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In Brief

Virally encoded factors resembling host

factors hijack host molecular machines in

a phenomenon called molecular mimicry.

Lasso et al. use 3D protein structural

information to identify over 6,000,000

instances of structural mimicry, >70% of

which cannot be discerned through

protein sequence alone. Their work

provides the first systematic analysis of

molecular mimicry across the earth’s

virome.
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SUMMARY
Viruses deploy genetically encoded strategies to coopt host machinery and support viral replicative cycles.
Here, we use protein structure similarity to scan for molecular mimicry, manifested by structural similarity be-
tween viral and endogenous host proteins, across thousands of cataloged viruses and hosts spanning broad
ecological niches and taxonomic range, including bacteria, plants and fungi, invertebrates, and vertebrates.
This survey identified over 6,000,000 instances of structural mimicry; more than 70% of viral mimics cannot
be discerned through protein sequence alone. We demonstrate that the manner and degree to which viruses
exploit molecular mimicry varies by genome size and nucleic acid type and identify 158 human proteins that
are mimicked by coronaviruses, providing clues about cellular processes driving pathogenesis. Our obser-
vations point to molecular mimicry as a pervasive strategy employed by viruses and indicate that the protein
structure space used by a given virus is dictated by the host proteome.
A record of this paper’s transparent peer review process is included in the Supplemental Information.
INTRODUCTION

Viruses deploy an array of genetically encoded strategies to coopt

host machinery and support viral replicative cycles. Among the

strategies, protein-protein interactions (PPIs), mediated by pro-

miscuous, multifunctional viral proteins are widely documented.

Targeted discovery tools focused largely on viruses of public-

health importance and have experimentally mapped thousands

of virus-host protein complexes, and structure-informed predic-

tion algorithms have allowed discovery of such interactions

across all fully sequenced human-infecting viruses (Lasso et al.,

2019). Molecular mimicry, manifested by structural similarity be-

tween viral and endogenous host proteins, allows viruses to

harness or disrupt cellular functions including nucleic acid meta-

bolism and modulation of immune responses. Yet, while exam-

ples of this latter strategy pepper the literature (Wimmer and

Schreiner, 2015; Alcami, 2003; Guven-Maiorov et al., 2016),

most have focused on human-infecting viruses (Elde and Malik,

2009; Felix and Savvides, 2017), and a systematic analysis of

pathogen-encoded molecular mimics has not been performed.

The vast genomic landscape occupied by viruses hampers the

discovery of evolutionary relationships between viral proteins
82 Cell Systems 11, 82–91, January 20, 2021 ª 2020 Elsevier Inc.
and their hosts. As is well known, however, since three-dimen-

sional (3D) protein structure is much better conserved than

sequence, structural information can be used to interrogate

evolutionary relationships (Lasso et al., 2019; Bamford et al.,

2005) as well as uncover virus-encoded structural mimics that

cannot be detected by sequence relationships (see STAR

Methods). Here, we use protein structure similarity to identify vir-

ally encoded mimics of host proteomes. Briefly, we first employ

sequence-based methods to identify proteins that have similar

structures to queried viral proteins and then use structural align-

ment to find ‘‘structural neighbors’’ of viral proteins (Figure 1A).

We refer to the corresponding viral proteins as mimics of their

host-encoded neighbors. We applied the approach to a set of

337,493 viral proteins representing 7,486 viruses across a broad

host taxonomic range, including bacteria, plants and fungi, inver-

tebrates, and vertebrates. Our survey identified over 6,000,000

instances of structural mimicry, the vast majority of which

(>70%) cannot be discerned through protein sequence alone

(see below). Our results point to molecular mimicry as a perva-

sive strategy employed by viruses and indicate that the protein

structure space used by a given virus is dictated, at least in

part, by the host proteome.

mailto:ss4197@columbia.edu
https://doi.org/10.1016/j.cels.2020.09.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cels.2020.09.006&domain=pdf
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Figure 1. Identification and Characterization of Virus-Host Structural Relationships Reveals Utilization of Structure Space Guided by Host

Taxonomic Division

(A) Graphical schematic of the strategy implemented to reveal virus-encoded protein mimics. Sequence-based searches are first used to identify proteins in the

PDB that are structurally related to viral proteins. These intermediate, sequence-detected structural templates are then used, through structural alignment, to

search the PDB for proteins that are geometrically similar to viral proteins—thus, revealing viral mimicry.

(B) Significance of overlap, measured in terms of numbers observed relationships (where SAS < 2.5 Å) between the structure space of E. coli-infecting phages and

E. coli, S. cerevisiae, and human proteomes (see STAR Methods for details).

(C) Significance of overlap, measured in terms of numbers of observed relationships (where SAS < 2.5 Å) between the structure space of all cataloged viruses and

hosts in different taxonomic divisions.

(D) Distribution of structural neighbors of the modeled mosquito proteome for different virus classes (brackets denote distributions used in Mann-Whitney, see

methods; **p value < 0.0001).
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We further observe that the manner and degree to which vi-

ruses exploit molecular mimicry varies by genome size

and nucleic acid type. For example, while human-infecting

and arthropod-infecting viruses occupy a structure space

most similar to their host proteome, arboviruses, which are

transmitted to humans by insect vectors, encode promiscu-

ous proteins that mimic both human and insect proteins. In

addition, we find that, relative to their proteome size, single-

stranded RNA (ssRNA) viruses, including coronaviruses

(CoVs), have circumvented the limitations of their small ge-

nomes by mimicking human proteins to a greater extent

than their large dsDNA counterparts like Pox and Herpes vi-
ruses. Interrogation of proteins mimicked by human-infecting

viruses points to broad diversification of cellular pathways tar-

geted via structural mimicry, identifies biological processes

that may underly autoimmune disorders, and reveals virally

encoded mimics that may be leveraged to engineer synthetic

metabolic circuits or may serve as targets for therapeutics.

Finally, we identified over 150 cellular proteins (including

members of the complement activation pathway and critical

regulators of innate and adaptive immunity) that are mimicked

by CoV, providing clues about the cellular processes underly-

ing the pathogenesis driving the ongoing COVID-19

pandemic.
Cell Systems 11, 82–91, January 20, 2021 83
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RESULTS

Mining the Virome-wide Structure Space to Identify Host
Proteins Mimicked by Viruses
In order to identify mimicry relationships, we implemented the

strategy summarized in Figure 1A. Sequence-based searches

(see STAR Methods) of 337,493 viral proteins (269,077 unique

sequences) against the PDB identified structural templates

for 92,868 (34.5%), with large disparities in coverage: structural

templates were identified for 64.7% of the proteins from hu-

man-infecting viruses, whereas the coverage for non-verte-

brate-infecting viruses ranged from 31% to 38% (Figure S1A;

Table S2). As shown in Figure S1B, structural templates for

vertebrate and human-infecting viruses came primarily from

other viruses while, for example, bacterial proteins provided

most of the templates for bacteria-infecting viruses. Most of

the templates for invertebrate-infecting viruses came from

vertebrate and bacterial proteins, likely reflecting the limited

structural coverage of non-vertebrate viruses and invertebrate

hosts in the PDB. In order to measure structure similarity be-

tween protein structures we utilized Ska, an extensively utilized

and validated tool for inference of structure-based functional

relationships even in the absence of detectable sequence sim-

ilarity (Garzón et al., 2016; Hwang et al., 2017; Lasso et al.,

2019; Zhang et al., 2012; Petrey et al., 2003, 2009; Yang and

Honig, 2000). In addition to Ska, we employed a conservative

global structural similarity criteria (structural alignment score,

SAS < 2.5 Å) (Budowski-Tal et al., 2010; Kolodny et al., 2005;

Subbiah et al., 1993) to infer structural mimics and minimize

biases imposed by local structural similarities (see STAR

Methods). As shown in Figure S2, this approach enables redis-

covery of known virus-encoded protein structure mimics.

Structural alignment of the 92,868 templates with PDB proteins

identified 6,083,167 mimicry relationships, involving 88,715

viral proteins and 26,542 host protein structures present in

the PDB (data are available for download at https://github.

com/gorkaLasso/VirusHost_mimicry). The vast majority of

these mimicry relationships (72.2%) could not be retrieved

through sequence similarity alone based on the requirement

that no e value obtained from any one or three sequence-based

methods was greater than 1 3 10�6 (see STAR Methods).

Host Range and Taxonomic Division Drives Viral Protein
Structure Space and Mimicry
Taxonomic enrichment analysis (Figures 1B and 1C) reveals a

clear correlation between the extent of virus structural mimicry

and the identity of the host. Since their proteomes are well repre-

sented in the PDB, we first focused on the proteomes of E. coli-in-

fecting phages, their natural host E. coli, the budding yeast

Saccharomyces cerevisiae, and human. Significant structure sim-

ilarity is only observed between E. coli-infecting phages and their

natural host (Figure 1B). As shown in Figure 1C,with the exception

of invertebrate-infecting viruses, which constitute a special case

(see below), a broader analysis across all 7,486 cataloged viruses

and 38,363 proteins from 4,045 putative hosts demonstrates that

every virus group exhibits significant protein structural similarity to

the taxonomic division of their hosts. In addition, viruses exhibit

structural similarity to proteomes in other taxonomic divisions

that are close in evolutionary distance to the host taxonomic divi-
84 Cell Systems 11, 82–91, January 20, 2021
sion and reduced structural similarity to more distant taxonomic

divisions (e.g., the structural space of human-infecting viruses

are enriched for human, vertebrates, and invertebrate proteins

but not bacteria or plant proteins, Figure 1C). Such similarities

are reflected in evolutionary relationships between different taxo-

nomic divisions. For instance, accumulating evidence describes

some compartments of the phytosphere as environmental host

spots for horizontal gene transfer (HGT) that facilitate genetic ex-

change between plants and bacteria (Pontiroli et al., 2009), under-

scoring the significant structural relationship between plant and

fungi-infecting viruses and phages (Figure 1C). Moreover, in

agreement with the results obtained for the broader virus cate-

gories, we found the protein structure space of human-infecting

viruses tobeenrichedwith structures found in humanand non-hu-

man vertebrate proteomes (Figure 1C)—pointing to a possible

path throughwhich zoonotic infectionsmay jump fromanimal res-

ervoirs to cause human disease.

Unlike viruses of bacteria and vertebrates, we do not observe

significant structural similarity between proteomes of inverte-

brate-infecting viruses and their invertebrate hosts—perhaps

owing to the fact that invertebrates account for the taxonomic

group with the lowest structural coverage in the PDB (containing

just 2,687 unique invertebrate proteins). To bridge this knowledge

gap, we modeled the proteome of the mosquito Ae. Aegypti (see

STAR Methods) and compared the protein structure space of

mosquito with each group of viruses. As shown in Figure 1D, we

find that mosquito-infecting viruses occupy a significantly larger

mosquito structural space than viruses that infect hosts in other

taxonomic divisions. Moreover, we observe that mosquito-borne

arboviruses, human-infecting viruses that usemosquitoes as vec-

tors, engage a larger space of mosquito protein mimics than hu-

man-infecting viruses that do not use mosquitoes as vectors (p

value 2.33 10�3; Figure 1D). Together, these data further highlight

the evolutionary pressures imposed on viruses to utilize a protein

structure space defined by their host’s range.

Diversification of Mimicry Strategies among Human-
Infecting Viruses
While we do not observe recursive structural mimicry of human

proteins across the human virome, we find that viruses belonging

to the same viral family (including astroviruses, coronaviruses, fi-

loviruses, orthomyxoviruses, paramyxoviruses, rhabdoviruses,

and picornaviruses; data available for download at https://

github.com/gorkaLasso/VirusHost_mimicry) tend to share a large

fraction of mimics (where >75% of viruses within the family share

>75%structuralmimics). Figure 2A displays the number of human

structural mimics per virus for different viral families. A number of

families, including Hepadnaviridae, Bunyaviridae, Papillomaviri-

dae, Parvoviridae,Retroviridae,Arenaviridae, andPolyomaviridae,

utilize structural mimicry far less than others. On the other hand,

poxviruses and herpesviruses, large dsDNA viruses that are less

constrained by genome size (Figure 2B) and more likely to retain

horizontally transferred genes (Alcami, 2003; Elde and Malik,

2009), encode many human protein structure mimics (Figure 2A).

Since viral genome sizes vary greatly both between and within

viral families (Figure 2B), we computed the number of human

mimics relative to viral proteome sizes in an effort to assess the

relative utilizations of mimicry (Figure 2C). We find that relative

to their proteome size, small RNA viruses, which are constrained

https://github.com/gorkaLasso/VirusHost_mimicry
https://github.com/gorkaLasso/VirusHost_mimicry
https://github.com/gorkaLasso/VirusHost_mimicry
https://github.com/gorkaLasso/VirusHost_mimicry
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Figure 2. Mimicry Strategies Utilized by Human-Infecting Viruses Vary by Nucleic Acid Type and Proteome Size

(A) Number of virus-encoded human protein structure mimics for human-infecting viruses, grouped by viral family.

(B) Virus proteome sizes (amino acids) grouped by nucleic acid type.

(C) Number of structural mimics encoded per residue for human-infecting viruses, grouped by nucleic acid type. Virus family classification and nucleic acid type

are as indicated by color key and labels (A–C); box and whisker plots (B) and (C) indicate lower and upper quartiles and span minimum and maximum values,

brackets denote distributions used in Mann-Whitney (see STAR Methods; *p value < 0.05, ***p value < 0.001, ****p value < 0.0001).

(D) Hierarchical clustering of enriched biological pathways (rows) targeted through mimicry by human-infecting virus families (columns). Biological pathway

categories are highlighted by color bars on the right of the heatmap. Examples of structural alignments between virus-encoded protein mimic (red) and human

protein (blue); sequence identities (SIs) are indicated in black; p values indicated by color key. See also Burg et al. (2015), Fernandez et al. (2000), Kvansakul et al.

(2007), and Li et al. (2007).
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by genome size, display enhanced structural promiscuity, with a

larger number of human protein mimics per residue. So, while vi-

ruses constrained by genome sizemay be restricted in their ability

to expand their genomes through HGT, they have circumvented

this limitation by encoding multifunctional proteins that mimic do-

mains across multiple host proteins. These observations under-

score the role of structural mimicry in evolving expandedmolecu-

lar functionality in size constrained genomes.

Pathways Targeted by Viral Mimicry
Human-Infecting DNA-Encoded Viruses

The critical nature of virus-host PPIs in engaging host molecular

machinery to fulfill viral life cycles has led to convergence of

evolutionarily unrelated viruses around key cellular pathways

(e.g., human-infecting DNA, RNA and retro-transcribing viruses

converge, via different sets of PPIs, on multiple cellular meta-

bolic pathways) (Lasso et al., 2019). In contrast, as shown in Fig-

ure 2D; Table S3, structurally mimicked proteins revealed little

such convergence. Moreover, when convergence was

observed, it often involved 2 or 3 viral families belonging to the

same Baltimore classification. For example, owing to their large

genomes and in agreement with their propensity to acquire host

genes through HGT, Herpesviridae, Adenoviridae, and Poxviri-

dae, families of dsDNA viruses are enriched for the largest num-

ber of mimicked biological pathways, 113, 38, and 35, respec-

tively (Figure 2D; Table S3). Yet, while these viruses harbor a

large number of human protein mimics, they do not mimic

cellular components of RNA and DNA metabolism—likely re-

flecting the fact that they encode polymerases (as is the case

of Poxviridae) and/or integrate into the cellular genome and are

therefore bystander participants in cellular DNA replication.

We observe an enrichment of cytokine-related pathways in

poxvirus- and herpesvirus-mimicked proteins and chemokine-

related pathways in proteins mimicked by herpesviruses (Table

S3; Figure 2D). Indeed, poxviruses and herpesviruses have

evolved a repertoire of immune evasion strategies by acquiring

immunomodulatory host genes through genetic recombination

(often involving cytokines and cytokine receptors). Undetectable

sequence similarity with the host has complicated past attempts

to identification virus-host relationships (Odom et al., 2009; Felix

andSavvides, 2017).However,whilemanyof the relationships be-

tween herpesvirus and chemokine or chemokine receptors can be

discerned from sequence, we have expanded the list of known

mimics to include 61 herpesviral structure mimics not discernible

from sequence alone (Figure 2D; complete list of mimics is avail-

able at https://github.com/gorkaLasso/VirusHost_mimicry). For

example, as shown in Figure 2D, we observed that US27D protein

from Cercopithecine betaherpesvirus 5, a cytomegalovirus,

mimics human CXCR4 (sequence identity: 10.4%), a chemokine

receptor that regulates T cell inflammatory programs and can

serve as a co-receptor for HIV (Busillo and Benovic, 2007). It is un-

clear if the structural mimics encoded by DNA viruses that we

have identified are a result of sequence divergence of products

acquired by HGT or through convergent evolution. Yet, they high-

light the pervasive use ofmimicry byDNAviruses andpoint to host

factors that are targeted by structural mimicry.

Human-Infecting RNA-Encoded Viruses

As highlighted above, RNA viruses have circumvented limitations

imposed on their small proteomes by encoding multifunctional
86 Cell Systems 11, 82–91, January 20, 2021
and structurally promiscuous proteins that mimic domains across

multiple host proteins (Figure 2C). In accordancewith known phe-

notypes (like fibrinolysis and hemorrhagic fever) associated with

Dengue virus (DENV; Flaviridae) infection (Chuang et al., 2014;

Lin et al., 2011), we find that proteins mimicked by these RNA vi-

ruses are enriched for functions and pathways related to blood

coagulation and the complement pathway—an observation that

is mirrored by PPIs mediated by proteins encoded by these vi-

ruses (we previously found that PPI networks mediated by pro-

teins of 51 of 56 flaviviruses were enriched for ‘‘complement

and coagulation cascades’’) (Lasso et al., 2019). While examples

of suchmimicry have been identified through sequence homology

between DENV C, prM, E, and NS1 proteins and human coagula-

tion factors (Lin et al., 2011; Chuang et al., 2014), we find similar

mimicry, which cannot be discerned through sequence, em-

ployed by four other positive-sense ssRNA ((+)ssRNA) virus fam-

ilies (168, 166, 1,376, and 1,293 structural relationships between

coagulation factors and astroviridae, coronaviruses, caliciviruses,

and picornaviruses, respectively; sequence identity <20%,

Table S3, data available at https://github.com/gorkaLasso/

VirusHost_mimicry). So, while DENV immunization or exposure

elicits antibodies that cross-react with multiple coagulation fac-

tor-associated pathological states (Chuang et al., 2014; Lin

et al., 2011), our observations suggest that infections with viruses

belonging to these other families may also result in similar imbal-

ances in immune responses. Indeed, viruses within these families

(e.g., SARS-Coronaviridae, hepatitis A-Picornaviridae, and hepati-

tis C-Flaviridae) are known to be associated with coagulation dis-

orders such as thrombocytopenia, thrombosis, and hemorrhage

(Goeijenbier et al., 2012).

CoVs
Knowledge of the precise regulatory programs that control the

viral life cycle and mediate immune pathology can provide valu-

able clues about disease determinants. A closer look at corona-

viruses underscores the level of diversification and structural

promiscuity of protein mimics encoded by these viruses. As

highlighted in Figure 2C, relative to proteome size, (+)ssRNA vi-

ruses including CoVs utilize structural mimicry more so than

other human-infecting viruses. We find that the majority

(�96%) of the 158 structural mimics identified are shared by

three or more coronaviruses (data available at https://github.

com/gorkaLasso/VirusHost_mimicry). We also observe that sea-

sonal CoVs tend to share greater global sequence identity with

the human proteins they mimic than their more pathogenic

CoV counterparts (including MERS, SARS-1, and SARS-CoV-

2). However, amino acid identities at key functional sites ulti-

mately shape the extent to which host proteins and pathways

can be intervened through structural mimicry. To that end,

further computational and experimental analysis and interroga-

tion of CoV-encoded structure mimics will be necessary to

determine the biological implications of sequence conservation

at precise amino acid residues.

Among CoV-encoded structural mimics, we have identified a

number that target key regulators of anti-viral immune programs.

First, in the context of CoV infection, intracellular sensing of viral

RNA through DDX58 (also known as RIG-I; retinoic acid-induc-

ible gene I), a pathogen recognition receptor, triggers a signaling

cascade that results in the production and secretion of type I

https://github.com/gorkaLasso/VirusHost_mimicry
https://github.com/gorkaLasso/VirusHost_mimicry
https://github.com/gorkaLasso/VirusHost_mimicry
https://github.com/gorkaLasso/VirusHost_mimicry
https://github.com/gorkaLasso/VirusHost_mimicry
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interferons (IFNa/b) (Abe and Shapira, 2019; Jensen and Thom-

sen, 2012). IFNa/b in turn binds to cell surface receptors (IFNRs)

on nearby cells and, following a signal-transduction cascade,

leads to STAT1-mediated (signal transducer and activator of

transcription 1) upregulation of hundreds of IFN-stimulated

genes (ISGs) that govern cellular responses to infection and

render cells refractory to viral infection. These responses are

indispensable for control of viral replication and initiation of

long-term immune responses (Abe and Shapira, 2019; Jensen

and Thomsen, 2012). As shown in Figure 3, we find that NSP13

of CoV mimics DDX3X and RIG-I as well as other helicase pro-

teins, critical cellular components that cooperate through both

direct and indirect interactions to initiate immune responses to

viral infection. RIG-I ligands include ssRNAs that contain a 50-
triphosphate moiety (Abe and Shapira, 2019; Jensen and Thom-

sen, 2012), and previous biochemical characterizations have

attributed multiple enzymatic activities to NSP13, including hy-

drolysis of NTPs and dNTPs and RNA 50-triphosphatase activity

(Ivanov et al., 2004; Adedeji and Lazarus, 2016). So, mimicry of

RIG-I may serve to reduce the amount of viral RNA that is avail-

able to be sensed in infected cells. In addition, the CoV replicase

complex has recently been demonstrated to interact with host

cell DDX proteins (V’Kovski et al., 2019; Chen et al., 2009), sug-

gesting that coronaviruses may utilize both PPIs and structural

mimicry to manipulate functions of these proteins.

In addition to mimicking critical components of the cellular nu-

cleic acid sensing machinery, we have identified CoV-encoded

structural mimics that target key regulators of downstream anti-

viral programs mediated by STAT1. As shown in Figure 3, we

observe significant structural similarity between CoV NSP3 pro-

tein and human PARP9 and PARP14, ADP-ribosyltransferases

with known cross-regulatory roles in controlling STAT1-mediated

signaling (Iwata et al., 2016). Though the precise mode of action

has remained unresolved, CoV ORF3, which encodes NSP3,

has indeed been shown to be an antagonist of IFNa/b signaling

and interferes with STAT1 nuclear translocation (Kopecky-Brom-

berg et al., 2007). Our results point to structural mimicry as a mo-

lecular explanation underlying these observations.

Lastly, as discussed above, we find that structural mimicry of

complement components is a feature shared across all coronavi-

ruses that were part of this study (including SARS-CoV-2). The

complement system is a critical regulator of immune responses

tomicrobial threats, but when dysregulated by age-related effects

or excessive acute and chronic tissue damage, complement acti-

vation can contribute to pathologies mediated by inflammation.

Our data implicate virally encoded structural mimics that may

contribute to SARS (Coronaviridae)-associated coagulation disor-

ders like thrombocytopenia, thrombosis, and hemorrhage (Goei-

jenbier et al., 2012)—disease outcomes shared with hepatitis A

(Picornaviridae) and hepatitis C (Flaviridae) infections (which also

encode coagulation and complement cascade mimics). In addi-

tion, while the age-related differences in susceptibility to CoV

(including SARS-CoV-2) are likely a consequence of multiple un-

derlying variables, one possibility is that prior exposure to

coronavirus may potentiate complement-mediated responses

to subsequent coronavirus infections. Moreover, a corollary of

these observations is that complement-associated syndromes

(including complement deficiencies or hyper-activation pheno-

types like those associated with macular degeneration) may
impact clinical outcome of SARS-CoV-2 infection. Indeed, as

part of a separate retrospective clinical study, we have demon-

strated that genetic and functional dysregulation of coagulation

and complement functions (including history of macular degener-

ation), are associated with morbidity and mortality in SARS-CoV-

2-infected patients—effects that could not be explained by age or

sex (Ramlall et al., 2020).

DISCUSSION

The mimicry of host protein structures is a strategy used by vi-

ruses to harness or disrupt host cellular functions (Wimmer

and Schreiner, 2015; Alcami, 2003; Guven-Maiorov et al.,

2016; Elde andMalik, 2009; Felix and Savvides, 2017). Structural

mimicry can occur at the level of entire protein domains or in the

form of ‘‘interface mimicry,’’ where the structure of host protein

residues involved in PPIs is mimicked on the surface of a viral

protein (Franzosa and Xia, 2011; Guven-Maiorov et al., 2020,

2019). High-throughput experimental methods, focused largely

on viruses of public-health importance, have experimentally

mapped thousands of virus-host protein complexes while struc-

ture-based computational tools based on interfacemimicry have

reported notable successes in the prediction of PPIs (Franzosa

and Xia, 2011; Guven-Maiorov et al., 2020, 2019). Recently, we

reported a structure-informed prediction algorithm, P-HIPSTer,

that exploits domain-level similarity and interface properties to

predict virus/host PPIs across all fully sequenced human-infect-

ing viruses (Lasso et al., 2019). Studies such as these have re-

vealed valuable information about the molecular mechanisms

that underlie viral infection. Yet, whilemost of these experimental

and computational studies have focused on PPIs, a systematic

analysis of viral mimicry of host proteins has not been reported.

Here, rather than considering PPIs, we explore the extent to

which viral mimicry of host proteins is a common phenomenon

and ask whether the ‘‘structure space’’ occupied by a particular

virus is related to that of the host it infects. Moreover, by

analyzing the host proteins that are mimicked, we are able to

gain functional insights about infection mechanisms that are

complementary to those gained by predicting PPIs.

Structure enables identification of mimics between viral and

host proteins that cannot beobserved fromsequence alone.Mim-

icry relationships have been detected through sequence similarity

and linearmotif co-occurrence. Themethod presented here relies

on sequence similarity (albeit distant) to proteins with experimen-

tally solved structures used to build structural relationships. This

limitation is reflected in the lower structural coverage of non-verte-

brate-infecting viruses (Figure S1A). However, we bypass limita-

tions of sequence-based approaches by leveraging 3D protein

structure to identify virally encoded proteins with significant struc-

tural similarity to host proteins. Although examples of pathogen-

encoded protein mimicry have been reported in the literature, to

our knowledge, this is the first comprehensive and systematic

analysis of molecular mimicry across the earth’s virome—span-

ning 337,493 viral proteins from 7,486 viruses (bacteria-, plant-

fungi-, invertebrate-, and vertebrate-infecting viruses) and

38,363 proteins from 4,045 putative hosts.

Our pipeline uses a conservative global structural similarity

criteria (SAS < 2.5 Å) to infer structural mimics (Subbiah et al.,

1993; Kolodny et al., 2005; Budowski-Tal et al., 2010).
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Figure 3. CoV-Encoded Proteins Mimic

Known Regulators of Human Immune

Response to Infection

A total of 158 human proteins are structurally

mimicked by eight CoV proteins (grouped and

indicated by color bars) for which structural infor-

mation could be determined. Shown are box and

whisker plots indicating lower and upper quartiles

and spanning minimum and maximum pairwise %

sequence identities between human and virus-

encoded proteins (variability in sequence identity

reflects CoV-specific sequence divergence; each

human protein is mimicked by R3 viruses). High-

lighted are seven examples of virus-encoded hu-

man protein mimics (virus protein structure in red;

human protein structure and gene symbol in blue;

SAS indicated in black).
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Consequently, our approach does not consider local structural

similarities defined by small protein regions and linear motifs

(frequently found in disordered regions) (Franzosa and Xia,

2011; Guven-Maiorov et al., 2016). It is reasonable to consider

that global structural mimicry relationships denote a common

ancestral origin. However, we cannot rule out convergent evolu-

tion as a source of structural mimicry of smaller domains (e.g.,

<100 residues long) that would nevertheless meet the structural

similarity criteriawehave imposed. Importantly, structuralmimicry

does not necessarily imply functionalmimicry. Furthermore, some

of the mimics that we identify may represent spurious structural

relationships that stem from underlying functional class of a given

pair of proteins (e.g., virus and host-encoded proteases). Future

experimental and functional interrogation will be necessary to

demonstrate functional implications for the molecular mimics

discovered as part of this work. Nevertheless, the results illustrate

the ability of protein-structure-based analysis to infer structural,

functional, and evolutionary relationships between viruses and

their hosts.

Our results demonstrate that regardless of genome size, repli-

cative cycle, or ecological niche, the evolutionary pressures

imposed on viruses are reflected in the structure space they

occupy and illustrate that mimicry may both constrain and

enable host range. Of note, while structural similarity between

viral and host proteins serves as a scaffold enabling viral proteins

to coopt host pathways, amino acid identities at key functional

sites will ultimately shape the extent to which host pathways

can be intervened. Our observations offer a unique first step to

investigating the role of amino acid variability at mimicked func-

tional sites that might help explain differences in phenotypic

outcome associated with viral infections.

Finally, the repertoire of structural mimics we discover opens

new opportunities to identify potential mechanisms underlying

autoimmune disorders of viral origin and new protein-based im-

mune-modulatory therapeutics. For example, leveraging mim-

icry relationships between coronaviruses and human proteins in-

forms about cellular targets and signaling cascades that are

tuned during infection. Such knowledge can provide important

clues about pathways that mediate pathology associated with

infection and may point the way for designer therapeutics

directed at these pathways. In addition, though beyond the

scope of the current study, such knowledge may be useful in

vaccine development as well as engineering of synthetic cellular

operations where viral proteins are used as modules to build cir-

cuits with robust and predictable outputs. In the short term, and

as highlighted by recent discovery of SARS-CoV-2 risk factors

(Ramlall et al., 2020), information about virus-encoded structural

mimics can help refine large-scale clinical studies and reveal de-

terminants of immunity, susceptibility, and clinical outcome

associated with human infection.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

All generated data GitHub https://github.com/gorkaLasso/VirusHost_mimicry

Software and Algorithms

CD-HIT (Li and Godzik, 2006) http://weizhongli-lab.org/cd-hit/

EMBOSS (Rice et al., 2000) http://emboss.sourceforge.net/

BLAST (Altschul et al., 1990) https://blast.ncbi.nlm.nih.gov/Blast.cgi

Hhblits (Remmert et al., 2011) https://github.com/soedinglab/hh-suite

Ska (Petrey et al., 2003) http://honig.c2b2.columbia.edu/ska

DAVID (Huang et al., 2009a) https://david.ncifcrf.gov/

R (R Core Team, 2016) https://www.r-project.org/

Gplots package (Warnes et al., 2016) https://cran.r-project.org/web/packages/gplots/index.html

Prism (GraphPad, 2019) https://www.graphpad.com/

Honig modeling pipeline (Garzón et al., 2016) http://honig.c2b2.columbia.edu/preppi

NEST (Petrey et al., 2003) http://honig.c2b2.columbia.edu/nest

Other

Database: virus-hostDB (Mihara et al., 2016) https://www.genome.jp/virushostdb

Database: NCBI taxonomy (Federhen, 2012) https://www.ncbi.nlm.nih.gov/taxonomy

Database: Uniprot (Apweiler et al., 2004) https://www.uniprot.org/

Database: Conserved Domain Database (Marchler-Bauer et al., 2017) https://www.ncbi.nlm.nih.gov/cdd/

Database: PDB (Berman et al., 2000) http://www.rcsb.org/

Database: SIFTS (Velankar et al., 2013) https://www.ebi.ac.uk/pdbe/docs/sifts/
RESOURCE AVAILABILITY

Lead Contact
Further information for resources should be directed to and will be fulfilled by the Lead Contact, Sagi Shapira (ss4197@cumc.

columbia.edu).

Materials Availability
This study did not generate new materials.

Data and Code Availability
All data and code generated as part of this study is available at GitHub (https://github.com/gorkaLasso/VirusHost_mimicry)

d This paper analyzes existing, publicly available data. Appropriate links to these datasets is provided in the Key Resources Table

d This paper does not report original code.

d The scripts used to generate the figures presented in this paper are available at https://github.com/gorkaLasso/

VirusHost_mimicry

d Any additional information required to reproduce this work is available from the Lead contact
EXPERIMENTAL MODEL AND SUBJECT DETAILS

This section does not apply to our computational study

METHOD DETAILS

Viral Dataset Assembly
We compiled a dataset of 7,486 viruses, represented by a total of 337,493 viral protein amino acid sequences together

with annotations of their corresponding hosts, from virus-hostDB as of October, 2016 (Mihara et al., 2016). Viruses
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were classified according to the taxonomic divisions of their corresponding host based on NCBI taxonomic divisions (Federhen,

2012) (Table S1).

Structural Neighbor Search
The 337,493 viral protein amino acid sequenceswere reduced to 269,077 non-redundant sequences filtered at 100%sequence iden-

tity with Cd-hit (Li and Godzik, 2006). Sequence-based methods were then used to identify experimentally determined protein

structures that, based on their sequence relationship to the viral protein, are expected to have similar structures (referred to here

as ‘‘structural templates’’ - Figure 1A). First, viral proteins were parsed into domains using CD-search (Marchler-Bauer et al.,

2017). Next, to identify structural templates, full sequences and parsed domains were queried against the PDB (Berman et al.,

2000). Sequence homology search was performed in three steps, where each step is run only if the preceding step fails to report

a structural template with a conservative E-value < 1x10-12: i) Blast-based search (Altschul et al., 1990); ii) HHblits-based search (Re-

mmert et al., 2011) and; iii) the third step runs five iterations of PSI-Blast. The pipeline reports the best structural template mapping to

non-overlapping sequence segments for each query protein.Whenmultiple structural templatesmap to the same segment in a query

protein, only the structural template(s) with the lowest E-value are reported. The set of structural templates, describing the structural

space of viral proteins, is further refined in order to minimize the number of redundant templates. To this end, structural templates

derived from the same pdb chain and with their start and end positions within 15 residues are clustered together, using the longest

structural template as the cluster representative. Finally, the set of structural templates is searched against the PDB database with

Ska (Petrey et al., 2003; Yang and Honig, 2000) using a structural alignment score (SAS) < 2.5Å as a cut-off to identify structurally

similar proteins (Kolodny et al., 2005). The ska algorithm focuses on alignment of secondary structure elements and uses only

C-alpha coordinates of residues. Hence any differences in loop or side-chain conformations that might be expected because of dif-

ferences in resolution would have little to no effect on a ska alignment.

Sequence Homology Assessment between Viral Proteins and Their Corresponding Structural Neighbors
Sequence homology among a pair of structurally similar proteins was considered significant when neither a Blast, HHBlits or PSI-

Blast alignment yielded an E-value < 1x10-6. In addition, for Figures 2 and 3, sequence identities for pairs of structurally similar

proteins, were computed using the Needleman-Wunsch algorithm implemented in the EMBOSS package (considering only the

corresponding protein segments sharing structural similarity) (Rice et al., 2000).

Calculating Overlap between Structural Space of a Virus and Proteins in a Given Taxonomic Division
Taxonomic division enrichment (Figures 1B and 1C) was computedwith a hypergeometric test that describes the significance of hav-

ing k structural neighbors belonging to a particular taxonomic division (out of n total structural neighbors for a group of viruses) given

the entire set of structurally solved proteins in the PDB of size N that contains K proteins from the same taxonomic division (Johnson

et al., 1992). To minimize experimental bias of multiple PDB entries for the same protein, structurally solved proteins were mapped to

their Uniprot accession codes (Apweiler et al., 2004) using SIFTS mapping (Velankar et al., 2013).

Protein Modeling and Structural Neighbor Search for Aedes aegypti Proteome
Our validated, inhouse modeling pipeline (Garzón et al., 2016; Lasso et al., 2019) was used to model the 16,652 protein sequences

(obtained from the Uniprot database (Apweiler et al., 2004)) in the Aedes aegypti proteome. Three-dimensional models for full-length

proteins and protein domains, as defined by theConserved Domain Database (Marchler-Bauer et al., 2017), were either taken directly

from the PDB (Berman et al., 2000) or built by homology modeling as described previously (Garzón et al., 2016; Zhang et al., 2012).

Protein structure models were built using NEST (Petrey et al., 2003; Xiang and Honig, 2001). Structural neighbor search was run on

the set of modeled mosquito proteins using Ska (Petrey et al., 2003; Yang and Honig, 2000) and a structural alignment score (SAS) <

2.5Å was used as a cut-off to identify structurally similar proteins (Kolodny et al., 2005). The modeling and structural neighbor search

pipeline reported structural neighbors for 10,895 (65%) mosquito proteins.

Identifying the Mosquito Structural Neighbor Space for Each Virus in the Dataset
The unique set of mosquito structural neighbors was computed for across all viruses. Structural relationships between viral andmos-

quito proteins was inferred by identifying common structural neighbors shared between a given viral and mosquito protein pair.

Poorly annotated viruses with less than 4 annotated viral proteins were discarded. Invertebrate-infecting viruses were further sub-

classified into i) invertebrate-infecting viruses (including mosquito infecting viruses); ii) viruses infecting both human and mosquitoes

and; iii) viruses infecting mosquitoes but not humans. We applied the non-parametric Mann-Whitney test to compare the size of

the mosquito structural neighbor space per virus (normalized by the total number of annotated viral proteins in each virus)

between different groups of viruses (Figure 1C), and outliers were removed with the Rout method (Q = 1%) implemented in Prism

(GraphPad, 2019).

Human Protein Structural Neighbors of Human-Infecting Viral Families
To estimate the number of human protein structural neighbors per virus, viruses with 4 or more annotated proteins with structural

template for at least 30% of the viral proteins were considered (Figures 2A and 2C). The total number of human structural neighbors

per virus was corrected by the corresponding structural coverage (e.g. for a virus where 70%of its proteins have a structural template
Cell Systems 11, 82–91.e1–e3, January 20, 2021 e2
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and shows structural similarity to 30 human proteins, the corrected number of human structural neighbors will be 30 / 0.7 = 42.9,

Figure 1A). Viruses were grouped into viral families and families with less than 5 viruses were not plotted. In order to plot the number

of human structural neighbors per residue for a given family of human-infecting viruses (Figure 2C), we normalized the total number of

human mimics per virus (Figure 2A) by the corresponding proteome size (Figure 2B).

Functional Enrichment Analysis
Enrichment of biological ontologies (molecular function, biological pathways and diseases) was determined using David (Huang

et al., 2009a, 2009b), background corrected using the 5,841 human protein structures extracted from PDB. A Bonferroni corrected

p-value < 0.01 was used to identify enriched biological ontologies. Viral families and biological ontologies enriched in at least one viral

family were clustered using R and the heatmap.2 function within gplots package (values in original matrix: -log10 P-valueBonferroni;

distance metric: Euclidean, method: complete) (R Core Team, 2016; Warnes et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters, including the definition of center, dispersion and associated significance, are reported in the main text, Fig-

ures and Figure legends. We have applied hypergeometric test and Mann-Whitney test to calculate significance. P values for

pathway enrichment analysis were adjusted for multiple comparison. The section entitled ‘‘Method Details’’ describes the statistical

analyses performed. Data are judged to be statistically significant when p < 0.05 in applied statistical analyses. In Figures 1 and 2

asterisks denote statistical significance (Figure 1D: **, Pvalue < 0.0001; Figure 2C: *, Pvalue < 0.05, ***, Pvalue < 0.001, ****, Pvalue <

0.0001

ADDITIONAL RESOURCES

All data generated as part of this study is available at GitHub (https://github.com/gorkaLasso/VirusHost_mimicry)
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