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Abstract
Understanding the factors that shape viral protein evolution is a central question in evolutionary virology. However, these determinants are poorly 
characterized for the majority of viruses, because functional data is scarce and because most viruses encode few proteins, limiting comparisons 
between them. Here, we focus on the Orthoherpesviridae family whose related viruses, including human-infecting herpesviruses, allow 
evolutionary investigation at different timescales. We employ different models to estimate evolutionary rates of numerous herpesvirus 
proteins and residues, and assess their relationship to a set of structural, cellular and functional characteristics. Core genes whose orthologs 
are found in distant genera, evolve at similar rates within genera, despite their evolutionary distance and their differences in viral replication 
and environments. This likely stems from constraints imposed to maintain the structural fold across viruses, and is corroborated by the finding 
that fold complexity is a major determinant of evolutionary rates. Focusing on the evolution of specific protein regions, we show that surface 
and disordered regions are enriched with positively selected residues. However, motifs embedded in disordered regions, important for 
binding host proteins, have conserved occurrences across viruses. Additionally, viral proteins predicted to form biomolecular condensates 
often evolve slowly despite having high disordered content. In summary, our analyses reveal short- and long-term evolutionary constraints of 
herpesvirus proteins. These include constraints imposed by the protein structural fold and by elements within disordered regions important 
for host-virus interactions. These constraints are relevant when considering potential pathways of virus evolvability and for developing new 
antiviral treatments.
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Introduction
Understanding protein evolution is a central goal in evolution
ary biology. The rates of protein evolution, as measured by 
substitutions in a given amount of time, varies greatly across 
cellular proteins (Koonin and Wolf 2010; Zhang and Yang 
2015). This variability and its underlying factors have been 
a source for extensive research in cellular protein evolution 
(Drummond et al. 2005; Chen et al. 2011; Usmanova et al. 
2024). In contrast, determinants of viral protein evolution 
were less studied, despite their clear importance for under
standing host-virus evolutionary dynamics. Furthermore, viral 
protein evolution is often investigated in the context of antag
onistic interactions with the host immune system (Tenthorey 
et al. 2022; Kistler and Bedford 2023), while other functional 
or biophysical characteristics are rarely considered. This is, at 
least in part, because viruses usually encode for relatively few 
proteins, limiting comparisons within proteomes, and because 
functional data is often lacking for the majority of viral 
proteins within a given virus. In here, we take advantage of 
the structure of the Orthoherpesviridae family phylogeny, 
the large number of proteins these viruses encode, and the 
availability of functional data of a large set of viral proteins 
from human-infecting herpesviruses, to study how different 

determinants are linked with long- and short-term evolution 
of herpesvirus proteins.

Herpesviruses are enveloped, double-stranded DNA viruses that 
establish life-long infection in a wide range of animals, including 
mammals, birds, reptiles, and mollusks (Davison et al. 2009). 
Within the order Herpesvirales, the family Orthoherpesviridae is 
divided into three monophyletic subfamilies of vertebrate-infecting 
viruses: Alpha-, Beta-, and Gammaherpesvirinae (https://ictv. 
global/taxonomy) (Gatherer et al. 2021). Recent molecular dating 
analyses indicated that the three subfamilies diverged in the 
Jurassic period (150 to 210 million years ago) (Brito et al. 
2021), and since then, have diversified into several viral species. 
Because of their common origin, viruses in the three subfamilies 
share a similar virion morphology and typically large genomes, 
which encode for 44 conserved genes (termed “core genes”) that 
play key roles during virus replication. These orthologous 
core genes, found in viral genomes separated millions of years 
ago, provide the possibility to investigate how each of the or
thologs evolved separately in each of the three viral subfam
ilies. Additional noncore, or accessory, genes are specific to 
individual subfamilies, genera or even species (McGeoch 
et al. 1995, 2006; Gatherer et al. 2021). Despite these simi
larities, viruses in the Orthoherpesviridae subfamilies also 
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display remarkable differences in terms of cell/tissue tropism, 
host range, and transmission route (Grinde 2013; Eberle and 
Jones-Engel 2017). For instance, members of the subfamily 
Alphaherpesvirinae establish latent infection in neurons, 
while members of the subfamilies Betaherpesvirinae and 
Gammaherpesvirinae establish their latent reservoirs in mye
loid and/or lymphoid cells (Grinde 2013).

The evolution of herpesviruses has long been thought to be 
mainly characterized by co-speciation with their hosts 
(McGeoch et al. 2006). Primate herpesviruses are largely 
host-species-specific in natural settings, implying long- 
standing association and co-evolution between primates and 
herpesviruses (Eberle and Jones-Engel 2017; Brito et al. 
2021; Wertheim et al. 2021). This evolutionary history offers 
us a unique opportunity to compare core and accessory her
pesvirus proteins at various timescales.

Previous analyses that investigated the evolution and adap
tation of primate herpesviruses over different time frames, 
showed that selection signatures in viral genomes often re
sulted from selective pressure exerted by the host immune sys
tem (Sijmons et al. 2015; Zhang et al. 2018; Mozzi et al. 
2020a, 2020b, 2022; Brito et al. 2021). This is typically exem
plified by several instances of fast-evolving surface-exposed 
residues of viral proteins that are targets of humoral responses 
or that interact with components of the immune system 
(Szpara et al. 2014; Sijmons et al. 2015; Lassalle et al. 2016; 
Mozzi et al. 2022; Palmer et al. 2022). However, evidence 
of adaptive evolution was also reported for viral core proteins 
that are a not exposed to immune-mediated pressure. For in
stance, the adaptation of human cytomegalovirus (HCMV, 
subfamily Betaherpesvirinae) to its human host was accom
panied by changes in several core proteins, many of which 
interact with one another (Mozzi et al. 2020a).

Evolutionary patterns can also be related to biophysical fea
tures of the proteins themselves (DePristo et al. 2005; Tokuriki 
et al. 2009; Wilke and Drummond 2010; Echave and Wilke 
2017), although relatively little is known in that regard for 
herpesvirus proteins and for the majority of viral proteins in 
general (Tokuriki et al. 2009). Data have been emerging that 
evolutionary changes in intrinsically disordered regions 
(IDRs) and low-complexity regions in herpesvirus proteins 
are associated with host adaptation or evasion of immune re
sponses (Mozzi et al. 2020b; Zimmermann et al. 2024). This is 
in agreement with previous work suggesting that disordered 
regions in human and viral proteins can evolve rapidly 
(Nilsson et al. 2011; Gitlin et al. 2014; Afanasyeva et al. 
2018). This rapid evolution can facilitate adaptation through 
various mechanisms (Nguyen et al. 2024; Chow and 
Toth-Petroczy 2025) including changes in eukaryotic linear 
motifs (ELMs) that are embedded in IDRs and mediate inter
actions with other proteins (Davey et al. 2011; Chemes et al. 
2012; Hagai et al. 2014; González-Foutel et al. 2022; 
Glavina et al. 2022a, 2022b; Cagliani et al. 2024).

In this work, we study the evolution of herpesvirus proteins, 
using representatives from each of the three subfamilies within 
Orthoherpesviridae, and at three different time frames: (i) at 
the intra-species level, by comparing isolates of human- 
infecting viruses, (ii) at the inter-species level, by comparing 
orthologous genes within each genera, across human- and 
nonhuman primate (NHP) infecting viruses, and (iii) between 
orthologous core genes found in viruses belonging to different 
genera—genes separated by speciation hundreds of millions of 
years ago. We compare the evolutionary rates of these proteins 
and their residues along with various structural, cellular and 

functional features, providing a comprehensive analysis of a 
diverse set of determinants of viral protein evolution. The 
phylogenetic data files and structural prediction files created 
during this work are available for future use, as detailed in 
Methods.

Results
Inter- and Intra-Viral Dataset Assembly and 
Evolutionary Models
To obtain a global multiscale overview of herpesvirus 
protein evolution in primates, we focused on three viral 
genera—Simplexvirus, Cytomegalovirus, and Rhadinovirus— 
representatives of the three Orthoherpesviridae subfamilies 
that have diverged millions of years ago. These three genera 
were selected because: (i) Each has a sufficiently large 
number of fully or almost-fully sequenced genomes from 
NHP-infecting viruses; (ii) Many human clinical isolates 
with full sequence information are also available (Fig. 1). In 
humans, the three genera are represented by HSV1 and 
HSV2 (human herpes simplexvirus type 1 and type 2, genus 
Simplexvirus), HCMV (genus Cytomegalovirus), and Kaposi’s 
sarcoma-associated herpesvirus (KSHV, genus Rhadinovirus). 
In addition to the human virus sequences and their isolates, 
the datasets included 4-6 viral species that infect Old World 
monkeys or great apes, and 1-2 that infect New World mon
keys, providing a set of orthologous viral proteins across the 
phylogeny (Fig. 1). A detailed list of all viral species used in 
this work appears in Tables S1 and S2.

One-to-one orthologous viral proteins across the primate 
clade (human- and NHP-infecting viruses) were used for inter- 
species evolutionary analysis (see Materials and Methods) 
(Fig. 1, Left). The average nonsynonymous substitution/syn
onymous substitution rate ratio (dN/dS), a measure for selec
tion, was calculated for all coding genes of the three virus 
genera that had a sufficient number of orthologs and were re
tained following additional filtering steps. For this, we used 
the single-likelihood ancestor counting (SLAC) method 
(Kosakovsky Pond and Frost 2005). These analyses provided 
us with long-term evolutionary rates of proteins and residues 
(between orthologous herpes viral proteins from viruses of 
the same genus that infect different primate species). In add
ition, we use these dN/dS values to compare core proteins be
tween the genera, giving us a comparative analysis of proteins 
that were separated 150 to 210 million years ago.

For intra-species evolutionary analyses, representative ge
nomes of human virus isolates were selected based on geo
graphic distribution, disease status, and body compartment, 
as well as from strains with low-passage history in culture 
(Tables S3 to S5). Coding genes were aligned and a codon-wise 
inference of evolutionary patterns was obtained with the FEL 
(Fixed Effects Likelihood) method (Kosakovsky Pond and 
Frost 2005) (Fig. 1). FEL uses a maximum-likelihood ap
proach to infer dN and dS at each site, and, based on the select
ive pattern, classifies codons into four classes: purifying 
selection, diversifying selection, neutral, and invariant (these 
are codons where dN = dS = 0). We thus obtained categoriza
tions of residues based on their short-term selective patterns.

Characterizing Herpesvirus Protein Structural 
Features
To study the structural characteristics of herpesvirus proteins 
across the three viral genera, three measures were calculated 
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for each viral protein: fold complexity, surface fraction, and 
disorder fraction. To compute these measures, herpesvirus 
protein structures were first predicted using AlphaFold2 
(AF) (Tunyasuvunakool et al. 2021). Overall, we predicted 
the structures of 73, 168, and 85 proteins of HSV1, HCMV, 

and KSHV, respectively. Residue structural precision accuracy 
(pLDDT), obtained from AF, is considered a good predictor of 
disorder (Akdel et al. 2022; Wilson et al. 2022; Zhao et al. 
2023), and these values were thus used to determine the level 
of disorder for each residue and the fraction of disordered 

Fig. 1. Schematic representation of the herpes viral systems used in this study. Left: Within the Orthoherpesviridae family, we focused on 
human-infecting viruses, representatives of the three subfamilies, Alpha-, Beta- and Gammaherpesvirinae. Within each subfamily, we chose a genus 
(Simplexvirus, Cytomegalovirus and Rhadinovirus, respectively) that has one or two human-infecting viruses, and that each of these genera has several 
NHP-infecting viruses. Inter-species evolutionary analysis was performed for each genus separately, across orthologous proteins from the human and 
NHP-infecting viruses (for dN/dS-based analysis, New World monkey-infecting viruses were excluded due to the resulting MSA quality). All trees shown 
are based on orthologous glycoprotein B sequences (tree reconstruction is detailed in Materials and Methods). See additional trees in Figure S1. Right: 
Isolates of the human-infecting viruses (HSV1, HCMV, and KSHV) were used for intra-species evolutionary analysis. Functional data used in the analyses 
(e.g. protein type and expression time during replication) was collected based on the human-infecting viruses. Structural analyses (e.g. fold complexity 
and disordered content) were mostly based on the human-infecting viral proteins. Silhouette images were derived from https://www.phylopic.org/.
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residues per protein. Using the predicted protein structures, 
surface and core residues within each folded region were in
ferred using the contacts of structural units (CSU) method, a 
biophysics-based method that computes for every residue the 
interactions that its atoms form with atoms from other resi
dues and the chemical nature of these interactions (Sobolev 
et al. 1999). The CSU method also enabled the identification 
of inter-connecting residues—residues that are not adjacent 
in primary sequence (are at least four residues apart from 
each other in sequence), but that their atoms interact with oth
er in the tertiary structure. This provided us with a detailed list 
of all residue pairs that interact in noncovalent bonds within 
each protein. Using this list, a value related to fold complexity 
was calculated. To this end, we used a measure termed “con
tact order”, which calculates the average distance in primary 
sequence between all residue pairs that form a contact in the 
three-dimensional structure of the protein (see scheme in 
Figure S2). Distant residues in primary sequence that come 
into contact in the three-dimensional structure increase the 
contact order value, while contacts between closely related 
residues in primary sequence decrease this value. In other 
words, contact order gives an estimate of how complex the 
folded structure is, since its value correlates with how much 
of the fold is composed of pairs of residues that come into con
tact from distant regions of the sequence. This measure has 
been previously shown to correlate with the kinetic rate at 
which proteins fold (Ivankov et al. 2003), and here we study 
it in relation to evolutionary rates.

In summary, for every viral protein we obtained comparable 
measures of (1) fold complexity, (2) the fraction of residues 
that are surface-exposed, and (3) the fraction of residues with
in disordered regions. These values appear in Table S6a to c
for all proteins in each of the three viruses.

Conservation of Structural Characteristics in 
Herpesvirus Core Proteins across Genera
To compare the structural and evolutionary characteristics of 
herpesvirus proteins across the three genera, we first focused 
on a set of 39 core proteins whose orthologs exist as a single 
copy in each of the human-infecting herpesviruses used in 
this work (HSV1, HCMV, and KSHV) and that we obtained 
AF-predicted structures for each of the three orthologs. 
From these, 33 proteins had estimates of dN/dS in all three 
families. The list of core genes is based on a previous review 
that includes 44 proteins that exist in Alphaherpesvirinae, 
Betaherpesvirinae, and Gammaherpesvirinae, but not neces
sarily in all human-infecting viruses (Davison et al. 2009), 
and their Uniprot IDs and structural and evolutionary meas
ures appear as Table S7. We compared the fold complexity, 
as measured by contact order, between the orthologs of core 
proteins and observed a very high and significant correlation 
between their contact order values. We note that in this ana
lysis, and in all following analyses of core proteins, we com
pare the three viruses in a pairwise manner, each time 
comparing the same set of orthologous proteins in two of 
the three genera we study (Fig. 2a to c). The strong correlation, 
of ϱ= 0.95 or above, between contact order values of ortholog 
proteins suggests that the overall structure of the fold has re
mained highly similar in the three genera, despite the large sep
aration in time between the three viruses (Fig. 2a to c).

Next, we compared the fraction of surface residues between 
orthologs and observed that it is also highly correlated, al
though the correlation is lower than that observed in the 

fold complexity comparison (Fig. 2d to f). This lower correl
ation is in agreement with changes in surface residues being 
more prevalent during protein evolution than those occurring 
in residues in the protein’s hydrophobic core (Tóth-Petróczy 
and Tawfik 2011). These evolutionary changes in protein sur
faces can lead to larger differences in surface exposure be
tween orthologous proteins in comparison with the overall 
fold structure and core residues that are under stronger selec
tion to be conserved, to preserve function and maintain 
thermodynamic stability (Tóth-Petróczy and Tawfik 2011).

We repeated the above analyses, comparing structural fea
tures (fold complexity and surface percentage) between core 
proteins, with proteins that their predicted structures have a 
relatively high prediction score (average pLDDT score > 70). 
The trends observed in this protein subset were similar to 
the overall set, but with weaker correlations (Figure S3). 
These weaker correlations may originate in the smaller set of 
proteins analyzed and in the narrower range of values com
pared (e.g. in the surface percentage analysis, proteins with 
very high surface residue fractions were excluded from the 
analysis, since their pLDDT values were low, likely because 
they possessed high fraction of disordered regions).

When considering the disorder fraction in each protein, a 
significant correlation between orthologs is observed (Fig. 2g 
to i). The correlation in disorder fraction was lower than the 
correlations observed when fold complexity and surface per
centage were compared across this set of proteins. This is in 
line with the relatively fast evolution of IDRs that are known 
to change rapidly in both sequence composition and in overall 
length during evolution (Xue et al. 2012; Gitlin et al. 2014). It 
is also in agreement with our previous results that suggested 
significant differences in disorder content among herpesvi
ruses (Mozzi et al. 2020b).

Conservation of Evolutionary Rates in Herpesvirus 
Core Proteins
Following the structural measure comparisons, we asked 
whether the evolutionary rates at which orthologous gene 
evolved in each of the three genera separately, are similar. In 
other words, we asked whether the orthologs of a core gene 
that evolved relatively fast in one genus across primate-infecting 
viruses, tend to evolve rapidly also in the other two genera, and 
whether a slowly-evolving gene in one genus also evolves rela
tively slowly in the other genera. To this end, we compared 
the dN/dS values obtained for the same gene, between the three 
genera. In each genus, the evolutionary rates were computed 
across primate-infecting herpesviruses (e.g. herpes simplex vi
ruses that infect humans, great apes, and Old World monkeys). 
In two of the three comparisons (HCMV vs KSHV, and HSV1 
vs KSHV) we observed a significant correlation (with P-value = 
0.01 or below, Fig. 2j to l). This suggests that these orthologous 
proteins are under similar selective constraints and that selective 
patterns tend to be maintained over long evolutionary time 
frames, as expected by the high degree of structural similarity 
observed between orthologs of core herpesvirus genes. This is 
despite the differences in environments between these viruses 
(e.g. different cell tropism, different host proteins that act as re
striction factors against these viruses, etc.) and the fact that they 
have split from a common ancestor millions of years ago. We 
note that the weak correlations observed in some of these com
parisons may stem from the limited numbers of proteins ana
lyzed, from the limited numbers of orthologous proteins used 
to infer evolutionary rates, and from the relatively narrow range 
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of dN/dS values across proteins in each of the viral proteomes. 
Thus, while we believe that the repeating trends observed across 
viruses can alleviate concerns regarding statistical significance, 
these results should still be interpreted with caution.

We next performed a similar analysis, comparing the rates 
of orthologous genes in the different genera, but this time fo
cusing on short-term evolutionary timeframes. When looking 
at the fractions of residues under diversifying selection or puri
fying selection, based on the intra-species analysis of the hu
man isolates, no significant correlation was observed 
between the orthologs across the three genera (Figure S4). 
This is in line with the notion that in a relatively short evolu
tionary time frame, selection may be less efficient and that 
some mildly deleterious mutations have accumulated and are 
maintained since there was insufficient time to eliminate 
them from the population.

Structural Characteristics of Herpesvirus Proteins 
and Their Link with Evolutionary Rates
We next asked how each of the structural characteristics cor
relates with the evolutionary rates of herpesvirus proteins, to 
detect potential links between them. For this, we analyzed 
the relationship between the three structural characteristics 
mentioned in Fig. 2 and their inter-species evolutionary rates 
for all proteins within each of the three viruses (not only 
core proteins, but all proteins that have a sufficient 
number of one-to-one orthologs within the family across 
NHP-infecting viruses). First, we divided proteins into groups 
based on their relative contact order values, corresponding to 
fold complexity (Fig. 3a to c). We observed a strong and sig
nificant trend with higher contact order values having slower 
evolutionary rates. This is in agreement with the notion that 
more complex folds have higher fractions of residues placed 

Fig. 2. Comparison of structural and evolutionary measures between core proteins belonging to the three Orthoherpesviridae genera. In each row, a 
different measure is compared between orthologs of core proteins, found in HSV1, HCMV, and KSHV (in each column, orthologs from two genera are 
compared). The measures are (a to c) Contact order, (d to f) Surface percent, (g to i) Disorder percent, (j to l) dN/dS within each genus (across human- and 
NHP-infecting viruses). Spearman’s rank correlation coefficients and P-values are shown.
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under constraints to preserve long-distance interactions be
tween residues than simpler folds that are mostly formed 
through local interactions. We note that there is some overlap 
between the groups, such that some of the proteins that differ 

in their fold complexity (contact order values) have similar 
evolutionary rates (dN/dS values). Furthermore, the trends 
are not always consistent, as observed in the middle protein 
groups of KSHV. This may stem from other factors that 

(a) (d) (g)

(b) (e) (h)

(c) (f) (i)

Fig. 3. Structural characteristics and inter-species evolutionary rates of herpesvirus proteins in the three genera. In each row, the evolutionary rates of 
proteins encoded by a different herpesvirus (HSV1, HCMV, and KSHV) with respect to NHP-infecting viruses within their genera are examined. In each 
column, the proteins are partitioned into bins based on a different structural characteristic: (a to c) Fold complexity, as measured by contact order, (d to f) 
Surface residue percent, (g to i) Disorder residue percent (taking into account only unmasked residues in the MSA). P-values are shown for Kruskal test. 
Dunn’s tests for each pairwise comparison are shown in Table S8.
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impact the evolutionary rates, in addition to fold complexity, 
and from technical factors such as noise in the data and limited 
number orthologs that can lead to less accurate inference of 
evolutionary rates.

We repeated this analysis by grouping proteins based on the 
fraction of surface residues, observing a trend where proteins 
with higher fractions of surface residues display faster evolu
tionary rates (Fig. 3d to f). While this trend is expected and ob
served across all three viruses, it is less consistent than the 
trends observed when looking at the relationship between 
fold complexity and evolutionary rates.

We repeated the two analyses above with the set of proteins 
with high prediction scores (pLDDT score > 70). We observe 
similar patterns, where proteins with higher fold complexity 
and lower surface residue fraction tend to be more conserved 
(Figure S5). However, these trends are weaker in this subset, 
likely because of the smaller set of proteins tested and their 
narrower range of values.

Finally, we compared the fraction of disordered residues 
with the protein’s evolutionary rate (Fig. 3g to i). 
Surprisingly, we did not find a clear trend in HCMV and 
KSHV. In HSV1, we observed a trend of faster evolutionary 
rates in proteins that have higher disorder content, in agree
ment with previous findings (Mozzi et al. 2020b) and with 
the notion that disordered regions tend to evolve faster than 
ordered regions (Chow and Toth-Petroczy 2025). We expand 
on these findings in the context of functional constraints that 
may be placed on disordered regions in Discussion.

Functional Characteristics of Herpesvirus Proteins 
and their Associations with Evolutionary Rates
We next asked whether there are associations between protein 
evolutionary rates and their functions. We used a dataset of 
herpesvirus proteins that partitions them based on (i) their 
time of expression during replication [immediate early (IE), 
early, delayed early (DE), late, leaky-late], and (ii) the com
partment to which they belong to—structural versus nonstruc
tural, and, within the structural proteins, a further division to 
capsid, tegument and envelope (Kennedy et al. 2022). We 
compared the distributions of evolutionary rates of each of 
these groups to the others, in each of the three viruses. In 
two of the viruses, HSV1 and HCMV, we observed that IE 
genes are significantly more rapidly evolving, displaying high
er dN/dS values than other classes. In KSHV we do not observe 
such trends and the three groups of proteins do show signifi
cant differences in the distribution of evolutionary rates 
(Fig. 4a to c).

When looking at proteins’ structural function (Fig. 4d to f), 
we observed that capsid proteins display the lowest evolution
ary rates, while envelope and tegument proteins display the 
highest evolutionary rates. This is observed in all three viruses, 
but is significant only in some of the comparisons: capsid ver
sus tegument proteins in HSV1 and KSHV, and capsid versus 
envelope proteins in HSV1. In both functional and temporal 
classifications, we thus observed complex trends. These may 
stem from other factors that constrain these proteins, such 
as their structural characteristics. Additionally, it may be 
that the classifications are too crude, and include groups 
that have several subsets with different functions that can af
fect their evolution. For example, tegument proteins include 
both those residing in the inner and the outer tegument re
gions, and these are known to have different functions that 
may impact their evolution (Sucharita et al. 2023). Next, we 

asked if the evolutionary rates of latency genes differ from oth
er classes of viral genes. We observed that both in HCMV and 
KSHV, the small group of latency genes [taken from a recent 
review on herpesvirus latency (Weidner-Glunde et al. 2020)] 
has higher evolutionary rates (Figure S6). However, the differ
ences between these genes and nonlatency genes are not statis
tically significant, possibly due to the small size of this group of 
genes.

Next, we hypothesized that viral proteins localized into 
more than a single location would be targeted by stronger 
purifying selection. This is based on the assumption that their 
multiple locations may indicate that they are multifunctional, 
and having several functions can place additional constraints 
on the protein. Indeed, when using a dataset based on a 
cross-HSV1 protein localization fluorescence assay (Xing 
et al. 2011), we observed that proteins found in multiple cellu
lar locations seemed to have lower dN/dS values than those lo
calized in one cellular location (Figure S7). However, these 
differences are not significant because of the small numbers 
of proteins compared in each of the groups.

Finally, we also asked whether an additional characteristic, 
protein’s tendency to form or be part of a biomolecular con
densate, is associated with its conservation. Biomolecular con
densates have recently emerged as having central roles in 
various cellular pathways, and many viral proteins are 
thought to take part in such condensates in order to modulate 
the host’s cell and to efficiently replicate (Li et al. 2022; Zhang 
et al. 2023), including some herpesvirus proteins (Seyffert 
et al. 2021; Xu et al. 2021; Zhou et al. 2023). However, the 
relationship between participation in biomolecular conden
sates and protein conservation is not well understood and 
has not been explored, in either cellular or viral proteins. 
For this analysis, we predicted the tendency for each herpes vi
ral protein to be part of a condensate, using PICNIC—a recent 
machine learning algorithm that predicts protein’s participa
tion in condensates based on sequence and structure 
(Hadarovich et al. 2024). We observed that in each of the three 
herpesviruses, the group of proteins predicted to form conden
sates is under stronger purifying selection than the rest of the 
proteins (Fig. 5a to c). We note that these comparisons are 
weakly significant (in the case of HCMV) or not statistically 
significant (in the case of HSV1 and KSHV), possibly due to 
the small group of proteins compared or to the small differen
ces observed between some of the compared groups. However, 
the fact that these trends are consistent across the three viruses 
may suggest that participation in biomolecular condensates 
places constraints on the sequences of the viral proteins that 
are part of these condensates. This is especially surprising since 
proteins that form condensates often include segments of dis
ordered regions known to rapidly evolve (Chow and 
Toth-Petroczy 2025). When testing the disorder content of 
the herpesvirus proteins, partitioned based on whether the 
proteins are predicted to participate in such condensates, we 
indeed observed that the group of proteins predicted to form 
condensates includes proteins with higher fraction of disor
dered regions than proteins not predicted to be part of conden
sates. This trend is consistent across the three viruses, and is 
significant in HCMV (Fig. 5d to f). To further investigate 
the relationship between the tendency to form condensate, dis
order content and protein conservation, we used a linear mod
el (see Methods). We observed that for two of the viruses, 
HCMV and HSV1, the condensate prediction scores contrib
ute towards lower dN/dS values and the disorder content 
has the opposite effect (although not fully significant) (Fig. 5g).
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Residue-Level Analysis of Surface, Core and 
Disorder
Following our protein-level analyses, we next asked how res
idues with different structural characteristics differ in their 
evolutionary rates. We here used the intra-species analysis 
since in the inter-species analysis a large number of residues 
were masked due to recombination events or to poor align
ments (see Materials and Methods). We first divided each of 
the proteins’ residues based on their structural location: core 
or surface, and then studied their distribution in four classes 
of residues inferred to undergo different selection, as deter
mined by FEL (Kosakovsky Pond and Frost 2005). The classes 
include: diversifying (positive), invariable (where the site has 
no synonymous or nonsynonymous substitutions in any of 

the species), neutral, and purifying (negative) selection. 
Using these classifications, we observed strong enrichment of 
surface residues within the diversifying class in all three vi
ruses. In addition, in both HSV1 and HCMV, the purifying 
class is depleted in surface residues and enriched in core resi
dues (Fig. 6a to c). We observed similar trends when repeating 
this analysis on residues from proteins with high pLDDT 
scores (Figure S8).

We next asked whether residue disorder is linked with its 
evolutionary rate. To this end, we used AF measure of accur
acy in prediction as a proxy for disorder [the per-residue 
pLDDT (predicted local distance difference test) score], as 
done previously (Wilson et al. 2022). Based on this score, res
idues were classified as ordered, intermediate and disordered 

(a) (b) (c)

(d) (e) (f)

Fig. 4. Functional characteristics and inter-species evolutionary rates of herpesvirus proteins in the three genera. In each column, the evolutionary rates of 
proteins encoded by a different herpes virus (HSV1, HCMV, and KSHV) with respect to NHP-infecting viruses within their genera are examined. In each 
row, the proteins are partitioned into bins based on a different characteristic: (a to c) Temporal class, the time during infection in which the viral protein is 
expressed: Immediate-Early (IE), Early (E), Delayed-early (DE), Leaky-Late (LL), Late (L); (d to f) Structural function, with respect to whether the protein is 
structural and which part of the virion it is part of, or a nonstructural protein. FDR-corrected P-values are shown for Mann–Whitney test.
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(with pLDDT values above 70, between 50 and 70, and below 
50, respectively). In all three viruses, we observed that the di
versifying class is highly enriched with residues that are 

disordered and is depleted in ordered residues, as expected 
based on previous findings (Brown et al. 2011; van der Lee 
et al. 2014) (Fig. 6d to f). In summary, as expected from 

(a) (b) (c)

(d)

(g)

(e) (f)

Fig. 5. Protein participation in biomolecular condensates, disorder and conservation. (a to c) Evolutionary rates of herpesvirus proteins (dN/dS), partitioned 
based on whether they are predicted to be part of a condensate or not, based on PICNIC scores, for HSV1, HCMV, and KSHV proteins, respectively. (d to f) 
Disordered residue percent of herpesvirus proteins (taking into account only unmasked residues in the MSA), partitioned based on whether they are 
predicted to be part of a condensate or not, based on PICNIC scores, for HSV1, HCMV, and KSHV proteins, respectively. g) Results of a linear model for 
each of the three viruses, with protein condensate formation prediction scores and disordered fraction as independent variables and dN/dS values as 
dependent variables. P-values in (a to f) are shown for Mann–Whitney test.
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previous analyses, disordered and surface regions are enriched 
with positive selection, while ordered and core regions are en
riched with purifying selection.

Evolutionary Conservation of Short Peptide Motifs 
in Herpesvirus Proteins that Interact with Host 
Protein Domains
Finally, we aimed to test whether surface regions of viral pro
teins that act as sites for interactions with host proteins are 
relatively conserved or evolve rapidly. While evolution of 
extracellular viral protein surfaces has been studied, especially 
with respect to antigenic evolution (Kistler and Bedford 2023), 
not much is known about how surfaces of intracellular viral 
proteins that are used for interactions with host proteins 
evolve. Since structural information on host-virus protein- 
protein interaction (PPI) is scarce, with relatively few experi
mentally solved host-viral protein complexes, we sought to 
find interface regions by focusing on domain-motif interac
tions between host and viral proteins. Several motifs found 
in herpesvirus proteins that interact with specific human pro
tein domains, are known to play important roles during the 

virus life cycle. These motifs act as interaction modules with 
host proteins, and can thus be used to study the evolution of 
interface regions in viral proteins. When looking at the set of 
experimentally known motifs in proteins from human- 
infecting herpesvirus proteins, we can analyze their occurrence 
in orthologous viral proteins, to infer whether the host-virus 
interactions they mediate are conserved across the viral phyl
ogeny (see Table S9, for the complete list of experimentally 
known motifs). For example, a motif found at the disordered 
C-terminus tail of HSV1 UL37 tegument protein is important 
for binding the human TRAF6 domain and for NF-κB activa
tion (Liu et al. 2008). This motif is found in all orthologous 
proteins in NHP-infecting herpes simplex viruses (Table S9). 
Additionally, the HCMV tegument protein pp150 binds to 
the human Cyclin A2 through a specific motif (Bogdanow 
et al. 2013). This motif is found in orthologous proteins 
from Great ape- and Old World monkey-infecting CMVs, 
but not in orthologs from New World monkey-infecting 
CMVs (Table S9).

We asked whether such functional motifs in viral proteins 
tend to be maintained in viral orthologs such that the host- 
virus interactions mediated by them are conserved over long 

(a) (b) (c)

(d) (e) (f)

Fig. 6. Structural characteristics of residues and intra-species evolutionary rates of herpesvirus proteins in the three genera. In each column, the 
evolutionary rates of protein residues from a different herpes virus (HSV1, HCMV, and KSHV) are shown. Evolutionary patterns are computed based on 
the FEL method and using isolates from the same virus, and each residue is classified as belonging to the groups of residues that have undergone 
diversifying, neutral or purifying selection, or as an invariable residue. In each row, the residues are partitioned into bins (shown as fold change values of 
relative occurrences) based on a different characteristic: (a to c) Surface versus core residues; (d to f) Ordered versus disordered residues. Intermediate 
disordered residue fractions are not shown. FDR-corrected P-values are shown for Fisher’s exact test comparing the two adjacent columns in each FEL 
class. In (d to f), two tests were performed (once for ordered versus all and separately for disordered versus all. Both tests yielded similar P-values, except 
for HSV1 purifying selection class, where both values are shown).

10                                                                                                                                     Fuchs et al. · https://doi.org/10.1093/molbev/msaf256
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/42/10/m

saf256/8280095 by guest on 26 January 2026

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf256#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf256#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf256#supplementary-data


evolutionary timescales. Since the set of experimentally vali
dated motifs in herpesvirus proteins is relatively limited, we 
sought to computationally infer likely cases of such functional 
motifs. This can be done by (i) taking host-viral protein pairs 
known to experimentally interact (from host-virus PPI data
bases), and (ii) finding a matching pair of a viral motif and a 
host domain, e.g. by finding an SH3-binding motif within a 
herpesvirus protein’s disordered region and an SH3 domain 
in the human protein known to interact with this viral protein 
(see Figure S9 for a schematic example). Such an approach was 
previously used by us and by other groups (Garamszegi et al. 
2013; Becerra et al. 2017; Shuler and Hagai 2022; Cagliani 
et al. 2024), and allows the detection of the surface region in 
viral proteins that interacts with the host proteins.

To detect motifs in viral protein sequences, we first identi
fied segments of HSV1, HCMV, and KSHV proteins that 
match known motifs, as defined in the ELM database 
(Kumar et al. 2024) that their residues are predicted to be dis
ordered. Some of these motif occurrences may represent a 
truly functional motif that binds a matching host domain, 
while other occurrences can be sequences that spuriously 
match motif patterns due to the short and degenerate nature 
of motifs (“motif-matching sequences”). To distinguish be
tween occurrences of functional motifs and spurious occur
rences of motif-matching sequences, we used existing PPI 
data between herpesvirus proteins and human proteins [taken 
from several experimental studies (Nobre et al. 2019; Yang 
et al. 2021)]. In each pair of human-viral PPI, we considered 
motifs in the viral protein as “functional motifs” if they had 
a matching domain in the interacting human protein (see 
Figure S4 for details). Thus, for HSV1, HCMV, and KSHV 
we obtained a list of 45, 118, and 81 functional motifs, re
spectively. The remaining set of motif matches that lack ex
perimental evidence are thus not known to be functional and 
were denoted as “motif-matching sequences”.

To determine the evolutionary conservation of motifs, we 
searched for the presence of each motif in the orthologous se
quences in NHP-infecting herpesviruses. We then defined a 
“conservation status” for each motif, ranging from occurring 
only in the human-infecting herpesvirus to occurring in all or
thologous viral proteins (see Fig. 7a for an example, and 
Fig. 1a for detailed viral phylogenies). Importantly, since mo
tifs usually reside in disordered regions that can be poorly 
aligned, and since motifs can function despite some changes 
in their residue composition (based on the motif patterns), 
we did not require that the motifs will be found in the exact 
aligned position across all orthologous proteins and that their 
residues will be highly conserved. Instead, following previous 
analyses (Nguyen Ba and Moses 2010; Hagai et al. 2012b, 
2014), we asked whether the motif occurs or not in each 
such ortholog. We observed that ∼80% of the functional mo
tifs in all three herpesvirus genera occur across all 
primate-infecting viruses (Fig. 7b to d). Furthermore, in all 
three herpesviruses the set of functional motifs tend to be 
more conserved in occurrence across related viruses than 
motif-matching sequences: The fraction of motifs that occur 
across the viral orthologs (out of all motifs) is higher in the 
set of functional motifs than the corresponding fraction in 
motif-matching sequences. In contrast, a higher fraction of 
motifs that occur only in the human-infecting viral protein 
(HSV1, HCMV, and KSHV) is found in motif-matching se
quences than the corresponding fraction in functional motifs. 
These observations suggest that functional interface regions in 
viral proteins, such as the short linear motifs we examined, 

occur in a relatively conserved manner during viral evolution. 
This conservation is observed across all viruses examined. We 
further discuss these findings and their relevance for host-virus 
interaction evolution in the Discussion section below.

Discussion
In this work, we have analyzed the short- and long-term evo
lution of herpesvirus proteins using three human-infecting vi
ruses, HSV1, HCMV, and KSHV, from each of the three 
subfamilies of Orthoherpesviridae. We compared the evolu
tionary rates of encoded genes within each of these viruses us
ing orthologous genes in NHP-infecting viruses from the same 
genus, and used these inter-species evolutionary rate estimates 
to test how a range of structural and functional characteristics 
is associated with fast or slow evolution. We further compared 
core proteins, whose encoding genes are found in each of the 
three distant genera we used. In these cross-genus analyses, 
we tested the similarity of orthologous core genes found in 
the three distant viruses in terms of their structural properties, 
long- and short-term evolutionary rates. Finally, we also fo
cused on specific regions of herpesvirus proteins, examining 
how structural features of residues are related to their evolu
tionary rates and at the cross-viral-species occurrence of mo
tifs that are important for interactions with the host. In 
general, our data indicate that purifying selection is the major 
force shaping the diversity of these proteins, and, as a conse
quence, the range of dN/dS over all proteins tested is limited. 
Thus, a shift between the median dN/dS values of two groups 
of genes (e.g., between capsid and tegument proteins, in 
Fig. 4), indicates a trend where purifying selection was stron
ger in the set with the lower values, and suggests that overall, 
this set, with its particular functional characteristics, may be 
more constrained.

We observed that the core proteins display strong similarity 
between orthologs in the three different viruses in various 
structural parameters we tested, in line with their conserved 
functions. Fold complexity was more conserved across orthol
ogous core proteins than the fraction of disordered and surface 
regions (Fig. 2). This is in agreement with the requirement 
to maintain overall fold structure and stability and with the 
notions that surface and disordered regions are placed 
under less constraints and that their rapid evolution can sup
port rewiring of protein regulation and interactions. When 
we tested the rates at which core proteins evolve within 
primate-infecting viruses in the three genera, we observed sig
nificant correlations in evolutionary rates in two of the three 
cross-genera comparisons (Fig. 2j to l). In other words, ortho
logs of core genes, separated by millions of years of viral evo
lution, show similar levels of conservation with respect to 
other core genes. This interesting result of relatively high con
servation across genera is despite the long evolutionary time 
since separation of the three Orthoherpesviridae subfamilies 
and the fact that these viruses evolved to replicate in different 
cells and face different environments and challenges. It implies 
that the evolution of these genes is predominantly constrained 
by factors mutual to all viruses, most likely structural and bio
physical factors, such as those we tested and others that place 
various limitations on protein evolution (DePristo et al. 2005; 
Echave and Wilke 2017).

Indeed, when we analyzed the association between evolu
tionary rates of all proteins encoded within each viral genome 
and various characteristics, the strongest correlations were ob
served when looking at structural properties (Fig. 3). When we 
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(a)

(b) (c) (d)

Fig. 7. Motif conservation across orthologous herpesvirus proteins in the three genera. a) Center: Schematic design of the analysis: In each of the three 
human-infecting viruses, we identified motif-matching sequences and inferred which motifs may be “functional” based on existing PPI data and on a 
method described in the text (the remaining set is denoted as “motif-matching sequences” and serves as a control). We then searched for the occurrence 
of these motifs in the orthologous proteins in the corresponding NHP-infecting herpes viruses. Based on their occurrences across the phylogeny, each 
motif was defined as found in all viral species, or only in a subset of the phylogeny (e.g. only in human and chimpanzee CMVs). Left: two examples of viral 
motifs and their human domain targets. The HSV1 protein motif is found across viral orthologs, whereas the HCMV protein motif is absent in New World 
monkey-infecting CMVs. (b to d) The fractions of functional motifs and motif-matching sequences, found in HSV1, HCMV, and KSHV, that are found 
(left-to-right) in only the human-infecting species, in subsets of the phylogeny, or conserved across the phylogeny. In all three viruses, functional motifs 
have a higher fraction of conserved occurrence across the viral lineage than the motif-matching sequences. To test this statistically, we compared the 
fraction of functional motifs occurring across all viruses, with the corresponding fraction of motif-matching sequences, using Fisher’s exact tests and the 
entire sets of functional motifs and motif-matching sequences (P-values are shown for each of these comparisons, in HSV1, HCMV, and KSHV). Images 
were created in BioRender.(2025) https:// BioRender.com/1m65sw7. Silhouette images were derived from https://www.phylopic.org/.
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tested the association between a range of functional character
istics with herpesvirus protein evolutionary rates, a more com
plex picture emerged (Figs. 4 and 5). Some functional features, 
such as early expression during replication and encoding for 
capsid and envelope proteins, showed evolutionary patterns 
that were often consistent and significant across the three vi
ruses. In other cases, the results were weaker. The weak and 
complex patterns we observe may stem from a range of rea
sons including the relative strength of selection each of these 
characteristics effectively imposes on the protein, and the 
fact that these proteins may be multifunctional in a manner 
that can place additional or differential constraints on their 
evolution. In this regard, we observed that HSV1 proteins 
that are expressed in more than one cellular location, a poten
tial proxy for multifunctionality, evolve under stronger purify
ing selection than those localized into a single location, 
although this was not significant, likely due to the small num
bers of proteins compared. Since we do not have similar cellu
lar expression data for the other two herpesviruses, we cannot 
test if the observations in HSV1 are part of a consistent trend 
across herpesviruses.

We also analyzed relative evolutionary rates of residues and 
regions within each protein (Fig. 6). We observed that surface 
and disordered regions are enriched with residues that under
went diversifying selection, in agreement with the notion that 
these regions may evolve rapidly and adaptively to rewire viral 
protein interactions with the host (Hagai et al. 2014; Mozzi 
et al. 2020b; Dolan et al. 2021). Interestingly, it was previous
ly shown that a mammalian protein evolves adaptively in its 
disordered regions in a manner that may be related to the evo
lutionary arms race between primates and primate-infecting 
herpesviruses (Lou et al. 2016).

Host-pathogen interactions are usually thought to be antag
onistic since they are beneficial for one of the interacting part
ners and deleterious for the other side (Daugherty and Malik 
2012; Duggal and Emerman 2012; Tenthorey et al. 2022). 
These antagonistic interactions lead to an evolutionary arms 
race, where both sides evolve adaptively to counteract their 
opponent. Indeed, signatures of positive selection are often ob
served in host antiviral restriction factors that are thought to 
be a result of direct antagonistic interaction between the 
host factors and viral components (Barreiro and 
Quintana-Murci 2010; Daugherty and Malik 2012; Duggal 
and Emerman 2012; Cagliani et al. 2014; Sironi et al. 2015; 
Enard et al. 2016). From the virus side, the evolution of inter
face regions in viral proteins was studied in several cases (Shen 
et al. 2009; Woo et al. 2010; Sauter et al. 2012; 
Armijos-Jaramillo et al. 2020; Guo et al. 2020; Jo et al. 
2021; Patrono et al. 2022). However, overall trends regarding 
the links between positive diversifying selection and interac
tions with the host are less characterized across the complex 
network of host-virus PPIs. A recent study, analyzing selection 
patterns in several human viruses, suggested that in almost a 
third of these viruses surface proteins display patterns consist
ent with antigenic evolution to escape antibody recognition 
(Kistler and Bedford 2023). However, how intracellular inter
actions between host and viral proteins evolve and how this is 
related to sequence evolution in host- and viral-interacting 
proteins is not well understood. Previous work, based on com
putational analyses (Hagai et al. 2014; Glavina et al. 2022b; 
Schuck and Zhao 2023) and experimental manipulation of vi
ral sequences (Gitlin et al. 2014), suggested that host-like mo
tifs can rapidly emerge in viral sequences in a manner that 
supports the formation of new interface platforms to bind 

specific host protein domains. In here, we analyzed motifs 
found in herpesvirus proteins that target specific human do
mains and their evolution across primate-infecting herpesvi
ruses. We showed that they occur in a highly conserved 
manner across related primate-infecting herpesviruses and 
that they are more likely to be present across orthologous viral 
proteins than random sequence matches to these motif pat
terns (Fig. 7). These results are consistently observed in all 
three tested herpesviruses. This suggests that while motifs 
can rapidly emerge in viral proteins, once they are formed, 
they are often maintained for long evolutionary periods to 
support essential interactions with host proteins. These find
ings of motif conservation in viruses add another perspective 
to the evolutionary arms race between viral motifs and the 
host domains they target: We previously showed that these 
host domains and their motif-binding pockets are highly con
served across vertebrates and that this conservation likely 
stems from the requirement to preserve these binding pockets 
for interactions with numerous host proteins (Shuler and 
Hagai 2022). In here, we show that viral motifs occur across 
viral species in a conserved manner. Thus, the interface regions 
from both the host and the viral sides are locked in a stasis due 
to constraints placed on both sides to maintain these interface 
regions. This is in agreement with previous suggestions regard
ing long-term conservation of viral proteins that may be asso
ciated with their adaptation to their host (Simmonds et al. 
2019).

In that regard, we also observed that proteins predicted to 
be part of biomolecular condensates have lower dN/dS values 
than those proteins not predicted to form such condensates, al
though this was significant in only one of the three viruses 
(Fig. 5). This is despite the fact that these proteins tend to con
tain disordered regions, and may point to the constraints im
posed on these proteins to maintain specific sequences that 
support condensate formation. Condensate formation can in
volve protein interactions through disordered regions 
(Woodruff et al. 2018; Villegas et al. 2022). Thus, our results 
regarding motif conservation and conservation of proteins 
predicted to form condensates, may be related to functional el
ements within disordered regions and how they may constrain 
the evolution of these regions, a concept that is gradually 
emerging from various studies (Chow and Toth-Petroczy 
2025).

It is important to note that our analysis has several limita
tions and caveats: Most importantly, the number of genes in 
each of the analyzed groups is often relatively small (with 
some groups composed of a dozen or a few dozen genes). 
These relatively small-sized groups may yield noisier compar
isons and may suffer from a few outliers that skew the distri
bution. Comparison between such groups can be further 
complicated when the values compared have a relatively small 
range (as in the case of the inter-species dN/dS values), or 
when only some of the genes within these groups have known 
values (such as in functional annotations of viral genes). 
Additionally, some of the characteristics we studied are based 
on measurements that may themselves be noisy (such as 
microscopy-based protein localization in different cellular 
compartments) or that their inference is complex, such as in 
the case of condensate formation, where the various parame
ters that contribute to this phenomenon are not completely 
understood. One approach we took to alleviate these issues 
is to perform these analyses across three different herpesvi
ruses. In cases where consistent trends across the three viruses 
were observed, this can strengthen the possibility for an 
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association between the two parameters we tested, even if the 
results are significant in only some of the viruses. We note, 
however, that in all cases where the results are weakly or non
significant, their interpretation should be taken with caution. 
These analyses may be strengthened if similar results will be 
observed in future analyses of unrelated dsDNA viruses, 
such as poxviruses and adenoviruses.

In summary, our analysis encompasses herpesvirus protein 
evolution at multiple timeframes and across different lineages, 
to find which functional and structural characteristics are as
sociated with evolutionary rates. Our residue- and region-level 
analyses further point to constraints placed on structured and 
core protein regions as well as to the long-term conservation of 
interface modules that mediate host-virus PPIs. These results 
delineate evolutionary constraints of viral proteins and specif
ic regions within them that can be used as targets for designing 
antiviral treatments and in studies that assess virus evolvabil
ity potential.

Materials and Methods
Virus Datasets
Viral genome sequences were retrieved from the National 
Center for Biotechnology Information database (NCBI, 
http://www.ncbi.nlm.nih.gov/). Only complete or near- 
complete genome sequences were included in this study. 
Detailed lists of viral genomes are reported in Tables S1 to S5.

For inter-species analyses (dN/dS calculation), we used the 
coding sequences from all available species of viruses that in
fect Old World monkeys, great apes, and humans (see 
Table S1). The number of species used was: simplexviruses— 
6, cytomegaloviruses—11, and rhadinoviruses—6. For motif 
search analyses, we used NHP-infecting herpesviruses repre
sentative of the diversity in primates plus the reference genomes 
of the human-infecting species: HSV1 (NC_001806), HCMV 
(NC_006273), and KSHV (NC_009333) (see Table S2).

For intra-species analyses, we selected subsets of human vi
ruses. In the case of HSV1, we included 52 viral genomes de
rived from clinical isolates with a low-passage number in cell 
culture (<3 splits). We selected sequences sampled in different 
countries in order to obtain a dataset of viral genomes repre
sentative of the diversity among circulating strains 
(Table S3). For HCMV, we retained 72 isolates derived from 
different body compartments (i.e. amniotic fluid, urine, and 
blood/plasma) and from different geographic locations. Only 
isolates that were directly sequenced with no in vitro passages 
were included (Table S4). For KSHV, we selected 53 viral ge
nomes from clinical isolates with no or low-passage history in 
cell culture, selected to be representative of viral genetic diver
sity in terms of geographic distribution and disease status. 
Details of all genomes included in the analyses are reported 
in Table S5.

Inter-Species Analyses
The dN/dS parameter was calculated using coding sequences 
from viruses that infect Old World monkeys, great apes, and 
humans. For these analyses, New World primate-infecting vi
ruses were excluded because high sequence diversity and unre
liable alignments can inflate the false positive rate in 
evolutionary inference (Mozzi et al. 2020a, 2022). Whole gen
ome alignments were obtained using Progressive MAUVE 
2.3.1 (Darling et al. 2010), through the graphical user inter
face, using default parameters. Analysis of selective patterns 

was performed only for coding genes with reliable one-to-one 
orthologs among different viral species. It included only genes 
with at least four orthologs. Orthologs were inferred by 
MAUVE and confirmed by previously reported analyses and 
genome annotations.

Gene alignments were generated using the GUIDANCE2 
suite (Sela et al. 2015), setting sequence type as codons and us
ing MAFFT (Katoh and Standley 2013) as an aligner. 
GUIDANCE2 also allows filtering of unreliably aligned posi
tions and we removed codons with a score lower than 0.90 
(Privman et al. 2012). Only alignments with at least 150 un
masked nucleotides were retained. The final number of genes 
included in each set was: simplexviruses: 65 genes; cytomega
loviruses: 101 genes, rhadinoviruses: 68 genes. Each align
ment was screened for the presence of recombination using 
GARD (Kosakovsky Pond et al. 2006), a genetic algorithm im
plemented in the HYPHY suite (version 2.2.4). This method 
uses phylogenetic incongruence among segments in the align
ment to detect the best-fit number and location of recombin
ation breakpoints. When evidence of recombination was 
detected (P-value < 0.01) the partitioned alignment file was 
used as an input for dN/dS calculation, which was performed 
using the SLAC method (Kosakovsky Pond and Frost 2005). 
In various analyses, such as those shown in Figs. 4 and 6, we 
used the distributions of dN/dS values between sets of proteins 
with different characteristics, to compare selection patterns 
between these groups. Phylogenetic trees used as inputs for 
SLAC were generated with the PhyML program (version 
3.1), by applying a general time reversible model (Guindon 
et al. 2009). PhyML was also used in the intra-species analysis 
that is described below.

Intra-Species Analyses
For the intra-species analysis, gene alignments and tree recon
structions were performed as described above. Selective pat
terns were inferred using the FEL method (Kosakovsky Pond 
and Frost 2005), that calculates the rates of nonsynonymous 
and synonymous changes at each site. FEL estimates the prob
ability of selection at each site in an alignment through the 
dN-dS metric (rate of nonsynonymous changes-rate of syn
onymous changes), categorizing each codon into four classes: 
Diversifying, Purifying, Neutral, Invariable. Statistical signifi
cance is evaluated based on the asymptotic χ2 distribution, us
ing default parameters (P-value < 0.1).

Core Protein Classifications
Classification of proteins into core and noncore was based on 
conservation of genes across viral subfamilies and was ob
tained according to a previous analysis (Davison 2007). In 
our analysis, we considered as “core” only genes that are pre
sent in all the three subfamilies of mammalian herpesviruses 
(Alpha-, Beta-, and Gamma-herpesvirinae). A table with 
Uniport IDs and gene names of all core proteins appears as 
Table S6.

Structure Prediction and Fold Complexity Analysis
To predict structures of viral proteins we ran AF2 
(Tunyasuvunakool et al. 2021) with default parameters and 
took for each protein the highest-ranking structure (with highest 
pLDDT score). Predicted structures were compared with those 
appearing in a different database (Nomburg et al. 2024), using 
the TM-align program (Zhang and Skolnick 2005) (see 
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Figure S10). We observed that proteins with higher prediction 
scores tend to be better aligned between the two predictions. 
This may be a result of greater variation in prediction of struc
tures more challenging to predict or in greater conformational 
variation between structures that include larger fractions of dis
ordered regions (which are related to lower overall pLDDT 
scores). To infer complexity of protein structures, we used a pre
viously developed measure, termed “contact order” (Ivankov 
et al. 2003). This measure calculates the average sequence dis
tance (in primary sequence) between pairs of interacting residues 
in the three-dimensional structures. In other words, this measure 
takes into account all the distances of the pairs of interconnected 
residues, with pairs that interact from more distant sequence po
sitions increasing its value and indicating that the fold complex
ity is increased. Specifically, based on the predicted structures 
from AF, we inferred all contacting residues using the CSU soft
ware (Sobolev et al. 1999) [as previously done (Hagai and Levy 
2008; Hagai et al. 2012a)]. Using this list of contact residues, 
and their position in primary sequence, we computed contact or
der as: ∑C|i−j|/C, where C is the number of contacts, and |i−j| is 
the sequence separation between residues i and j, that were 
found to be in contact. As in previous studies, we ignored con
tacts between residues that their distance in primary sequence 
is below three residues.

Protein Disorder Analysis
Using AF (Tunyasuvunakool et al. 2021), residues were parti
tioned into ordered (pLDDT > 70), intermediate (50 < 
pLDDT < 70), and disordered (pLDDT < 50), following previ
ous work showing that these scores give accurate disorder pre
dictions. Because disordered residues are often not-well 
aligned, masked MSAs regions (due to poor alignment quality) 
may be enriched with disordered regions. Because we only 
used unmasked residues for dN/dS analysis, we used only un
masked residues in computing disorder fraction in relevant 
analyses (Figs. 3 and 5).

Surface, Core, and Interface Inference
Structural analysis was performed on protein structures in or
der to define residues as belonging to the surface or to the core 
of the protein using the CSU software (Sobolev et al. 1999). In 
addition, CSU solvation measurements were used to calculate 
the solvent accessible surface area (ASA). ASA was defined as 
the ratio of the solvent accessible surface for a given residue 
within the structured protein versus in the free-state of that 
residue. Residues were classified as core residues for ASA < 
0.15, and as surface residues for ASA > 0.15, as previously 
done (Tóth-Petróczy and Tawfik 2011; Shuler and Hagai 
2022). The structures used are the AF-predicted structures, 
as described above. While this analysis and the previous dis
order analyses are described at the residue level, we also 
used them in several sections of this work at protein level (ei
ther averaging or estimating fractions of residues with particu
lar characteristics).

Inference of Domain-binding Motifs in Viral Proteins
To study the evolution of host-like linear motif occurrence in 
disordered regions of viral proteins along the viral phylogeny, 
we first searched for linear motifs within viral proteins’ sequen
ces using regular expression matching (RegEx) taken from the 
ELM database (Kumar et al. 2024). Motif-matching-sequences 
were filtered out if according to AF their pLDDT score was 

above 50 (which are considered a measure for well-structured 
region). By first finding motif-matching sequences and then 
computing their average disorder scores (by using the motif res
idues’ pLDDT values), we avoid problematic cases where mo
tifs reside at the border between ordered and disordered 
regions, as well as circumventing the need to deal with noncon
tinuous disordered regions.

We used existing PPI databases of human-viral interactions 
described below, in order to classify certain motifs as “inferred 
functional motifs”: That is—motifs that likely mediate 
domain-motif interactions based on our domain-motif 
matches in PPI data. In these cases, the motif originates from 
a viral protein that has an experimentally verified interaction 
with a human protein with a compatible domain (e.g. an 
SH3-binding motif in the viral protein and an SH3 domain 
in the human-interacting protein, where both proteins are 
known to physically interact, based on experimental studies). 
All other motifs are termed “motif-sequence matches”, under 
the assumption that many of them represent random matches 
to the motif sequence. In addition, we used five experimentally 
validated cases of motifs in herpesvirus proteins, based on 
their annotations in the ELM database (Kumar et al. 2024). 
These cases appear in Table S8.

To identify viral proteins with experimental evidence for 
interaction with human proteins, we used the HVIDB data
base (16) (Yang et al. 2021) that includes 48,643 human-virus 
interactions originating from different databases and add
itional curations. These interactions are based on a combin
ation of studies, including high throughput approaches, such 
as mass spectrometry and yeast-2-hybrid and more focused 
studies, involving methods such as X-ray crystallography 
and biochemical assays. We discarded interactions with miss
ing protein information in UniProt or that are not curated as 
mediated by physical or direct interaction between the human 
and viral proteins, leaving 48,026 human-virus PPIs. 
Importantly for the CMV analysis, additional Human— 
HCMV interactions were obtained from a study (Nobre 
et al. 2019). It consists of 3,704 interactions that include 
both within-virus (HCMV-HCMV) and human-HCMV inter
actions, identified during viral infection. For KSHV, we also 
added interactions curated by BioGrid and IntAct, since we 
noticed that many of them were missing in the general host- 
virus PPI datasets we used. In total, these resulted in 708, 
3,394, and 893 interactions between human proteins and 
HSV1, HCMV, and KSHV proteins, respectively.

Motif Occurrence in Orthologous Proteins of 
NHP-infecting Viruses
We used the above-identified set of motifs in HSV1, HCMV, and 
KSHV proteins that may be functional and mediate 
experimentally-validated interactions with human proteins 
through domain-motif interactions (“inferred functional motifs”) 
and contrasted them with the set of motif matches that are not 
known to function in interaction with host domains (“motif- 
matching sequences”), to study the evolutionary occurrence of 
motifs (i.e. assuming that the matching sequences represent the 
background conservation). For this, we searched for motif 
matches in the NHP-infecting herpesviruses orthologous proteins. 
We only used viral proteins that had at least one ortholog in each 
“class” along the phylogeny. For example, in the case of viruses in 
the genus Cytomegalovirus, in addition to HCMV, we required to 
have orthologs from chimpanzee-infecting CMV, at least one Old 
World monkey-infecting CMV ortholog, and at least one New 
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World monkey-infecting CMV ortholog. We then defined the 
conservation status of these motifs, based on their occurrence. 
For example, in the case of CMV, we defined motifs as either “hu
man CMV only”, “human and chimpanzee CMV only”, “Great 
ape and Old World monkey CMVs” and “conserved across all 
CMVs”, based on their occurrence/absence across the phylogeny. 
In cases of inconsistencies, we chose to be strict and preferred the 
less-conserved option (e.g. a motif occurring only in human CMV 
and in a New World monkey CMV, but not in Great apes and 
Old World monkeys CMVs, was defined as occurring only in hu
man CMV). We then plotted the distribution of conservation sta
tus of functional motifs versus motif-matching sequences. To test 
whether functional motifs tend to be conserved in their occurrence 
across the viral lineage, we compared the fraction of functional 
motifs occurring across orthologs out of the entire set of function
al motifs, with the corresponding fraction of motif-matching se
quences (those occurring across the phylogeny divided by the 
entire set of motif-matching sequences). The statistical significance 
of this comparison was obtained for motifs in each of the three vi
ruses using Fisher’s exact test (Fig. 7).

Viral Protein Classification based on Temporal 
Expression, Structural Classes and Latency
Classification of viral proteins based on temporal classes the 
timing of viral gene expression in the course of replication: 
IE, Early (E), DE, Leaky late (LL), Late (L) and based on struc
tural classes: capsid, tegument, envelope and nonstructural 
proteins were taken from a previous study (Kennedy et al. 
2022). Viral genes in HCMV and KSHV were classified as la
tency genes based on a previous review on latency genes in her
pesviruses (Weidner-Glunde et al. 2020).

Viral Protein Condensate-Formation Analysis
We used the PICNIC program (Hadarovich et al. 2024) 
(https://picnic.cd-code.org/) to compute condensate-forming 
likelihood scores for each protein in the dataset based on their 
structural data (predicted structures). PICNIC provided a nu
merical score for each protein, indicating its potential involve
ment in biomolecular condensates. Proteins whose scores were 
above 0.5 were classified as “condensate-forming proteins”. 
To determine the relationship between protein disorder, pre
diction to participate in a condensate and protein evolution, 
we used a linear model, using OLS (ordinary least squares) 
Regression from the statsmodels.api library. For each virus, 
the values of the fraction of disorder and PICNIC condensate 
prediction score per protein were used as independent varia
bles, and the value of dN/dS was used as the dependent 
variable.

Cellular Location Analysis
We used a previous analysis of GFP-fused herpesvirus proteins 
that determined the cellular localization of HSV1 protein lo
calization in the cell (Xing et al. 2011). Based on these results, 
proteins that were located in a single location were labeled as 
being in a “single location”, and all others as “multiple 
locations”.

Statistical Analysis
Statistical analyses (Mann–Whitney test, Kruskal test, Fisher’s 
exact test, Spearman’s rank correlation and FDR-correction 
based on the Benjamini-Hochberg procedure (Benjamini and 

Hochberg 1995) were performed using the SciPy package in 
Python (version 3.9).

Supplementary material
Supplementary material is available at Molecular Biology and 
Evolution online.
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