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Abstract: Viral proteins bind to numerous cellular and viral proteins throughout the infection cycle.

However, the mechanisms by which viral proteins interact with such large numbers of factors remain

unknown. Cellular proteins that interact with multiple, distinct partners often do so through short
sequences known as molecular recognition features (MoRFs) embedded within intrinsically disor-

dered regions (IDRs). In this study, we report the first evidence that MoRFs in viral proteins play a

similar role in targeting the host cell. Using a combination of evolutionary modeling, protein–protein
interaction analyses and forward genetic screening, we systematically investigated two computation-

ally predicted MoRFs within the N-terminal IDR of the hepatitis C virus (HCV) Core protein. Sequence

analysis of the MoRFs showed their conservation across all HCV genotypes and the canine and
equine Hepaciviruses. Phylogenetic modeling indicated that the Core MoRFs are under stronger puri-

fying selection than the surrounding sequence, suggesting that these modules have a biological func-

tion. Using the yeast two-hybrid assay, we identified three cellular binding partners for each HCV
Core MoRF, including two previously characterized cellular targets of HCV Core (DDX3X and NPM1).

Random and site-directed mutagenesis demonstrated that the predicted MoRF regions were

required for binding to the cellular proteins, but that different residues within each MoRF were critical
for binding to different partners. This study demonstrated that viruses may use intrinsic disorder to

target multiple cellular proteins with the same amino acid sequence and provides a framework for

characterizing the binding partners of other disordered regions in viral and cellular proteomes.
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Introduction

Viruses interface with their host cell through physi-

cal interactions between viral and host proteins. The

consequences of these interactions are diverse and

contribute to changes in host cell behavior that pro-

duce an environment conducive to viral replication.

In recent years, virus–host protein interaction net-

works have been described for many viruses.

Although these studies demonstrated that even

small viral proteins can interact with large numbers

of cellular proteins, it remains unclear how viral

proteins are able to participate in so many

interactions.

Observations from cellular proteomes suggest

that intrinsically disordered regions (IDRs) within

proteins can facilitate interactions with multiple

partners. Cellular proteins that interact with a large

number of partners, known as “hubs”, are often par-

tially or completely disordered.1–3 Many of these hub

proteins function in cell signaling networks that

require them to integrate upstream signals and reg-

ulate the activities of their downstream targets

through numerous physical interactions. The bind-

ing diversity conferred by IDRs is critical to the

topology and function of cellular signaling networks

as it permits one-to-many binding.1,4–7 This is exem-

plified in the well-characterized tumor suppressor

protein p53, a key signaling protein with 100 con-

firmed cellular binding partners, many of which

bind its disordered N-terminal domain.3,7–10 A

recent survey of existing protein structures identi-

fied over 25 other examples of cellular hubs that

interact with multiple partners, suggesting disorder

is a common strategy by which proteins maintain

multiple partners.4

Much like hubs in cellular protein interaction

networks, viral proteins establish themselves as

global regulators of cellular function during infec-

tion, transforming the phenotype of the cell to create

an environment conducive to viral replication. In

RNA viruses, such as hepatitis C virus (HCV), where

genetic capacity is limited, viral proteins must exe-

cute multiple functions in addition to their primary

roles in virus replication or production. These func-

tions often require physical interaction with other

viral or host factors. One-to-many binding via viral

IDRs would allow many virus–host interactions, and

associated functions, to be compressed into small,

overlapping regions of primary structure. This

seems especially plausible as viral proteins exhibit

higher levels of structural disorder and a higher

density of linear motifs predicted to mediate pro-

tein–protein interactions compared to cellular

proteins.11–24 However, the role of intrinsic disorder

in mediating one-to-many binding between viral and

host proteins has not been systematically

investigated.

Binding via IDRs is frequently achieved through

local segments that undergo disorder-to-order transi-

tions upon forming complexes with their protein

partners.25–29 IDR segments of 10–25 residues that

become structured upon binding have been termed

molecular recognition features (MoRFs).30 When

unbound, MoRFs exist in a predominantly disor-

dered state, exploring an ensemble of conformations.

The bound conformation(s) of MoRFs depends on the

contacts available in both partners.4 Although, bind-

ing can stabilize a single conformation,3,4,27–29,31 in

some cases subregions of the IDR remain disordered,

leading to formation of a “fuzzy” complex.27,32,33 The

outsourcing of structural information to the binding

partners allows the MoRF to be multispecific and to

attain distinct, functional conformations specific to

each binding partner.4,7,34

Although, bioinformatic studies and retrospec-

tive structural analyses have increased our appreci-

ation of the ubiquity of intrinsic disorder in

cellular4,13,35–39 and viral12–17,22,40 proteomes, the

validation of predicted IDRs and MoRFs is critical to

understanding their function. In this study, we

report experimental characterization of the cellular

binding partners of two computationally predicted

MoRF regions within the N-terminal IDR of the

HCV Core protein. Core binds to and packages the

HCV RNA genome, and then interacts with the ER-

associated viral glycoproteins, E1 and E2, to assist

in formation of the mature viral particle.41 Two

domains have been identified in HCV Core, each of

which plays distinct roles in the HCV life cycle. The

N-terminal domain, domain 1 (DI), is highly basic

and hydrophilic.42 It mediates homotypic interac-

tions, binds to the viral RNA genome during assem-

bly of HCV particles, and is sufficient for

nucleocapsid formation in vitro.43,44 In addition to

its role in RNA encapsidation, HCV Core DI is

essential for RNA chaperone activities that may

guide the formation of specific structures of the

HCV genome.45,46 Although a majority of Core is

found in the cytoplasm, a subpopulation is targeted

to the nucleolus, most likely via one or more nuclear

localization signals present in DI.47,48 Core domain 2

(DII) constitutes the C-terminal, lipid droplet-

associated domain of Core.49 It consists of two

amphipathic helices that anchor Core to the surface

of cytoplasmic lipid droplets before assembly.42,50,51

Using a combination of IDR and MoRF predic-

tion, sequence analysis, and phylogenetic hypothesis

testing, we identified HCV MoRFs that are under

stronger purifying selection than the surrounding

sequence, indicating important biological roles for

these regions. Using the yeast two-hybrid (Y2H)

assay along with forward genetics and site-directed

mutagenesis, we demonstrated that the two pre-

dicted a-MoRFs in HCV Core were essential for

binding to multiple unrelated host factors. The
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approach described in this study can be integrated

into large-scale validation pipelines for computation-

ally predicted MoRFs, leading to a better under-

standing of the diversity, function, and therapeutic

potential of these important features of viral and cel-

lular proteomes.

Results

Prediction of intrinsic disorder and MoRFs in HCV

To identify IDRs and MoRFs within the HCV poly-

protein, we used the predictors of naturally disor-

dered regions (PONDRVR ), PONDRVR -VLXT52 and the

“meta-predictor”, PONDRVR -FIT.53 The PONDRVR -FIT

meta-predictor combines three predictors from the

PONDRVR family with three additional predictors of

disorder, namely IUPred,54 FoldIndex,55 and TOP-

IDP.56 This meta-predictor performs better than any

of the individual predictors, providing one of the

best predictions of disorder across a protein

sequence.53 PONDRVR -VLXT yields better sensitivity

in predicting alpha-helical propensity and, in combi-

nation with the a-MoRF-Pred computational tool,

can identify putative a-MoRFs.30 Although, several

additional predictors have been developed to identify

likely MoRFs within longer regions of disorder, we

chose this particular predictor because of previous

success with this approach. Additional discussion of

the IDR and MoRF predictors can be found in Sup-

porting Information.

These algorithms predicted increased disorder

within the N-terminal 120 residues of the HCV Core

protein and the C-terminal 280 residues of NS5A

[Fig. 1(A)]. Two potential a-MoRFs were identified in

the N-terminal IDR of Core (positions 21–38 and 82–

99; Core MoRFs 1 and 2, respectively; residue posi-

tions based on HCV JFH-1 strain) and five putative

a-MoRFs were found in the C-terminal IDR of NS5A

(positions 200–217, 242–259, 306–323, 361–378, and

449–466; NS5A MoRFs 1–5, respectively) [Fig. 1(B–

D)]. The PONDRVR predictions of IDRs and MoRFs in

Core and NS5A are consistent with previous bioinfor-

matic and experimental analyses.12,16,42,57–61

The features corresponding to Core MoRF 1 and

2 were conserved in all human HCV genotypes and

in nonprimate Hepacivirus (NPHV) isolates from

equine (AFJ20706)62 and canine hosts (AEC45560)63

but not in isolates from bat or rodent Hepaciviruses

or GB virus B [Fig. 2(A)], suggesting that these ele-

ments emerged after the divergence of these more

distantly related viral lineages. Features correspond-

ing to the NS5A MoRFs were conserved among HCV

genotypes but were not detected in more distantly

related NS5A proteins [Fig. 2(B)]. Using Bayesian

phylogenetic inference to estimate the site-specific

ratios of nonsynonymous and synonymous substitu-

tion rates (dN/dS), we found that Core MoRFs 1 and

2 and NS5A MoRFs 1 and 3 had significantly lower

dN/dS values than the surrounding IDRs [P<0.01

for each, Tables I and II and Fig. 2(C,D)]. This indi-

cates that these MoRFs have undergone purifying

selection and strongly suggests that they have a

functional role in HCV replication. Further discus-

sion of the phylogenetic analysis can be found in

Supporting Information.

Identification of interacting partners of HCV

MoRFs
Because regions of proteins that mediate protein–pro-

tein interactions have higher rates of purifying selec-

tion64–67 and no other functions have been described

for the HCV MoRFs, we tested these sequences for

interactions with cellular proteins. Seven Y2H con-

structs that included a single HCV MoRF and the

flanking IDR sequence were used to screen a human

liver cDNA library as a part of a previously reported

large-scale Y2H screen for HCV–human interac-

tions.68 The MoRF-containing fragments of the NS5A

IDR were either self-activators or did not yield any

reproducible interactions. However, screens using the

two MoRF-containing fragments of HCV Core identi-

fied three cellular binding partners for each fragment

[Fig. 3(A)]. Core fragment 1 (CF1) interacted with the

cellular proteins DDX3X, NPM1, and TRIP11,

whereas Core fragment 2 (CF2) interacted with

GLRX5, EIF3L, and RILPL2 (see Supporting Infor-

mation Table SI for the functions of each human pro-

tein binding partner of the Core MoRFs). All six

interactions were confirmed by recloning the human

gene fragment in freshly transformed yeast and

retesting in pairwise Y2H assays. Four of the six

interactions (DDX3X, NPM1, TRIP11, and RILPL2)

were confirmed by in vitro split-luciferase assays

[Fig. 3(B)]. It is not clear if the other two pairs repre-

sent false-positives in the Y2H assay or false-

negatives in the split-luciferase assay; all protein–

protein interaction assays appear to have high false-

negative rates based on systematic comparisons with

a gold standard set of interactions.69,70 Two of the cel-

lular proteins identified in our screen, DDX3X71–76

and NPM1,77 were previously shown to interact with

the N-terminus of Core and to co-localize with Core in

human cells. RILPL2 and DDX3X are required for

HCV replication.68,71,74,75,78

Cellular proteins bind to core within the

predicted MoRFs
To determine if the predicted MoRFs mediated bind-

ing to the cellular proteins, we used a forward

genetic screen with a library of mutant Core frag-

ments generated by error-prone PCR. A total of 17

variants of CF1 and 19 variants of CF2 were tested

for interaction with each human partner in the Y2H

assay (Fig. 4). Of the 36 variants, 33 had single

amino acid substitutions and three had two
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substitutions. Five single amino acid substitutions

fell within MoRF1 and seven were located in

MoRF2.

All four variants in CF1 that displayed reduced

binding to at least one partner had substitutions

within MoRF1 (residues 21–38) [Fig. 4(A)]. Using a

one-tailed Fisher’s exact test to determine the likeli-

hood of this result occurring by chance, we deter-

mined a P-value of 2.1 3 1023. Similarly, 8 of the 19

variants in CF2 had reduced binding to at least one

cellular binding partner [Fig. 4(B)]. All seven substi-

tutions within MoRF2 (residues 82–99) disrupted

binding to at least one cellular protein, whereas only

one substitution outside of MoRF2 (position 61)

reduced binding to GLRX5 specifically (P 5 2.0 3

1024). These results strongly suggest the Core

MoRFs represent the binding sites for the cellular

interacting proteins identified in this study.

Core–cellular protein interactions are mediated

by distinct residues
After establishing the requirement of the MoRF

regions in host factor binding, we proceeded to map

the binding sites of each human partner using site-

directed mutagenesis. Our mutational analysis ini-

tially focused on conserved positions required for the

interaction between Core and DDX3X (F24, G27,

and Y35).71 Alanine substitutions were introduced

at these positions and assessed for their impact on

binding to each host factor by Y2H [Fig. 5(A)]. Each

variant was expressed at levels similar to the wild

type protein by western blotting [Fig. (5B)]. As

Figure 1. Sequence-based prediction of intrinsic disordered regions (IDRs) in the HCV polyprotein. (A) The PONDRVR -FIT meta-

predictor was used to estimate the level of disorder in the HCV JFH1 polyprotein. Higher PONDR scores indicate a higher pro-

pensity to be unstructured. Bar above the graph represents the HCV polyprotein. (B) PONDRVR -VLXT scores were used along

with the a-MoRF-pred tool to identify a-helical Molecular Recognition Features (a-MoRFs) in the HCV JFH1 polyprotein

sequence. Grey blocks indicate the positions of predicted a-MoRFs. (C and D) PONDRVR -FIT and –VLXT scores for HCV Core

(C) and NS5A (D). Schematics of the Core and NS5A proteins are shown above the graphs. Brackets indicate domains.132
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previously reported,71 all three substitutions dis-

rupted the interaction of CF1 and DDX3X. The sub-

stitution of the highly conserved tyrosine residue at

position 35 in MoRF1 also disrupted the interaction

with NPM1 and TRIP11. However, alanine substitu-

tions at positions 24 and 27 were not broadly

Figure 2. The predicted MoRFs in Core and NS5A are conserved and are undergoing purifying selection. (A and B) Phyloge-

netic relationship (left) and PONDR scores (right) of Hepacivirus Core (A) and NS5A protein sequences (B). PONDRVR -VLXT

scores for each protein sequence are represented as heatmaps and aligned according to MUSCLE alignments of the same pro-

teins. Predicted a-MoRF regions are shown as grey blocks. Thin black lines indicate gaps in the alignments. (C and D) Boxplots

of the mean dN/dS ratios for MoRF and non-MoRF sequence partitions estimated from 86 Core-coding sequences (C) and 76

NS5A sequences (D) representing HCV genotypes 1–7. Dashed line indicates dN/dS 5 1, or neutral selection.
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disruptive. The F24A substitution affected binding

to DDX3X only, whereas the G27A substitution dis-

rupted binding to TRIP11 and DDX3X but not

NPM1.

Because the random mutagenesis and site-

directed alanine mutagenesis of MoRF1 identified

distinct patterns of disruption for the individual

binding partners of MoRF1, we performed a more

extensive mutagenesis of the MoRF1 region. To max-

imize the diversity in our library of mutants, we

used degenerate primers to introduce multiple sub-

stitutions at individual positions across the MoRF1

and tested them for interactions with cellular part-

ners in the Y2H assay [Fig. 5(B)]. All mutant pro-

teins were expressed at similar levels [Fig. 5(D)]. As

with the random mutagenesis experiment, distinct

patterns of disruption were observed for each bind-

ing partner, suggesting that either distinct contacts

or unique folds were required for interaction with

each host factor. Although the substitutions P19T,

P25S, V34S, Y35S, and Y35P disrupted the interac-

tions with all of the human binding partners of

MoRF1, four other substitutions disrupted the bind-

ing of only one or two proteins. Substitutions at

positions 31, 36, and 37 disrupted interaction with

TRIP11 and NPM1 but not DDX3X, whereas the

F24A substitution only disrupted the interaction

with DDX3X. Interestingly, substitution of proline

residues at position 19 and 25 with either serine or

threonine residues resulted in markedly different

interaction patterns. There was no obvious bias of

the broadly disruptive mutations toward more

highly conserved amino acids [Fig. 5(E)]

In contrast to MoRF1, little has been performed

to characterize the MoRF2 region. Therefore, we

performed dual-alanine scanning mutagenesis to

map the residue positions within MoRF2 required

for binding. This screen identified six pairs of amino

acids that, when substituted with alanine, disrupted

binding to one or more of the three host factors that

interacted with CF2 [Fig. 6(A)]. We then introduced

single alanine substitutions at these positions to

map the binding sites in higher resolution [Fig.

6(B)]. All MoRF2 variant were detected by western

blotting, though some (e.g., P82A, N88A, and E89A)

were expressed at slightly lower levels [Fig. 6(C)].

However, this level of expression was sufficient to

enable the interaction with RILPL2 to be detected at

levels indistinguishable from wild type. The con-

served tryptophan residues at positions 93 and 96

were critical for binding to all three host factors

[Fig. 6(D)]. These residues are part of a larger motif,

GWAGWLxSP, present in all HCV genotypes. Intri-

guingly, these tryptophan residues are found within

a similar but inverted sequence in the NPHVs,

PxLQWxAWG (Supporting Information Fig. S2).

Substitutions across MoRF2 disrupted binding with

GLRX5. However, this interaction was weaker in the

Y2H assay than the other pairs, which may have

caused increased sensitivity to subtle variations in

binding affinity or the level of protein expression of

the variants.

In an effort to understand the impact of individ-

ual substitutions within the MoRF regions, we used

the PONDR-VLXT algorithm to quantify the pre-

dicted effect of each substitution on the propensity

Table I. Calculated dN/dS Values, Credible Intervals (CI) and Significance Levels for HCV Core Sequence
Partitions

Core partition Median dN/dS 95% CI 99% CI Significance

MoRF1 0.37 0.28–0.51 0.25–0.61 * vs. Non-MoRF IDR
MoRF2 0.39 0.31–0.54 0.29–0.64 * vs. Non-MoRF IDR
Non-MoRF IDR 1.24 1.00–1.53 0.93–1.67
DI (IDR) 0.97 0.80–1.19 0.75–1.30
DII 0.57 0.48–0.69 0.45–0.74 * vs. IDR
Core 0.82 0.69–0.97 0.65–1.05

* Indicates P<0.01.

Table II. Calculated dN/dS Values, Credible Intervals (CI) and Significance Levels for HCV NS5A Sequence
Partitions

NS5A partition Median dN/dS 95% CI 99% CI Significance

MoRF1 0.63 0.54–0.74 0.51–0.80 * vs. Non-MoRF IDR
MoRF2 0.86 0.78–0.96 0.75–1.00 ns vs. Non-MoRF IDR
MoRF3 0.56 0.49–0.63 0.47–0.67 * vs. Non-MoRF IDR
MoRF4 1.2 1.09–1.32 1.04–1.38 ns vs. Non-MoRF IDR
MoRF5 0.87 0.78–0.96 0.75–1.01 ns vs. Non-MoRF IDR
Non-MoRF IDR 0.94 0.89–0.99 0.87–1.01
DII/DIII (IDR) 0.9 0.86–0.94 0.84–0.96
DI 0.67 0.64–0.71 0.63–0.73 * vs. DII/DIII (IDR)

* Indicates P<0.01.
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to form an a-helix. Marked differences were noted in

the effects of substitutions on MoRF1 and MoRF2

(Fig. 7). In MoRF2, the five substitutions that

caused loss of interaction with all three identified

binding partners were among the eight substitutions

with the greatest increase in the minimum VLXT

scores, suggesting that these substitutions may dis-

rupt binding by interfering with formation of an a-

helical structure [Fig. 7(B)]. Substitutions in MoRF2

that disrupted specific interactions tended to have

smaller effects on the minimum VLXT score, sug-

gesting that the propensity of MoRF2 to form an a-

helix was not affected. Rather, these amino acids

may form partner-specific contacts with individual

human proteins that are disrupted by the substitu-

tions. The situation with MoRF1 is more complex.

There is little correlation between the changes in

minimum VLXT scores and the effect of substitu-

tions on binding to human proteins. The presence of

multiple helix-breaking residues (i.e., Gly and Pro)

suggests that MoRF1 may have a more complex

structure than the single a-helix suggested by the

computational predictions. Consistent with this sug-

gestion, a previous NMR analysis indicated that

MoRF1 can form two separate a-helices.60

Discussion

IDRs often contain functional modules that mediate

interactions with partner proteins.79 These features

are common in cellular hub proteins and influence

both the organization and function of cellular pro-

teomes.1 Hubs can use the same region of disorder

to bind to many different partners or, alternatively,

can bind to many partners that contain disordered

regions.7 Viral proteins, many of which act as hubs,

are enriched in IDRs and predicted functional mod-

ules, suggesting that viral IDRs may mediate impor-

tant protein–protein interactions with host proteins

during infection.19,22,24

In this study, we tested the hypothesis that viral

IDRs mediate one-to-many binding by mapping

virus–host protein interactions of the computation-

ally predicted MoRFs in HCV Core. These regions

are dispensable for HCV RNA binding46 and forma-

tion of virus-like particles in vitro,80 but are con-

served among distantly related Hepaciviruses and

Figure 3. MoRF-containing fragments of HCV 2a Core protein mediate interactions with cellular proteins. (A) Yeast two-hybrid

screening was used to identify cellular binding partners of HCV Core protein. The fragments used in Y2H screening (black bars,

below) contain individual predicted a-MoRFs (grey blocks). Numbers indicate residue positions defining predicted a-MoRFs

and Y2H fragments. Three cellular binding partners were found for each Core fragment (ovals). (B) Four of the six interactions

were confirmed by split-luciferase assay. *, **, *** indicate P<0.05, <0.005, and <0.0005, respectively, based on a one-tailed t-

test (n 5 3). The amounts of N-FLuc and C-FLuc fusion proteins were normalized to their respective GFP negative controls

(Supporting Information Fig. S1).
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are undergoing higher rates of purifying selection

than the surrounding IDRs [Fig. 2(C)]. Intriguingly,

the flanking regions of the IDR that mediate inter-

actions with the viral RNA are conserved among

HCV and GB viruses, whereas portions of Core cor-

responding to the HCV MoRFs are absent from the

GB virus Core protein,42 which emphasizes the mod-

ular nature of the Core MoRFs. Because the MoRF

regions are dispensable for RNA binding and homo-

typic interactions, we hypothesized that the

increased evolutionary constraint was due to their

role in mediating protein–protein interactions, as

demonstrated previously.64–67 Indeed, using a combi-

nation of bioinformatic, genetic, and computational

tools, we identified three cellular proteins that bind

to each of the Core MoRFs, two of which, DDX3X

and RILPL2, are required for viral replication.

These findings demonstrate that molecular recogni-

tion via distinct functional modules within IDRs is

one strategy that enables viral proteins to interact

with multiple viral and host proteins.

MoRFs are 10–25 amino acid segments within

IDRs that have a higher likelihood of forming sec-

ondary structure than the surrounding IDR.30 How-

ever, in their unbound state they remain flexible

and explore an ensemble of conformations. Only in

Figure 4. Cellular proteins bind to the predicted Core a-MoRF

regions. Single or double residue substitutions were intro-

duced into fragments containing Core MoRF1 (A) and 2 (B) by

error-prone PCR. The effect of these substitutions on binding

to cellular proteins was then assessed using the Y2H assay.

Substitutions in the predicted a-MoRF regions (grey blocks)

preferentially disrupted binding. pOAD-IF is a control plasmid,

in which URA3 is in frame with the GAL4 activation domain

and no human gene is present. –TLUH indicates Y2H selection

medium lacking tryptophan, leucine, uracil, and histidine; –TL,

growth control medium lacking tryptophan and leucine. All

interactions were assessed in independent duplicate experi-

ments; representative results are shown in this study.

Figure 5. Distinct amino acids in MoRF1 are required for

binding to cellular proteins. (A and B) Single residue substitu-

tions in Core MoRF1 disrupt the binding to cellular proteins.

(A) Substitutions previously shown to disrupt binding of Core

to DDX3X71 were assayed for their impact on binding to cel-

lular proteins using the Y2H assay. Top panel shows growth

on Y2H selection medium whereas bottom panel shows

growth on control medium. pOAD-IF is a control plasmid, in

which URA3 is in frame with the GAL4 activation domain and

no human gene is present. (B) Single residue substitutions

were introduced into Core MoRF1 by site-directed mutagene-

sis and tested for their effect on binding to cellular proteins

using the Y2H assay. Top panel, Y2H selection medium; bot-

tom panel; growth control medium. (C and D) Western blots

to confirm expression of mutant Core fragments. Upper blot

was probed with anti-GAL4 DNA binding domain antibody

(GAL4-DBD); lower blot was probed with anti-glucose-6-

phosphate dehydrogenase antibody (G6PDH) as a loading

control. (E) Summary of the effect of HCV Core MoRF1 sub-

stitutions on binding to human proteins. Web Logo of Core

MoRF1 was derived from alignment of the six HCV geno-

types and eight representative NPHV isolates. Circles indicate

substitutions that disrupted binding to DDX3X (black), NPM1

(blue), or TRIP11 (red). Shaded circles indicate multiple sub-

stitutions at that position disrupted binding. All experiments

were performed at least twice in independent replicates; rep-

resentative results are shown.
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their bound state do MoRFs achieve their

“functional structure,” which is guided by contacts

available in each partner. In the current study, we

used computational predictors to identify MoRFs

that tend to form a-helices.30,81 Consistent with

these predictions, NMR studies demonstrated that

HCV MoRF1 formed two a-helices in high concentra-

tions of trifluoroethanol, which stabilizes local sec-

ondary structures.60 Although this result indicates

that Core MoRF1 is capable of forming a-helices, it

remains to be determined if the conformers identi-

fied in the presence of trifluoroethanol are also

formed by MoRF1 in its bound state(s). In some

cases, the same MoRF can form different secondary

structures when bound to different partners.4,7

The complexity of the results from our muta-

tional analysis [summarized in Figs. 5(E) and 6(D)]

is consistent with the potential for MoRF1 to form

diverse structures. Mutagenesis experiments showed

that distinct residues in the MoRFs mediate binding

to the individual cellular partners. In MoRF1, sub-

stitutions that disrupted the interaction with

DDX3X and NPM1 were distinct from those that

interfered with binding to TRIP11. Similarly, substi-

tutions in MoRF2 that abrogated the interaction

with GLRX5 were different from those that blocked

binding to RILPL2 and EIF3L. These findings sug-

gest that the predicted Core MoRFs bind to cellular

partners through distinct amino acids and possibly

distinct conformations, similar to cellular hub pro-

teins that participate in one-to-many binding.4,7

Overall, our data is consistent with an analysis

of amino acid substitutions that enhanced or dis-

rupted the interaction between measles virus

nucleoprotein (N) and the X domain of the viral

phosphoprotein.82 Measles virus N interacts with

the X domain via sequences within an IDR that

become helical upon binding.83–86 All amino acid

changes introduced into this region by random

mutagenesis reduced binding to the X domain, sug-

gesting that this sequence has been optimized for

this interaction.82 Similarly, we show that the analo-

gous regions in HCV Core—MoRFs 1 and 2—are

undergoing purifying selection and that mutations

Figure 6.

Figure 6. Distinct amino acids in MoRF2 are required for bind-

ing to cellular proteins. (A and B) Amino acid substitutions in

Core MoRF2 disrupt the binding to cellular proteins. (A) Dual

alanine substitutions were introduced into Core MoRF2 and

assayed for their effect on binding to cellular proteins using the

Y2H assay. Top and bottom panels show growth on Y2H

selection medium and growth control media, respectively.

pOAD-IF is a control plasmid in which URA3 is in frame with

the GAL4 activation domain and no human gene is present.

PFC0255c1PFE1350c is pair of interacting Plasmodium falcip-

arum proteins that serve as a positive control. (B) Single ala-

nine substitutions were generated for each dual alanine

substitution that disrupted binding to at least one cellular pro-

tein and tested for their impact on binding to cellular proteins

using the Y2H assay. (C) Western blots to confirm expression

of mutant Core fragments. Upper blot was probed with anti-

GAL4 DNA binding domain antibody (GAL4-DBD); lower blot

was probed with anti-glucose-6-phosphate dehydrogenase

antibody (G6PDH) as a loading control. (D) Summary of the

effect of HCV Core MoRF2 substitutions on binding to human

proteins. Web Logo of Core MoRF2 was derived from align-

ment of the six HCV genotypes and eight representative NPHV

isolates. Circles indicate substitutions that disrupted binding to

RILPL2 (black), EIF3L (blue), or GLRX5 (red). All experiments

were performed at least twice in independent replicates; repre-

sentative results are shown.
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within these regions preferentially disrupted inter-

actions with cellular binding partners.

Intrinsic disorder is common in viral proteins, but

the extent of disordered residues varies widely.14,19,87

Although viruses that have small genomes or that

encode polyproteins tend to have more disorder, the

best predictor of the extent of protein disorder in a

given viral proteome is the family to which the virus

belongs.19 However, even within virus families, indi-

vidual species vary extensively in the amount of disor-

der.16,19,22,24 Our data and that of several other groups,

suggest that interactions with viral and host proteins

are primary roles of viral IDRs (reviewed by Ref. 11).

As discussed above, each HCV Core MoRF bound to

three distinct cellular proteins. Given the large num-

ber of partners reported to bind to Core,88 it is likely

that other proteins also bind to the Core MoRFs.

Although our screens did not identify any reproducible

interactions with NS5A fragments, the NS5A MoRFs

have been previously shown to participate in protein–

protein interactions. MoRF5 of HCV NS5A (residues

449–466) contains residues required for binding to

HCV Core, suggesting that NS5A MoRF5 may mediate

intraviral interactions during HCV assembly.89,90 The

region of NS5A corresponding to the predicted MoRF3

(residues 306–323) binds to the cellular peptidyl-prolyl

isomerase, cyclophilin A (CypA), and to HCV

NS5B.59,91–93 Intriguingly, cyclosporine derivatives

that block the interaction between CypA and HCV

NS5A exhibit potent anti-HCV activity and have

shown success in early clinical trials,94,95 suggesting

that virus–host protein interactions mediated by

MoRFs are potential targets for antiviral drugs.96–99 In

measles viruses, a MoRF located in the C-terminal

IDR of the N protein binds to both the virus P protein

and to the cellular HSP70.83,100–104 It is not clear in

the latter cases if binding of the viral and cellular pro-

teins is regulated temporally or if discrete subpopula-

tions bind to different partners. The potential for the

same sequence within an IDR to engage multiple pro-

teins provides an attractive mechanism by which the

virus may compress essential functions into its limited

proteome.

To date, studies on MoRFs and linear motifs have

been mostly retrospective, using previously col-

lected data to identify and characterize binding

sites3,4,27–29,31,105 and to develop binding site predic-

tors.25,81,106–112 Indeed, these efforts have yielded over

50 bioinformatic predictors of disorder (reviewed in Ref.

113) and several MoRF predictors.25,30,81,108 However,

few studies have integrated binding site predictions to

help identify and characterize protein–protein interac-

tion binding interfaces.26,114,115 The analytical

approaches and screening procedures implemented

here provide a facile means to identify MoRF-mediated

interactions that can be used to evaluate current predic-

tors and further improve their performance.

Methods
A more complete description of the methods used in

this study is provided in Supporting Information.

Informatic analyses

Predictions of disorder were performed using the

PONDRVR VL-XT52 and PONDRVR -FIT53 algorithms,

which can be accessed at http://pondr.com/index.

html and through the DisProt database (http://www.

disprot.org/pondr-fit.php), respectively.

Sequence analysis

Core and NS5A coding sequences from HCV geno-

types 1–7 were chosen from the Los Alamos

National Lab HCV sequence database116 and codon-

Figure 7. Effect of HCV Core substitutions on minimum

VLXT scores. Mutant HCV core proteins from Figures 5 and 6

were analyzed for their propensity to form alpha helices using

the VLXT algorithm. As an indication of the impact of the

substitution on predicted helix formation, the minimum VLXT

score within the predicted MoRF is plotted for each HCV

Core MoRF1 (A) and Morf2 (B) variant. Substitutions that dis-

rupted binding of all three cellular proteins (broadly disrup-

tive) are indicated in red, whereas those that disrupted

binding to one or two cellular proteins are shown in blue;

substitutions that had no effect on binding are shown in

white.
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aligned using MUSCLE117 implemented in Sea-

View.118 Protein sequences from HCV and NPHV iso-

lates were aligned using MUSCLE117 with standard

parameter settings. Block logos and sequence logos

of MoRF regions were generated from these align-

ments using the BlockLogo program using default

settings with the option to include gaps selected.119

Site-specific dN and dS substitution rates and dN/dS

ratios were estimated using the renaissance count-

ing method implemented in the BEAST Bayesian

phylogenetics framework,120–122 using a random

local clock,123 the HKY85 nucleotide substitution

model124 and a constant population size coalescent

as a tree prior. This Bayesian approach avoids condi-

tioning the dN/dS estimates on a single phylogeny.

Instead, the algorithm samples tree space to gener-

ate a distribution of dN/dS estimates. A Markov

chain of 200 million states was sampled every

20,000 iterations with a 25% burn-in period to yield

7500 tree observations. The mean dN/dS estimates

for each sequence partition were used to determine

the 95 and 99% credible interval of the mean

partition-specific dN/dS rates.

Y2H assays

MoRF-containing fragments of the HCV JFH1 poly-

protein (UNIPROT: Q99IB8) were cloned into the

yeast two-hybrid DNA-binding domain (DBD) plas-

mid pOBD2 by homologous recombination.125 Y2H

screens were performed by mating as

described.68,126–128

Split-luciferase assays

HCV Core fragments and human binding partners

were cloned into p424-BYDV-NFLuc and p424-

BYDV-C-Fluc-FLAG, respectively; EGFP was cloned

into both vectors as negative controls. Split-

luciferase assays were performed essentially as

described in Ref. 129, except that the binding reac-

tions were incubated for 1 h. For an interaction to

be considered significant, the luminescent signal

must be higher than both control reactions as deter-

mined by a one-tailed t-test (P< 0.05).

Error-prone mutagenesis

Error-prone mutagenesis of the HCV Core MoRF-

containing fragments was performed using nucleo-

tide analogs 8-oxo-2’ deoxyguanosine (8-oxo-dGTP; 1

mM) and 6-(2-deoxy-b-D-ribofuranosyl)23,4-dihydro-

8H-pyrimido-[4,5-c][1,2]oxazin-7-one (dPTP; 10 mM)

as described.130,131
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