoprotein C; HSV-1, herpes simplex virus-1; ICP4, infected cell protein 4.

glycoprotein N, responsible for mediating viral fusion,”?
and glycoprotein E, UL21 and UL16, all of which play
roles in linking capsids to membranes’* (Figure 1F).

3.2 | Transcriptional regulator
ICP4 (RS1)

The transcriptional regulator ICP4 (RS1) in HSV-1 plays
a crucial role in the regulation of viral transcription by
interacting with components of the cellular RNA
polymerase II (RNA pol II) machinery (Table 1). ICP4
is a 1298 amino acid residue protein with a molecular
weight of ~133kDa and a theoretical pI of 6.12. ICP4
encompasses 24.73% of disorder-promoting amino acid
residues (Figure 2A), with a PPIDye,y, of 56.16% (Table 2
and Figure 2C). An analysis of the compositional
profiling analysis of the protein revealed its enrichment
in the disorder-promoting amino acid Pro, whereas it
exhibited a deficiency in the order-promoting amino
acids Ile, Met and Asn (Figure 2B). Detailed information
about the amino acid composition of the protein is
shown in Figure 2A. The mean disorder propensity
analysis of the protein showed that ICP4 contains seven
disordered regions, each comprising >30 amino acid
residues. These regions are located at amino acid
positions 1-295, 311-342, 486-518, 590-621, 700-829,
1213-1251 and 1262-1298, with the longest stretch
spanning 295 amino acid residues (Table 3).

Upon examining the ICP4 structure using AlphaFold,
it became evident that the per-residue pLDDT scores for
most residues exceeded 90, indicating a high level of
model accuracy (Supporting Information: Figure S1B).

However, the N-terminus (up to ~300), residues around
500, those spanning 700-800 and the C-terminus (from
~1200) displayed pLDDT scores ranging from 20 to 60,
suggesting lower confidence and a less favourable
backbone configuration. This observation aligns with
our prediction of disordered regions (Figure 2D).

The protein exhibited LLPS potential according to all
three predictors, with a PSPredictor score of 0.57, a
catGranule score of 1.13 and a FuzDrop score of 0.99
(Figure 2D and Supporting Information: Table S3). Fuz-
Drop also predicted nine droplet-promoting regions
spanning from 1-288, 308-342, 478-623, 663-680,
700-914, 932-962, 1137-1159, 1215- 1238 and 1282-1298.

In terms of MoRF, DISOPRED3 predicted the presence of

two MoRF regions, MoRFchibi SYSTEM predicted nine
MoRF regions and MoRFpred predicted five MoRF
regions. The details of the predicted MoRF regions are
listed in Table 4. Additionally, DisoRPDbind predicted the
presence of multiple RNA-binding and DNA-binding
residues in the protein, whereas DRNApred predicted
several RNA-binding but no DNA-binding residues. The
RNA- and DNA-binding residues are enlisted in Support-
ing Information: Tables S4 and S5, respectively.

Based on the STRING analysis, ICP4 was cur other
HSV-1 proteins: gC, UL4, which colocalizes with iso-
forms of ICP227°, ICP27 and US3, a Ser/Thr kinase.
(Figure 2F). Furthermore, the protein exhibited potential
interactions with six host proteins, namely, T protein
(T-box protein), a transcription factor, early growth
response-1 (EGR1), which plays a role in vascular
dysfunction and disease, TATA-Box-binding protein
(TBP), TAF1, transcription factor SP1 and general
transcription factor II B (GTF2B).
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FIGURE 2 Analysis of infected cell protein 4 (ICP4). (A) Amino acid composition. (B) Compositional analysis. Positive values indicate
an abundance of amino acid residues, whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition.
The disorder profiles were generated using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED, and DISOPRED3.
(D) AlphaFold-based structural modelling. (E) Liquid-liquid phase separation propensities of ICP4. (F) Virus.STRING analysis. The colour

coding is the same as Figure 1.

3.3 | Capsid maturation protease (UL26)
The capsid maturation protease (UL26) facilitates viral
capsid assembly and maturation (Table 1). It is a 635
amino acid residue protein with a molecular weight of
~66 kDa and a theoretical pI of 6.21. UL26 functions as a
protease self-cleaving at two specific positions to generate
two capsid proteins, VP21 and VP24.”° Additionally, it also
cleaves the UL26.5 gene product, resulting in the formation
of VP22a.”%”” UL26 has 28.66% disorder-promoting amino
acid residues (Figure 3A) and a PPIDpj., of 53.07%
(Table 2 and Figure 3C). According to the compositional
profiling analysis of the protein, it was found to be
enriched in the disorder-promoting amino acid Pro and
deficient in the order-promoting amino acids Trp, Ile, Phe
and Asn (Figure 3B). Detailed information about the
amino acid composition of the protein is shown in
Figure 3A. The mean disorder propensity analysis of the
protein showed that it contained four disordered regions
with >30 amino acid residues. These regions are located at
amino acid positions 259-25, 339-378, 406-481 and
492-617, with the longest stretch spanning 126 amino
acid residues (Table 3).

Upon examining UL26 using AlphaFold, it was
observed that the per-residue pLDDT scores for residues
from 1 to 200 exceeded 90, indicating a high level of model
accuracy (Supporting Information: Figure S1C). In con-
trast, the remaining residues displayed pLDDT scores
between 20 and 40, with short stretches around 400 and
500 having pLDDT scores of ~80. These observations align
with our prediction of disordered regions (Figure 3D).

The protein was predicted to have LLPS potential by
all three predictors, with a PSPredictor score of 0.63, a
catGranule score of 0.35 and a FuzDrop score of 0.99
(Figure 3E and Supporting Information: Table S3). As per
the MoRF analyses, DISOPRED3 predicted the protein to
have three MoRF regions, MoRFchibi SYSTEM predicted
one MoRF region and MoRFpred predicted four MoRF
regions. The details of the predicted MoRF regions are
listed in Table 4. DisoRPDbind predicted the protein to
have several RNA-binding residues and no DNA-binding
residues, whereas DRNApred predicted the protein to
have one RNA-binding residue and several DNA-binding
residues. The RNA- and DNA-binding residues are
enlisted in Supporting Information: Tables S4 and S5,
respectively.
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FIGURE 3 Analysis of UL26. (A) Amino acid composition. (B) Compositional analysis. Positive values indicate an abundance of amino
acid residues, whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition. The disorder profiles were
generated using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED and DISOPRED3. (D) AlphaFold-based

structural modelling. (E) Liquid-liquid phase separation propensities of UL26. (F) Virus.STRING analysis. The colour coding is the same as

Figure 1.

Based on the STRING analysis, UL26 was found to
interact with three other HSV-1 proteins, namely glyco-
protein K (gK), responsible for mediating membrane
fusion;”® the membrane protein UL45, involved in fusion
events;”” and the major capsid protein (MCP) (Figure 3F).

3.4 | Capsid scaffold protein (ICP35)

The capsid scaffold protein (UL26.5 or ICP35) is a 329
amino acid residue assembly protein with a molecular
weight of ~34 kDa and a theoretical pI of 6.13 (Table 1).
The ICP35 ORF shares a frame with and overlaps the
carboxy-terminal portion of the UL26 ORF.”” The ICP35
protein is not generated through proteolytic cleavage of
the UL26 polypeptide but is synthesized independently,
as it possesses its own promoter within the UL26 ORF.”’
As every amino acid sequence found in the UL26.5 gene
product is also present within the UL26 polypeptide, the
UL26 protease identifies the identical cleavage site near
the carboxy terminus in both proteins. Furthermore,
ICP35 has 33.74% disorder-promoting amino acid resi-
dues (Figure 4A) and a PPIDye,, of 81.76% (Table 2 and

Figure 4C). According to the compositional profiling
analysis of the protein, it was found to be significantly
enriched in the disorder-promoting amino acid Pro and
deficient in the order-promoting amino acids Trp, Ile,
Phe, Leu and Asn (Figure 4B). Detailed information
about the amino acid composition of the protein is
shown in Figure 4A. The mean disorder propensity
analysis of the protein showed that it contained three
disordered regions with >30 amino acid residues. These
regions are located at amino acid positions 33-80,
102-174 and 187-312, with the longest stretch spanning
126 amino acid residues (Table 3).

The inspection of ICP35 using AlphaFold revealed that
the per-residue pLDDT scores for the residues around 70 to
100 and 160 to 190 exceeded 90, indicating a high level of
model accuracy (Supporting Information: Figure S1D). The
N-terminus (up to ~50) and C-terminus (from ~300)
exhibited a moderate backbone configuration. However,
the remaining residues had pLDDT scores close to 40. The
modelled disordered regions align with the sequence
prediction of disordered regions (Figure 4D).

The protein was predicted to have LLPS potential by
all three predictors, with a PSPredictor score of 0.87, a
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FIGURE 4 Analysis of ICP35. (A) Amino acid composition. (B) Compositional analysis. Positive values indicate an abundance of amino

acid residues, whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition. The disorder profiles were
generated using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED, and DISOPRED3. (D) AlphaFold-based
structural modelling. (E) Liquid-liquid phase separation propensities of ICP35. The colour coding is the same as Figure 1.

catGranule score of 0.15 and a FuzDrop score of 0.99
(Figure 4E and Supporting Information: Table S3). As per
the MoRF analyses, DISOPRED3 and MoRFchibi SYS-
TEM predicted the protein to have two MoRF regions
and MoRFpred predicted four MoRF regions. The details
of the predicted MoRF regions are listed in Table 3.
DisoRPDbind predicted the protein to have a few RNA-
binding residues and no DNA-binding residues, whereas
DRNApred predicted the protein to have three RNA-
binding residues and three DNA-binding residues. The
RNA- and DNA-binding residues are enlisted in Support-
ing Information: Tables S4 and S5, respectively.

There was no data available in the STRING database
for ICP35.

3.5 | Envelope gC (UL44)

The envelope gC (UL44) is a 511 amino acid residue
protein with a molecular weight of ~55kDa and a
theoretical pI of 7.66. It is a vital component of HSV-1
with a multifaceted role (Table 1). gC has 29.35%
disorder-promoting amino acid residues (Figure 5A)
and a PPIDpje., of 37.18% (Table 2 and Figure 5C).
According to the compositional profiling analysis of the

protein, it was found to be significantly enriched in the
disorder-promoting amino acid Pro and deficient in the
order-promoting amino acids Ile and Asn (Figure 5B).
Detailed information about the amino acid composition
of the protein is shown in Figure 5A. The mean disorder
propensity analysis of the protein showed that it
contained one disordered region with >30 amino acid
residues. This region is located at amino acid position
19-132, spanning 114 residues (Table 3).

The AlphaFold structure prediction of gC revealed
that the per-residue Plddt scores for most residues
exceeded 90, indicating a high level of model accuracy,
except for those in the N-terminus (up to ~100)
(Supporting Information: Figure S1E). The residues
within the N-terminus (up to ~100) displayed pLDDT
scores ranging from 20 to 60, signifying lower confidence
and a less favourable backbone configuration. This
observation aligns with our prediction of disordered
regions (Figure 5D).

The protein was predicted to have LLPS potential by
all three predictors, with a PSPredictor score of 0.62, a
catGranule score of 0.05, and a FuzDrop score of 0.78
(Figure 5E and Supporting Information: Table S3).
FuzDrop also predicted three droplet-promoting
regions: 1-126, 312-324, and 446-470. As per the
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FIGURE 5 Analysis of glycoprotein C (gC). (A) Amino acid composition. (B) Compositional analysis. Positive values indicate an
abundance of amino acid residues, whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition. The
disorder profiles were generated using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED and DISOPRED3.
(D) AlphaFold-based structural modelling. (E) Liquid-liquid phase separation propensities of gC. (F) Virus.STRING analysis. The colour

coding is the same as Figure 1.

MoRF analyses, DISOPRED3 predicted the protein to
have one MoRF region, MoRFchibi SYSTEM predicted
two MOoRF regions, and MoRFpred predicted three
MoRF regions. The details of the predicted MoRF
regions are listed in Table 4. DisoRPDbind predicted
the protein to have a few RNA-binding residues and
two DNA-binding residues, whereas DRNApred pre-
dicted the protein to have a few RNA-binding residues
and no DNA-binding residues. The RNA- and DNA-
binding residues are enlisted in Supporting Informa-
tion: Tables S4 and S5, respectively.

Based on the STRING analysis, gC was found to
interact with two other HSV-1 proteins, namely, ICP27
and ICP4 (Figure 5F). The protein was also found to
interact with eight host proteins, namely, complement
component 3 (C3), SELP, which is a Ca®*-dependent
receptor that mediates the interaction of activated
endothelial cells or platelets with leukocyte, CD44
involved in cell adhesion,* mediator complex subunit
23 (MED23), an antiviral component, NRD1 or nardi-
lysin that cleaves peptide substrates on the N-terminus
of arginine residues, IDE, an insulin-degrading
enzyme, and cyclin-dependent kinases CDK1 and
CDK2.

3.6 | Large tegument protein (UL36)

The large tegument protein (UL36), also known as VP1/
2, is a 3139 amino acid residue protein with a molecular
weight of ~333kDa and a theoretical pI of 5.84. Studies
have demonstrated its role in DNA packaging and
transport within HSV-1. Specifically, the absence of the
UL36-encoded polypeptide results in the accumulation of
numerous cytosolic capsids containing DNA, which fail
to mature into enveloped viruses® (Table 1). UL36
has 28.89% disorder-promoting amino acid residues
(Figure 6A) and a PPIDpje., of 41.10% (Table 2 and
Figure 6C). According to the compositional profiling
analysis of the protein, it was found to be enriched in the
disorder-promoting amino acid Pro and deficient in the
order-promoting amino acids Cys, Ile, Phe and Asn
(Figure 6B). Detailed information about the amino acid
composition of the protein is shown in Figure 6A. The
mean disorder propensity analysis of the protein showed
that it contained seven disordered regions with >30
amino acid residues. These regions are located at amino
acid positions 260-507, 743-786, 945-1036, 1242-1331,
1910-1944, 2269-2306, and 2491-3076, with the longest
stretch spanning 586 amino acid residues (Table 3).
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FIGURE 6 Analysis of UL36. (A) Amino acid composition. (B) Compositional analysis. Positive values indicate an abundance of amino
acid residues, whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition. The disorder profiles were
generated using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED and DISOPRED3. (D) Liquid-liquid phase
separation propensities of UL36. (E) Virus.STRING analysis. The colour coding is the same as Figure 1.

The protein could not be modelled using AlphaFold
due to the large sequence length of UL36 and the limited
availability of RAM in our computing system.

The protein was predicted to have LLPS potential by all
three predictors, with a PSPredictor score of 0.77, a
catGranule score of 0.65, and a FuzDrop score of 0.99
(Figure 6D and Supporting Information: Table S3). FuzDrop
also predicted 17 droplet-promoting regions: 1-14, 258-500,
683-704, 732-778, 937-970, 1058-1070, 1265-1288,
1399-1410, 1693-1714, 1748-1759, 1907-1960, 2074-2096,
2191-2212, 2259-2297, 2486-2546, 2551-3016 and
3024-3069. As per the MoRF analyses, MoRFchibi SYSTEM
predicted the protein to have no MoRF regions, and
MoRFpred predicted 13 MoRF regions. The details of the
predicted MoRF regions are listed in Table 4. DisoRPDbind
predicted the protein to several RNA-binding and DNA-
binding residues, whereas DRNApred predicted the protein
to have no RNA-binding and several DNA-binding residues.
The RNA- and DNA-binding residues are enlisted in
Supporting Information: Tables S4 and S5, respectively.

Based on the STRING analysis, UL36 was found to
interact with three other HSV-1 proteins, namely, UL25
and UL37, essential for viral growth and assembly®**?
and UL48, crucial for replication and infection of
HSV-1** (Figure 6E).

3.7 | Multifunctional expression
regulator (ICP27)

The multifunctional expression regulator (ICP27 or UL54)
is a 512 amino acid residue protein with a molecular
weight of ~55kDa and a theoretical pI of 6.48. It plays
crucial roles in various stages of viral mRNA biogenesis,
including transcription, RNA processing, nuclear export
and translation® (Table 1). ICP27 is characterized by the
presence of 28.52% disorder-promoting amino acid resi-
dues (Figure 7A), with a PPIDye,, of 48.24% (Table 2 and
Figure 7C). According to the compositional profiling
analysis of the protein, it was found to be enriched in
the disorder-promoting amino acid Pro and deficient in the
order-promoting amino acids Tyr and Asn (Figure 7B).
Detailed information about the amino acid composition of
the protein is shown in Figure 7A. The mean disorder
propensity analysis of the protein showed that it contained
one disordered region with >30 amino acid residues. This
region is located at the amino acid positions 1-247,
spanning 247 amino acid residues (Table 3).

Upon inspection of ICP27 using AlphaFold, it was
observed that the per-residue pLDDT scores for the
residues of the C-terminal half of the protein (from ~250)
were consistently >90, indicating a high level of model
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FIGURE 7 Analysis of ICP27. (A) Amino acid composition. (B) Compositional analysis. Positive values indicate an abundance of amino

acid residues, whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition. The disorder profiles were
generated using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED and DISOPRED3. (D) AlphaFold-based
structural modelling. (E) Liquid-liquid phase separation propensities of ICP27. (F) Virus.STRING analysis. The colour coding is the same as

Figure 1.

accuracy (Supporting Information: Figure S2A,). Con-
versely, the residues of the N-terminal half of the protein
(up to ~250) exhibited pLDDT scores ranging from 20 to
60, signifying lower confidence and a less favourable
backbone configuration. This observation aligns with our
prediction of disordered regions (Figure 7D).

The protein was predicted to have LLPS potential by
all three predictors, with a PSPredictor score of 0.55, a
catGranule score of 0.60 and a FuzDrop score of 0.99
(Figure 7E and Supporting Information: Table S3).
FuzDrop also predicted two droplet-promoting regions:
1-247 and 263-305. As per the MoRF analyses, DIS-
OPRED3 predicted the protein to have zero MoRF
regions, MoRFchibi SYSTEM predicted three MoRF
regions, and MoRFpred predicted two MoRF regions.
The details of the predicted MoRF regions are listed in
Table 4. DisoRPDbind predicted the protein to have
several RNA-binding and three DNA-binding residues,
whereas DRNApred predicted the protein to have several
RNA-binding and a few DNA-binding residues. The
RNA- and DNA-binding residues are enlisted in Support-
ing Information: Tables S4 and S5, respectively.

Based on the STRING analysis, ICP27 was found to
interact with six other HSV-1 proteins, namely UL438, gC,

gB, ICP8, a single-stranded DNA-binding protein, UL4
and ICP4 (Figure 7F). The protein was also found to
interact with four host proteins, namely, SRPK1 or SRSF
protein kinase 1, SRSF3 or Serine/arginine-rich splicing
factor 3, NUP62, an important disordered protein
participating in the permeability barrier of the nuclear
pore complex, and PABPC1 (poly-A binding protein
cytoplasmic 1), an RNA-binding protein.®®

3.8 | Tegument protein (US11)

The tegument protein (US11) is a 161 amino acid residue
protein with a molecular weight of ~17.8kDa and a
theoretical pI of 11.74. Its primary function is to act as an
antagonist of the IFN pathway, thereby inhibiting
the shutdown of protein translation and facilitating
virus production®” (Table 1). US11 has 40.37% disorder-
promoting amino acid residues (Figure 8A) and a
PPIDpjean Of 100% (Table 2 and Figure 8C). According
to the compositional profiling analysis of the protein, it
was found to be significantly enriched in the disorder-
promoting amino acid Pro and deficient in the order-
promoting amino acids Cys, Trp, Ile, Phe, Tyr, Leu and
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FIGURE 8 Analysis of US11. (A) Amino acid composition. (B) Compositional analysis. Positive values indicate an abundance of amino
acid residues, whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition. The disorder profiles were
generated using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED and DISOPRED3. (D) AlphaFold-based

structural modelling. (E) Liquid-liquid phase separation propensities of US11. (F) Virus.STRING analysis. The colour coding is the same as

Figure 1.

Asn (Figure 8B). Detailed information about the amino
acid composition of the protein is shown in Figure 8A.
The mean disorder propensity analysis of the protein
showed that it contained one disordered region with >30
amino acid residues. This region is located at amino
acid position 1-161, spanning 161 amino acid residues
(Table 3).

The structure prediction of US11 using AlphaFold
revealed that the per-residue pLDDT scores for all residues
of the protein fell within the range of 20-80, indicating
lower confidence and a less favourable backbone configu-
ration (Supporting Information: Figure S2B). This observa-
tion aligns with our prediction of disordered regions
(Figure 8D).

The protein was predicted to possess LLPS potential
by all three predictors, with a PSPredictor score of 0.92, a
catGranule score of 0.08 and a FuzDrop score of 0.99
(Figure 8E and Supporting Information: Table S3).
Interestingly, FuzDrop predicted the entire length of
the protein to be a droplet-promoting region. As per the
MoRF analyses, DISOPRED3 and MoRFpred predicted
the protein to have one MoRF region, and MoRFchibi
SYSTEM predicted three MoRF regions. The details of
the predicted MoRF regions are listed in Table 4.

DisoRPDbind predicted the protein to a few RNA-
binding and DNA-binding residues, whereas DRNApred
predicted the protein to have no RNA-binding and DNA-
binding residues. The RNA- and DNA-binding residues
are enlisted in Supporting Information: Tables S4 and S5,
respectively.

Based on the STRING analysis, US11 was found to
interact with one other HSV-1 protein, namely, the protein
kinase UL13*® (Figure 8F). The protein was also found to
interact with nine host proteins, namely eukaryotic
translation initiation factor 4y (EIF4G1), Kinesin family
member 5B (KIF5B), a microtubule-dependent motor,
ubiquitin-conjugating enzyme E2I (UBE21), Beclinl
(BECN1) involved in autophagy, tumour protein p53
(TP53) and homeodomain interacting protein kinase 1, 2,
3 and 4 (HIPK1, HIPK2, HIPK3 and HIPK4), which are
Ser/Thr protein kinases.

3.9 | Tegument protein VP11/12 (UL46)

The tegument protein VP11/12 (UL46) is a 718 amino
acid residue protein with a molecular weight of ~78 kDa
and a theoretical pI of 9.14. Its role involves the
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stimulation of signal transduction in the PI3-Akt path-
way during infection®” (Table 1). VP11/12 is character-
ized by the presence of 24.93% disorder-promoting amino
acid residues (Figure 9A), with a PPIDyeq, Of 39.55%
(Table 2 and Figure 9C). According to the compositional
profiling analysis of the protein, it was found to be
enriched in the disorder-promoting amino acid Pro and
deficient in the order-promoting amino acids Ile and Phe
(Figure 9B). Detailed information about the amino acid
composition of the protein is shown in Figure 9A. The
mean disorder propensity analysis of the protein showed
that it contained two disordered regions with >30 amino
acid residues. These regions are located at amino acid
positions 429-614 and 659-699, with the longest stretch
spanning 186 amino acid residues (Table 3).

The analysis of the VP11/12 structure using Alpha-
Fold showed that the per-residue pLDDT scores for the
residues of the N-terminal half of the protein (up to ~400)
were consistently >90, indicating a high level of model
accuracy (Supporting Information: Figure S2C). Con-
versely, the residues of the C-terminal half of the protein
(from ~400) exhibited pLDDT scores ranging from 20 to
60, signifying lower confidence and a less favourable
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backbone configuration. This observation aligns with our
prediction of disordered regions (Figure 9D).

The protein was predicted to have LLPS potential by all
three predictors, with a PSPredictor score of 0.83, a
catGranule score of 0.23 and a FuzDrop score of 0.94
(Figure 9E and Supporting Information: Table S3). FuzDrop
also predicted six droplet-promoting regions: 140-152,
256-286, 421-647, 553-576, 593-609 and 661-683. As per
the MoRF analyses, DISOPRED3 predicted the protein to
have two MoRF regions, MoRFchibi SYSTEM predicted
seven MoRF regions and MoRFpred predicted zero MoRF
regions. The details of the predicted MoRF regions are listed
in Table 4. DisoRPDbind predicted the protein to have
several RNA-binding and no DNA-binding residues,
whereas DRNApred predicted the protein to have no
RNA-binding and several DNA-binding residues. The
RNA- and DNA-binding residues are enlisted in Supporting
Information: Tables S4 and S5, respectively.

Based on the STRING analysis, VP11/12 was found to
interact with seven other HSV-1 proteins, namely, US3,
UL33, involved in viral growth and DNA packaging®,
gK, UL45, involved in fusion events,”® ICP0, UL48 and
structural protein® UL47 (Figure 9F).
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FIGURE 9 Analysis of VP11/12. (A) Amino acid composition. (B) Compositional analysis. Positive values indicate an abundance of
amino acid residues, whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition. The disorder
profiles were generated using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED and DISOPRED3. (D) AlphaFold-
based structural modelling. (E) Liquid-liquid phase separation propensities of VP11/12. (F) Virus.STRING analysis. The colour coding is the

same as Figure 1.
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3.10 | Ubiquitin E3 ligase ICP0 (RL2)
The ubiquitin E3 ligase (ICPO or RL2) is a 775 amino acid
residue protein with a molecular weight of ~78.5 kDa and
a theoretical pI of 6.95. ICPO performs diverse functions,
including triggering transcription activation and chro-
matin remodelling, evading antiviral responses, influen-
cing the cell cycle, disrupting DNA damage responses,
and impacting endocytosis processes'’ (Table 1). ICPO
has 31.61% disorder-promoting amino acid residues
(Figure 10A) and a PPIDpjea, of 71.74% (Table 2 and
Figure 10C). According to the compositional profiling
analysis of the protein, it was found to be significantly
enriched in the disorder-promoting amino acid Pro and
deficient in the order-promoting amino acids Ile, Tyr and
Phe (Figure 10B). Detailed information about the amino
acid composition of the protein is shown in Figure 10A.
The mean disorder propensity analysis of the protein
showed that it contained two disordered regions with
>30 amino acid residues. These regions are located at
amino acids 1-109 and 223-636, with the longest stretch
spanning 414 residues (Table 3).

The analysis of the ICPO structure using AlphaFold
showed that the per-residue pLDDT scores for residues

SUBEDI ET AL.

between ~100-200 were consistently >90, indicating a high
level of model accuracy (Supporting Information:
Figure S2D). All other residues exhibited pLDDT scores
ranging from 20 to 60, signifying lower confidence and a
less favourable backbone configuration. This finding aligns
with our prediction of disordered regions (Figure 10D).

The protein was predicted to have LLPS potential by
all three predictors, with a PSPredictor score of 0.93, a
catGranule score of 1.24 and a FuzDrop score of 0.99
(Figure 10E and Supporting Information: Table S3).
FuzDrop also predicted three droplet-promoting regions:
1-117, 212-639 and 757-775. As per the MoRF analyses,
DISOPRED3 predicted the protein to have four MoRF
regions, MoRFchibi SYSTEM predicted nine MoRF
regions and MoRFpred predicted two MoRF regions.
The details of the predicted MoRF regions are listed in
Table 4. DisoRPDbind predicted the protein to have
several RNA-binding and DNA-binding residues,
whereas DRNApred predicted the protein to have several
RNA-binding and no DNA-binding residues. The RNA-
and DNA-binding residues are enlisted in Supporting
Information: Tables S4 and S5, respectively.

Based on the STRING analysis, ICPO was found
to interact with four other HSV-1 proteins, namely,
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FIGURE 10 Analysis of ICP0. (A) Amino acid composition. (B) Compositional analysis. Positive values indicate an abundance of amino
acid residues, whereas negative values show depleted amino acid residues. (C) Predicted disorder predisposition. The disorder profiles were
generated using IUPred3 (long and short), ANCHOR2, PONDR (VLXT and VSL2), PSIPRED and DISOPRED3. (D) AlphaFold-based structural
modelling. (E) Liquid-liquid phase separation propensities of ICPO. (F) Virus.STRING analysis. The colour coding is the same as Figure 1.
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VP11/12, UL4, ICP4 and ICP27 (Figure 10F). The protein
was also found to interact with six host proteins, namely
T protein, the Ser/Thr Protein kinase DNA-activated
catalytic polypeptide (PRKDC), tumour protein p53-
binding protein 1 (TP53BP1), which plays a vital role in
response to DNA damage, ring finger protein 8 (RNFS),
an E3 ubiquitin-protein ligase crucial in DNA damage
signalling, human ubiquitin-specific protease 7 (USP7),
an enzymatic protein that eliminates ubiquitin and
polyubiquitin clusters, and cyclin D3 (CCND3).

4 | DISCUSSION

Biomolecular LLPS underlies the functional basis of
many processes such as signal transduction, stress
response, autophagy, DNA repair, RNA metabolism
and so on.”’~** Recently, studies have revealed that LLPS
plays a vital role in viral growth and infection.'®**>%
There is evidence that steps of viral lifestyle can be
performed by viruses in MLOs built de novo®”*® as well
as interfere with pre-existing MLOs such as host stress
granules and procession bodies, thus interfering with the
signalling of the host's innate immunity.”>'®® In many
viruses, such MLOs have been found to play a role in
every step of their life cycle, including viral entry,
genome replication, assembly and viral packaging.’’
Influenza A virus has been found to utilize LLPS for
entry into host cells,'”* whereas other viruses employ
LLPS to form replication factories after entry in cells,***
genome packaging'®® and viral assembly.'” The viral
ribonucleoproteins undergo LLPS to form inclusions
called Negri bodies, which are used as hubs for the rabies
virus genome replication and transcription.”* The
nucleocapsid protein (N) of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) virus undergo
LLPS and form condensates with other viral and host
proteins for RNA genome assembly during packag-
ing.’°>'°* The HIV-1 nucleocapsid protein also under-
goes LLPS, which is modulated by RNA-binding domains
and ions such as zinc and copper.'®*'% MLOs are also
modulated and regulated by interaction with RNA,'%¢1%
pH, salt concentration and various PTMs.'*’
Considering the significance of LLPS and the forma-
tion of MLOs in various steps of the viral life cycles, we
explored to obtain detailed insights into the compositional
profiles, disorder propensity, LLPS potential, MoRF
analysis, nucleic acid-binding sites and PPI networks of
the identified LLPS-prone proteins in HSV-1. Out of the 74
protein sequences available, we focussed our analysis on
proteins that were predicted to be disordered and
subsequently have the potential to undergo LLPS. The
compositional profiling of the amino acids of the selected
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proteins depicted that the proteins revealed a significant
fraction of disorder-promoting and neutral amino acids.
The MoRF regions indicate residues that may participate
in interactions with host factors. Our MoRF analysis
identified multiple MoRFs within the selected proteins
that could be involved in dynamic interactions with other
binding partners. It is known that the interaction of MLOs
with nucleic acids can influence the behaviour of MLOs
and, hence, we also predicted nucleic acid-binding sites in
the proteins. Using two predictors, we identified several
RNA-binding amino acid residues in the proteins, while
fewer residues were predicted to be involved in DNA
binding. Experimental evidence has shown multiple
instances of RNA interacting with MLOs in viruses,
including HSV-1.*!

We observed a high degree of consistency when we
compared predicted disordered regions using sequence-
based bioinformatics tools with AlphaFold-modelled
structures. These disordered regions, highlighted in red,
exhibited strong alignment across all the proteins
discussed in our manuscript. This alignment underscores
the reliability and robustness of both approaches in
identifying disordered regions of different proteins.
Although the sequence-based predictors are readily
available, typically faster and computationally less
intensive, making them suitable for high-throughput
analysis of large protein data sets, they sometimes miss
detailed structural information, which can limit their
accuracy in capturing fine-grained disorder patterns.
Moreover, poorly annotated or divergent sequences may
reduce the sensitivity and accuracy of disordered predic-
tions. On the other hand, structural methods like
AlphaFold leverage deep learning and structural infor-
mation, offering a higher level of structural detail and
accuracy in predicting disordered regions. These meth-
ods not only provide disordered region predictions but
also insights into the overall three-dimensional structure
of proteins, enabling a more holistic understanding.
However, it is worth noting that these methods can have
high computational demands for large sequences and
often rely on access to pretrained models, which may not
cover all protein sequences. Therefore, it is reasonable to
consider the convergence of sequence-based predictors
and AlphaFold-based predictions (or similar structure-
based predictors) in identifying disordered regions. Such
an integrated approach combines the advantages of both
methods and enhances the accuracy of disorder region
identification.

The Viruses.STRING analysis tool was employed to
explore interactions between HSV-1 and human proteins,
providing insights into the intricate interplay between
the virus and its host. The analysis unveiled numerous
interactions between HSV-1 and human proteins,
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highlighting extensive cross-talk between the viral and
host cellular machinery. ICP4 plays a crucial role in
regulating viral transcription during infection. As viral
genes are transcribed by cellular RNA pol II, ICP4
interacts with various components of the RNA pol II
machinery to effectively control viral gene expression.
STRING analysis reveals the interaction of ICP4 with
transcription factors such as EGR1,''° TBP''' and
GTF2B,'"! providing additional evidence of its involve-
ment in transcriptional regulation. gC, responsible for
viral entry, was found to bind to complement component
C3b, inhibiting complement-mediated host immunity.'*?
The PPI network also revealed an interaction between gC
and selectin P, an adhesion molecule expressed in the
endothelial cells of HSV-1 infected cells.''®> ICP27 was
found to interact with SRPK1 and Aly/REF."'*''* These
interactions were shown to be regulated by arginine
methylation, influencing ICP27 export and its interaction
with these cellular proteins. Additionally, ICP27 exhib-
ited an interaction with Nup62, which impairs nucleo-
cytoplasmic transport in the host.°> The analysis also
revealed interactions involving ICP0O with CCND3 (cyclin
D3),'*® USP7'"” and RNF8.''® These interactions high-
light the involvement of ICPO in cell cycle regulation,
protein degradation and DNA damage signalling
pathways. US11, a tegument protein involved in the
translational arrest pathways of the host, has been found
to interact with KIF5B,** EIF4G1'"® and HIPK3."* These
interactions highlight the involvement of USI1 in
cellular processes such as intracellular transport, transla-
tion regulation and transcriptional control. Proteins such
as IDE, NRD1 and T-box were found to show interactions
with HSV-1 proteins during the STRING analysis;
however, we did not find any literary evidence.
STRING analysis also revealed numerous interactions
among HSV-1 proteins, highlighting their ability to form
functional complexes and exploit synergistic interactions.
These interactions play crucial roles in various stages of
the viral life cycle, including viral entry, replication,
assembly and evasion of host immune responses. Studies
have also reported highly conserved interactions among
HSV-1 proteins, such as the interaction between HSV-1
UL33 and the nuclear egress proteins UL31/UL34.'*'
Despite the generally low sequence similarity observed
between orthologous proteins, these interactions
remained conserved, suggesting that the functional
aspects of these interactions are more likely to be
preserved over evolutionary time, emphasizing that the
conservation of function may outweigh the conservation
of sequence. The analyses also unveiled a diverse array of
interactions between HSV-1 proteins and host proteins,
shedding light on the functional roles of viral proteins
during infection. These interactions spanned various
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cellular processes, including immune response, tran-
scriptional regulation, protein degradation and intra-
cellular transport. The understanding of these interac-
tions enhances our knowledge of HSV-1 pathogenesis
and holds the potential to guide the development of
targeted antiviral strategies.

The understanding that LLPS plays a crucial role in
virus infection and life cycle opens the possibility of
targeting the phenomenon for antiviral therapy. Risso-
Ballester et al.'** and Wang et al.'** achieved success in
this field in combating viral infection. Risso-Ballester
et al. discovered compounds that can inhibit the
replication of the respiratory syncytial virus by disrupting
and hardening viral condensates, forming inclusion
bodies.'** Wang et al.'* identified a peptide that targets
the dimerization domain of the nucleocapsid protein of
SARS-CoV-2, which is crucial for the protein to undergo
LLPS with RNA. They found that treatment with this
peptide enhanced the innate antiviral response both in
vitro and in vivo. HSV-1 is known to cause oral and
genital herpes, encephalitis and ocular infections, and it
also plays a role in the pathology of neurodegenerative
Alzheimer's disease.'** Elucidating the mechanism of
LLPS and targeting it in HSV-1 proteins holds the
potential to discover a cure for the diseases associated
with HSV-1 infections. In conclusion, further analysis of
LLPS and MLOs of HSV-1 proteins will provide valuable
insights into the intricate molecular mechanisms
underlying HSV-1 replication and assembly. Further
exploration of these processes holds great potential for
developing novel antiviral strategies and expanding our
understanding of virus-host interactions.
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