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ABSTRACT

Among the six different virus classes, positive-strand RNA viruses encompass over one
third of all virus genera and include important human pathogens such as the SARS coronavirus,
West Nile virus and hepatitis C virus, which chronically infects an estimated 130-170 million
people worldwide. Despite the significance of this virus class and its impact on human health,
effective treatments are limited. To understand how positive-strand RNA viruses cause disease,
it is critical to identify the host factors and pathways exploited in virus replication and
characterize the nature of their contributions and interactions with virus-encoded replication
factors. Previously, our laboratory identified ~100 genes whose loss affected RNA replication of
a positive-strand RNA virus, brome mosaic virus (BMV). However, classical yeast genetics and
other approaches have demonstrated that genes essential for cell growth also modulate BMV.
To this end, the work in this thesis focused on identifying additional essential host genes
required for BMV RNA replication. Our studies identified 24 novel, essential host genes required
for BMV RNA replication and through follow-up studies on these and previous findings, we
defined three distinct mechanistic contributions of the ubiquitin-proteasome to BMV RNA
replication. Additionally, in independent studies, we investigated the role of phosphorylation in
BMV RNA replication and provide the first evidence that the viral RNA-dependent RNA
polymerase is phosphorylated in vivo, which has possible implications in viral RNA synthesis.
Lastly, thorough our phosphorylation studies, we identified Pho80-Pho85 kinase as a novel host
factor required for BMV RNA synthesis. Further studies are necessary to define the mechanistic
contributions of the ubiquitin-proteasome system and cellular phosphorylation in BMV RNA
replication. However, since the implicated cellular pathways are highly conserved and many
viruses employ similar replication strategies, these results may extend to other virus classes,

presenting potential cellular targets for developing broad-spectrum antivirals.



Chapter 1

GENERAL INTRODUCTION

In 1892, the Russian biologist Dmitri lvanovsky identified what is known today as
tobacco mosaic virus and the field of virology was born (62). Viruses have continued to elude us
ever since. The most well known viruses are those that cause devastating disease or death.
Such viruses include Ebola virus, smallpox virus, influenza, and human immunodeficiency virus
(HIV). Moreover, it is currently estimated that ~15-20% of all human cancers are caused by
oncogenic viruses such as human papillomaviruses (HPVs), Epstein-barr virus (EBV), hepatitis
B virus (HBV) and hepatitis C virus (HCV), among others (209). Viruses extend beyond human
health, to plants and animals where infections, and subsequent loss of agricultural resources,
inflict enormous economic damage. The socioeconomic impact of viral infections underscores
the importance of controlling viruses. However, the innate dependence of a virus on its host
makes the development of effective treatments extremely challenging since antivirals must
eliminate the virus while preserving the viability of the host.

Propagation of all viruses can be summarized in three unifying principles: (i) viral
genomes are packaged within particles that mediate their transmission from one host to
another; (ii) the viral genome contains the information required for a complete infectious cycle
within a host; and (iii) the viral genome is established in a host population so that virus survival
is ensured (62). An infectious cycle includes attachment and entry of the virus particle into a
host cell followed by decoding of the genetic material, translation of the viral mMRNA by host

ribosomes, genome replication and assembly and release of virions.
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Viruses can be divided into six different classes based on the genomes they

encapsidate. Viruses that contain DNA can package their genetic material as either single-
stranded or double-stranded. Similarly, viruses that encapsidate RNA can package single-
stranded or double-stranded genomes. Single-stranded RNA viruses are further delineated
based on the polarity of their RNA. Positive-strand RNA viruses encapsidate messenger-sense
RNA (mRNA), while negative-strand RNA viruses package antisense RNA. Lastly, retroviruses
will always initially package RNA forms of their genomes, which may or may not be reverse-
transcribed into DNA. Genome replication is a critical step in the life cycle of a virus and the
genomic material packaged by a virus determines its replication strategy once inside a host cell.
For example, most DNA viruses initiate their replication in the nucleus using cellular machinery,
whereas reverse-transcribing viruses package an RNA-dependent DNA polymerase into their
virions that transcribes their RNA genome into DNA, which is then replicated in the host
nucleus. All RNA viruses encode their own RNA-dependent RNA polymerase (RdRp). dsRNA
and negative-strand RNA viruses package an RdRp in their virions which copies the antisense
genome into mRNA. Positive-strand RNA viruses, however, encode mRNA genomes that can

be immediately translated upon entering a host cell.

1.1 POSITIVE-STRAND RNA VIRUSES

1.1.1 Importance

Positive-strand RNA viruses encompass more than one-third of known virus genera
(113) and include many medically and practically relevant human, animal and plant pathogens.
Notable positive-strand RNA viruses include poliovirus, Norwalk virus, severe acute respiratory
syndrome (SARS) coronavirus, Dengue virus, West Nile virus (WNV) and hepatitis C virus

(HCV). Coronaviruses are the etiologic agent for SARS, which is clinically characterized by



3
fever, acute respiratory and gastrointestinal symptoms and lymphopenia (230). Between

November 2002 and July 2003, an outbreak of SARS in Hong Kong and China nearly became a
pandemic, with more than 8,000 cases and over 900 deaths reported worldwide
(http://www.who.int). Dengue virus is transmitted between people by mosquitoes and is endemic
in tropical and subtropical regions. Dengue is responsible for 50 to 100 million infections yearly
including 500,000 Dengue hemorrhagic fever cases and 22,000 deaths, mostly among children
(http://www.cdc.gov). HCV is estimated to infect ~3-4 million people annually, primarily through
exposure to infectious blood via blood transfusions, organ transplants and accidental needle
sticks, among others (139). Of the ~170 million people chronically infected with HCV worldwide,
~85% are at risk of developing liver cirrhosis and/or liver cancer, resulting in more than 350, 000
HCV-related deaths per year (http://www.who.int). Additionally, positive-strand RNA viruses
encompass the vast majority of plant viruses (113) and are responsible for considerable

economic losses in crop productivity on a worldwide scale.

1.1.2 Replication cycle

A general overview of the positive-strand RNA virus lifecycle is depicted in Fig. 1.1.
Upon entering a host cell, the messenger-sense genomic RNA of positive-strand RNA viruses is
immediately translated in the cytoplasm by host translational machinery to produce viral
replication and structural proteins (113). Once replication proteins accumulate they recruit the
viral genomic RNA to a host intracellular membrane and induce dramatic membrane
rearrangements, often in the form of spherular compartments, to facilitate RNA replication.
Within these compartments, the positive-strand RNA serves as a template for synthesizing
complementary negative-strand RNA, which then becomes the template for new positive-strand
RNA and subgenomic RNA synthesis. The newly synthesized genomes are exported from the

replication complex to the cytoplasm where they can be translated to yield additional viral
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Figure 1.1 Schematic of a positive-strand RNA virus life cycle. After viral entry, virions
release the messenger-sense genomic RNA into the cytoplasm for translation of the viral
replication (indicated by blue ellipses and yellow circles) and structural proteins. The viral
replication proteins then recruit the genomic RNA into a membrane-associated, intracellular
replication compartment where viral replication occurs. Negative-strand RNA is produced and
used as a template to amplify the positive-strand RNA. The positive-strand RNAs are then used
as templates for further rounds of translation or encapsidated into progeny virions.



5
proteins, recruited to a newly formed replication compartment for additional RNA synthesis or

packaged into virions.

The membrane-associated state of genome replication is a universal feature of positive-
strand RNA viruses (49, 137, 145, 163, 193). These organelle-like complexes are
multifunctional as they concentrate and sequester viral replication factors, genomic templates
and host factors (193), provide a scaffold to anchor the replication complex (145), coordinate
replication steps (46) and shield double-stranded RNA replication intermediates from the
activation of host defense responses (4). Additionally, membrane-associated viral RNA
replication is dependent on cellular lipid synthesis and general and localized membrane lipid
composition (73, 104, 123, 124, 174, 241), revealing lipids as one of many critical host factors

required for efficient genome synthesis.

1.1.3 Host factors in positive-strand RNA virus replication

Although positive-strand RNA viruses have limited genetic material, containing only
three to ten genes, these viruses, like all viruses, replicate their genome and survive by
interacting with and exploiting host factors at essentially every replication step (3, 7, 21-23, 27,
29, 52, 119, 138, 168, 172, 195, 211). Since there are an estimated ~20,000-30,000 different
proteins expressed in a eukaryotic cell, identifying the host factors and pathways exploited in
virus replication represents a major challenge. In recent years, however, the use of genome-
wide screens and advanced proteomic approaches has significantly aided research efforts
focused on identifying and characterizing the nature of positive-strand RNA virus-host
interactions (39, 42, 68, 95, 118, 128, 158, 169, 185, 198, 199, 207). Below, a selection of host
factors important for positive-strand RNA virus replication are discussed in the context of the
replication step for which they are co-opted (Fig. 1.2).

Targeting viral replication proteins to the site of RNA replication. The localization of

viral replication proteins to replication complexes is an early step in RNA replication that
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requires host proteins. For example, HCV NS5A and NS5B replication proteins interact with a

host vesicle-associated membrane protein-associated protein of 33 kDa (hVAP-33), which
colocalizes with NS5A and NS5B to ER membrane-associated replication complexes and is
thought to provide an ideal membrane-docking site for the NS5A and NS5B (215). Similarly, in
tomato mosaic virus (ToMV) replication, membrane proteins TOM1 and TOM3 interact with
ToMV 130K-180K replication proteins and localize to the ToMV replication complex, where they
are proposed to tether ToMV replication proteins to the membranes (238, 239). Additionally,
Tomato bushy stunt virus requires the chaperone heat shock protein 70 (HSP70) and the
peroxisomal shuttle protein Pex19, which appear to work cooperatively to target viral replication
proteins to the peroxisomal membrane (171, 223). The host-mediated targeting of viral
components is also necessary for potyvirus, which first forms an ER-derived vesicle containing
viral replication factors and then sequentially hijacks the early secretory pathway and the
actomyosin trafficking system to shuttle these vesicles to chloroplasts, which are sites of viral
RNA replication (229).

RNA template recruitment from translation to replication. Positive-strand RNA virus
genomes must fulfill multiple seemingly incompatible functions. Upon entering the cell, genomes
are immediately translated to produce viral replication factors, which then recognize the viral
RNA and recruit it from translation to a membrane-associated replication compartment.
Although viral proteins can selectively bind and recruit viral genomes to subcellular membranes
(66, 67, 167, 218, 225), this replication step is aided by host factors. In the case of brome
mosaic virus (BMV), in addition to the viral 1a protein, the Lsm1p-7p/Pat1p complex is required.
This complex, which is required for cellular mRNA turnover, facilitates two functions of BMV
RNAs: translation and 1a-dependent translational repression and recruitment to ER-derived
replication complexes (36, 55, 91, 162, 189). For human poliovirus, the role of host poly(rC)-
binding protein 2 (PCBP2) has been implicated in RNA recruitment (173). PCBP2 is a

multifunctional cellular RNA binding protein involved in mRNA stabilization, transcription and
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translation and plays a major role in both the translation and the replication of the PV genome.

Through binding of the internal ribosomal entry site (IRES) in PV (+)RNA, PCBP2 promotes
cap-independent translation (173). The switch from translation to template recruitment is
achieved through interactions between the PV RdRp precursor, PCBP2, and yet another family
of host proteins, the poly(A)-binding proteins (PABPs) which induce genome circularization and
a subsequent switch to RNA replication (173, 221).

Cellular membrane rearrangement for replication complex formation. Recent
results show that host factors are key players in forming replication complexes through inducing
membrane curvature (16, 50, 52) and modulating the membrane lipid composition (75, 76, 173,
188, 226, 243). Cellular membrane lipids regulate the fluidity, permeability and integrity of
membranes. Since positive-strand RNA viruses replicate their RNA on intracellular membranes,
usually in association with invaginations or other dramatic rearrangements (48, 146), it is not
surprising that lipids are critical for RNA replication complex formation. For example Dengue
virus NS3 protein interacts with and relocalizes fatty acid synthase (FASN), a rate-limiting
enzyme in fatty acid metabolism, to the sites of viral replication (75). Additionally, FASN activity
is increased in Dengue virus cells, suggesting Dengue infection modulates fatty acid
biosynthesis to increase lipid biogenesis to establish or expand its RCs (75). Similarly, fatty acid
synthesis is required for poliovirus (73), Semliki Forest virus (31, 174), cowpea mosaic virus
(31), BMV (122, 124), HCV (105) and Drosophilia C virus (41). Many viruses, including HCV,
require cholesterol metabolism require for entry, RNA replication and egress (241).

Other host factors recruited to the replication complex by some positive-strand RNA
viruses are involved in membrane bending. Reticulon homology proteins (RHPs), a family of
membrane-shaping proteins, are involved in forming nuclear pores, which are topologically
equivalent to the necks of BMV’s spherular replication compartments. RHPs relocalize to the
sites of BMV RNA synthesis through an interaction with viral replication factor 1a, are required

for RNA replication and are essential for forming the membrane-bounded replication
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compartments in which RNA synthesis occurs (52). Thus, one proposed role for RHPs is

maintaining an open channel at the neck to facilitate import of RNA templates and necessary
replication factors and export progeny RNA (52).

Despite the progress that has been made in revealing the role of the host in positive-
strand RNA virus replication, many aspects of these virus-host interactions remain enigmatic.
The continued use of genome-wide and proteomic approaches combined with functional and
mechanistic studies should further refine current virus-host interaction models, identify common
replication mechanisms employed by positive-strand RNA viruses and aid the development of

effective antiviral treatments.

1.2 BROME MOSAIC VIRUS AS A MODEL TO STUDY POSITIVE-

STRAND RNA VIRUS REPLICATION

Brome mosaic virus (BMV) is a member of the alphavirus-like superfamily of human,
animal and plant positive-strand RNA viruses. First isolated from bromegrass (Bromus inermis)
in 1942, BMV is a widespread virus infecting grasses and various cereal crops in Europe, Asia,
Africa and North America (2, 103), While not considered an economically threatening pathogen,
its high virus yield and divided genome, among other features, have established BMV as a
useful model system to dissect the features of positive-strand RNA virus gene expression,
replication, recombination and virus-host interactions (2, 8). Notably, BMV is one of few viruses
with the ability to replicate in the yeast Saccharomyces cerevisiae, the advantages of which are

discussed further below.

1.2.1 BMV genome organization and replication

BMV has a tripartite genome (Fig. 1.3). The genomic RNAs of BMV have 5' caps,

whereas the 3' ends fold into a conserved tRNA-like structure (60, 191). Only the monocistronic



10

"sISayjuUAs puelis-aAlebau Jo uoneniul ay) ul

PAAJOAUI 8J. Jey) SainjonJls ayi-YNY1 Olul P|o) SpuUa & 8yl 8jiym spua ,G Jy1 1e padded aie syNY IV "PVYNY ‘YNYW oiwousbans ay)
W04} paje|suel) sI yaiym ‘uisjold 12090 ay) pue ule)oid JuslaAoW |[82-0)-||82 8Y) S8poous CYNY "eselswAjod YNY Juspuadap-yNY
8y} s! yoiym ‘uisyold . BZ 8y} Sepoous Z¥NY ‘wnjnonal olwse|dopua Jesjonuiiad 8y} 0} sjusuodwod [BJIA JBYI0 ||e pue jjas) Jebie) 0}
a|qe s!I pue saniAnioe aseoljay pue Buiddes YNy Sey yoiym ‘uisiold B [euonouniinw ay) Sepoous |L\YNY ‘dwouab ANG €| @4nbi4

ﬁ peaids uoljoaju| w ﬁ sIsayluAs YNHw pue uonedijday ¥YNY w

_ Buneb.e)

| sueiquaw Y3
(@1 6°0) aselowA|od oseoloq bHuiddes yNY
PVNY _ : . - _

Qm_w Je0) —yw |

B 16) jogB

| (2@l 601) B
_ Juswiarow |
1189-0F-1/8
QMW Hmoo|_| gg  [pu | OMW |od€e — oW omw ] —o,w
(i ege) | (1 672) (> ege)

€VNYH CVN4d IVNYH



11

Pol respectively, are essential

RNA1 and RNA2, encoding the viral replication factors 1a and 2a
for BMV RNA replication. The dicistronic RNA3 is dispensable for RNA replication in vivo (13,
147), but encodes the 3a cell-to-cell movement protein and the coat protein, also required for
systemic movement of virus infection (13). The 3' proximal coat gene is not expressed from
genomic RNAS3, but requires RNA replication to produce a subgenomic mRNA, RNA4, which is
initiated internally on negative-strand RNA3. The multifunctional 1a protein (109 kDa) contains
an N-proximal domain with m’G methyltransferase and covalent GTP binding activities required
for viral RNA capping in vivo (11, 12, 114). The C-proximal helicase domain shares similarity to
DEAD box RNA helicases and plays crucial roles in recruiting BMV RNA templates into the
replication compartments (12, 222). The 2a" protein (94 kDa) contains a large central domain
conserved with RNA-dependent RNA polymerases and an N-terminal domain that interacts with

Pel and directs itself, 2a™ and

the C-terminal 1a helicase domain (36, 102). 1a interacts with 2a
the viral RNAs to the perinuclear ER membranes that become the sites of viral RNA synthesis
(189, 190, 196). BMV replication and subgenomic RNA synthesis depend on cis-acting signals,
which have been extensively characterized. The 3' 135-200 bases of all BMV genomic positive
sense RNAs function as promoters directing the synthesis of negative-strand RNAs (33, 56). In
turn, the 3' ends of the negative-strand RNAs facilitate the synthesis of positive-strand RNAs.
RNA3 negative-strands also contain an intergenic promoter to direct synthesis of subgenomic
RNA4 (63). In addition to RNA promoters, regulatory elements on positive-strand genomic
RNAs coordinate proper gene expression, selection of genomic viral RNAs for replication and
the coregulation of translation to and recruitment from translation to replication. RNA2-specific

sequences in the 5' NCR downregulate 2a™

expression relative to other viral proteins (161).
Additionally, an element at the 5' terminal ends of RNA1 and RNA2 and the intergenic region of
RNA3 functions in proper selection and recruitment of the viral RNAs from translation to the

replication complex (19, 37, 206).
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1.2.2 Yeast as a model system for virus-host interactions

The yeast Saccharomyces cerevisiae is a simple eukaryotic organism with ~6,000
genes, more than 60% of which have been annotated since the complete sequence of
S.cerevisiae was determined in 1996 (http://www.yeastgenome.org/). One of the most appealing
features of using yeast as a model system is the availability of single gene-deletion collections
and single gene repression collections, allowing the analysis of viral RNA replication in the
presence or absence of nearly every yeast gene. These readily available reagents combined
with their rapid growth and ease of manipulation through classical and molecular genetics make
yeast a highly advantageous model organism to study virus-host interactions.

To express BMV in yeast, DNA plasmids can be used to transcribe genomic viral RNA with
authentic 5' and 3' ends or mRNA encoding the viral proteins (92) and transcripts can be driven
from selectable promoters in low or high copy number plasmids (88, 92). Although the initial
transcription and export into the cytoplasm of the viral RNA occurs by the cellular machinery,
once in the cytoplasm, interactions between the viral proteins and RNA parallel the template
selectivity and other characteristics of viral replication in plants (88, 92, 181). BMV RNA
replication in yeast recapitulates all known replication features of its natural plant hosts in the

yeast. For example, as in plant cells, BMV RNA replication depends on 1a, 2a"™

and specific
cis-acting RNA signals (206); localizes to ER membranes (189, 190); generates a substantial

excess of positive- to negative-strand RNA (92); and directs subgenomic mRNA synthesis (92).
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Chapter 2’

SYSTEMATIC IDENTIFICATION OF NOVEL, ESSENTIAL HOST

FACTORS AFFECTING BROMOVIRUS RNA REPLICATION

2.1 INTRODUCTION

Viruses survive with limited genetic material by interacting with and exploiting host
factors at essentially every replication step (3, 7, 21-23, 27, 29, 52, 119, 138, 168, 172, 195,
211). ldentifying the host factors and pathways exploited in virus replication and the nature of
their contributions and interactions with virus-encoded replication factors represent major
challenges and opportunities for understanding and controlling viruses.

Positive-strand RNA viruses comprise over one third of all virus genera and include
important human pathogens such as hepatitis C virus, dengue virus, chikungunya virus, and
West Nile virus (217). Brome mosaic virus (BMV), a member of the alphavirus-like superfamily
of human, plant, and animal viruses, has been used as a model system to study gene
expression, RNA replication and virus-host interactions of positive-strand RNA viruses (3, 7, 52,
138, 196). BMV has three genomic RNAs and one subgenomic (sg) mMRNA. Genomic RNAs 1

Pol)

and 2 encode the multifunctional replication proteins 1a and 2a polymerase (2a™), respectively,

which are required for RNA replication (12, 36, 133). Genomic RNA3 encodes the 3a movement

' The work in this chapter was published in PLoS ONE as Gancarz BL, Hao L, He Q, Newton
MA, Ahlquist P (2011) Systematic Identification of Novel, Essential Host Genes Affecting
Bromovirus RNA Replication. PLoS ONE 6(8): €23988. doi:10.1371/journal.pone.0023988.
Author contributions for the paper and this chapter are as follows: Conceived and designed the
experiments: BLG LH PA. Performed the experiments: BLG LH. Analyzed the data: BLG LH QH
MAN PA. Contributed reagents/materials/analysis tools: BLG LH QH MAN PA. Writing: BLG PA.
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protein, required for infection spread in plants. A sg mMRNA, RNA4, encodes the viral coat

protein and is produced from the (-)RNAS3 replication intermediate. BMV RNA replication and
encapsidation can be recapitulated in the yeast Saccharomyces cerevisiae by expressing the
viral replication and/or capsid proteins together with at least one genomic RNA template (88, 92,
116). The ability of BMV to duplicate nearly all major replication features of its natural plant
hosts in yeast, combined with yeast genetics, has advanced our understanding of BMV
replication and virus-host interactions (3, 7, 119).

Previously, we tested deletions of nearly all non-essential yeast genes (~80% of the
yeast genome) and identified 99 genes, that when deleted, altered BMV replication, revealing
the involvement of many novel host pathways in viral replication, transcription, and translation
(119). However, classical yeast genetics and other approaches have demonstrated that genes
essential for cell growth also make major contributions to BMV RNA replication (123, 124, 162,
213). To more globally identify additional essential host factors critical for BMV RNA replication,
we assayed a doxycycline (dox)-repressible library of ~900 yeast strains, each of which allows
repressing the expression of a selected essential gene by adding dox to growth media (149).
Using this genome-wide approach, we identified 24 essential host factors whose repressed
expression reproducibly altered BMV RNA replication. These host factors are involved in protein
homeostasis, protein trafficking, and translation, among others. The results presented here, in
conjunction with previously identified host factors (7, 52, 124, 138, 162), provide a more
complete understanding of cellular pathways utilized by BMV. Dissecting the role of these
essential host genes in virus replication should significantly advance our understanding of basic
virus biology and virus-host interactions. Additionally, these results may lay a foundation for
extending such studies to other virus groups, thus potentially identifying common cellular

pathways that could be targeted for the development of broad-spectrum antivirals.
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2.2 RESULTS

2.2.1 ldentification of essential host genes affecting BMV RNA replication

To systematically identify novel, essential host genes affecting BMV RNA replication, we
screened a dox-repressible library of essential yeast strains (149). This collection contains ~900
yeast strains, each with a single endogenous essential gene promoter replaced by a
tetracycline-repressible promoter (149). Upon the addition of the tetracycline derivative dox to
growth media, expression of the essential gene is repressed, and the protein depleted. This
library was used to identify changes in BMV RNA replication after repression (dox-treated)
relative to continuous expression (untreated) of a specific essential host gene.

To assess the role of essential genes in BMV RNA replication, we co-transformed each
of the ~900 strains with BMV expression plasmids pB12VG1 and pB3BG29 (Fig. 2.1). pB12VG1
expresses BMV RNA replication proteins 1a and 2a™ (119). pB3BG29 expresses an Rluc
reporter-expressing BMV RNA3 cDNA derivative and, as an expression control, the Fluc
reporter gene (Fig. 2.1). DNA-dependent transcription produces an initial (+)RNA3 transcript

that serves as a template for 1a- and 2a™

-dependent RNAS replication and sgRNA4 synthesis
via a (-)RNA3 intermediate (Fig. 2.1). Because sgRNA4, which encodes the coat protein, is
derived from the (-)RNA3 intermediate, its synthesis depends on, and can serve as a reporter
for, BMV RNA replication (88). Accordingly, in pB3BG29 we replaced the coat protein ORF with
the Rluc reporter gene, so that luciferase assays could be used as a rapid measure of RNA4
production and expression (Fig. 2.1). A similar approach was used for primary screening of the
yeast non-essential gene deletion library (119). Of the 892 dox-repressible strains transformed,
151 did not produce colonies after repeated transformation attempts (Table S1 in PLoS ONE

6(8): €23988), suggesting that the transformation process or expression of the viral constructs

significantly impacted the fitness of these strains.
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pB12VG1
—|1_a|—<3AL1/1(>—|2a_PoI|— DNA
pB3BG29

— BMV RNA3 cDNA— 1\

—{ Firefly luciferase < GAL7/70 ] 32 }—{ X DNA

1 1

1 1

1 1

1 DNA-dependent '
' transcription !

54 3 - X =3 (+)RNA3

BMV 1a- and 2a™-directed
RNA replication

3= 3a = X =5 (-RNA3

:

Subgenomic mRNA
synthesis

5' 3 (+)RNA4
BMV coat protein (pB3MS82)
or

Renilla luciferase (pB3BG29)

Figure 2.1. BMV expression plasmids. (A) pB12VG1 expresses replication factors 1a and
2aP!. (B) pB3BG29 expresses Fluc and RNA3. BMV-specific RNA-dependent RNA replication
and subgenomic mRNA synthesis is initiated from a cDNA derivative of RNA3. DNA-
dependent transcription produces an initial (+)RNA3 transcript that serves as a template for
1a- and 2aP°-dependent RNAS3 replication and sgRNA4 synthesis via a (-)RNA3 intermediate.
X, the BMV coat protein gene or any gene replacing it, such as Rluc (used here);
GAL1/GAL10, yeast promoters, Rz, self-cleaving ribozyme.
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The remaining 741 transformants were re-formatted on 96-well plates such that

duplicates of each strain were present on the same plate (Fig. 2.2), allowing untreated and dox-
treated strains to be directly compared for changes in RNA replication. It is important to note for
this library that expression levels from the substituted TET promoter are often different than
expression levels from the endogenous gene promoter (149). Therefore, to test and to control
for possible changes in viral RNA replication and/or gene expression, each treated strain was
compared to its untreated counterpart rather than to the parental wild type strain. Strains were
grown in raffinose-containing selective medium lacking dox (allowing essential gene expression)
or raffinose-containing selective medium containing 10 ug/ml dox (repressing essential gene
expression) for 24 hr to allow for initial depletion of the essential gene mRNA and protein
turnover in strains treated with dox. After this 24 hr treatment period, strains were sub-cultured
into galactose-containing selective medium +£10 ug/ml dox to induce the expression of BMV
components and subsequent viral RNA replication in the continued expression (untreated) or
repression (dox-treated) of essential host factors. At 24 hr and 48 hr post-virus induction, Rluc
expression was measured as a readout of BMV RNA3 replication and sgRNA4 synthesis.
Because of expected differences in the kinetics of gene product depletion and their specific and
non-specific effects on cell growth and BMV RNA replication, we measured Rluc at 24 hr and 48
hr post-virus induction for every strain. To monitor any potential adverse effects of dox on the
viability of these yeast strains and to ensure that GAL promoter induction was effective, GAL
driven Fluc expression, which is independent of BMV RNA replication (Fig. 2.1), was also
assayed at 24 hr and 48 hr post-virus induction (Fig. 2.2). Two independent analyses of the
entire library were performed.

Since ~70% of the strains in this library exhibit growth defects in the presence of dox
(~20% of which exhibit growth defects even in the absence of dox, presumably as a result of
endogenous promoter replacement) (149) and because BMV RNA replication levels are often

non-specifically enhanced in slow-growing cells, stringent growth requirements were employed
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Transform yTHC essential library
with BMV expression plasmids

Strains 1-48 on
master library plate

Repress gene expression by
incubating in doxycycline for 24 hr

} Strains 1-48, - Dox

} Strains 1-48, + Dox

Switch to galactose media
to induce virus replication

J Strains 1-48, - Dox

J Strains 1-48, + Dox

Measure luciferase activity 24 hr
and 48 hr post virus induction

Renilla luciferase | = Virus replication

Firefly luciferase | = Cell viability and
promoter launching

Figure 2.2. Yeast genetic screen used to identify essential host factors affecting BMV
RNA replication. 892 yeast strains, each with a single essential gene promoter replaced by a
doxycycline (dox)-repressible promoter, were transformed with BMV expression plasmids (Fig.
2.1). White wells indicate strains that did not transform. Transformants were re-formatted on
96-well plates with duplicates of each strain present on the same plate, allowing untreated and
dox-treated strains to be directly compared. Strains were grown in raffinose-containing selec-
tive medium lacking dox (allowing essential gene expression) or containing 10 ug/ml dox
(repressing essential gene expression) for 24 hr to allow for initial depletion of the essential
gene mRNA and protein turnover in dox-treated strains. After this 24 hr treatment, strains were
sub-cultured into galactose-containing selective medium £10 ug/ml dox to induce expression of
BMV components and subsequent viral RNA replication. Viral RNA replication was quantitated
with a chemiluminescent Renilla luciferase assay at 24 hr and 48 hr post-virus induction. Cell
viability and promoter launching were monitored with a chemiluminescent firefly luciferase
assay at 24 hr and 48 hr post-virus induction. Two independent analyses of the library were
performed.
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to minimize false positives. Additionally, because we expected some strains to exhibit either

immediate dox-induced growth defects and/or transcriptional defects from the GAL promoter,
Fluc values in untreated vs. dox-treated strains were closely monitored. Accordingly, to be
included in the final data analysis for potentially specific effects on BMV replication, each strain
was required to: 1) double at least twice between 0-24 hr in galactose-containing media; 2)
double at least one additional time between 24-48 hr in galactose-containing media; 3) and
have an FluCyox-treated Value within 20% of its Flucynreated Value. As a reference, wild type strain
R1158 doubled 3 times between 0-24 hr and 2 times between 24-48 hr and had comparable
FluCuntreated @Nd FluCgox.treated Values. Strains that did not meet these growth or Fluc value
requirements in both passes were excluded from further analysis (Table 2.1). The remaining
strains that satisfied these growth and Fluc requirements and were included in analysis (Table
S4 in PLoS ONE 6(8): €23988) showed >90% overlap between pass 1 and 2 at the 24 hr time
point and >80% overlap between passes at the 48 hr time point, confirming good reproducibility
of screen conditions (e.g. growth, dox-treatment, etc.) and assay performance.

From the analyzed strains (Table S4 in PLoS ONE 6(8): e23988), we identified 42
essential yeast genes that, when dox-depleted, altered BMV-directed Rluc expression at least
6-fold in both passes at the same time point (Tables 2.2 and 2.3). A more stringent 6-fold cutoff
was used in the primary screen in response to our observation that some strains in this
essential gene library showed more luciferase assay variability than in our previous screen of
non-essential genes. This increased variability is likely due to the fact that these genes are
essential for cell growth. Thus, upon dox-induced repression of these genes, the experiment is a
race between specific effects of the relevant gene on virus replication and the nonspecific,
general suppression of cell growth and viability that eventually occur with each strain. Therefore,
the results are more subject to variations due to small changes in growth conditions or timing of
the experiments. Accordingly, a 6-fold cutoff was employed to limit the inclusion of false

positives.



Table 2.1. Number of dox-repressible essential yeast strains excluded at each
pass and time point due to growth or Fluc values.

Pass 1, Pass 2, Pass 1, Pass 2,

24 hr 24 hr 48 hr 48 hr
Number of strains excluded
due to growth or Fluc®”° 226 253 337 286
Untreated 60 56 173 130
Dox treatment 130 154 137 130
Fluc 36 43 27 26
Numbers are based on the 741 strains that

transformed.
’Numbers represent strains unique to each filter.
°See Table S3 in doi:10.1371/journal.pone.0023988 to identify specific strains.

20
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Table 2.2. Genes whose repression was associated with =6-fold
enhanced BMV-directed Rluc expression in both primary screen

passes.
Fold increase in Rluc expression
ORF Gene Pass 1 Pass 2
YLR359W ADE13 46 57
YBR070C ALG14 11 14
YDL132W CDC53 8.4 6.3
YOR204W DED1 180 140
YKLO78W DHR2 8.3 8.0
YLR129W DIP2 440 160
YMR128W ECM16 12 7.4
YLR274W MCM5 33 19
YGR103W NOP7 46 78
YGR119C NUPS57 30 19
YOR122C PFY1 7.9 7.5
YLR196W PWP1 11 28
YOL094C RFC4 21 14
YNL207W RIO2? 16 12
YGL044C RNA15 41 12
YOR340C RPA43 17 6.3
YKRO08W RSC4 250 310
YPL124W SPC29 13 10
YGR116W SPT6 45 17
YKLO18W SWD2 48 9.1
YDR324C UTP4 12 11
YJL069C UTP18 11 50
YGR251W N/A® 33 150

®RIO2 was identified at the 24 hr time point and all other genes were
identified at the 48 hr time point.

?ORF not annotated in Saccharomyces Genome Database.



Table 2.3. Genes whose repression was associated with 26-fold

inhibited BMV-directed Rluc expression in both primary screen passes.

Fold decrease in Rluc expression

ORF Gene Pass 1 Pass 2
YKL112W ABF1 15 9.1
YER168C CCA1 7.7 7.6
YFR028C CDC14° 12; 9.2 6.0:7.8
YNRO38W DBP6 26 9.9
YPL266W DIM1 36 70
YDR141C DOP1 6.2 46
YJR017C ESS1 22 22
YOL133W HRT1 7.2 6.2
YGLO73W HSF1° 37 17
YGL018C JAC1 15 45
YALO33W POP5 17 12
YERO12W PRE1® 21; 8.4 13; 19
YMLO46W PRP39 9.4 49
YGL048C RPT6 15 52
YKL125W RRN3 13 76
YGR245C SDA1 22 14
YDR472W TRS31 75 22
YDR327W N/A° 460 160
YOR262W N/AP 9.8 13

9CDC14 and PRE1 were identified at both the 24 hr and 48 hr time
points and data for both time points is listed as "24 hr; 48 hr".

PHSF1 and YOR262W were identified at the 24 hr time point and all

other genes were identified at the 48 hr time point.

°ORF not annotated in Saccharomyces Genome Database.

22
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In principle, altered BMV-directed Rluc expression observed in the 42 candidate genes

might result from general defects in RNA4 translation or viral RNA synthesis, or from selective
defects in replication, expression or function of the Rluc reporter gene. To identify genes that
specifically affected BMV RNA synthesis and/or accumulation, secondary validation testing of
the 42 candidate genes was performed using Northern blotting to analyze RNA3 replication and

RNA4 production, as described in the next two sections.

2.2.2 Dox-repression of 19 essential genes facilitated BMV RNA accumulation

Of the 42 candidate genes identified in the reporter gene-based primary screens, 23
were genes whose repression enhanced BMV-directed Rluc expression relative to Fluc
expression at least 6-fold in both passes at the same time point (Table 2.2). For secondary

validation tests, these 42 candidate strains were transformed with the 1a- and 23"

-expressing
plasmid pB12VG1 and with a plasmid expressing RNA3 retaining the BMV coat protein ORF
(Fig. 2.1, pB3MS82). The levels of RNA3 and RNA4 replication products then were measured
by Northern blotting. In particular, we used the level of RNA4 relative to 18S rRNA as the
primary measure of any dox-induced change in BMV RNA-dependent RNA synthesis, through
the ratio [RNA4/18S rRNA]gox-treated/ [RNA4/18S rRNA]untreated: RNA4 was used as the primary
measure of BMV RNA synthesis since, unlike RNA3, RNA4 is only produced by viral RNA-
dependent RNA synthesis and not also by DNA-dependent transcription (Fig. 2.1). Moreover,
RNA4 level is the parameter most closely related to the Rluc expression measured in the
primary screen (Fig. 2.1).

A statistically significant increase in BMV (+)RNA4 accumulation relative to 18S rRNA
was confirmed for 19 of the 23 genes (~83% confirmation) at the commonly applied false
discovery rate of 5% (Fig. 2.3 and Table 2.4). False discovery rate analysis is a robust statistical

method that controls for multiple test variables by calculating an adjusted, more stringent p-

value, termed a g-value (204). (+)RNA4 levels were enhanced 1.5- to 8-fold in the 19 confirmed
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Table 2.4. Essential genes whose repression was confirmed to

enhance BMV RNA accumulation in secondary validation testing.

(+)RNA4

ORF Gene (average % untreated) g-value
YJLO69C UTP18 833 + 312 0.011
YNL207W  RIO2 635 + 190 0.003
YKLO18W  SWD2 389 + 153 0.006
YOR204W  DED1 282 + 61 0.003
YPL124W  SPC29 261+ 93 0.006
YLR359W  ADE13 258 + 126 0.034
YOR122C  PFY1 232 + 46 0.009
YOR340C RPA43 227 + 76 0.010
YDL132W  CDC53 222 +13 3.24E-04
YGR119C  NUP57 194 + 19 0.006
YMR128W ECM16 190 + 41 0.011
YGR251W  N/A? 189 + 45 0.014
YDR324C  UTP4 180 + 49 0.003
YLR196W  PWP1 165 + 41 0.011
YKLO78W  DHR2 161 + 65 0.036
YGR103W  NOP7 155 + 21 0.011
YBRO70C ALG14 153 £ 20 0.006
YGL044C  RNA15 153 + 16 0.003
YGR116W SPT6 152 + 12 0.003

®ORF not annotated in Saccharomyces Genome Database.
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strains (Fig. 2.3 and Table 2.4). Similarly, levels of (-)RNA3, the replication intermediate that

serves as a template for sgRNA4, were increased 1.4- to 5-fold in these strains (Table 2.5).

The 19 confirmed dox-repressed genes that enhanced BMV RNA accumulation encode
proteins with functions in varied cellular processes, including ribosome biosynthesis (DHR2,
ECM16, NOP7, PWP1, RIO2, RPA43, UTP4, UTP18, and YGR251w), cell cycle/DNA
maintenance (ADE13 and SPCZ29), mRNA metabolism (RNA15, SPT6, and SWD?2), protein
homeostasis (PFY1), translation (DED1), trafficking (NUP57) and lipid synthesis (ALG74) (Table
2.6). Possible relations of these functions to viral replication are considered further in the

Discussion.

2.2.3 Dox-repression of five essential genes inhibited BMV RNA accumulation

The primary screens additionally identified 19 essential host genes that inhibited BMV-
directed Rluc expression at least 6-fold in both passes at the same time point (Table 2.3).
Northern blotting confirmed statistically significant decreases in BMV (+)RNA4 accumulation for
5 of 19 genes (~26% confirmation) at a false discovery rate of 5% (Fig. 2.4 and Table 2.7).
(+)RNA4 levels were inhibited ~1.5- to 8-fold in these strains (Fig. 2.4 and Table 2.7). In addition
to the severe inhibition of (+)RNA4 accumulation in Prer-HSF1, Prer-PRE1, and Prer-RPT6, (-
JRNA3 was inhibited 5.5-, 1.8-, and 5.5-fold in these strains, respectively (Fig. 2.4 and Table
2.8).

Interestingly, all five genes that inhibited BMV RNA replication (ESS1, HSF1, JACT,
PRE1, and RPT6) perform cellular functions that, in various ways, contribute to modulating host

protein levels (Table 2.6).

2.2.4 BMV 2a" protein levels are affected in some dox-repressed strains

One possible reason for altered RNA replication is deregulation of viral protein

accumulation. To test this, accumulation of BMV RNA replication proteins 1a and 2a™ were
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Table 2.5. Negative-strand RNA3 levels for essential yeast
genes confirmed to enhance BMV RNA accumulation in

secondary validation testing.

(-)RNA3
ORF Gene (average % untreated)
YJLO69C UTP18 501 £ 110
YOR340C RPA43 265 + 97
YNL207W RIO2 263 + 164
YKLO18W SWD2 220 + 85
YOR122C PFY1 219 + 87
YGR251W N/A? 198 + 63
YGR103W NOP7 198 £ 160
YLR359W ADE13 194 + 99
YBRO070C ALG14 185 + 61
YDR324C UTP4 185 + 55
YGR119C NUP57 177 £ 41
YKLO78W DHR2 176 + 26
YGR116W SPT6 175 + 23
YMR128W ECM16 139 + 67
YOR204W DED1 137 £ 41
YLR196W PWP1 137 + 32
YDL132W CDC53 135+ 16
YGL044C RNA15 132 + 38
YPL124W SPC29 127 £ 71

®ORF not annotated in Saccharomyces Genome Database.
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Figure 2.4. Dox-induced repression of five essential yeast genes inhibits BMV RNA
replication. Total RNA extracts were obtained from wild type R1158 and untreated and dox-
treated (10 ug/ml) essential yeast strains expressing BMV 1a, 2a™ and RNA3. Accumulation
of positive- and negative-strand RNA3 and subgenomic RNA4 was detected by Northern
blotting using probes specific for BMV RNA3 and RNA4. Equal loading of total RNA was

verified by probing for 18S rRNA. Values represent the mean of four independent experiments.
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Table 2.7. Essential genes whose repression was confirmed to

inhibit BMV RNA accumulation in secondary validation testing.

(+)RNA4
ORF Gene (average % untreated) q-value
YGL048C RPT6 12+8 0.024
YGLO73W  HSF1 16+4 0.004
YERO12W  PRE1 30+£13 0.024
YGLO18C JAC1 57 +13 0.029
YJRO17C ESS1 815 0.024
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Table 2.8. Negative-strand RNAZ3 levels for essential
yeast genes confirmed to inhibit BMV RNA
accumulation in secondary validation testing.

(-)RNA3
ORF Gene (average % untreated)
YGL048C RPT6 18+9
YGLO73W  HSF1 18+9
YERO12W  PRE1 55 + 29
YGL018C JAC1 63 + 18
YJR017C ESS1 92 +15
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assayed by Western blotting. Addition of dox to growth medium had no detectable effect on

BMV 1a and 2a"™ accumulation in the wild type strain (Figs. 2.5 and 2.6). For 20 of 24
confirmed hits, BMV 1a levels in dox-treated strains were comparable to their untreated sample
(Figs. 2.5 and 2.6). However, in Pre~rADE13, Prer-DED1, Prer-PRE1 and Prer-RPT6 dox-
treated cells there was a detectable increase in 1a compared to the untreated strains (Figs. 2.5
and 2.6). Moreover, BMV 2a" levels were significantly increased in Pre-HSF1, Prer-PRE1 and
Pre-RPT6 dox-treated strains (Fig. 2.6). In Pre~JACT dox-treated cells, 2a™ levels were
elevated in the absence of dox, but reduced to near wild type levels in the presence of dox (Fig.
2.6). These results suggest that, with the potential exception of HSF1, PRE1 and RPT6, viral
protein regulation is unlikely to be the cause of altered viral RNA replication phenotypes upon

depleting the products of the implicated genes.

2.3 DISCUSSION

We employed a high-throughput, systematic analysis of 741 dox-repressible essential
yeast strains to identify 24 novel, essential host factors that alter BMV RNA replication. Our
previous systematic analysis of ~4,500 non-essential yeast deletion strains identified 99 genes
that inhibited or enhanced BMV RNA replication (119). Collectively, we have analyzed ~93% of
all yeast genes (~5,800), and the 123 host genes identified to date that affect BMV RNA
replication represent 2.3% of the yeast genome. As observed with tomato bushy stunt virus
(TBSV) (96), another positive strand RNA virus, BMV replication is affected, directly or
indirectly, by essential genes at a higher frequency (3.2%) than non-essential genes (2.2%).

For multiple reasons, our studies to date likely underestimate the number of host genes
that contribute to BMV RNA replication. ~60% of non-essential yeast genes are genetically
redundant, meaning that the functions of many gene deletions are partially compensated for by

other genes (72, 220). Additionally, although the dox-repressible library is a powerful tool for
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Figure 2.5. BMV 1a and 2a™ levels for dox-repressed essential yeast genes with
enhanced BMV RNA replication. Accumulation of BMV 1a and 2a™' in wild type R1158 and
untreated and dox-treated (10 pg/ml) essential yeast strains was measured by Western blot
analysis. Total proteins were extracted from equal numbers of yeast cells and analyzed by
SDS/PAGE. Equal loading of total protein was verified by measuring Pgk1p levels.



34

N N N N ©
S 4 O < 2
& & F vy & &
Doxycyclne - + - + - 4+ - 4+ - 4+ - +

I Prpsppp—————-p—

2gPo! T —— "-ﬂ
Pgk1 —w---d

Figure 2.6. BMV 1a and 2a" levels for dox-repressed essential yeast genes with inhibited
BMV RNA replication. Accumulation of BMV 1a and 2a™'in wild type R1158 and untreated and
dox-treated (10 pug/ml) essential yeast strains was measured by Western blot analysis. Total
proteins were extracted from equal numbers of yeast cells and analyzed by SDS/PAGE. Equal
loading of total protein was verified by measuring Pgk1p levels.
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analyzing the effects of essential genes on virus replication, over 70% of the strains in this

collection exhibit growth defects in the presence of dox and 14% exhibit growth defects in the
absence of dox (149). Moreover, expressing viral components in some of these strains resulted
in no or poor growth, interfering with meaningful analysis of these strains. Finally, in both the
screens for non-essential genes (119) and essential genes (here), virus dependence on some
host functions was likely masked by continuous expression of BMV replication proteins and
RNA templates, compared to natural infections resulting from a single viral RNA template. This
is analogous to studies in which high multiplicity of infection overcomes antiviral resistance in
some cell lines (72, 154). The lower confirmation rate for the 19 candidate genes that inhibited
BMV-directed Rluc expression may be because these primary screen candidates included false
positives arising from the tendency of essential gene depletion to produce non-specific inhibitory
effects and greater variability in results, as is also noted above in the Results section.
Additionally, translation and protein expression are the basis of our primary screen luciferase
assays, whereas secondary confirmation by Northern blotting analyzes RNA levels normalized
to 18S rRNA. Subtle differences (e.g., growth conditions) not controlled for by Fluc in the
primary screen or 18S rRNA in Northern analysis may also contribute to the lower confirmation
rate observed. Despite such limitations, this study identified 24 novel, essential host genes from
various cellular pathways with potentially diverse roles in BMV RNA replication.

Enhanced BMV RNA replication upon repression of an essential gene suggests that,
when present, the host factor contributes to an inhibitory response in a cellular process/pathway
that competes with the virus. For example, of the 19 genes whose repression stimulated BMV
RNA replication, 9 genes (DHR2, ECM16, NOP7, PWP1, RIO2, RPA43, UTP4, UTP18,
YGR251W) are functionally associated with ribosome biosynthesis (Table 2.6). All of these
genes perform or participate in ATP-dependent processes and depleting products of the
implicated genes may result in an increased pool of energy and/or nucleotides available to the

virus (Fig. 2.3, Tables 2.4 and 2.6). Alternatively, depleting these genes may alter the
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competition between viral and cellular translation. UTP4 and UTP18 function in rRNA

processing, a cellular pathway that enhances TBSV replication (as shown by the effects of
UTP9 and UTP15) (96), but has the opposite effect on BMV RNA replication.

Depleting genes involved in processing cellular mRNA 3’ ends (RNA15), regulating
transcription (SPT6), modulating cellular gene expression (SWD2), and controlling
nucleocytoplasmic trafficking (NUP57) may increase the availability of ribosomes and/or alter
the levels of specific proteins, preferentially stimulating BMV RNA replication (Fig. 2.3, Tables
2.4 and 2.6) by disrupting cellular pathways that would compete with BMV RNA translation or
replication under wild type conditions. Thus, experimental depletion of these genes is in some
ways analogous to the global shutoff of host mMRNA pathways, employed by many mammalian
viruses through diverse mechanisms (70, 108, 233). Additional studies are necessary to define
the role of these MRNA metabolism genes in BMV RNA replication.

In previous studies, we have observed that significantly disrupting the cell cycle and
extended doubling times can non-specifically increase BMV RNA levels per cell, apparently
because the virus has more time to accumulate RNA replication products prior to cell division
(unpublished data). To avoid such false positives, we excluded from further analysis strains for
which dox-treatment significantly slowed cell division (see Results above). Thus, although
SPC29 and PFY1 encode proteins potentially related to cell division (respectively a spindle pole
body protein and actin-binding protein) the doubling times of untreated and dox-treated Prer-
SPC29 and Prer-PFY1 cells were comparable and likely do not account for the increased levels
of BMV RNA4 observed (Fig. 2.3. and Table 2.4). Alternatively, disrupting the cell cycle in Prer-
SPC29- and/or Pre~PFY1-repressed cells may alter cell cycle signal transduction pathways or
the localization of cellular factors that normally inhibit viral RNA replication.

Mutating general translation initiation factor DED1 severely inhibits translation of BMV
2a" from BMV genomic RNA2 in a fashion dependent on specific sequences in the RNA2 5’

noncoding region (NCR) (161). Because the RNA2 5 NCR was not present in the BMV
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expression constructs used in this study, we did not expect a detectable change in BMV RNA

replication in the dox-repressed Pr=~-DED1 strain. However, we observed an increase in RNA
replication (Fig. 2.3 and Table 2.4), suggesting that dox-repression of Pre-DED1 and global
depletion of its gene products may have an alternative effect(s) on viral RNA replication
compared to the previously analyzed ded7-18 point mutant (161). For example, under our
screen conditions, repressing Pre~-DED1 may alter the production of viral or cellular proteins in
ways that favor increased viral RNA accumulation. Further studies are necessary to define such
potential additional role(s) for DED1 in BMV RNA replication.

Reduced BMV RNA replication upon repression of an essential gene suggests that,
when present, the host factor directly or indirectly facilitates viral RNA synthesis or
accumulation. Interestingly, the five genes whose depletion inhibited BMV RNA replication
(ESS1, HSF1, JAC1, PRE1, RPT6) have varied roles in protein stability or activation. For
example, a small but reproducible (~20%) inhibition of BMV RNA replication resulted upon dox-
repression of Pre~ESS1, a peptidyl-prolyl cis-trans isomerase (PPI) (Fig. 2.4 and Table 2.7).
Changes in isomerase activity can alter the structure, stability, or intracellular localization of
client proteins (201), and deleting or mutating PPIs has variable effects on positive-strand RNA
viruses (65, 109, 142, 240). For example, knockdown of cyclophilin A and loss of its PPlase
activity severely inhibits hepatitis C virus replication (34, 109, 135). Conversely, siRNA-
mediated knockdown of cyclophilin G mRNA stimulates hepatitis ¢ virus replication (65).
Collectively, these findings suggest multi-faceted, complex roles for PPIs in positive-strand RNA
virus replication.

JAC1, a member of the Hsp40/DnaJ family of proteins, encodes a specialized J-protein
co-chaperone that assists Hsp70 in iron-sulfur (Fe-S) cluster biogenesis (101, 180). Fe-S
clusters are among the most versatile protein co-factors in the cell and participate in electron
transfer, ribosome biogenesis, regulating gene expression and enzyme activity, and nucleotide

metabolism (20, 129, 130). The inhibition of BMV replication upon dox-repressing Prer~JAC1
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(Fig. 2.4 and Table 2.7) may result from negatively affecting the activation and/or function of one

or more cellular or viral factors required for BMV RNA replication. Previously, we showed that
YDJ1, another J-protein co-chaperone of Hsp70 and Hsp90, is required to activate the BMV
RNA replication complex, likely through modulating BMV 2a™ folding or assembly into the
complex (213). Dox-repression of another heat shock protein, Pre~HSF1, inhibited BMV RNA
replication by 84% (Fig. 2.4 and Table 2.7). Thus, our data suggest that BMV utilizes multiple
members of the heat shock protein family to facilitate RNA replication.

Dox-repressing Prer-PRE1, a 20S proteasome core component, inhibited BMV RNA
replication by 70% (Fig. 2.4 and Table 2.7). Similarly, repressing Pr=-RPT6, one of six
ATPases of the 19S regulatory particle of the 26S proteasome, resulted in an ~90% reduction in
BMV RNA replication (Fig. 2.4 and Table 2.7). Additionally, BMV 2a"® accumulation increased
significantly in both Pre~PRE1 and Pre~-RPT6 dox-repressed cells (Fig. 2.6). These results are
consistent with previous findings that multiple non-essential ubiquitin-proteasome system
components contribute to BMV RNA replication and that cells lacking PRE9, the only non-
essential 20S proteasome component, also exhibit a substantial increase in BMV 2a"™ levels

Pol

(119). Our prior data show that having a substantial excess of 2a™ shifts replication

compartments from small spherular compartments to double membrane layers, but does not

inhibit viral RNA replication (197). Thus, the increase in 2a"™

accumulation in dox-repressed
Prer-PRE1 and Prer-RPT6 (Fig. 2.6) is not likely the cause of decreased RNA replication.
However, prior results do not exclude the possibility that PRE1 and RPT6 depletion might affect
BMV RNA replication by directly or indirectly modulating 2a” localization, post-translational
modification or interacting partners. The 26S proteasome localizes predominantly to the nuclear
envelope-ER network (59), the site of BMV RNA replication (189, 196), and numerous viruses
utilize the ubiquitin-proteasome system to facilitate infection or replication (15, 17, 18, 30, 182,

234). Studies to define the specific role(s) of the ubiquitin-proteasome system in BMV RNA

replication are ongoing.
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With the exception of NUP57, RNA15, SPC29 and YGR251w, each of the essential

genes identified in this study have recognized orthologs in Arabidopsis thaliana

(http://www.arabidopsis.org/ and http://ppod.princeton.edu/), presenting the possibility that

similar genes could function in BMV RNA replication in its natural plant hosts. For example, we
have shown here that dox-repression of Hsp70 cofactor JAC7 or heat shock protein
transcription factor HSF1 significantly inhibits BMV RNA replication. Arabidopsis encodes 18
Hsp70 family members and Hsp70s have been shown to affect the replication of other (+)RNA
viruses in plants, including TBSV and turnip mosaic virus (99, 224).

Similarly, PRE1 (PBD1 and PBD2 in Arabidopsis) and RPT6 (RPT6a and RPT6b in
Arabidopsis) are essential components of the highly conserved 26S proteasome and recent
results from our laboratory show that BMV RNA replication in yeast and plant cells depends
critically on the ubiquitin-proteasome pathway (B. Gancarz and P. Ahlquist, unpublished results)
(119, 226).

In summary, our high-throughput analysis of essential yeast genes identified a diverse
set of host factors that affect BMV RNA replication and significantly expanded our knowledge of
cellular pathways utilized by BMV. Additional studies both in yeast and in BMV’s natural plant
hosts should reveal how these host factors affect the virus and provide new insights to host cell
function and virus-host interactions. Although targeting some essential genes may result in
deleterious effects on cells or patients, focusing on the relevant cellular pathways, rather than
only individual genes, may overcome such issues. For example, two of the essential genes with
the most substantial inhibitory effect on BMV RNA replication, PRE1 and RPT6, are proteasome
components, while other proteasome components are not essential (e.g. PRE9, identified in
previous screen). Proteasome inhibitors have antiviral activity against multiple diverse viruses
(including herpes simplex virus, hepatitis B virus, and HIV, among others), have been through

multiple clinical trials, and are already approved for use in patients for some purposes. Many of



40
the genes identified function in pathways utilized by other viruses and thus may present

potential cellular targets for developing broad-spectrum antivirals.

2.4 MATERIALS AND METHODS

2.4.1 S. cerevisiae strains and plasmids

The yeast Tet-Promoter Hughes Collection of essential yeast strains was purchased
from Open Biosystems (Huntsville, AL). The tet-promoter mutant strains (designated here with
the prefix Prer) were provided in the haploid R1158 background (MATa URA3::CMV-tTA MATa
his3-1 leu2-0 met15-0), which was constructed by a one-step integration of the cytomegalovirus
(CMV) promoter-driven tTA* transactivator at the URA3 locus (83). The kanR-tetO7-TATA was
then integrated into the promoter of a different essential gene in strain R1158, allowing the
repression of essential gene expression upon the addition of dox to growth medium (149).

pB12VG1 expresses BMV 1a and 2a™ from the GAL71 and GAL70 promoters,
respectively (119). pB3BG29, based on pB3Rluc (119), uses a truncated GAL1 promoter (GALL
(153)) to express RNA3 with the coat protein ORF replaced by the Renilla luciferase (Rluc) ORF
(from pRL-null; Promega, Madison, WI). pB3BG29 also expresses the firefly luciferase (Fluc)
ORF (from pGL3-Basic; Promega, Madison, WI) from the GAL70 promoter. To construct
pB3BG29, the Agel-Aatll RNA3/Rluc-containing fragment of pB3RIluc (119) replaced the Agel-
Aatll FHV RNA1/Rluc-containing fragment of pBDL250-Ren [B. Lindenbach, unpublished].
pB3MS82 expresses a BMV RNA3 derivative in which the coat protein gene has a four-
nucleotide insertion and a point mutation, abolishing expression of the coat protein (12). The
use of pB3MS82 in this study, as in many other studies (12, 52, 71, 133, 161, 227), allows
analysis of RNA3 and RNA4 levels while avoiding any possible effects of coat protein

expression and RNA encapsidation. pB12VG1 and pB3BG29 were used in reporter gene-based
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primary screens and pB12VG1 and pB3MS82 were used in secondary validation testing by

Northern blotting.

2.4.2 Yeast transformation and growth

96-well yeast transformations were based on a one-step procedure (35). The Prer
essential yeast strains were grown to saturation overnight at 30°C in 96-well plates (1 ml per
well). The cells were pelleted, suspended in 100 ul of transformation mix (0.18 M LiAc, pH 5.5,
36% polyethylene glycol-3350, 90 mM DTT, 0.5 mg/ml sheared salmon sperm DNA, and 20
ug/ml of each plasmid) per well and incubated at 30°C for 60 min. Cells then were heat shocked
at 42°C for 20 min, pelleted, re-suspended in 20 ul sterile water per well and 10 ul was plated
on solid media. Transformants were selected by complementation of auxotrophic markers. 96-
well plates of transformed yeast were re-formatted to contain 48 strains in duplicate per plate so
that strains could be analyzed in the absence of dox (allowing essential gene expression) or in
the presence of dox (repressing essential gene expression). Strains containing BMV expression
plasmids were grown overnight in medium containing raffinose, subcultured to a starting
ODgp=0.1 in medium containing raffinose +10 ug/ml dox, grown for 24 hr subcultured to a
starting ODgpo=0.1 in medium containing galactose +10 ug/ml dox. Cells were analyzed at 24 hr
and 48 hr post gal-induction of virus expression. Strains were grown in 96-well plates for

luciferase assays and 14 ml culture tubes for Northern analysis.

2.4.3 RNA analysis

For 96-well Fluc assays, 2.5 ul of cells were lysed in 1X Passive Lysis Buffer (Promega,
Madison, WI), 25 ul of Luciferase Assay Substrate (Promega, Madison, WI) was injected and
read for 1s with a 1.6s delay using a VictorV (PerkinElmer, Waltham, MA). For 96-well Rluc
assays, 5 ul of cells were lysed in 1X Passive Lysis Buffer, 25 ul of Renilla Luciferase Assay

Substrate (Promega, Madison, WI) was injected and read for 1s with a 1.6s delay using a
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VictorV. To allow comparison between plates, the median of untreated samples and the median

of dox-treated samples were calculated for each plate. Each untreated sample was then
normalized to the untreated median whereas each dox-treated sample was normalized to the
dox-treated median. For each pass of the 741 Prgr strains, we calculated BMV-directed Rluc
expression as [RluCgoxtreated/FlUCdox-treated] NOrmalized to the dox-treated median and
[RIUCyntreated/FlUCuntreated] NOrmalized to the untreated median. The dox-treated to untreated ratio
of ratios was calculated and converted to fold change. High-throughput isolation of total RNA
from yeast cells was performed as previously described (57). Northern blotting was performed
as previously described (131) except that 2 yg RNA was separated in 1% (wt/vol) agarose-
MOPS (morpholinepropanesulfonic acid)-formaldehyde gels. RNAs were detected using *2P-
labeled probes specific for positive- or negative-strand BMV RNA3 and RNA4 as previously
described (124). The 18S rRNA probe was derived from pTRI RNA 18S templates (Ambion,
Austin, TX). Probes were synthesized using an Epicenter Riboscribe probe synthesis kit
(Madison, WI) with the appropriate enzyme, i.e., T7 or or SP6 polymerase. Northern blots were
imaged on a Typhoon 9200 instrument (Amersham Biosciences, Piscataway, NJ) and band

intensities were analyzed with ImageQuant software (Molecular Dynamics, Piscataway, NJ).

2.4.4 Protein extraction, Western blotting and total protein analysis

Total protein was extracted as previously described (124) and equal volumes of cell
lysates were separated on 4-15% Criterion™ TGX™ precast polyacrylamide gels (Bio-Rad,
Hercules, CA). Proteins were transferred to PVDF membrane and expression of target proteins
was detected with the following antibodies and dilutions: rabbit anti-BMV 1a at 1:10,000, mouse
anti-BMV 2a™ at 1:3,000, and mouse anti-Pgk1p (Molecular Probes, Carlsbad, CA) at 1:10,000
using HRP-conjugated secondary antibodies (Thermo Scientific, Rockford, IL) and Supersignal

West Femto substrate (Thermo Scientific, Rockford, IL).
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2.4.5 Statistical analysis

The tools in R statistical package (version R-2.11.1) (http://www.r-project.org/) (204) was
used for statistical analysis of BMV RNA replication data obtained by Northern blotting. Log
transformation was applied to [RNA4/18S rRNA]gox-treated/ [RNA4/18S rRNA]untreated ratios from
Northern blot data, where 18S rRNA served as normalization standard. One-sided t-statistics
were used to identify the dox-treated strains whose RNA replication was statistically significantly
altered compared to untreated strains. p-values from t-statistics were converted to g-values to

control for false discovery rate (204).
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Chapter 32

BROMOVIRUS RNA REPLICATION REQUIRES MULTIPLE FUNCTIONS

OF THE UBIQUITIN-PROTEASOME SYSTEM

3.1 INTRODUCTION

All positive-strand RNA viruses, which have limited genetic material, depend on host
proteins, membranes, lipids and metabolites for genome replication (7, 157). The availability of
these key host resources is controlled, in large part, by the ubiquitin-proteasome system (UPS),
the predominant proteolytic system in all eukaryotic cells. Multiple positive-strand RNA viruses
manipulate various features of the highly conserved UPS to favor their replication (17, 18, 30,
40, 54, 156, 182, 202). Accordingly, understanding the mechanistic implications of these virus-
host interactions, although challenging, presents an opportunity for revealing novel targets for
the development of broad-spectrum antivirals.

Brome mosaic virus (BMV), a member of the alphavirus-like superfamily of human,
animal and plant pathogens, has been used as a model system to study many features of
positive-strand RNA virus infection, including RNA replication and virus-host interactions (160).
BMV has a three genomic RNAs and one subgenomic mRNA. RNA1 and RNA2 encode the
replication factors 1a and 2a polymerase (2ap°'), respectively. 1a contains an RNA capping

domain (11, 12, 114) and NTPase/RNA helicase-like domain (227). 2a" contains a central

2 The work in this chapter is planned for submission to the Journal of Virology. B. L. Gancarz
completed the work and writing in this chapter under the guidance of P. Ahlquist. Lance
Rodenkirch of the W.M. Keck Laboratory for Biological Imaging at the University of Wisconsin-
Madison assisted with confocal Microscopy. Leanne Olds and Halena VanDeusen assisted with
illustrations.
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RNA-dependent RNA polymerase (RdRp)-like domain and an N-terminal 1a-interacting domain

(36, 102, 164). RNA3 encodes the 3a protein and the cell-to-cell movement protein, both of
which are required for systemic infection in natural plant hosts. Coat protein is translated from
subgenomic RNAA4, initiated internally on negative-strand RNAS3. In both natural plant hosts and
Saccharomyces cerevisiae, which supports all known features of BMV RNA replication, 1a

directs itself, 2a™

and viral RNA templates to perinuclear endoplasmic reticulum (ER)
membranes, which are the sites of viral RNA replication (36, 49, 92, 164, 189, 190, 196).

The ability of BMV to recapitulate all known replication features in yeast has proved
instrumental in identifying and characterizing its interactions with host cells (7, 52, 68, 119, 123,
124,161, 162, 214, 226, 243). Previously, Kushner et al. screened a single-gene deletion library
of non-essential yeast genes and identified 99 genes whose loss inhibited or enhanced BMV
RNA replication = 3-fold (119). Recently, we complemented these studies by screening a dox-
repressible library of essential yeast strains and identifying 24 essential host genes whose
depleted expression reproducibly inhibited or enhanced BMV RNA replication = 6-fold (68).
Notably, ~10% of the 123 genes that altered BMV RNA replication are members of the ubiquitin-
proteasome system (UPS) (Tables 3.1 and 3.2).

The UPS is the major eukaryotic cellular pathway for protein degradation and regulates
critical biological processes such as cell cycle control, signal transduction, transcription, and
protein quality control, among others (61, 79, 80, 219). Ubiquitin is covalently attached to target
proteins through a cascade of sequential reactions by activating enzymes (E1), conjugating
enzymes (E2) and ligases (E3) (172, 175, 231) (Fig. 3.1A). The resulting product is an
isopeptide bond between the carboxy terminus of ubiquitin and the € -amino group of lysine
residue in the protein substrate (80, 175, 231). The attachment of a single ubiquitin moiety to a
substrate functions as a non-proteolytic signal, whereas substrates destined for degradation by
the proteasome are conjugated to a polyubiquitin chains (176). The 26S proteasome is

composed of a 28-subunit catalytic core particle (20S CP) and a 19-subunit regulatory particle
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Table 3.2 Summary of UPS genes and their effect on BMV RNA replication.’

UPS Genes
Non-essential Essential Total Percent of total strains

Not in library 4 16 20 17.5

Not screened-growth defect 5 12 17 15.0

Not in dataset 1 0 1 0.9

No effect on BMV RNA replication 53 10 63 55.2

Inhibited BMV RNA replication 10 2 12 10.5

Enhanced BMV RNA replication 1 0 1 0.9

Total 74 40 114

See Table 3.1 to identify specific strains.
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Figure 3.1. The ubiquitin-proteasome system for protein degradation and 26S protea-
some. (A) The ubiquitin-proteasome system for proteolysis. The sequentential actions of E1s
(ubiquitin-activating enzymes), E2s (ubiquitin-conjugating enzymes) and E3s (ubiquitin-ligating
enzymes) covalently attach one or more ubiquitin molecules (Ub) to substrates in an ATP-
dependent reaction. The ubiquitin tag serves as the predominant recognition motif for the 26S
proteasome an subsequent proteolysis. Deubiquitinating enzymes (DUBs) can remove ubiqui-
tin before substrate degradation inititates, allowing some substrates to escape degradation.
(B) Schematic of the 26S proteasome. The proteasome is composed of a 28-subunit catalytic
core particle (CP, or 20S particle), capped at each end with a 19-subunit regulatory particle
(RP, or 19S particle). The CP is cylinder-like structure formed by four heptemaric stacked
rings, with proteolytic activity localized to the inner  rings. The outer a ring proteins have
RNase activity. The RP is composed of two distinct subcomplexes, the lid and base, and is
responsible for substrate unfolding and translocation into the CP.
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(19S RP) and the fundamental role of this ~2.5 MDa protein complex is to recognize, unfold and

digest ubiquitinated protein substrates (26, 61) (Fig. 3.1B).

Here, we used microscopy combined with genetic and biochemical approaches to
investigate the potential role(s) of nine previously identified UPS genes in BMV RNA replication
(68, 119) (Fig. 3.2). These genes, whose loss inhibited BMV RNA replication ~6- to 100-fold,
are components of the 20S core (PRE1, PREY9), 19S regulatory particle (SEM1, RPT6) and
accessory proteins (UBR1, UBP6, UMP1, UFD4, UFD5). Our results show that at non-cytotoxic
doses, proteasome inhibitor MG132 inhibited BMV RNA replication 24-fold in barley and yeast,
confirming that the UPS is required for BMV RNA replication in its natural host. Additionally, our
genetic studies revealed that the nine implicated UPS genes contribute to BMV RNA replication

in multiple, mechanistically distinguishable ways.

3.2 RESULTS

3.2.1 Inhibiting the 26S proteasome inhibits BMV RNA replication

As described above, the UPS is comprised of the 26S proteasome as well as multiple
accessory proteins (e.g. E1s, E2s, E3s, DUBs, chaperones, etc.). Multiple positive-strand RNA
viruses use diverse mechanisms to manipulate the UPS for replicating their genome (30, 182,
202). To determine if BMV RNA replication required 26S proteasome activity, we assayed viral
RNA accumulation after treating barley protoplasts and yeast cells expressing BMV replication
components with non-cytotoxic doses of MG132, a synthetic, reversible inhibitor that targets the
chymotrypsin-like activity of the 26S proteasome without influencing its ATPase or isopeptidase
features (121, 155). Barley protoplasts were inoculated with infectious in vitro transcripts
containing complete copies of wt RNA1, RNA2 and RNAS3, which results in amplification of

RNAs1-3 and synthesis of subgenomic (sg) RNA4 via a minus-strand RNA3 intermediate (6).
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Pol proteins, DNA plasmids were used to

Similarly, in yeast cells expressing BMV 1a and 2a
launch positive-strand RNA3 transcripts, which are used as templates for the synthesis of
negative-strand RNA3, which, in turn, is copied to amplify positive-strand RNA3 and produce
sgRNA4 (92). Therefore, in both protoplasts and yeast, the production of RNA4 is a true
measure of viral RNA replication. Treating barley protoplasts expressing BMV with 10 uyM or 20
MM MG132 for 12 hrs inhibited RNA4 accumulation 2-fold and ~4-fold, respectively (Fig. 3.3A),
whereas treating with DMSO control buffer had no effect on RNA4 accumulation (Fig. 3.3A).
Similarly, treating yeast cells expressing BMV with 50 yM MG132 for 18 hrs resulted in a 25-fold
inhibition of RNA4 accumulation compared to 1 hr of MG132 treatment or DMSO control buffer

treatment, which did not alter RNA4 accumulation (Fig. 3.3B). In barley protoplasts, 1a and

Pol

particularly 2a™ protein levels were reduced by MG132 treatment (Fig. 3.3C) in parallel with the

decrease in RNA replication (Fig. 3.3A). In contrast, in yeast, proteasome inhibition by MG132

did not affect levels of 1a protein and increased 2a™ levels (Fig. 3.3D). These differences are

Pol

consistent with and likely reflect the highly distinct modes of 1a and 2a™ expression in these

Pol

two cases. In plants, 1a and 2a™ were translated from BMV RNAs 1 and 2, whose levels are

Pol

dependent on viral RNA replication. Accordingly, the decrease in 1a and 2a™™ protein

accumulation paralleled the MG132-induced decrease in viral RNA replication (Fig. 3.3A). In

Pol

yeast, 1a and 2a"” were translated from non-replicating, DNA plasmid-expressed mRNAs that

contain the 1a and 2a open reading frames between yeast 5' and 3' noncoding regions

(119). Since the levels of these mRNAs are independent of viral RNA replication, 1a and 2a™

translation is likely little changed by MG132, and the effects of inhibiting proteasome action by

Pol

MG132 are presumably dominated by their direct effects on 1a and 2a™ protein stability. The

Pol

observed unchanged level of 1a and increased level of 2a™ is in keeping with our group's

earlier findings that 1a protein has a longer half-life than 2a™ (

unpublished results).
Since the 26S proteasome is the primary regulator of polyubiquitin-protein conjugate

degradation (61), successful inhibition of the proteasome causes substrate turnover to
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Figure 3.3. Proteasome inhibitor MG132 inhibits viral RNA accumulation in plants and
yeast. (A) Accumulation of positive-strand RNAs 1, 2, 3 and 4 in untreated and MG132-treated
barley protoplasts as detected by Northern blot.18S rRNA was measured as a loading control.
(B) Accumulation of positive-strand RNA3 and RNA4 from untreated and MG132-treated yeast
cells co-expressing 1a, 2a™', and RNA3 as detected by Northern blot.18S rRNA was mea-
sured as a loading control. In Aand C, DMSO was a negative control for MG132 treatment.
(C) Accumulation of BMV 1a and 2a™ in untreated and MG132-treated barley protoplasts as
detected by Western blot. Total proteins were extracted from equal numbers of barly proto-
plasts and analyzed by SDS/PAGE. Equal loading of total protein was verified by measuring
a-tubulin levels. (D) Accumulation of BMV 1a and 2aP in untreated and MG132-treated yeast
cells as detected by Western blot. Total proteins were extracted from equal numbers of yeast
cells and analyzed by SDS/PAGE. Equal loading of total protein was verified by measuring
Pgk1p levels. In C and D, MG132-mediated inhibition of proteasome function was verified by
measuring the accumulation of ubiquitin-protein conjugates [Ub] .
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decrease, resulting in accumulation of ubiquitin-conjugated proteins. To ensure 26S proteasome

function was impaired by MG132 treatment, we assayed for the accumulation of Ub-protein
conjugates by Western blotting, an established control for monitoring proteasome inhibition in
plants, yeast and other eukaryotes (1, 117, 136, 202). As expected, there was a substantial
increase in Ub-protein conjugates 12 or 18 hrs post-MG132 treatment in protoplasts and yeast,

respectively (Figs. 3.3B and D).

3.2.2 BMV RNA replication is severely inhibited in UPS mutants

Previously, our laboratory analyzed ~5,800 yeast genes (93%) and identified 123 genes
affecting BMV RNA replication, including nine genes in the UPS whose loss inhibited BMV RNA
replication ~3- to 100-fold (68, 119). These UPS genes are components of the 20S core (PRET1,
PRE9), 19S regulatory particle (SEM1, RPT6) and accessory proteins (UBP6, UBR1, UMP1,
UFD4, UFD5) (Tables 3.1 and 3.2) (68, 119). Genes not essential for cell growth and viability
are referred to throughout as non-essential genes, whereas genes required for cell growth and
viability are referred to here as essential genes. In these studies, seven non-essential genes
(PREY9, SEM1, UBP6, UBR1, UMP1, UFD4 and UFD5) were assayed in cells with a complete
deletion of a single open reading frame (119). PRE1 and RPT6, which are essential genes,
were assayed in strains with a single essential gene promoter replaced by a doxycycline
repressible promoter (Prer), allowing repression of essential gene expression by adding
doxycycline to the growth medium (68). The nine UPS genes discussed here were identified in
two independent screens that each utilized a BMV RNA3 derivative expressing Renilla
luciferase (Rluc) as a viral RNA replication reporter (68, 119). To eliminate the possibility that
the BMV RNA replication defect was specific to the Rluc reporter, we performed secondary

validation tests using strains transformed to express 1a, 2a™

and template RNA3. For essential
genes, it is important to note that expression levels after substitution of the Ptgr promoter are

often different than expression levels from the endogenous gene promoter (149). Therefore, to
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test and to control for possible effects of this promoter on viral RNA replication and/or gene

expression, each dox-treated strain was compared to its untreated counterpart rather than to the
parental wt strain. The levels of RNA3 and RNA4 replication products were measured by
Northern blotting in strains for which essential genes were dox-depleted or non-essential genes
were deleted. In particular, we used the level of RNA4 relative to 18S rRNA as the primary
measure of any change in BMV RNA-dependent RNA synthesis, through the ratio [RNA4/18S
rRNA]dox-treated/ [RNA4/18S rRNA]untreated fOr essential strains and [RNA4/18S rRNA] for non-
essential strains. RNA4 was used as the primary measure of any change in BMV RNA
synthesis since, unlike RNA3, RNA4 is only produced by viral RNA-dependent RNA synthesis
and not also by DNA transcription (see Fig. 2.1). Additionally, RNA4 accumulation is the
parameter most closely related to the Rluc expression measured in both primary screens (see
Fig. 2.1 and refs (68, 119).

In yeast cells with dox-repressed essential UPS genes P1er-RPT6 or Prer-PRET,
(+)RNA4 accumulated to 2% and 10% of untreated (+)RNA4 levels, respectively (Fig. 3.4A,
lanes 1, 2, 5 and 6). Similarly, in all non-essential UPS deletion mutants, (+)RNA4 accumulated
to only <3% of wt (+)RNA4 levels (Fig. 3.4B, lanes 1, 3, 5, 7, 9, 11, 13 and 15). These results
agreed well with previous Rluc-based measurements (68, 119). Negative-strand RNA3
synthesis was also substantially inhibited in all UPS mutants, indicating a defect in this earlier

replication step (Figs. 3.4A and B).

3.2.3 BMV RNA replication is restored completely in mutant PRE1 and partially in

mutants RPT6, UBP6 and UBR1 by supplementing unsaturated fatty acids

BMV RNA replication in yeast and plants requires OLE1 A9 fatty acid desaturase, which
converts saturated fatty acids (SFA) to unsaturated fatty acids (UFA) (123, 124). In yeast,
transcription of OLE1 and other lipid synthesis genes is regulated by ubiquitin/proteasome-

dependent activation and release of two homologous, membrane-anchored cytosolic
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transcription factors, Mga2 and Spt23, which then translocate to the nucleus and initiate lipid

synthesis gene transcription (244). To test if the BMV RNA replication defects observed in UPS
mutants were linked to OLET activation, we analyzed OLE1 mRNA levels. In RPT6- and PRE1-
depleted cells, OLET mRNA accumulation was reduced 6- and 25-fold, respectively (Fig. 3.5A).
In ump1A cells, a ~50% reduction in OLET mRNA levels was observed compared to wt cells
(Fig. 3.5B, lane 5), but in all other UPS mutants, OLE7 mRNA accumulation was comparable to
wt levels (Fig. 3.5B). Next we tested if supplementing UFA products of OLET (an equimolar
mixture of palmitoleic acid and oleic acid) in the growth medium restored (+)RNA4
accumulation. Adding 1 mM UFAs did not affect the growth of wt or UPS mutant strains (data
not shown). Supplementing UFAs completely restored BMV RNA replication in UPS mutant
PRE1 (Fig. 3.4A, lane 8 vs. lane 6), increasing (+)RNA4 accumulation more than 10-fold, to
~110% of untreated Pter-PRET RNA replication levels (Fig. 3.4A, lane 5). This result is similar
to the full complementation of BMV RNA replication in the ole 7w and ole 1A mutants that can be
observed with UFA addition (123, 124), implying that UPS mutant PRE1 affects BMV RNA
replication primarily through the UPS-dependent activation of the lipid synthesis pathway.
However, in RPT6-depleted cells, providing UFAs only partially restored BMV RNA replication to
~25% of that in untreated P+er-RPT6 cells (Fig. 3.4, lane 4 vs. lane 2). Similarly, in ubp6A and
ubr1A cells, UFAs partially restored RNA replication to ~32% and 17% of that in WT cells
supplemented with UFAs, respectively (Fig. 3.4B, lanes 6 and 8 vs. lane2). Thus, RPT6, UBP6
and UBR1, in addition to the other UPS mutants not complemented by UFAs (SEM1, PRESY,
UFD4 and UFDS5), must contribute to BMV RNA replication through UPS-dependent

mechanisms independent of UFA regulation.
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3.2.4 BMV RNA replication is partially restored in four UPS mutants by expressing

exogenous ubiquitin

Ubiquitination of target protein substrates regulates diverse biological processes
including protein trafficking, protein turnover, cell signaling, transcription and immune
responses, among others (232). Disrupting UPS accessory proteins Doa4, Ufd3 and Ubp6,
results in depleted pools of free Ub (97, 126, 192, 208) and inhibited BMV RNA replication
(119). Since Doa4 and Ufd3, which are components of the UPS, were being analyzed in
independent studies (226) these genes were not included in analyses presented here. Western
blotting confirmed a decrease in free Ub levels in ubp6A (Fig. 3.6B, lane 5), whereas free Ub
levels appeared largely unaffected in all other UPS mutants (Fig. 3.6B). However, detecting
variations in free Ub levels can be masked by growth conditions (208). To determine if reduced
free Ub levels caused the observed BMV RNA replication defect in any of the nine UPS mutants
analyzed here, we expressed exogenous Ub from plasmid pYEP96, which provides wt Ub levels
(Figs. 3.7A and B). In ubp6A, ubr1A, pre9A, ufd4A and ufd5A cells, Ub supplementation
partially restored (+)RNA4 levels to 71%, 81%, 31%, 80% and 63% of wt cells supplemented
with Ub, respectively (Fig. 3.7B). The mutants in which BMV RNA replication was
complemented most substantially (UBP6, UBR1, UFD4 and UFD5) all encode UPS accessory
proteins that perform Ub-dependent functions (Table 3.1), implying that Ub-dependent

processes contribute to BMV RNA replication.

3.2.5 Disrupting UPS genes RPT6, PRE1, UBR1 and UMP1 increases 2a"* accumulation

To determine if the inhibition of BMV RNA replication in UPS mutants was due to altered
viral protein levels, we measured the accumulation of BMV RNA replication proteins 1a and
2a"' by Western blotting. BMV 1a levels in dox-treated Prer-PRET and Prer-RPT6 strains were
comparable to their untreated counterparts (Fig. 3.8A, 1a blot, lanes 1, 2, 5 and 6). Similarly, 1a

levels in the other UPS mutants were comparable to wt levels (Fig. 3.8B, 1a blot, lanes 5, 7, 9,
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Figure 3.6. Free ubiquitin levels in UPS mutants in the absence or presence of exog-
enous ubiquitin expression. In A and B, total proteins were extracted from equal numbers of
yeast cells and analyzed by SDS/PAGE. Monoubiquitin was detected with an anti-ubiquitin
monoclonal antibody. Equal loading of total protein was verified by measuring cytosolic protein
Pgk1 levels. 19S, component of the 19S regulatory particle of the 26S proteasome; 20S, com-
ponent of the 20S core proteasome; A, UPS accessory protein; P___, tetracycline-repressible
promoter; Dox, doxycycline (10 pg/ml); Ub, ubiquitin.
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Figure 3.8. BMV 1a and 2a" levels in UPS mutants in the absence or presence of unsatu-
rated fatty acids. In A and B, total proteins were extracted from equal numbers of yeast cells
and analyzed by SDS/PAGE. Accumulation of BMV 1a and 2a™ was detected with anti-BMV 1a,
anti-BMV 2a™', and anti-Pgk1. Equal loading of total protein was verified by measuring cytosolic
protein Pgk1 levels. 19S, component of the 19S regulatory particle of the 26S proteasome; 20S,
component of the 20S core proteasome; A, UPS accessory protein; P__., tetracycline-
repressible promoter; Dox, doxycycline (10 ug/ml); UFAs, unsaturated fatty acids.
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11, 13 and 15), with the exception of sem1A, which showed a slight, but reproducible, decrease

in 1a accumulation (Fig. 3.8B, 1a blot, lanes 1 and 3). In stark contrast, BMV 22" levels were
significantly increased in Prer-PRE1 and P1er-RPT6 dox-treated strains compared to their

untreated samples (Fig. 3.8A, 2a"° blot, lanes 1, 2, 5 and 6). UPS mutants ubr1A and ump1A

Pol

exhibited a large increase in 2a™ compared to wt (Fig. 3.8B, 2a" blot, lanes 1, 7 and 9),

compared to mutants ubp6A, ufd4A and ufd5A, which showed more moderate increases in 2a™

accumulation (Fig. 3.8B, 2a™ blot, lanes 1, 5, 13 and 15). Similar to 1a levels in sem1A, 2a™

Pol

levels were also slightly decreased compared to wt cells (Fig. 3.8B, 2a" blot, lanes 1 and 3).

Pol accumulation in

Supplementing UFAs or expressing exogenous Ub had no effect on 1a or 2a
dox-treated Prer-RPT6 and Prer-PRET strains (Figs. 3.8A and 3.9A, respectively). Additionally,
dox-depleting Prer-RPT6 and Prer-PRET in the presence of UFAs still resulted in a significant

Pol

accumulation of 2a™, suggesting the observed increase in 2a" levels in UPS mutants RPT6

and PRET is not linked to lipid synthesis, but to some other UPS-dependent process(es). UFA

Pl in wt cells and UPS mutants sem1A,

supplementation did, however, increase levels of 2a
ubp6A, ump1A and pre9A (Fig. 3.8B, 2a™ blot, lanes 2, 4, 6, 10 and 12). Similarly, expressing
exogenous Ub moderately increased 2a™ levels in UPS mutants sem1A, ump1A, pre9A and
ufd5A. 1a levels in all UPS mutants were unaffected by addition of UFAs or expressing
exogenous Ub (Figs. 3.8 and 3.9, respectively). These results suggest that altered regulation of

the stability of 2a" and/or other proteins may be the cause of, or contribute to, viral RNA

replication phenotypes observed upon depleting/deleting products of the implicated genes.

3.2.6 UPS mutants ubri1A, pre9A, ufd4A and ufd5A exhibit 1a-independent RNA3
stabilization

In yeast cells, BMV RNA3 has an in vivo half-life of <10 min in the absence of 1a (91). In
the presence of 1a, however, RNA3 accumulation is increased 8- to 20-fold and its half-life is

extended to >3 hrs (91, 227). Increased stability of RNA3 is a result of its 1a-dependent
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Figure 3.9. BMV 1a and 2a' levels in UPS mutants in the absence or presence of exog-
enous ubiquitin expression. In A and B, total proteins were extracted from equal numbers of
yeast cells and analyzed by SDS/PAGE. Accumulation of BMV 1a and 2a™ was detected with
anti-BMV 1a, anti-BMV 2a™!, and anti-Pgk1. Equal loading of total protein was verified by mea-
suring cytosolic protein Pgk1 levels. 19S, component of the 19S regulatory particle of the 26S
proteasome; 20S, component of the 20S core proteasome; A, UPS accessory protein; P,
tetracycline-repressible promoter; Dox, doxycycline (10 ug/ml); Ub, ubiquitin.
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recruitment to a membrane-associated, nuclease resistant state, which likely represents its

localization to membrane-bounded, spherular replication compartments (196). For these
experiments, we generated UPS deletion mutants sem1A, ubr1A, ump1A, ufd4A, pre9A and
ufdbA in the S. cerevisiae strain YPH500, used in multiple previous studies of BMV RNA
replication (52, 190, 196, 197), as we had difficulty detecting 1a-induced RNA3 accumulation in
the BY4743 deletion mutant library background strain. Despite extensive efforts, we could not
generate the YPH500 ubp6A strain, suggesting this deletion inhibits cell growth in YPH500
cells. Although the UPS mutants are responsive to 1a, demonstrated by the observed 1a-
induced RNA3 accumulation in each deletion strain (Fig. 3.10A, lanes 2, 4, 6, 8, 10, 12 and 14),
RNA3 accumulation in the presence of 1a is, overall, decreased compared to wt, with the
exception of pre9A cells, which accumulate higher levels of RNA3 (153%) compared to wt cells
in the presence of 1a (Fig. 3.10B). Additionally, ubr1A and ufd4A cells accumulated significantly
more RNAS3 transcript in the absence of 1a (2000% and 563%, respectively) compared to wt
cells lacking 1a (Fig. 3.10C), whereas a more moderate 1a-independent RNA3 accumulation
was observed in pre9A (~270%) and ufd5A (173%) cells compared to 1a-independent RNA3
accumulation in wt cells (Fig. 3.10C). Thus, loss of UPS accessory proteins Ubr1, Pre9, Ufd4
and Ufd5 exhibits 1a-independent affects on BMV RNA3, suggesting that these proteins may
modulate recruitment of RNA3 to a membrane associated state under normal cellular

conditions.

3.2.7 1a induces membrane association of RNA3 in UPS mutant RPT6

To further explore UPS-mediated BMV RNA membrane association, we used cellular
fractionation to more directly determine if RNA3 was membrane-associated in the BY-derived
Prer essential strains because generating YPH500 P1er strains requires multiple technically
challenging steps compared to generating deletion mutants. The cellular fractionation results

presented here are for UPS mutant RPT6 and experiments analyzing PRET are in progress.
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Figure 3.10. UPS mutants ubr1A, pre9A, ufd4A and ufd5A exhibit 1a-independent RNA
stabilization. (A) The ratio of BMV RNA accumulation in the presence or absence of 1a in wt
and deletion mutant yeast cells. (B) RNA3 accumulation in the presence of 1a. (C) RNA3
accumulation in the absence of 1a. For A, B and C, total RNA was extracted from yeast cells
and RNA3 accumulation in the absence or presence of 1a was detected by Northern blotting
using a BMV RNA-specific probe. Equal loading of of total RNA was verified by probing for 18S
rRNA. 19S, component of the 19S regulatory particle of the 26S proteasome; 20S, component
of the 20S core proteasome; A, UPS accessory protein.
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Yeast cells were spheroplasted, lysed and centrifuged at low speed to separate a soluble

supernatant and membrane-containing pellet fraction. In the absence of 1a, BMV RNAs, like
most if not all yeast mMRNAs and rRNAs, are recovered in the soluble fraction (37, 196).
However, co-expressing 1a and RNA3 induces selective membrane association of BMV RNAs
that can be measured by cell fractionation. Moreover, fractionation provides a direct measure of
RNA3 template recruitment to membranes, an early RNA replication step that precedes and is

closely linked to RNA stabilization (described above in 3.2.6) and 2a™

-dependent negative-
strand RNA synthesis (37, 196, 206). In wt and Pter-RPT6 untreated and dox-treated cells
lacking 1a, RNA3 was predominantly in the supernatant (Fig. 3.11, histogram panels 1, 3, 5 and
7, supernatant fraction). In contrast, in wt untreated and dox-treated yeast cells expressing 1a,
70% and 67% of RNA3, respectively, was recovered in the pellet (Fig. 3.11, histogram panels 2
and 4, pellet fraction). Similarly, RNA3 was efficiently recovered in the membrane pellet of
untreated (73%) and dox-treated (84%) P+er-RPT6 cells (Fig. 3.11, histogram panels 6 and 8,
pellet fraction). Thus, UPS mutant RPT6 does not inhibit BMV RNA replication by disrupting

early, 1a-mediated recruitment of the RNA3 replication template to a membrane-associated

state.

3.2.8 BMV 2a™ localization is disrupted in UPS mutants RPT6, SEM1 and UMP1

In plant cells and yeast, BMV 1a and 2a"™

colocalize predominantly at the perinuclear
ER in a concentrated, crescent-shaped pattern (189, 190). Since the decrease in BMV RNA
replication upon depleting or deleting UPS genes was not due to decreased levels of viral
proteins, with the possible exception of mutant SEM1 (Fig. 3.8B, lane 3), we investigated if the
localization of viral proteins was altered in the absence of any of the UPS proteins in cells co-
expressing 1a and 2a"™°. In wt untreated and dox-treated yeast, 1a and 2a" localized normally

to the perinuclear ER membrane, indicating the presence of dox did not effect normal

localization of BMV replication proteins (Fig. 3.12, panels A-B and Fig. 3.13, panels A-B).
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1a

2aPoI

Sec63-GFP

Merged

Figure 3.12. BMV 1a and 2a® co-localize to the perinuclear ER membrane in UPS
mutant PRE1. Confocal fluorescence images of PRE1 untreated and dox-depleted yeast
cells co-expressing BMV 1a, 2a™, and the ER marker Sec63-GFP. Representative images for
1a (red), 2a™ (cyan), Sec63-GFP (green), and merged signals (bottom) are shown and each
panel represents one cell. 20S, component of the 20S core proteasome; P__, tetracycline-
repressible promoter; Dox, doxycycline (10 pg/ml). Scale bars, 0.5 pm.

TET?
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Pl was not altered in untreated or dox-depleted Prer-PRET

Similarly, localization of 1a and 2a
(Fig. 3.12, panels C-D) or in untreated Pter-RPT6 cells (Fig. 3.13, panel C). However, in dox-
treated Per-RPT6 cells, while in rare instances normal 1a localization was seen (Fig. 3.13,
panel A), aberrant 1a localization patterns were observed in the majority of cells (Fig. 3.13,
panels D-G). 1a localization either extended away from the nucleus (Fig. 3.13, panel D-E) or
was noticeably more diffuse (Fig. 3.13, panels F-G). Despite these perturbed localization
patterns, 1a was associated with the ER membrane, as it colocalized with cellular ER marker
Sec36-GFP (Fig. 3.13, panels D-G, merged images). Even more striking was the severe
disruption of 2a™ localization in dox-treated Prer-RPT6 cells compared to Prer-RPT6 untreated
cells (Fig. 3.13, panels D-G vs. panel C). Additionally, in cells exhibiting perturbed 2a™
localization, 1a and Sec63-GFP localization patterns are also slightly perturbed (Fig. 3.13,
panels D-G vs. panel C). As with 1a, 2a" localization in some cells was perinuclear ER-
associated, but did not retain the concentrated, crescent shape localization pattern observed in
wt and Prer-RPT6 untreated cells (Fig. 3.13, panel G vs. panels A and C). In other cells,
complete disruption of 2a™ localization was evident (Fig. 3.13, D-F). A similar diffuse 2a™
localization pattern was also observed in mutants sem1A (Fig. 3.14 panels B-D) and ump1A
(Fig. 3.14 panels G-H), although in cells lacking Ump1 this observation was less frequent
compared to the aberrant 2a™ localization patterns observed in sem1A cells and RPT6-

Pol

depleted cells. 1a and 2a™ in all other non-essential deletion mutants co-localized to the

perinuclear ER membrane as in wt cells (Fig. 3.14).

3.3 DISCUSSION

Many, if not all, viruses exploit the highly conserved UPS at various stages of infection to
regulate viral proteins, enhance their own replication and/or evade cellular antiviral responses

(53, 54, 94, 203). Although recent reports highlight the importance of this cellular pathway in
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(+)RNA virus-host interactions (17, 18, 30, 40, 54, 156, 182, 202), in many cases the underlying

mechanistic roles for the UPS are not entirely resolved due to the complexity of interactions
between the UPS and the multiple steps of viral infection. Previously, our laboratory identified
123 genes affecting BMV RNA replication, including nine genes in the UPS whose loss inhibited
viral RNA replication ~6- to 100-fold (68, 119). Here we investigated the role(s) of nine
implicated UPS genes, which are components of the 20S core (PRE1, PRE9), 19S regulatory
particle (SEM1, RPT6) and accessory proteins (UBR1, UBP6, UMP1, UFD4 and UFD5) in BMV
RNA replication. As detailed below, our studies revealed that the UPS contributes to viral RNA
replication in at least three mechanistically distinct ways: (i) UPS-dependent activation of lipid
synthesis genes; (ii) UPS-dependent processes complementable by ubiquitin; and (iii) UPS-

dependent processes not complementable by lipids or ubiquitin (Table 3.3).

3.3.1 26S proteasome activity is required for BMV RNA replication in plants and yeast

Proteasome inhibitor studies with the widely used peptide aldehyde MG132 showed that
activity of the 26S proteasome is required for bromovirus RNA replication in barley protoplasts

Pol accumulation

and yeast (Figs. 3.3A and B). Additionally, disrupting the proteasome affects 2a
(Fig. 3.3D). Our data are consistent with reports demonstrating that West Nile virus (69) and
rotavirus (136) require functional proteasomes for efficient genome replication at a post-entry
step and that UPS regulates multiple viral polymerases (30, 40, 202, 228). From these data we

conclude that BMV requires active 26S proteasomes for RNA synthesis and regulation of its

RNA-dependent RNA polymerase.

3.3.2 BMV RNA replication is linked to proteasome-dependent activation of lipid

synthesis genes

Cellular membrane lipid composition is critical for BMV and many other (+) RNA viruses,

which form RNA replication compartments by dramatically rearranging host membranes (49,
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145, 193, 196). Mutations in fatty acid desaturase OLE1? inhibit BMV RNA replication =20-fold,

but are fully complemented by supplementing UFAs, the products of Ole1p, in growth medium
(123, 124). Activation of OLE1 requires ubiquitination and subsequent proteasomal processing
of transcription factors Mga2 and Spt23 (244). In cells depleted of essential gene RPT6, one of
the six ATPases of the 19S regulatory particle, and PRE1, a B-subunit of the 20S catalytic core
proteasome, BMV RNA replication was abolished (Fig. 3.4A, lanes 2 and 6) and accumulation
of OLE1 fatty acid desaturase mRNA levels was significantly inhibited (Fig. 3.5A). BMV RNA
replication in RPT6- and PRE1-depleted cells was unaffected by expressing exogenous Ub (Fig.
3.7, lanes 4 and 8), which restores activation of MgaZ2 in cells depleted of free Ub (226). This is
consistent with the observation that dox-treated RPT6 and PRE1 cells do not exhibit depleted
free Ub levels (Fig. 3.6A) and these data suggest that a defect in Mga2 and Spt23 is not a likely
explanation for RNA replication defects in mutants RPT6 and PRE1. In PRE1-depleted cells,
RNA replication was fully complemented by UFA feeding (Fig 3.4A, lane 8), providing a
mechanistic explanation for the observed replication defect in PRE1-depleted cells. Moreover,
these data support and expand recently published results by Wang et al., which link additional
UPS genes to lipid homeostasis and BMV RNA replication (226). Supplementing UFAs in the
growth medium only partially complemented the RNA replication defect observed cells lacking
Rpt6, Ubp6 or Ubr1 (Fig. 3.4A, lane 4 and Fig. 3.4B, lanes 6 and 8) showing that RPT6, UBP6
and UBRT1 contribute one or more additional UPS-dependent, lipid-independent function(s) to

BMV RNA replication.

3.3.3 Ub-dependent processes are required for BMV RNA replication

Ubiquitination is a post-translational modification in which single ubiquitin molecules or
polyubiquitin chains are attached to client proteins, ultimately dictating their cellular fate (231).
Polyubiquitin chains are required for substrate recognition and subsequent degradation by the

proteasome, whereas monoubiquitination determines the localization and activity of proteins
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(61, 231). Multiple UPS accessory proteins in our study perform ubiquitin-dependent functions

or are ubiquitin substrates: Ubp6 is a deubiqutinating enzyme and a proteasome accessory
component (14, 126); Ubr1 is a RING-type E3 ligase that recognizes substrates in the N-end
rule pathway (85, 235), whereas Ufd4 is a HECT-type E3 enzyme that functions in the ubiquitin-
fusion pathway (97) and recently it was shown that Ubr1 and Ufd4 interact, both physically and
functionally (84); and Ufd5 is a transcriptional activator of proteasome genes (237) that is
subsequently degraded by the proteasome via ubiquitin-dependent and -independent
mechanisms (98). Although only ubp6A showed a deficiency in free Ub levels (Fig. 3.6B, lane
5), BMV RNA replication was substantially complemented in UPS mutants upb6A, ubr1A, ufd4A
and ufd5A by expressing exogenous Ub (Fig. 3.7B). These data reveal a role or roles for Ub-
dependent processes in BMV RNA replication, although whether these processes contribute to
activating viral or cellular proteins required for BMV, to degrading antiviral cellular factors, or to
other aspects of viral RNA replication remains unclear. Since many (+)RNA viruses employ
strategies to downregulate expression of their RNA-dependent RNA polymerase (RdRp) (4),
one possibility is that Ub-dependent processes affect BMV RNA replication by modulating
turnover of the viral polymerase, which has been reported for (+)RNA viruses coxsackievirus B3
(202) and TYMV (30, 40). Consistent with this idea is the observation that 2a” accumulates to
higher than wt levels in UPS mutants upb6A, ubr1A, ufd4A and ufd5A (Fig. 3.9B, lanes 5, 7, 13
and 15). Alternatively, these genes may directly or indirectly modulate 2a”* localization. Indeed,
in cells lacking 19S regulatory particle component Rpt6, deubiqutinase Ubp6 or ubiquitin ligase
Ubr1, which physically interacts with Rpt6 (236), although 2a™ levels were significantly
increased, 1a failed to recruit the viral polymerase to sites of RNA replication complex formation
(Figs. 3.13 and 3.14). These observations suggest the opposing processes of ubiquitination and
deubiquitination may be important for proper localization of 2a" to membrane-associated RNA

replication complexes.
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3.3.4 Lipid-independent, Ub-independent processes are required for BMV RNA replication

BMV RNA replication defects in the majority of UPS mutants analyzed here can be
linked to processes that activate lipid metabolism genes (RPT6, PRE1, UBP6 and UBRT) or
require ubiquitin (UBP6, UBR1, UFD4, UFD5). However, deleting Sem1p, a non-ATPase
component of the 19S regulatory particle lid (64), or Ump1p, a molecular chaperone that is
required for maturation of the 20S catalytic core (184), exhibited lipid- and ubiquitin-independent
RNA replication defects (Fig. 3.3B, lanes 4 and 10 and Fig. 3.7B, lanes 4 and 10, respectively).
Consistent with its role in activating the 20S core proteasome, allowing subsequent degradation

of Ub-conjugated proteins, ump1A cells exhibited an increase in 2a™

accumulation comparable
to that observed in MG132-treated yeast, which also lack 20S catalytic core activity, but 2a™
localization was perturbed in a fraction of ump1A cells (Figs. 3.8A, lane 9; Fig. 3.3D and Fig.
3.14, panels G-H). These observations underscore the importance of active proteasomes for
viral RNA replication and implicate the necessity of lipid- and ubiquitin-independent processes

for BMV RNA replication, specifically in modulating viral polymerase accumulation and/or

activity.

3.3.5 1a-independent RNA3 stabilization

The phenotypic classes of proteasome mutants discussed above affect RNA replication
and/or viral protein accumulation. An additional, striking observation was that an early
replication step prior to genome replication was altered in some mutants. In wt cells, expressing
1a increases the half-life of RNA3 from ~5 min to > 3hr in the presence of 1a (91) and
stimulates an 8- to 30-fold increase in RNA3 accumulation, depending on the level of 1a
expression (196). This 1a-dependent increase in RNA3 accumulation in vivo is associated with
1a-mediated transfer of RNA3 to a membrane-associated state, which represents its localization
to spherular RNA replication complexes formed on the perinuclear ER membrane (196). 1a-

dependent RNA3 stabilization was observed in all mutants assayed (Fig. 3.10A, lanes 4, 6, 8,
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10, 12 and 14). However, in mutants ubr1A, pre9A, ufd4A and ufd5A, RNA3 was stabilized in

the absence of 1a as well (Fig. 3.10C). These results suggest a potential UPS-dependent role in
early steps of BMV RNA replication, during which RNA3 is recruited from translation to RNA
replication (91). It is possible that disrupting the UPS causes mislocalization of RNA3 in the
absence of 1a. Alternatively, 20S proteasome RNAase activity, which has specificity for viral
RNAs (94, 178), may be disrupted, a model seems most likely for mutant PRE9, which is a

component of the 20S core proteasome.

3.3.6 Summary

Our systematic analysis of nine UPS genes in yeast revealed at least three
mechanistically distinct contributions of the UPS to BMV RNA replication: (i) UPS-dependent
activation of lipid synthesis genes; (ii) UPS-dependent processes complementable by ubiquitin;
and (iii) UPS-dependent processes not complementable by lipids or ubiquitin. Moreover,
proteasome inhibitor studies in barley protoplasts suppressed BMV RNA replication, confirming
that UPS-dependent processes are required in natural host cells. Further studies will determine
more directly how the implicated UPS genes affect BMV RNA replication and should
significantly advance our understanding of cellular functions and pathways and virus-host
interactions. The UPS is a highly conserved eukaryotic cellular pathway manipulated by multiple
diverse viruses that pose significant health concerns, including including hepatits C virus,
influzenza virus, and HIV, among others and presents a useful opportunity to explore broader

approaches for virus control.
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3.4 MATERIALS AND METHODS

3.4.1 Yeast strains

Essential yeast strains. The yeast Tet-Promoter Hughes Collection of essential yeast
strains was purchased from Open Biosystems (Huntsville, AL). The tet-promoter mutant strains
(designated here with the prefix Prezr) were provided in the haploid R1158 background (MATa
URA3::CMV-tTA MATa his3-1 leu2-0 met15-0), which was constructed by a one-step integration
of the cytomegalovirus (CMV) promoter-driven tTA* transactivator at the URA3 locus (83). The
kanR-tetO7-TATA was then integrated into the promoter of a different essential gene in strain
R1158, allowing the repression of essential gene expression upon the addition of dox to growth
medium (149).

Non-essential yeast strains. BY4743 (MATal/a his3A1/his3A1 leu2A0/leu2A0
LYS2/lys2A0 met15A0/MET15 ura3A0/ura3A0) and its various single-gene deletion derivatives
and YPH500 (MATa ura3-52 lys2—-801 ade2—101 trp1-A63 his3-A200 leu2-A1) were used. The
following strains were generated in YPH500 for this work: sem71A (YPH500 sem1.::kanMX4),
ubr1iA  (YPH500 ubri1::kanMX4), ump1A (YPH500 ump1::kanMX4), pre9A (YPH500
pre9::kanMX4), ufd4A (YPH500 ufd4::kanMX4), ufd5A (YPH500 ufd5::kanMX4). Several
attempts were made to generate YPH500 ubp6A (YPH500 ubp6::kanMX4), but viable colonies
could not be recovered. Genomic insertions were made using an amplified KanMX4 cassette

flanked by 5’ and 3’ homologous recombination regions.

3.4.2 Plasmids
To express BMV 1a and 2a"™ for assaying BMV RNA replication, pB12VG1 was used
(119). CUP1 promoter-driven BMV RNA3 was launched from pB3VG128-H in medium lacking

copper. To assay 1a-mediated RNA3 stability, pB3MS82 was used, which expresses BMV

RNA3 from a GAL1 promoter. Both pB3VG128-H and pB3MS82 express a BMV RNA3
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derivative in which the coat protein gene has a four-nucleotide insertion and a point substitution,

abolishing expression of the coat protein (12). The use of pB3VG128-H and pB3MS82 in this
study, as in many other studies (12, 52, 71, 133, 161, 227), allows analysis of RNA3 and RNA4
levels while avoiding any effects of possible variations in coat protein expression and RNA
encapsidation. For immunfluoresence and electron microscopy, BMV 1a and 2a™ were
expressed from GAL1 promoter-driven centromeric plasmids pB1YT3H (11) and pB2YT5-2 (12),
respectively. The sec63-GFP fusion protein was expressed from plasmid pPS1530 or pBG30,
both of which are derivatives of pJK59 (a gift from P. Silver, Department of Biological Chemistry
and Molecular Pharmacology, Harvard University).

For barley protoplast experiments, pB1TP3, pB2TP5, and pB3TP8 were used which
contain complete cDNA copies of wild type BMV RNA1, RNA2, and RNA3, respectively.

Additionally, these plasmids each contain a T7 RNA polymerase promoter, allowing in vitro

synthesis of infectious BMV transcripts (5, 93).

3.4.3 Yeast transformation and growth

The lithium acetate-polyethylene glycol (PEG) method was used to transform plasmids
into yeast strains (58).

Essential strain growth. Essential yeast strains containing BMV expression plasmids
were grown overnight at 30°C in synthetic medium containing 2% raffinose as a carbon source,
subcultured to a starting optical density at 600 nm (ODgg0)=0.1 in medium containing raffinose
+10 ug/ml dox and grown for 24 hr. Cells then were subcultured to a starting ODg=0.1-0.2 in
medium containing 2% galactose as a carbon source =10 ug/ml dox. Cells were grown for 2
passages (36 to 48 hr) and harvested when the ODgp was between 0.4-1.0. Leucine, histidine,
methionine or combinations thereof were omitted to maintain plasmid selection.

Non-essential strain growth. Non-essential yeast strains containing BMV expression

plasmids were grown overnight at 30°C in synthetic medium containing 2% glucose as a carbon
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source, subcultured to a starting starting ODgpp=0.08-0.2 in medium containing 2% galactose as

a carbon source. Cells were grown for 2 passages (36 to 48 hr) and harvested when the ODggo
was between 0.4-1.0. Leucine, hisitidine, uracil or combinations thereof were omitted to
maintain plasmid selection.

To make medium supplemented with unsaturated fatty acids, Tergitol NP-40 was added
to a final concentration of 1% to solubilize the fatty acids. Equimolar amounts of palmitoleic acid
(16:1) and oleic acid (18:1) were added to Tergitol NP-40-containing medium to a final

concentration of 1 mM (205).

3.4.4 Preparation and transfection of barley mesophyll protoplasts

Barley (Hordeum vulgare), cultivar Robust, seeds were obtained from Johnny’s Selected

Seeds (http://www.johnnyseeds.com/). The procedures described below for isolating and

inoculating barley protoplasts are a combination of procedures described by Kroner and
Ahlquist (10) and Rao (186).

Plant growth. Barley seeds were planted in peat moss and vermiculite (1:1) and
watered with 0.5x Hoagland’s solution once each day. Protoplasts were isolated from 7 day-old
seedlings (avg. height 10-11 cm) grown at 24°C in a growth chamber set at a 16 hr photoperiod.

Preparation of leaves and protoplast extraction. Two 1.2 g aliquots of 7 day-old
barley leaves were harvested using a sharp razor blade to cut leaves 4-5 cm above potting
medium. Dry or yellow leaves were never harvested. Leaves were cut lengthwise and then
crosswise into 0.5-1 mm? sections. Sliced material was transferred and distributed into a petri
dish containing freshly made 25 ml enzyme solution [2% cellulase R-10 (Yakult Pharmaceutical
Industry Co, LTD., Tokyo, Japan), 0.1% macerozyme R-10 (Yakult Pharmaceutical Industry Co,
LTD., Tokyo, Japan), 0.1% BSA (A4503; Sigma-Aldrich, St. Louis, MO) in 0.55 M mannitol, pH
5.9; final pH of solution adjusted to 5.9 with citric acid and filtered sterilized with 0.2 um filter)

and incubated in the dark for 3 hrs at 30°C. Leaf sections were gently swirled every 30 min to
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ensure that leaf tissue was digested. The enzyme-digested leaf solution was transferred into a

250 ml sterile beaker and swirled for 20 sec to release protoplasts. The solution was poured
through a 70 um nylon cell strainer (352350; BD Biosciences, San Jose, California) into a 50 ml
polypropylene conical tube. The 25 ml protoplast-containing filtrate was split equally into three
14 ml polystyrene round bottom tubes (352057; BD Biosciences, San Jose, California) by gentle
pouring and tubes were centrifuged at 50 x g for 3 min to pellet leaf tissue and debris. A transfer
pipet was used to remove as much supernatant as possible without disturbing the protoplast
pellet. 8 ml of 0.55 M mannitol, pH 5.9 was slowly added down the side of the tube and 2 ml
0.55 M sucrose was underlaid beneath the digested leaf material. Tubes were centrifuged at
100 x g for 8 min to separate protoplasts from cell debris. The dark green band of protoplasts at
the mannitol/sucrose interface was collected with a transfer pipet and transferred to a 50 mi
polypropylene conical tube. All centrifugation steps were performed in an Allegra™ 6R
centrifuge with a GH-3.8 swinging bucket rotor (Beckman Coulter, Inc., Brea, CA).

Yield and viability count. A 25 pl aliquot of protoplasts was added to 2.5 ul 5mg/ml
fluorescein diacetate (F7378; Sigma-Aldrich, St. Louis, MO) and incubated at room temperature
for 5 min. The stained protoplast solution was applied to a hemacytometer and visualized under
a bright field light source (total cell count) and a fluorescent light source (viable cell count).
Average yields were 1 to 4 x 10° protoplasts per ml. The ratio of viable cells to total cells was
calculated to obtain an estimate of the percent viable cells. The number of viable protoplasts per
cubic centimeter was determined (10 cells/mm?=10° cells/cm®) and used to estimate the number
of viable protoplasts per milliliter.

Transfection of protoplasts with viral RNA. BMV RNA1, RNA2, and RNA3 were in
vitro transcribed and capped using the T7 mMMESSAGE mMACHINE® Kit (Ambion, Austin, TX)
from EcoRI-linearized plasmids pB1TP3, pB2TP5, and pB3TP8, respectively (93). For each
inoculation, 10° protoplasts were transferred to a 14 ml polystyrene culture tube and centrifuged

at 50 x g for 4 min. The supernatant was removed while leaving the pellet undisturbed. The
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protoplasts were re-suspended by gently tapping the bottom of the tube and the volume of the

protoplast solution was adjusted to 100 pl with 0.55 M mannitol, pH 5.9. 5 yg each of BMV
RNA1, RNA2, and RNA3 and 110 ul of PEG-CaCl, solution [40% PEG 4000 (81240; Sigma-
Aldrich, St. Louis, MO), 3mM CaCl;] were added to the protoplasts. The tube was tapped gently
to thoroughly mix PEG-CaCl,, RNAs, and protoplasts and incubated on ice for 15 min. 1 ml of
0.55 M mannitol, pH 5.9 was added to stop the transfection reaction, protoplasts were pelleted
at 50 x g for 4 min, supernatant was removed and cells were gently re-suspended in 1 ml
protoplast medium. Protoplast medium was freshly made by diluting 100x CaCl;, solution, 1000x
KK solution and 1000x CKM solution (see below for recipes) to 1x in 20 ml 0.55 M mannitol, pH
5.9 containing 0.2 M MES, pH 6.5 and 10 ug gentamicin (15710-064; Gibco, Grand Island, NY).
The final pH was checked to ensure that it was 6.5 and the medium was filter sterilized with a
0.45 pm filter prior to use. Stock solutions for protoplast medium were made as follows and
stored for up to one month: 100x CaCl; solution (100 ml: 14.7 g CaCl; in 0.55 M mannitol, pH
5.9, adjust final pH to 6.5 with 0.01 M KOH, autoclave), 1000x KK solution (100 ml: 2.72 g
KH,PO,4 and 10.11 g KNOs in sterile water, adjust final pH to 6.5 with 10 M KOH, autoclave) and
1000x CKM solution (100 ml: 0.0025 g CuSO,, 0.017 g KCI, 24.65 g MgSO, in 0.55 M mannitol,
pH 5.9, adjust final pH to 5.8 with 0.01 M KOH, autoclave).

Tubes containing transfected protoplasts were placed in 24°C incubator under
fluorescent light measuring 25 JEm™ sec ' of intensity at the bottom of the tube (e.g. closest to
protoplasts in medium), as measured with a quantum light meter (model MQ-100; Apogee
Instruments Inc., Logan, UT). Protoplasts were collected 12- 18 hrs post transfection for RNA
and protein analysis. All centrifugation steps were performed in an Allegra™ 6R centrifuge with

a GH-3.8 swinging bucket rotor (Beckman Coulter, Inc., Brea, CA).
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3.4.5 Proteasome inhibitor treatments

Yeast. Due to the naturally impermeable cell wall of wild type yeast, special growth
conditions were utilized for proteasome inhibitor treatments in yeast (132, 170). Specifically, L-
proline was used instead of ammonium sulfate as the sole nitrogen source in growth medium
and sodium dodecyl sulfate (SDS) was added to growth medium during inhibitor treatment.
These conditions are thought to facilitate the transient opening of the cell wall/plasma
membrane, rendering the cells permeable to protease inhibitors (132). Wt yeast cells expressing
1a, 2a"™ and RNA3 were grown overnight at in synthetic medium (0.17% yeast nitrogenous
base without ammonium sulfate) supplemented with 0.1% proline and 2% glucose as a carbon
source (dex-proline) to induce expression of BMV. Cells were subcultured to a starting
OD600=0.6 in dex-proline medium containing 0.003% SDS (132). After 3 hrs, cells were
subcultured to a starting ODggp=0.25 in synthetic medium containing supplemented with 0.1%
proline and 2% galactose as a carbon source (gal-proline) containing the control buffer dimethyl
sulfoxide (DMSO) or 50 yM MG132 dissolved in DMSO (474790; Calbiochem/EMD Millipore,
Billerica, Massachusetts). Cells were treated with MG132 for 1 hr or 18 hrs. Cells treated for 1
hr were pelleted, washed twice with synthetic medium containing 0.17% ammonium sulfate as
nitrogen source and 2% galactose as carbon source (gal-AS) to remove DMSO or MG132,
resuspended in gal-AS and returned to 30°C for and additional 17 hrs. 5 ODgqo units of cells
from each treatment were collected 18 hrs post-galactose induction and RNA and protein were
isolated and analyzed as previously described. For all media used, leucine, histidine and uracil
were omitted to maintain plasmid selection.

Barley protoplasts. Protoplasts were isolated and transfected with BMV RNAs as
described above. Control buffer DMSO, 10 uM or 20 yM MG132 dissolved in DMSO was added
to protoplasts immediately post-transfection and incubated for 12 hrs. RNA and protein were

isolated and analyzed as previously described.
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3.4.6 RNA extraction and analysis

Total RNA was isolated from yeast cells and barley protoplasts using acidic hot phenol
and ethanol precipitation as described elsewhere (125). Northern blotting was performed as
previously described (131) except that 2 yg of RNA total per sample was separated in 1%
(wt/vol) agarose-MOPS (morpholinepropanesulfonic acid)-formaldehyde gels. BMV RNAs were
detected using *P-labeled probes specific for positive- or negative-strand BMV RNA3 and
RNA4 as previously described (124). The 18S rRNA probe was derived from pTRI RNA 18S
templates (Ambion, Austin, TX). Probes were synthesized using an Epicenter Riboscribe probe
synthesis kit (Madison, WI) with the appropriate enzyme, i.e., T7 or or SP6 polymerase.
Northern blots were imaged on a Typhoon 9200 instrument (Amersham Biosciences,
Piscataway, NJ) and band intensities were analyzed with ImageQuant software (Molecular

Dynamics, Piscataway, NJ).

3.4.7 Protein extraction, Western blotting, and total protein analysis

BMV 1a and 2a" and cellular pgk1. Yeast cells were grown to an ODgg of 0.4-1.0 and
2.5 ODggp units of cells were harvested. Total protein was extracted from yeast and barley
protoplasts as previously described (124) and equal volumes of cell lysates were separated on
4-15% Criterion™ TGX™ precast polyacrylamide gels (Bio-Rad, Hercules, CA). Proteins were
transferred to PVDF membrane, which were blocked for 1 hr with non-fat dry milk (5% in TBS
containing 0.1% Tween 20) prior to antibody incubation as described below.

Ubiquitin and a-tubulin. Yeast and barley were grown as described above and total
protein was extracted as previously described (124). Equal volumes of cell lysates were
separated on 4-12% Bis-Tris Criterion™ precast polyacrylamide gels (Bio-Rad, Hercules, CA)
with 1X MOPS running buffer to detect ubiquitin-protein conjugates or MES running buffer to
detect monoubiquitin. Proteins were transferred to PVDF membrane and the membrane was

heat-inactivated by autoclaving in transfer buffer at 121°C for 20 min to enhance antigenic site
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recognition (202) prior to blocking with heat-inactivated BSA (5% in TBS containing 0.1% Tween

20) for 1 hr. Membranes were incubated with antibodies as described below.

Antibodies. Expression of target proteins was detected by incubating the above
membranes with the following antibodies and dilutions: rabbit anti-BMV 1a at 1:10,000, mouse
anti-BMV 2a™ at 1:3,000, mouse anti-Pgk1p (A6457; Molecular Probes, Carlsbad, CA) at
1:10,000, mouse anti-Ub (P4D1; Santa Cruz Biotechnology, Santa Cruz, CA) at 1:1,000, mouse
anti-a-tubulin  (T-9026; Sigma-Aldrich, St. Louis, MO) at 1:1,000 using HRP-conjugated
secondary antibodies (Thermo Scientific, Rockford, IL) and Supersignal West Femto substrate
(Thermo Scientific, Rockford, IL). Chemiluminescence was detected with a Bio-Rad

ChemiDoc™ XRS (Bio-Rad, Hercules, CA).

3.4.8 Cell fractionation assays

Yeast spheroplasts were prepared from 2.5 ODggg units of cells and were lysed in lysis
buffer (50mM Tris-Cl, pH 7.4, 10 mM vanadyl ribonucleoside complex [S1402S; New England
Biolabs, Ipswich, MA] per sample). Half of the lysate was retained as the total (T) fraction. The
other half of the lysate was centrifuged at 4°C for 5 min at 20,000 x g to separate the
supernatant fraction (S) from the membrane-enriched pellet fraction (P). RNA was extracted
from the T, S and P fractions using acidic hot phenol and ethanol precipitation as described
elsewhere (125). Equal volumes of RNA preparations from each fraction were analyzed by

Northern blotting.

3.4.9 Confocal laser microscopy

Confocal microscopy was performed essentially as described (123, 190). Briefly, yeast
cells expressing BMV 1a, 2a", or both, and Sec63-GFP were fixed with 4% formaldehyde,
speroplasted with lyticase, and permeabilized with 0.1% Triton-X 100. Speroplasts were

transferred to 1% polyetheylenimine-coated 8 well p-sildes (80826; ibidi, Verona, WI) and
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incubated for 30 min in IM buffer (1% non-fat dry milk, 0.05% BSA, 150 mM NaCl, 50 mM

HEPES, 0.5% Tween-20, 0.02% NaZ, and 0.2% gelatin) to inhibit non-specific antibody binding.

Pol “or both primary antibodies were diluted 1:100 in IM buffer and

Rabit anti-1a, mouse anti-2a
incubated with cells at 4°C overnight in a humid chamber. After four washes with IM buffer,
Alexa Fluor® goat anti-rabbit 568 (A11011; Molecular Probes, Carlsbad, CA), Alexa Fluor® goat
anti-mouse 647 (A21235; Molecular Probes, Carlsbad, CA), or both were added at a 1:100
dilution and incubated at 37°C for 1 hr in a humid chamber. After four washes with IM buffer, the
nucleus was stained with DAPI in PBS (1:5,000) for 10 min at room temperature. Sec63p-GFP
was visualized by its intrinsic fluorescence. Confocal microscopy was performed on a Nikon
A1R high-speed confocal microscope at the W. M. Keck Laboratory for Biological Imaging at the

University of Wisconsin-Madison. Images were generated using Imaged or Fiji

(http://rsbweb.nih.gov/ij/, http:/ffiji.sc/wiki/index.php/Fiji).
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Chapter 4°

EVIDENCE IMPLICATING PHOSPHORYLATION OF BMV 22" IN RNA

REPLICATION

4.1 INTRODUCTION

Despite their varied genetic organization, virion morphologies and host ranges, a
universal feature of all positive-strand RNA viruses is their dependence on host subcellular
membranes, proteins and signaling pathways for efficient genome replication (7, 49, 68, 119,
123, 124, 157). Positive-strand RNA viruses are the largest genetic class of viruses and include
important human pathogens such as hepatitis C virus, SARS coronavirus and West Nile virus
(217). Multiple reports highlight the emerging role of phosphorylation in regulating multiple
aspects of positive-strand RNA virus replication for Dengue virus (106), cucumber mosaic virus
(110, 111) and sindbus virus (45, 120, 127), among others (89), but the mechanistic role(s) of
this important cellular pathway remains poorly understood for many positive-strand RNA viral
proteins (110, 152, 187, 200).

Brome mosaic virus (BMV) is a representative member of the alphavirus-like superfamily
and has been extensively studied as a model for positive-strand RNA virus replication, viral

protein interactions and virus-host interactions (3, 52, 68, 119, 123, 124, 161, 162, 213, 226,

® B. L. Gancarz completed the work and writing in this chapter under the guidance of P.
Ahlquist. Halena VanDeusen provided assistance with illustrations.
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243). BMV has a tripartite genome. Genomic RNA1 encodes the multifunctional 1a replication

protein that has N-terminal m’G methyltransferase activity required for viral RNA capping (11,
12, 114) and a C-terminal NTPase/helicase-like domain (227). RNA 2 encodes the RNA-

Pol

dependent RNA (RdRp) polymerase, 2a™, which has N-terminal 1a helicase-binding domains
(13, 36, 102, 148). RNA3 encodes the 3a cell-to-cell movement protein and coat protein, which
is translated from a subgenomic mRNA, RNA4, initiated internally on negative-strand RNA3. 3a
and coat proteins direct systemic spread in natural plant hosts, but are dispensable for RNA
replication (13, 148).

In both natural plant hosts and the yeast Saccharomyces cerevisiae BMV RNA

replication depends on 1a, 2a™

and specific cis-acting RNA signals (206); localizes to ER
membranes (189, 190); generates a substantial excess of positive- to negative-strand RNA (92);
and directs subgenomic mRNA synthesis (92). BMV replication in yeast has facilitated detailed,
mechanistic studies of viral protein-protein, protein-RNA interactions and has significantly
advanced our understanding of virus-host interactions. Our studies in Chapter 3 revealed the
importance of multiple functions of the ubiquitin-proteasome system in BMV RNA replication
and suggest that host-mediated post-translational modifications of BMV replication proteins may
also be essential for efficient RNA synthesis.

Phosphorylation is the most abundant post-translation modification and functions as a
molecular switch to induce rapid changes in protein function, localization and/or stability,
ultimately modulating major biological processes including signal transduction, gene expression
and protein complex formation, among others (24, 107, 179, 216). The reversible process of
protein phosphorylation is controlled by opposing activities of protein kinases and
phosphatases. Kinases share a conserved catalytic domain, which catalyzes the transfer of the
y-phosphate from ATP to serine, threonine and tyrosine residues (Fig. 4.1) and phosphatases
regulate the removal of phosphate groups from substrate proteins. Here, we investigated the

potential role(s) for phosphorylation in BMV RNA replication, with specific focus on the RNA-
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Figure 4.1. The general cascade of protein phosphorylation by a kinase. ATP binds to the
active site of the kinase, followed by subsequent substrate binding to the kinase active site.
Once this complex has formed, the terminal y-phosphate of ATP (orange) is transferred to a
serine (Ser), threonine (Thr) or tyrosine (Tyr) residue of the protein substrate. After phosphory-
lation, the substrate is released from the kinase and, finally, ADP is released from the kinase
active site. It is important to note that these steps can vary between kinases. For example, a
kinase may bind a protein substrate prior to ATP binding and others release ADP before
dissociation of the substrate.
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dependent RNA polymerase (RdRp) 2a®. We provide the first evidence that BMV 2a" is

phosphorylated in vivo and demonstrate the 2a" threonine (T) residue at position 168 is
necessary for BMV RNA replication. Additionally, we identify a novel host factor required for
BMV RNA replication, cyclin-dependent kinase Pho85. Moreover the observation that deleting
of Pho80, a cyclin partner of Pho85, substantially inhibits BMV RNA replication suggests a link

between the Pho80-Pho85 holokinase and T168.

4.2 RESULTS

4.2.1 In silico predictions reveal 19 putative phosphorylation sites in BMV 2a™

BMV 2a" is 94 kDa protein comprised of 822 amino acids (Figs. 4.2A and B), including
62 serine residues, 49 threonine residues and 26 tyrosine residues, collectively representing
137 potential phosphorylation sites. To reveal the most likely candidate sites for serine and

threonine phosphorylation in BMV 23"

, in silico predictions were performed using the
NetPhosYeast 1.0 server (87), a sister server of the first mammalian phosphorylation site
prediction tool NetPhos (25), which predicts serine and threonine phosphorylation sites
(phosphosites) in yeast proteins with high specificity and sensitivity (25, 87). This server was
chosen since we have used the yeast Saccharomyces cerevisae as a model system to
extensively analyze the function of BMV RNA replication proteins, 1a and 23" (36, 37, 47, 51,
91, 133, 190, 196, 227). For each input sequence, the NetPhosYeast 1.0 server outputs a list of
potential phosphorylation sites with a corresponding score (a number between 0 and 1), which
represents the phosphorylation potential of a residue. A score above 0.5 indicates the residue is
a predicted phosphorylation site (87). Using this approach, 19 putative phosphosites (four

threonine residues and 15 serine residues) were identified in the 2a™ protein (Fig. 4.2C and

Table 4.1). The highest predicted phosphorylation site is T163, with a phosphorylation potential
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Figure 4.2. Predicted phosphorylation sites in BMV 2a. (A) Schematic representation of
the 822 aa BMV 2a protein. In A, B and C, the yellow box corresponds to the conserved
polymerase-like domain of BMV 2a (~ aa 200-689). (B) BMV 2aP' amino acid sequence. (C)
Potential phosphosites in BMV 2aP' as predicted by CBS YeastPhos 1.0 server at
http://www.cbs.dtu.dk/services/NetPhosYeast/. See Fig. 4.3 and Table 4.1 for additional infor-
mation about the 19 predicted phosphorylation sites.



Table 4.1 Summary of the 19 putative serine and

threonine phosphorylation sites in BMV 2a"°.?

Site Sequence Score
163 T VTGDTPKEL 0.900
421 s TSNFSPFFT 0.785
508 S DSYLSDPHA 0.740

2 s -—-MSSKTW 0.705
33 s VEAASLQVQ 0.672
150 S ASDSSNCEI 0.671
683 S LAAFSLYSE 0.670
185 T QTTNTDYDI 0.647
76 S VEAASLQVQ 0.640
298 T RRVGTQKEV 0.628
147 s VRWGSICDT 0.615
235 S TEATSHSIL 0.612
519 S GMSVSFQRR 0.570
754 S SSDCSTKEL 0.550
545 S IAYASDLSD 0.544
291 s MNIGSAQRR 0.535
3 s —--MSSKTWD 0.532
517 S KVGMSVSFQ 0.531
5 T MSSKTWDDD 0.512

? As predicted using the CBS YeastPhos 1.0 server
at http://www.cbs.dtu.dk/services/NetPhosYeast/.

94
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score of 0.9 (Fig. 4.3 and Table 4.1). These results indicate that BMV 2a™ is likely a

phosophoprotein.

4.2.2 BMV 2a"' is phosphorylated in vivo

Pol

To examine whether the 2a" protein was phosphorylated in vivo, we used **P-labeling,

a highly selective and sensitive technique for screening of protein phosphorylation (44, 216). Wt

yeast cells co-expressing BMV 1a, 2a"® and RNA3 (e.g. RNA replication conditions) or

Pol

expressing 2a - only were grown in the presence of 32P-orthophosphate for 6 or 12 hr. Yeast

cells were lysed in buffer containing phosphatase inhibitors to minimize the unwanted removal

Pol

of radio-labeled phosphate groups potentially attached to 2a™. Protein A sepharose beads

Pol Pol

bound to anti-2a™™ antibody were used to precipitate 2a™ and immunoprecipitates were eluted

from protein A sepharose beads, analyzed by SDS-PAGE and **P signal was detected by

phosphorimaging. In cells expressing 2a"™

without other viral factors, a band corresponding to
the molecular weight of 2a”® (~94 kDa) was detected at both time points (Fig. 4.4, lanes 3 and
4). However, in wt yeast cells replicating BMV RNA (Fig. 4.4, lanes 1 and 2), a **P signal was
not detected at 6 or 12 hrs post-induction of virus expression in the presence of *?P-

Pol

orthophosphate. These data show that BMV 2a™ is phosphorylated in vivo and suggest that

RNA replication may require a specific form of the viral polymerase.

Pol

4.2.3 Phosphatase treatment of 2a™ results in a detectable reduction of phosphate levels

To confirm and extend our in vivo **P-labeling results, we used the phosphospecific Pro-

Q Diamond fluorescent stain to determine if 2a™

is phosphorylated in the absence or presence
of calf intestinal phosphatase treatment (CIP), an enzyme that catalyzes the removal of
phosphate groups from serine, threonine and tyrosine residues. Pro-Q Diamond stain allows

direct, in-gel detection of phosphoamino acids and has been extensively used for

phosphoprotein analyses in yeast, plant and mammalian cells (38, 43, 134, 141, 143, 166, 183).
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Figure 4.4. Phosphorimaging of SDS-PAGE shows *’P-labeled BMV 2a"' as 94 kDa
band. Wt yeast cells co-expressing BMV 1a, 2a™ and RNAS3 or 2aP only from GAL 7-driven
promoters were grown in the presence of *P-orthophosphate (10 uCi/ml) for 6 or 12 hrs
post-galactose induction of viral components. Yeast cells were lysed and the cleared lysates
were subjected to immunoprecipitation using an anti-2a™ antibody (IP 2a™'). The resulting
immunoprecipitates were analyzed on an SDS-PAGE gel. *2P signal was detected by phos-

horimaging. Positions of molecular weight markers (kDa) are on the left. The position of 2a™' is
designated with black arrowhead on the right.
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2a"™ was purified from yeast whole cell lysates using immunoprecipitation (IP) as described

above except that in this experiment, and all additional experiments, two antibodies that

Pol

recognize different epitopes in 2a™ were used to increase the IP efficiency (validated by

Pol

comparing the amount of 2a™ immunprecipitated by one vs. two antibodies using Western

blotting, data not shown). As a negative control, a mock IP was performed on wt yeast cells

Pol

lacking the 2a™ expression plasmid. After treating half of the eluted immunoprecipitates with
CIP the samples were analyzed by SDS-PAGE and Pro-Q Diamond staining (Fig. 4.5A). A
phosphospecific band was not detected in the mock IP sample (Fig. 4.5, lane 1), but 2a™ was
positively stained (Fig. 4.5, lane 2) and this signal was a moderately, but reproducibly, reduced
by CIP treatment (Fig. 4.5A, lane 3). The reduction in the phosphostaining signal observed is

Pol in untreated and CIP-

CIP treatment-specific, as confirmed by equivalent amounts of 2a
treated samples using SYPRO Ruby total protein gel stain (Fig. 4.5B, lanes 2 and 3). Further
optimization of CIP treatment conditions and treatment with alternative phosphatases are being

tested to seek a more substantial reduction in the 22"

phosphospecific stain signal.

Since the residue with the highest phosphorylation potential, as predicted by the
NetPhosYeast 1.0 server, was T163 (Figs. 4.2 and 4.3, Table 4.1), we next assessed if BMV
2a" could be detected using a phosphothreonine-specific antibody. Wt yeast cells expressing
2a"™, GFP-2a™, an empty vector (negative control) or free GFP (negative control) were lysed

and cleared lysates were subjected to IP using anti-2a™

antibodies (Fig. 4.6A) or an anti-
phosphothreonine (pThr) antibody (Fig. 4.6B). Immunoprecipitates were analyzed on SDS-
PAGE. As shown in Fig. 4.6A (lanes 1, 2, 7-8), immunoblotting with an anti-2a”® antibody
recognized a single major band at ~94 kDa in cells expressing 2a” ™. In cells expressing GFP-
23", the anti-2a™ antibody-reactive band shifted to a higher position, consistent with the
expected molecular mass of the fusion protein (~124 kDa) (Fig. 4.6A, lanes 3 and 4) and

Pol

confirming the derived pThr signal is from is 2a™ and not a cross-reacting band. As expected, a

band was not detected in lysates from cells expressing an empty vector (Fig. 4.6A, lanes 5 and
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Figure 4.5. Phosphatase treatment of BMV 2a"°' causes a detectable reduction in phos-
phorylation signal. Wt yeast cells expressing 2a™ or no plasmid (control) were lysed and the
cleared lysates were subjected to immunoprecipitation using anti-2a™ antibodies. Half of the
resulting immunoprecipitates were treated with calf intestinal phosphatase (CIP) (10U/sample)
for 2 hrs at 37°C. Untreated and CIP-treated immunoprecipitates were analyzed by SDS-
PAGE and the gel was stained with Pro-Q Diamond phosphoprotein gel stain (A) followed by
SYPRO Ruby total protein gel stain (B). The position of 2a™ is designated with a black arrow-
head on the right.
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Figure 4.6. Detection of BMV 2aP°' using a phosphothreonine-specific antibody. Wt yeast
cells expressing 2a™', GFP-2a, in which GFP was fused to the N-terminus of 2a, empty
vector (EV) or free GFP (GFP). Yeast cells were lysed and the cleared lysates were subjected
to immunoprecipitation using anti-2a™ (IP 2a™') antibodies. The resulting immunoprecipitates
were analyzed on SDS-PAGE and immunoblotted using anti-2a™ (1B 2a™') (A) or anti-
phosphothreonine (IB pThr) (B) antibodies. Positions of molecular weight markers (kDa) are
on the left. The positions of 2a™!, GFP-2a™ and free GFP are designated with black arrow-
heads on the right. As expected, free GFP was not detected in A or B as immunoprecipitation
was performed with anti-2a™ and immunoblotting was performed with anti-2a™' or anti-pThr.
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6) or free GFP (Fig. 4.6A, lanes 9 and 10). Similarly, after immunoprecipitating with anti-2a"

antibodies, 2a”® and GFP-2a"" were strongly detected with an anti-pThr antibody (Fig. 4.6B,
lanes 1-4), but no signal was observed in lysates from yeast expressing an empty vector (Fig.
4.6B, lanes 5 and 6) or free GFP (Fig. 4.6B, lanes 9 and 10). These data demonstrate that BMV
2a"™ is phosphorylated on a threonine residue(s), consistent with initial phosphosite server

predictions (Figs. 4.2 and 4.3, Table 4.1).

4.2.4 T168 is essential for BMV RNA replication

Although 2a™ T163 had the highest phosphorylation potential score (Table 4.1), we took
a broad initial approach and made triple alanine or aspartic acid substitutions of T160, T163 and
T168, as neighboring residues can substantially influence kinase-substrate binding (28, 151,
210, 216) (Fig. 4.7A). Alanine substitution is the classical mutation used to abolish
phosphorylation of an amino acid residue since alanine lacks the —OH group that acts as a
phosphate acceptor site. Conversely, substituting aspartic acid, which is similar to
phosphothreonine in structure and charge, can be an effective phosphomimetic. We used Pro-Q

Diamond staining to determine if the triple amino acid substitutions affected 2a"™

Pol WT zaPoI T160A, T163A, T168A Pol T160D, T163D, T168D
)

phosphorylation. 2a or 2a were immunoprecipitated
from wt yeast cells using anti-2a" antibodies and analyzed by SDS-PAGE and Pro-Q Diamond
staining, as described above. A strong phosphospecific signal was detected in lysates from

yeast expressing 2a™ "'

(Fig. 4.7A, lanes 1-3) and this signal was reduced in lysates from
yeast expressing the 2a" triple alanine mutant (Fig. 4.7, lanes 4-6) or the 2a™ triple aspartic
acid mutant (Fig. 4.7, lanes 7-9). The detected reduction in phosphorylation signal in the triple
alanine mutant indicates that at least one of the mutated residues is a phosphorylated residue
(phosphosite). However, since the signal was not completely diminished, additional 2a™
phosphosites likely exist, consistent with the 19 predicted phosphorylation sites (Figs. 4.2C and

4.2 and Table 4.1). The lower phosphostaining intensity observed in the triple aspartic acid
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Figure 4.7. Mutating BMV 2a"' T160, T163 and T168 to alanine or aspartic acid results in
decreased BMV 2a"°' phosphorylation. (A) Schematic representation of BMV 2aP°' with
threonines (T) at positions 160, 163 and 168 in red. The asterisk (*) indicates T163 which is
the residue with the highest probability of being phosporylated according to prediction software
(see Figs. 4.2 and 4.3 and Table 4.1). (B) Triple alanine (A) or aspartic acid (D) subsititutions
were made at T160, T163 and T168. Wt yeast cells expressing 2a™"T or the indicated 2aP
mutant were lysed and the cleared lysates were subjected to immunoprecipitation using
anti-2a™ antibodies. Immunoprecipitates were analyzed by SDS-PAGE and the gel was
stained with Pro-Q Diamond phosphoprotein gel stain (A) followed by SYPRO Ruby total
protein gel stain (B). The position of 2a™' is designated with a black arrowhead on the right.
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mutant is more difficult to interpret since there appears to be less total protein in these cell

lysates compared to those collected from cells expressing 2a™ "', as indicated by SYPRO
Ruby total protein staining (Fig. 4.7C, lanes 7-9 vs. lanes 1-3). While this result is consistent
with these residues being phosphosites, the triple aspartic acid mutations may cause altered
protein stability and thus be less informative than the alanine substitutions.

Pol

In yeast expressing BMV 1a and 2a ™ proteins, DNA plasmids can be used to launch

positive-strand RNA3 transcripts to provide RNA replication templates for synthesis of negative-
strand RNA3, which in turn is copied to amplify levels of positive-strand RNA3 and to produce
an additional RNA species, subgenomic RNA4 (92). Thus, the production of RNA4 is a true
measure of viral RNA synthesis. To assess a potential role for 2a” T160, T163 and/or T168 in

BMV RNA replication, we assayed the accumulation of positive- and negative-strand RNA

Pol WT ZaPOI T160A, T163A, T168A Pol T160D,
)

accumulation in wt yeast co-expressing 1a, RNA3 and 2a or 2a

Pol WT

T163D. T168D " As shown in Fig. 4.8A, wt yeast co-expressing 1a, RNA3 and 2a accumulated

high levels of positive-stand RNA4 (lanes 1-3). However, positive-strand RNA4 accumulation
was reduced to <1% of replication in yeast cells co-expressing 1a, RNA3 and either 2a™ 6%
T163A, TIBBA o pgPo! T160D. T163D. T168D (ki 4 8B, top panel, lanes 6-9). Negative-strand RNA3
synthesis was comparably inhibited by the 2a"™ triple alanine mutations (Fig. 4.8B, middle
panel, lanes 6-9). These results suggest that one or more of the mutated residues is critical for
BMV RNA replication. To identify the specific threonine(s) that are important for viral RNA
replication, T160, T163 and T168 were substituted to alanine individually or in pairwise
combinations and assayed for positive-and negative-strand RNA accumulation in yeast cells co-
expressing 1a and RNA3 and 2a™ "7 or the specified 2a” mutant (Fig. 4.8B). The 2a" triple
alanine mutant analyzed in Fig. 4.8A was included as a control. As shown in Fig. 4.8B, positive-

Pol

strand RNA4 accumulated to wt levels in yeast expressing 1a, RNA3 and 2a™ mutants with

single or double alanine substitutions at T160 or T163 (lanes 3-6 and 9-10 vs. lanes 1-2).

Pol

However, in yeast expressing 1a, RNA3 and any 2a™ - mutant containing an alanine substitution
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Figure 4.8. BMV RNA replication is inhibited by 2aP°' T168A mutation. (A) Triple alanine
(A) or aspartic acid (D) BMV 2aP mutants. (B) BMV 2aPT160, T163 and T168 were mutated
individually or in combinations, as indicated above, to alanine (A). In A and B, BMV RNA
accumulation in wt yeast co-expressing 1a, RNA3 and the indicated 2a™' mutant was ana-
lyzed. Total RNA was extracted from cells and RNA was detected by Northern blotting using a
BMV RNA4-specific probe. Equal loading of total RNA was verified by probing for 18S rRNA.
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at T168, positive-strand RNA4 accumulated to only < 5% of replication levels in yeast

Pol WT

expressing 1a, RNA3 and 2a and negative-strand RNA3 synthesis was also inhibited (Fig.
4.8B, lanes 7-8, 11-12 and 13-16 vs. 1-2). Taken together, our data suggests that T168 may be

a critical phosphosite required for BMV RNA replication.

4.2.5 BMV RNA replication requires cyclin-dependent kinase Pho85

The data presented thus far indicates that BMV 2a™

is a phosphoprotein and that the
threonine residue at position 168, which is a putative phosphosite, is critical for BMV RNA
replication. To predict the putative kinase that may phosphorylate T168, we used the Scansite
2.0 Motif Scan program, which scans a vertebrate protein database of 65 conserved motifs and
identifies short amino acid sequences that are phosphorylated by protein Ser/Thr- or Tyr-
specific kinases, recognized by modular signaling domains, or mediate specific protein-protein
or protein-phospholipid interactions (http://scansite.mit.edu/) (165). Using BMV 2a™ aa 155-175
as input sequence, Motif Scan predicted kinases Cdk1 and Cdk5, however, it should be noted
that specificities of these kinases was predicted for T163. Both Cdk1 and Cdk5 are members of
the mammalian cyclin dependent kinase (Cdk) family, which are key regulators of eukaryotic cell
cycle progression (82, 194). In yeast, Cdk1 and Cdk5 are encoded by, Cdc28 and Pho85,
respectively, which are homologous cyclin dependent kinases and share more than 50% of their
sequence identity (81, 82, 212). Comparing the BMV 2a™ amino acid sequence in the
T160/T163/T168 region to the Pho85 consensus sequence (S/T-P-X-l/L), revealed strong
sequence similarities (Fig. 4.9A).

To determine if Pho85 is important for BMV RNA replication, we analyzed viral RNA
accumulation in wt and pho85A cells expressing 1a, 2a” T and RNA3. As shown in Fig. 4.9B,

positive-strand RNA3 and RNA4 accumulation was inhibited ~10-fold in pho85A cells compared

to levels in wt yeast and the replication defect observed was completely complemented by
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Figure 4.9. Pho85p is required for BMV RNA replication. (A) Schematic comparing the
amino acid sequence containing BMV 2a™ T160, T163 and T168 to the Pho85 kinase consen-
sus sequence for substrate recognition and phosphorylation (S/TPXI/L). (B) BMV RNA accu-
mulation is inhibited in pho85A cells and the replication defect is complemented by Pho85p-
HA.Total RNA was extracted from yeast co-expressing BMV 1a, 2a" and RNAS3 in the
absence or presence of HA-Pho85p. BMV positive- and negative-strand RNAs were detected
by Northern blotting using a BMV RNA4-specific probe. Equal loading of total RNA was
verified by probing for 18S rRNA.
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expressing Pho85p-HA. Importantly, these results show Pho85 is novel host gene required for

BMV RNA replication.

4.2.6 BMV RNA replication is inhibited in cells lacking Pho85 cyclins Pcl6 or Pho80

The multifunctional Pho85 kinase interacts with 10 Pho85 cyclins (Pcls), which are
grouped into two subfamilies based on sequence homology. The Pcl1,2 subfamily includes
Pcl1, Pcl2, Pcl5, Pcl9 and Cig1 and primarily regulates cell cycle progression and
morphogenesis (Fig. 4.10A). The Pho80 subfamily includes Pcl6, Pcl7, Pcl8, Pcl10 and Pho80
and is a key regulator of signaling environmental changes and metabolism (Fig. 4.10A). Since
Pho85 association with different cyclins modulates distinct cellular processes (32, 81, 140), we
assayed BMV RNA replication in Pcl deletion mutants as a means to determine if Pho85-
regulated cellular functions are important for BMV RNA replication (Fig. 4.10A). Unfortunately,
deletion mutants of Pcl5 and Pcl10 were not available in the yeast single-deletion mutant
knockout library and thus were not analyzed here. In Pcl1,2 subfamily mutants pcl/1A, pcl2A,
pcl9A and clg1A and Pho80 subfamily mutants pc/7A and pcl8A, positive-strand RNA4
accumulated to wt levels or slightly higher (Fig. 4.10B). In cells lacking Pcl6 a modest 50%
reduction in positive-strand RNA4 accumulation was observed compared to that in wt cells (Fig.
4.10B). However, pho80A cells exhibited a significant ~10-fold reduction in BMV RNA
replication (Fig. 4.10B), indicating a more prominent role for Pcl Pho80 in BMV RNA replication.
This reduction correlates with the 10-fold reduction in RNA replication observed in pho85A cells
(Fig. 4.9B). Taken together, these data suggest that the Pho80-Pho85 cyclin-dependent kinase

complex is primarily responsible for the PHO85 effect on BMV RNA replication.
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Figure 4.10. BMV RNA replication is inhibited in cells lacking Pho85 cyclins Pcl6 or
Pho80. (A) The ten Pho85 cyclins (Pcls) and their functions. Cyclins belong to one of two
subfamilies based on sequence homology. The lower graphics indicate cyclin-specific func-
tions for members of the each subfamily. Adapted from Carroll, A.S. and O’Shea, E.K (32). (B)
BMV RNA accumulation in WT yeast and Pcl yeast deletion mutants co-expressing BMV 1a,
2a™ and RNA3. Total RNA was extracted from cells and RNA was detected by Northern
blotting using a BMV RNA4-specific probe. Equal loading of total RNA was verified by probing

for 18S rRNA.
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4.3 DISCUSSION

Accumulating evidence suggests protein phosphorylation controls multiple aspects of
positive-strand RNA virus infection. However, the biological role of this post-translational
modification remains unresolved for many viral nonstructural proteins (89). Here we investigate

the role of phosphorylation in BMV RNA replication, with specific focus on the RNA-dependent

Pol

RNA polymerase, 2a™ . We combined phosphosite server predictions with biochemical and

Pol

genetic approaches to demonstrate that BMV 2a™ is phosphorylated in vivo and reveal a critical

role for T168 in viral RNA synthesis. Moreover, loss-of-function experiments identified novel
interacting host factors required for BMV RNA replication, cyclin-dependent kinase Pho80-
Pho85. Our data support a model in which the dynamic process of phosphorylation modulates
2a" function(s). The possible mechanistic roles for this important signaling event in BMV RNA

replication are discussed in detail below.

4.3.1 BMV 2a"'is a phosphoprotein

Multiple results, including *P-orthophosphate labeling (Fig. 4.2), Pro-Q Diamond

phosphospecific staining (Fig. 4.5) and phosphatase treatment (Fig. 4.5) demonstrate that 2a™

Pol

is a phosphoprotein. Detection of 2a™ with a pThr-specific antibody (Fig. 4.6) was consistent

with predictions that identified 19 putative phosphorylation sites in 2a™

and assigned the
highest phosphorylation potential to T163, which is neighbored by T160 and T168 (Figs. 4.2-4.5
and Table 4.1). Triple alanine substitutions of T160, T163 and T168 decreased BMV 2a™
phosphorylation (Fig. 4.7B) and abolished BMV RNA replication (Fig. 4.8A), providing the first
evidence that phosphorylation of 22" might be important for BMV RNA replication. The
replication defect observed in the triple alanine mutant was mapped to a single critical residue,
T168 (Fig. 4.8B). Although it is possible that the alanine substitution caused a conformational

change within the viral polymerase that inhibited RNA replication, the observation that 2a™ T'¢%*

Pol T163A

and 2a were capable of RNA synthesis (Fig. 4.8B) suggest that the replication defect in
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Pol TI68A is due to an inactive phosphosite. Collectively, our data are

cells expressing 2a
consistent with reports that phosphorylation of positive-strand RNA virus polymerase proteins,
including cucumber mosaic virus 2a (111), Dengue virus NS5 (106) and hepatitis C virus NS5B

(86, 112), among others, regulates the multiple coordinated events of viral RNA replication.

4.3.2 The Pho80-Pho85 complex is critical for BMV RNA replication

Protein phosphorylation is regulated by the catalytic action of kinases, which transfer
the y-phosphate from ATP to serine, threonine and tyrosine residues. Analysis of the amino

acids surrounding 2a™

residue T168, which is required for RNA replication, revealed sequence
similarity to the consensus motif of Pho85, a multifunctional cyclin-dependent kinase regulated
by 10 cyclins, which determine the substrate specificity of Pho85 (Figs. 4.7A and 4.10A) (32,
81). A direct link between the Pho85 and BMV RNA replication was demonstrated by the ability
of Pho85p to complement the 10-fold inhibition of RNA accumulation observed in pho85A cells
(Fig. 4.9B). Moreover, deleting Pho85 cyclin partner Pho80 also exhibited a 10-fold defect in
RNA replication (Fig. 4.10B). The dependence of BMV on the Pho80-Pho85 complex could be
due to the catalytic action of Pho80-Pho85 on BMV components, or to the role of this specific
cyclin-cdk complex in phosphate metabolism and/or calcium signaling (81) and the effects of
these pathways on viral replication. The primary downstream effectors of Pho80-Pho85 in
phosphate metabolism and calcium signaling are PHO4 and CRZ1, respectively, and deleting

either of these genes had no effect on BMV RNA replication (119). Collectively, these data

suggest that the Pho80-Pho85 kinase activity is required for BMV RNA replication.

4.4.3 Possible role(s) of phosphorylation in BMV RNA replication

Although we currently lack direct proof that Pho80-Pho85 is the kinase that
phosphorylates T168, the combination of genetic evidence and the near-exact Pho85

consensus sequence in this region strongly support this hypothesis. While awaiting confirmation
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of a link between cdk Pho85 and the phosphorylation state of 2a” T168, it is valuable to

consider the possible role(s) of phosphorylation in BMV RNA replication. An initial step of RNA
replication is the localization of replication proteins 1a and 2a™ to perinuclear ER membranes,
which are sites of RNA replication complex formation and subsequent viral RNA synthesis (123,
189, 190, 196). 1a-dependent ER localization of 2a™ requires N-proximal sequences within the
first 120 amino acids of the viral polymerase (36). Given the close proximity of T168 to these

Pol

critical 1a-2a™™ binding domains, an attractive model is that phosphorylation at this residue acts

Pol interaction and subsequent recruitment of 2a™ to

as a temporal switch to modulate 1a-2a
membrane-associated replication compartments, a scenario that is consistent with the role of
phosphorylation in regulating the subcellular localization of proteins (24). Additionally, studies in
cucumber mosaic virus (CMV), a close relative to BMV, revealed phosphorylation of the CMV
1a-interacting N-terminal 126 amino acid region of CMV 2a polymerase inhibited interaction
between CMV 1a and 2a. Similarly, Dengue virus replication protein NS3 preferentially interacts
with the hypophosphorylated form of RdRp NS5 (106). These data indicate that regulation of
viral protein interactions by phosphorylation might be a conserved regulatory mechanism
employed by multiple positive-strand RNA viruses.

Alternatively, since T168 is adjacent to the polymerase-like core domain (~aa 200-689),
phosphorylation of this residue may regulate catalytic activity of the viral polymerase, which is
required for RNA synthesis. Since positive-strand RNA virus genomes are templates for both
translation and replication, such a model would support the observation that coordinated
switching between translation and the recruitment of viral genomes to the replication complex is
essential for efficient RNA replication (161, 162).

Phosphorylation is a key reversible protein modification that regulates enzymatic activity,
subcellular localization, complex formation and protein degradation. Positive-strand RNA virus
replication is a complex, multi-step process requiring coordinated interactions between the viral

genome, virus-encoded replication proteins and host factors (7, 159). As such, it is plausible
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that 2a™ cycles through different phosphorylation states to regulate multiple steps of RNA

replication. Not surprisingly, emerging results highlight crucial roles for phosphorylation in nearly
every step of positive-strand RNA virus replication, including viral protein-protein and
protein/RNA interaction (106, 111, 200), stability of replication proteins (77, 177) and catalytic
activation of RdRps (90, 111, 112) among others. The conserved features of positive-strand
RNA virus replication combined with the dependence of many viruses in this class on
phosphorylation makes cellular kinases, the driving forces of this host signaling pathway,

appealing targets for the development of antivirals.

4.4 MATERIALS AND METHODS

4.4.1 Yeast strains and cell growth

BY4743 (MATala his3A1/his3A1  leu2A0/leu2A0 LYS2/lys2A0  met15A0/MET15
ura3A0/ura3A0) and its single-gene deletion derivatives were used for Pho85 and Pcl analysis.
YPH500 (MATa ura3-52 lys2—801 ade2—101 trp1-A63 his3-A200 leu2-A1) was used for all
other experiments. The lithium acetate-polyethylene glycol (PEG) method was used to
transform plasmids into yeast strains (58). Yeast strains containing BMV expression plasmids
were grown overnight at 30°C in synthetic medium containing 2% glucose as a carbon source,
subcultured to a starting starting ODgp=0.08-0.2 in medium containing 2% galactose as a
carbon source. Cells were grown for 2 passages (36 to 48 hr) and harvested when the ODggo
was between 0.4-1.0. Depending on the assay, leucine, hisitidine, uracil or combinations thereof
were omitted to maintain plasmid selection.

For *?P-labeling experiments, cells were grown overnight at 30°C in synthetic medium
containing 2% glucose as a carbon source, subcultured to a starting starting ODg=0.2 in

medium containing 2% galactose as a carbon source in the presence or absence of 10 uCi/ml
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32P-orthophosphate (NEX053001MC; Perkin Elmer, Waltham, MA) at 30°C with shaking. Cells

were harvested after 6 or 12 hrs of growth in the presence or absence of **P-orthophosphate.

Leucine was omitted to maintain plasmid selection.

4.4.2 Plasmids and plasmid construction

BMV 2a™ and GFP-2a", both under the control of a GAL1 promoter, were expressed
from pB2YT5 and pB2YT5-G2, respectively (36, 206). To express BMV 1a and 2a™ for

Pol

assaying BMV RNA replication, pB12AON3 was used which expresses 1a and 2a"™, each
under the control of an ADH1 promoter. CUP1 promoter-driven BMV RNA3 was launched from
pB3VG128-H in medium lacking copper from. pB12VG128-H expresses a BMV RNAS3 derivative
in which the coat protein gene has a four-nucleotide insertion and a point substitution,
abolishing expression of the coat protein (12), allowing analysis of RNA3 and RNA4 levels while
avoiding any effects of possible variations in coat protein expression and RNA encapsidation
(52, 226, 243). Alanine and aspartic acid substitutions of T160, T163 and/or T168 were
introduced into the BMV 2a™ coding sequence by PCR-based site-directed mutagenesis (78).
PCR fragments with each of these mutations were digested with Ncol and Pacl and cloned into
pB2YT5 to replace the corresponding wt fragments. After cloning, all of the fragments were

sequenced to confirm the presence of intended substitutions and absence of unintended

mutations.

4.4.3 Immunoprecipitation and Western blotting

Yeast cells were grown to an ODggg of 0.4-1.0 and 5 ODgqp units of cells were harvested.
Cells were lysed in RIPA buffer (1% NP-40, 0.1% SDS, 50 mM Tris pH 8.0, 150 mM NaCl, 0.5%
Sodium deoxycholate, 5 mM EDTA, 10 mM NaF, 10 mM NaPPi, 2 mM phenylmethylsulfonyl,
5mM benzamidine, and 10 ug/ml each of chymostatin, pepstatin A, leupeptin, bestatin) using

glass beads and a bead beater and the supernatant was collected after centrifugation. With the
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exception of experiments evaluating CIP treatment, 3x HALT™ Phosphatase Inhibitor Cocktail

(78420; Thermo Scientific, Rockford, IL) was added to RIPA buffer. For immunoprecipitation,
yeast lysates were mixed with Protein A Sepharose beads (17-0780-01; GE Healthcare.
Piscataway, NJ) and anti-2a mouse monoclonal antibodies 13E2G6 and O5H5B2 (each at a
1:100 dilution) overnight at 4°C. Beads were pelleted and washed with RIPA buffer before
boiling in 1x SDS gel loading buffer. Equal volumes of immunoprecipitates were separated on 4-
15% Criterion™ TGX™ precast polyacrylamide gels (Bio-Rad, Hercules, CA). Proteins were
transferred to PVDF membrane, which were blocked for 1 hr with non-fat dry milk (5% in TBS
containing 0.1% Tween 20) prior to antibody incubation. Expression of target proteins was
detected by incubating membranes with the following antibodies and dilutions: mouse anti-BMV
2a™ O5H5B2 at 1:3,000, mouse anti-phosphothreonine (13-9200; Life Technologies, Grand
Island, NY) at 1:500 using HRP-conjugated secondary antibodies (Thermo Scientific, Rockford,
IL) and Supersignal West Femto substrate (Thermo Scientific, Rockford, IL).

Chemiluminescence was detected with a Bio-Rad ChemiDoc™ XRS (Bio-Rad, Hercules, CA).

4.4.4 ProQ-Diamond and SYPRO Ruby gel staining

Yeast cells were grown to an ODgg of 0.4-1.0 and 5 ODggo units of cells were harvested.
Cells were lysed in RIPA buffer (1% NP-40, 0.1% SDS, 50 mM Tris pH 8.0, 150 mM NaCl, 0.5%
Sodium deoxycholate, 5 mM EDTA, 10 mM NaF, 10 mM NaPPi, 2 mM phenylmethylsulfonyl,
5mM benzamidine, and 10 ug/ml each of chymostatin, pepstatin A, leupeptin, bestatin)
containing 3x HALT™ Phosphatase Inhibitor Cocktail (78420; Thermo Scientific, Waltham MA)
using glass beads and a bead beater and the supernatant was collected after centrifugation.
Yeast lysates were mixed with Protein A Sepharose beads (17-0780-01; GE Healthcare.
Piscataway, NJ) and anti-2a”® mouse monoclonal antibodies 13E2G6 and O5H5B2 (each at a
1:100 dilution) overnight at 4°C. Beads were pelleted and washed with RIPA buffer before

boiling in 1x SDS gel loading buffer. Equal volumes of immunoprecipitates were separated on 4-
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15% Criterion™ TGX™ precast polyacrylamide gels (Bio-Rad, Hercules, CA). Pro-Q® Diamond

phosphoprotein gel stain (P-33300; Life Technologies, Grand Island, NY) and SYPRO® Ruby
total protein gel stain (S-12000; Life Technologies, Grand Island, NY) were used according to
manufacturer’s instructions. Briefly, following SDS-PAGE, gels were fixed with 50% methanol
and 10% acetic acid (v/v) for 1 hour. The residual methanol and acetic acid was removed by
washing with 50 ml ultra pure water for 10 min with gentle agitation. After repeating the wash a
total of three times, gels were incubated with 50 ml of Pro-Q® Diamond phophoprotein gel stain
for 1 hr in the dark, with gentle agitation. To reduce background and non-specific staining, the
gel was incubated with destaining solution [20% acetonitrile (v/v), 50 mM NaOAc] for 30 min
and this step was repeated two additional times for a total destaining time of 90 min. Destained
gels were washed with 50 ml ultra pure water for 5 min and this step was repeated once for a
total of two washes. Fluorescent phosphospecific staining was detected on a Bio-Rad FX
scanner using the following scan settings: 532 nm excitation, 555 nm longpass, 532 band
length. Immediately after scanning, the gel was incubated in 60 ml SYPRO® Ruby total protein
gel stain overnight and washed for 30 min with 10% methanol and 7% acetic acid (v/v). Total
protein fluorescence was imaged on Bio-Rad FX scanner using the following scan settings: 532

nm excitation, 555 nm longpass, 1064 band length).

4.4.5 RNA extraction and analysis

Total RNA was isolated from yeast cells using acidic hot phenol and ethanol precipitation
as described elsewhere (125). Northern blotting was performed as previously described (131)
except that 2 uyg of RNA total per sample was separated in 1% (wt/vol) agarose-MOPS
(morpholinepropanesulfonic acid)-formaldehyde gels. BMV RNAs were detected using 2p_
labeled probes specific for positive- or negative-strand BMV RNA3 and RNA4 as previously
described (124). The 18S rRNA probe was derived from pTRI RNA 18S templates (Ambion,

Austin, TX). Probes were synthesized using an Epicenter Riboscribe probe synthesis kit
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(Madison, WI) with the appropriate enzyme, i.e., T7 or or SP6 polymerase. Northern blots were

imaged on a Typhoon 9200 instrument (Amersham Biosciences, Piscataway, NJ) and band

intensities were analyzed with ImageQuant software (Molecular Dynamics, Piscataway, NJ).
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

Among the six different virus classes, positive-strand RNA viruses encompass over one
third of all virus genera and include important human pathogens such as the SARS coronavirus,
West Nile virus and hepatitis C virus, which chronically infects an estimated 130-170 million
people worldwide (http://www.who.int/en/). Despite the significance of this virus class and its
impact on human health, few vaccine treatments exist and alternative antiviral treatments are
limited. To understand how positive-strand RNA viruses cause disease, it is critical to identify
the host factors and pathways exploited in virus replication and characterize the nature of their
contributions and interactions with virus-encoded replication factors. Previously, our laboratory
screened a single-gene deletion library of non-essential yeast genes and identified ~100 genes
whose loss affected RNA replication of a positive-strand RNA virus, brome mosaic virus (BMV)
(119). However, classical yeast genetics and other approaches have demonstrated that genes
essential for cell growth also modulate BMV (123, 124, 162, 213). To this end, the work in this
thesis focused on identifying additional essential host genes required for BMV RNA replication,
combining our results with previous analyses of host genes important for BMV (119) to reveal
cellular pathways that modulate virus infection and characterizing these critical cellular
components to understand their mechanistic contributions to viral RNA synthesis.

In Chapter 2 we employed a systematic, genome-wide approach to identify 24 novel,
essential host genes from diverse cellular pathways that alter BMV RNA replication (68). In
Chapter 3 we used microscopy combined with genetic and biochemical approaches to reveal
that the highly conserved ubiquitin-proteasome system contributes to BMV RNA replication in

multiple, mechanistically distinct ways (manuscript in preparation) and validated the necessity of
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the UPS in natural plant hosts. In Chapter 4 we used biochemical and genetic approaches to

provide the first evidence that BMV 2a™

is a phosphoprotein and map a critical phosphosite in
the viral polymerase. Additionally, through sequence analysis and software predictions, we
identified a novel host gene required for BMV RNA replication, cyclin dependent kinase Pho85.
Lastly, in Appendix A, through collaboration with Deborah Chasman and Mark Craven, we
utilized bioinformatics to reveal the broader interaction networks for host genes utilized by BMV.

The work presented here provides a strong foundation for future experiments, which are

explored below.

5.1. REFINE THE MECHANISTIC CONTRIBUTIONS OF THE UPS TO

BMV RNA REPLICATION

Our results in Chapter 2 combined with results from a previous study revealed that ~10%
of the 123 genes that altered BMV RNA replication are members of the ubiquitin-proteasome
system (UPS) (Tables 3.1 and 3.2) (68, 119). These UPS genes, whose loss inhibited BMV
RNA replication ~6- to 100-fold, are components of the 20S core (PRE1, PRE9), 19S regulatory
particle (SEM1, RPT6) and accessory proteins (UBR1, UBP6, UMP1, UFD4, UFD5). In Chapter
3, we performed a detailed analysis to dissect the mechanistic role(s) of the UPS genes
implicated in BMV RNA replication. UPS-dependent activation of lipid synthesis is required for
BMV RNA replication (123, 124, 226), but lipid feeding only restored BMV replication defects in
mutant PRE1, revealing that the remaining mutants contribute to BMV RNA replication through
lipid-independent, UPS-dependent mechanisms. In UPS mutants UBP6, UBR1, PRE9, UFD4,
and UFD5, BMV RNA replication defects were complemented by exogenous expression of
ubiquitin, demonstrating that processes highly sensitive to ubiquitin concentration are important

for BMV RNA replication. For SEM1 and UMP1, BMV RNA replication defects were not



119
complemented by lipids or ubiquitin, showing that these genes contribute to RNA replication in

ways different from the prior two classes. Collectively, our studies revealed that the UPS
contributes to viral RNA replication in at least three mechanistically distinct ways: (i) UPS-
dependent activation of lipid synthesis genes; (ii) UPS-dependent processes complementable
by ubiquitin; and (iii) UPS-dependent processes not complementable by lipids or ubiquitin
(Table 3.3). Although our data provide mechanistic insights into the roles of the UPS in BMV

RNA replication, additional studies are required to further refine these contributions.

5.1.1 UPS-2a™ interactions

An initial step of RNA replication is the 1a-dependent localization of 2a™ to perinuclear
ER membranes, which are sites of RNA replication complex formation and subsequent viral
RNA synthesis (123, 189, 190, 196). Disruption of multiple UPS genes dramatically affected the
accumulation and/or localization of 2a”, but had only minimal effects on the 1a protein. Thus, it
is important to evaluate if the UPS components analyzed in this work modulate BMV RNA
replication through direct interactions with the viral polymerase. Co-immunoprecipitation

experiments and/or mass spectrometry would be useful approaches in assessing interactions

Pol Pol

between UPS gene products and 2a™. These techniques can also be used to determine if 2a

is ubiquitinated, a post-translational modification that can dictate the activity and/or localization

Pol

of client proteins and thus may regulate 2a" localization. To determine if 2a™ colocalizes with

UPS components, UPS proteins could be tagged (e.g. GFP, FLAG, etc.), co-expressed with
2a™ and analyzed by confocal laser microscopy. Additionally, co-immunoprecipitation

Pol

experiments would also reveal if 1a-2a"™ interactions, which are necessary for ER localization of

2a"™ are disrupted in UPS mutants.
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5.1.2. UPS effects on RNA3 stabilization

In wt cells, expressing 1a increases the half-life of BMV genomic RNA3 from ~5 min
without 1a to > 3hr in the presence of 1a (91) and stimulates an 8- to 30-fold increase in RNA3
accumulation, depending on the level of 1a expression (196). This 1a-dependent increase in
RNA3 accumulation in vivo is associated with 1a-mediated transfer of RNA3 to a membrane-
associated state, which represents its localization to spherular RNA replication complexes
formed on the perinuclear ER membrane (196). A striking observation in some UPS mutants
was the stabilization of RNA3 in the absence of 1a. It is possible that 20S proteasome RNAase
activity, which has specificity for viral RNAs (94, 178), may be disrupted, a model that seems
most likely for mutant PRE9, which is a component of the 20S core proteasome. To evaluate
this possibility, RNA3 decay assays can be performed. Assaying the stability of cellular mMRNAs
(e.g. actin, GAPDH, globin, etc.) will be critical controls for demonstrating that the 1a-
independent RNAS3 stabilization observed is virus-specific. Disrupting the UPS may also cause
mislocalization of RNA3 in the absence of 1a. Cell fractionation assays would be useful to
definitively determine the subcellular localization of the 1a-independently stabilized RNAS3 in

UPS mutants UBR1, PRE9, UFD4 and UFD5 compared to that in wt cells.

5.2. PHOSPHORYLATION AND BMV RNA REPLICATION

Viral RNA-dependent RNA polymerases, in concert with other viral and host factors,
perform multiple roles in RNA replication including localizing to the sites of RNA replication,
assembling the replication complex and initiating and maintaining RNA synthesis. Since
phosphorylation of target proteins functions as a molecular switch to induce rapid changes in
protein function, localization and/or stability (24, 107, 179, 216) we investigated if BMV RNA

Pol

replication might be modulated through 2a™ phosphorylation. Indeed, in Chapter 4 we showed

that BMV 2a" is phosphorylated in vivo when expressed independently of 1a and RNA3,
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suggesting that RNA replication may require a specific form of the viral polymerase.

Additionally, we revealed that cyclin-dependent kinase Pho85 and its cyclin partner Pho80 are
required for BMV RNA replication. Our results show that phosphorylation is critical for BMV and
provide a foundation for future experiments to assess its functional importance during viral RNA

replication, which are discussed below.

5.2.1 Map additional 2a”*' phosphorylation sites

Although we demonstrated that T168 is a critical phosphosite in the RNA-dependent

RNA polymerase, prediction software identified 19 putative phosphosites in 2a™

independent of
T168, indicating additional phosphosites likely exist. Mass spectrometry (MS) has been
extensively used to analyze the post-translation modifications of proteins (100, 144, 150, 179,
242) and is the most rigorous method that can be used to identify additional putative

Pol

phosphosites in 2a™. In collaboration with Robert Pugh, a post-doc in our laboratory with

extensive protein purification experience, 2a™

will be expressed, purified and analyzed by mass
spectrometry. Careful consideration must be given to the type of mass spectrometry used since
post-translational modifications such as phosphorylation are labile and preferentially lost during
peptide backbone fragmentation. Mass spectrometry methods incorporating electron-transfer
dissociation (ETD) or electron-capture dissociation (ECD), techniques that preserve labile post-
translational modifications, are well-established approaches for analyzing phosphoproteins
(144, 242). Once phosphorylated residues are identified, mutants containing single alanine or

aspartic acid substitutions of phosphosite residues can be analyzed in the context of BMV RNA

replication to identify residues important for modulating viral RNA synthesis.

5.2.2 Determine if Pho85 kinase activity is required for BMV RNA replication

Loss-of-function experiments showed that cyclin-dependent kinase and its cyclin partner

Pho80 are required for BMV RNA replication. Analysis of the amino acids surrounding 2a™
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residue T168, a phosphosite required for RNA replication, revealed sequence similarity to the

consensus motif of Pho85, implying that the Pho80-Pho85 kinase directly acts on BMV
components. To determine if the Pho80-Pho85 kinase activity is required for RNA replication,
BMV RNA replication can be analyzed in pho85A cells co-expressing 1a, 2a”™, RNA3 and a
Pho85 kinase inactive mutant (pPho85') or wt Pho85 (pPho85""). If Pho85 kinase activity is
required for BMV RNA replication, pho85A cells expressing BMV components and pPh085KI will
exhibit inhibited BMV RNA replication compared to pho85A cells expressing BMV components

and pPho85"", as we showed pPho85""

was able to complement the BMV RNA replication
defect observed in pho85A cells. Wt cells expressing 1a, 2a”, RNA3 and pPho85¢ or
pPho85"T can be analyzed as a control. Since endogenous Pho85 is present in wt cells, RNA

replication accumulation should not be affected by the presence of Pho85"" (demonstrated in

Chapter 4) or pPho85".

5.2.3 Determine if Pho85 phosphorylates 2a"* T168

Although our genetic studies demonstrated that T168 is a critical residue for BMV RNA
replication, we currently lack direct proof that T168 is phosphorylated or that Pho80-Pho85 is
the kinase that phosphorylates this site. We can determine if Pho85 phosphorylates T168 using
gain-of-function experiments. For this approach, GFP- 22" " and GFP-2a" "% fusions would

be generated and the phosphorylation state of 2a™

in wt and pho85A cells expressing these
constructs would be analyzed by immunoprecipitation and subsequent immunoblotting with anti-
phosphothreonine or by phosphoprotein specific gel staining. If Pho85 is the kinase required for
phosphorylation of T168, a decrease in phosphothreonine signal should be observed in lysates
from pho85A cells expressing GFP-2a" ™% GFP, which is not phosphorylated, serves as a
negative control for these experiments. A caveat to this approach is that additional threonine

Pol

phosphosites in 2a™ may preclude a detectable reduction in the phosphorylation signal from

the phosphothreonine antibody and/or the phosphospecific stain. In this case, the same
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POl WT' or 2370 T168A {6 minimize

experiment could be performed using N-terminal fragments of 2a
interfering signals from other phosphothreonine residues. Alternatively, purified full-length

2a"°/2aP? 88 or 2537022 T84 fragments can be tested for in vitro phosphorylation by Pho85.

5.2.4 Determine RNA replication steps modulated by Pho85

An initial step of RNA replication is the localization of replication proteins 1a and 2a"™ to
perinuclear ER membranes, which are sites of RNA replication complex formation and
subsequent viral RNA synthesis (123, 189, 190, 196). 1a-dependent ER localization of 2a™
requires N-proximal 1a-interacting sequences within the first 120 amino acids of the viral
polymerase (36). Northern blotting revealed that positive-strand and negative-strand RNA
synthesis were substantially inhibited in cells expressing 2a™ T'°** however we do not know if

earlier replication steps are affected by this mutation. Given the close proximity of T168 to these

Pol

critical 1a-2a™™ binding domains, an attractive model is that phosphorylation at this residue acts

Pol

as a temporal switch to modulate 1a-2a" interaction and subsequent recruitment of 2a™ to

membrane-associated replication compartments, a scenario that is consistent with the role of

phosphorylation in regulating the subcellular localization of proteins (24). To test this, 22" " or

2a™ %A can be fused to a polypeptide protein tag (e.g. FLAG, HIS, etc) and co-

Pol WT Pol T168A

immunoprecipitations of lysates from yeast co-expressing 1a and 2a or 2a can be

performed to analyze 1a-2a interactions. If phosphorylation of T168 is important for 1a-2a™

interaction, a loss of this interaction would be observed in cells co-expressing 1a and 2a™ T'%%,

Pol WT Pol T168A

To complement these studies, yeast cells co-expressing 1a and 2a or 2a can be

Pol T168A mUtant,

analyzed by confocal microscopy and, if 2a" localization is disrupted in the 2a
cellular fractionation assays can be used to determine the altered subcellular localization of the

viral polymerase.
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5.2.5 Validate phosphorylation of 2a™ in natural plant hosts

The ability of BMV to duplicate nearly all major replication features of its natural plant
hosts in yeast, combined with yeast genetics, has advanced our understanding of BMV
replication and virus-host interactions (3, 7, 119). However, an important and appropriate
question is whether our results extend to natural plant hosts. A simple way to test the

Pol

phosphorylation state of 2a™ in plants would be to transfect barley protoplasts with infectious in

vitro transcripts containing complete copies of wt RNA1, RNA2 and RNA3 or RNA2 only,

Pol antibodies and immunoblot with anti-

immunoprecipitate 2a™ from cell lysates using anti-2a
2a" and anti-phosphothreonine antibodies. Alternatively, or in parallel, imnmunoprecipitates can

be analyzed with Pro-Q Diamond phosphospecific stain.

5.3. FINAL CONCLUSIONS

Collectively, the work in this thesis significantly advances our understanding of host
genes and pathways utilized by BMV to achieve efficient genome replication. This study defined
three mechanistically distinct roles for the ubiquitin-proteasome system in BMV RNA replication
and future studies will likely reveal multiple, additional functions of this highly conserved cellular
pathway that are important for BMV. Additionally, we provided the first evidence that

Pol

phosphorylation of BMV 2a™ is required for RNA replication and further studies will define the
replication steps modulated by phosphorylation. The conserved features of positive-strand RNA
virus polymerases (9, 74, 115) combined with the necessity to regulate polymerase expression
during the multiple, coordinated steps of RNA replication suggests phosphorylation of RdRps
may be a common mechanism employed by RNA viruses. Additional studies are required to
determine if this is indeed the case. Continuing to dissect the role of these important regulatory

pathways will undoubtedly aid our understanding of basic virus biology and virus-host

interactions. Moreover, coupling our experimental data with the bioinformatic approaches
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developed through collaborative efforts will allow us to visualize unassayed host genes in the

context of their interaction networks, potentially revealing links to genes already known to be
important for BMV. Our approaches and insights appear relevant to other positive-strand RNA
viruses and could also be used for extending such studies to other virus groups, thus potentially

identifying common cellular targets for the development of broad-spectrum antivirals.
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Abstract

Motivation: Systematic, genome-wide loss-of-function experiments can be used to identify host
factors that directly or indirectly facilitate or inhibit the replication of a virus in a host cell. We
present an approach that uses an integer linear program to infer the pathways through which
those host factors modulate viral replication. The input is a set of viral phenotypes observed in
single-host-gene mutants and a background network consisting of a variety of host intracellular
interactions. The output is an ensemble of subnetworks that provides a consistent explanation
for the measured phenotypes, predicts which unassayed host factors modulate the virus, and

predicts which host factors are the most direct interfaces with the virus.

Results: We analyze data from experiments screening the yeast genome for genes modulating
the replication of two RNA viruses. We conduct a cross-validation experiment in which we predict
whether held-aside test genes have an effect on viral replication. Our approach is able to make
these predictions with accuracy greater than or equal to than several baseline methods that do
not predict mechanistic pathways. Additionally, we use our approach to predict which unassayed
host genes are likely to be involved in viral replication. Multiple predictions are supported by

recent independent experimental data.
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A.1 INTRODUCTION

A virus requires host cellular machinery to complete its life cycle. Understanding the interac-
tions that occur between viruses and their hosts can contribute to the development of preventa-
tive and therapeutic methods to control their effects on human health. To this end, several recent
studies have performed genome-wide loss-of-function experiments to identify host factors that
modulate the virus life cycle in a host cell. These studies have used either yeast mutant libraries
(12, 24, 36, 37) or RNA interference (4, 6, 15, 22, 23) to systematically suppress the production
of host gene products. For each host gene that is manipulated, the effect on the virus is assessed
by measuring the replicative yield of viral genetic material or viral proteins relative to a control.
Typically, these genome-wide screens identify a large number of host genes, which we refer to
as hits, whose loss has a significant effect on the virus. However, the screens themselves do
not reveal how these hits are organized into the pathways that modulate the virus, nor do they
indicate which host genes directly interface with a viral component, and which indirectly affect the
virus. We consider the computational task of inferring subnetworks that hypothesize the path-
ways through which each hit modulates viral replication. The value of these inferred subnetworks
is that they can be used to (i) predict which unassayed genes may be involved in viral replication,
(ii) interpret the role of each hit in modulating the virus, and (iii) guide further experimentation that
is aimed at uncovering and validating the mechanisms of host-virus interaction.

We present an approach that uses an integer linear program to infer the pathways that are
involved in the life cycle of a virus in a host cell. Given phenotypes measured in a genome-wide
loss-of-function assay, and a background network characterizing known interactions among host
cellular components, our approach infers subnetworks of these interactions that provide consis-

tent explanations for the measured phenotypes. Inferring such subnetworks entails predicting
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which components of the network are the most direct interfaces to the virus, and determining

at least one directed, consistent path from every hit to the virus. We evaluate our approach
by conducting a cross-validation experiment in which we predict whether held-aside test genes
are hits or not. Our computational experiments demonstrate that our approach is able to make
these predictions with accuracy that is comparable to leading baseline methods that do not pre-
dict mechanistic pathways. Additionally, we use our approach to predict which unassayed genes
are likely to be modulators of viral replication, and we discuss independent biological evidence
supporting a selection of these predictions.

Figure A.1 provides an overview of our computational approach, with A.1(A) illustrating what
is provided as input to the approach using a graph representation. Nodes in the graph represent
genes, protein complexes and small molecules, and the color of a gene node specifies the ob-
served phenotype when production of the gene’s product is suppressed. The connecting edges in
the graph provide a simplified representation of known interactions among genes, complexes and
small molecules. Figure A.1(B) shows the various phenotype labels, and the types of interactions
we employ and how they are distilled into a simplified representation in which each interaction is
represented by an edge indicating the direction and sign (activating or inhibiting) of the interac-
tion, when these properties are known. Figure A.1(C) shows the result of the inference process,
which is a subnetwork that explains the phenotype of each hit. In the subnetwork shown, genes
K and small molecule M are predicted to be interfaces to the virus, as indicated by the directed
edges to the virus node. Some of the edges and nodes, shown in gray, are deemed to be not
relevant to viral replication, and hence not useful for explaining the measured phenotypes. The
other edges, which are considered part of the inferred subnetwork, are assigned directions and
signs in cases where these properties are not specified by the background network. The signs

and directions for the relevant edges are set such that there is at least one consistent pathway



(A) Network before inference

150

(B) Network elements

Measured phenotypes
oo T
Predicted phenotypes

predicted down predicted up

Biological interactions

0
0

:pruiein—proiein 'protein-protein, directed

protein-DNA, unsigned | protein-DNA, activating  |protein-DNA, repressing
@ metabolic reaction @ @ metabolic reaction @

Simplified edge representation

1
lactivating Jinhibiting lunsigned :undirected

Figure A.1: (A) The inputs to our subnetwork inference approach: phenotypes measured in a
loss-of-function assay, and a background network characterizing known interactions. (B) The
network elements represented in panels A, C, and other figures. (C) An inferred subnetwork for
the given inputs. The subnetwork includes a directed, consistent path linking each hit (gene with
an up or down phenotype) to the virus. Edges shown in gray are not included in the subnetwork.
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linking each hit to the virus. For example, gene E has a weak-up phenotype and modulates the

virus by inhibiting H which catalyzes a reaction producing the interface molecule M. Additionally,
the subnetwork predicts that several genes and small molecules (G, L, and M) whose phenotypes
were unobserved are actually key host factors involved in viral replication.

Our work is related to methods that address several different categories of problems: finding
mechanistic explanations for source-target pairs, subnetwork extraction, candidate gene discov-
ery, and gene set enrichment.

One closely related task is to infer the physical interactions that mediate the observed direct
or indirect relationships between a source gene and a target gene. The input to these methods
is a set of source-target pairs and a background network consisting of unsigned protein-protein
and/or protein-DNA interactions. The output is a subnetwork that provides a connection between
each source and target. Most closely related to our work are the approaches that globally infer
a subnetwork to account for all given pairs. The Markov network-based Physical Network Model
(46) and the integer programming-based SPINE (32) both infer subnetworks in which each source
must be connected to its targets by one or more acyclic pathways, and in which the sign of
each edge is also inferred. The Physical Network Model also infers directions for edges. Other
methods (13, 27, 39) infer edge directions, but not edge signs or node phenotypes. Yosef et al.
(47) infer rooted trees that connect a set of sources with a set of targets. Additionally, some
methods account for source-target pairs separately, rather than in a global inferred subnetwork
(38, 42). Others employ genetic interactions or correlation of mRNA expression in addition to
protein-protein interactions to infer indirect or direct relationships between genes (31, 44). Our
work has similarities to these approaches, particularly the integer program approaches, but differs
in some key respects. In our setting, the common target of all hits — the virus — is external

to the background network, and the host factors that interact with it directly must be predicted.
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Additionally, our background network encompasses a greater variety of biological interactions

than the background networks used by these approaches. Unlike the methods that use mRNA
expression profiles as the basis for determining direct or indirect relationships between genes,
ours uses phenotypes derived from a genome-wide mutant assay.

Other methods apply graph kernels or flow algorithms to an interaction network to predict and
prioritize additional hit genes (5, 29, 43). Notably, Murali et al. (29) predict which genes modulate
HIV replication in human cell lines. Like these methods, our approach uses a gene ranking
method to prioritize genes for inclusion in the inferred subnetwork. However, these methods
themselves do not infer consistent, directed pathways, nor do they predict which host factors
directly interact with the virus.

Other work has considered the task of extracting specific types of connecting structures from
a background network when a biologically-motivated node- and/or edge-weighting function is
available. The structures include rooted trees (34), Steiner trees (8, 35), random walks and short
paths (10), parallel pathways (25), dense highly-connected subnetworks (3), and subnetworks
that cover pairs of genes (48). Unlike our method, these approaches do not distinguish (or infer)
phenotype signs and edge signs, nor do they apply global constraints to the extracted subnet-
work, such as a small number of interfaces.

More distantly related to our work, gene set enrichment techniques are widely used to interpret
hit sets identified by high-throughput experiments. These methods identify which pre-defined
biological components and processes, such as Gene Ontology annotations or KEGG pathways
(2,21), are represented in a set of genes (17). In contrast, our method does not rely on predefined

gene sets when predicting which interactions are relevant to host-virus interactions.
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A.2 DATA

The input to our approach consists of a set of viral phenotypes observed in a loss-of-function

experiment and a background network of intracellular interactions.

A.2.1 Experimental observations

We analyze data from experiments screening the yeast genome for genes modulating the
replication of Brome Mosaic Virus (BMV) (12, 24) and Flock House Virus (FHV) (L.H. and PA,,
unpublished). The experiments measure the replication of the virus in a yeast host when the ex-
pression of one gene is partially or completely depleted. Yeast mutant strains allow the majority
of cell genes (of about 5,800 total genes in yeast) to be screened in parallel. For nonessential
genes, the experiment was performed using the yeast deletion library (45). Essential genes were
screened using a collection of yeast strains, each with a single essential gene promoter replaced
by a doxycycline-repressible promoter, allowing repression of gene expression by adding doxy-
cycline to the growth medium (28). The BMV and FHV data sets include at least two replicate
assays for each mutant strain.

Each mutant strain was grown and transformed with two plasmids expressing viral compo-
nents. The plasmid expressing viral RNA also contained a luciferase reporter gene, allowing the
accumulation of viral RNA to be measured by the intensity of the light produced from luciferase
gene expression. The output of the assay is the fold-change in accumulation of viral RNA between
each mutant strain and the control. Let m be the virus expression level in the mutant strain, and
c be the expression level in the control strain. Fold-change is computed as — if m < ¢, or = if
m > c.

We derive a discrete label for each assayed gene based on the sign, magnitude, and repro-
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ducibility of the fold-change across replicate assays. If a mutant reproducibly yields a decrease in

viral replication, the interpretation is that the missing gene product directly or indirectly facilitates
virus replication. We label such mutants with a down or weak-down phenotype, depending on
the magnitude of the fold-change. Conversely, the interpretation for a mutant that reproducibly
results in an increase in viral replication is that, when expressed, the missing gene product di-
rectly or indirectly inhibits the replication of the virus. We label such mutants up or weak-up.
The mutants with high-magnitude phenotypes, down and up, are considered hits. The thresh-
old used to divide the hit and weak phenotypes was determined separately for each screen. If
the sign of the fold-change is different across replicates, the gene is labelled no-effect. Finally,
genes that were either not screened, or for which the yeast colony did not grow, are labelled
unobserved. Table A.1 presents the distribution of phenotypes considered here for the BMV and
FHV assays. While additional genes were assayed in the experiments, we limit our analysis to

only those genes that are connected to some other host factor in the background network.

A.2.2 Background network

The interactions in the subnetworks inferred by our method are drawn from a background net-
work that we have assembled from various publicly available data sets. The network consists of
5,709 entities and 13,633 interactions. The entities represent gene products, protein complexes,
and small molecules. The interactions describe protein-protein and protein-DNA interactions,
post-translational modifications of proteins, protein complex membership, transcriptional regula-
tory interactions, and metabolic reactions. High-confidence interactions were selected from each
database using stringent filters; for example, protein-protein interactions were selected only if
the interaction was observed by at least two different experimental methods. The details of the

intracellular interaction network are described in Tables A.2 and A.3.
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We represent the biological network as a graph in which the host factors are represented as

nodes, and the interactions between the host factors are represented as edges. Since we are
focused on inferring the direction and consistency of pathways, we do not need to represent all
of the distinctions among the various types of interactions. Instead, we use a simple, general
representation for all of the interactions. In this representation, each edge may have a direction
and/or a sign. The direction determines which interactor is the source, and which is the target. For
example, for a protein-DNA interaction, a transcription factor is the source, and the regulated gene
is the target. The sign describes the effect, positive or negative, of the source on the synthesis,
stability, or specific activity of the target. Edges with a positive sign are called activating, whereas
edges with a negative sign are called inhibiting. For example, we represent the involvement of a
protein in a complex as a directed, activating edge because the gene product (source) positively
contributes to the activity of the complex (target). Not all edges in the background network have
signs or directions: protein-protein interactions, for example, are undirected and unsigned.

While most of the edges represent binary interactions, the metabolic reactions are ternary in-
teractions. In our representation, metabolic reactions are hyper-edges consisting of two possible
sources (the input to the reaction, the enzyme that catalyzes the reaction) and one target (the out-
put of the reaction). We consider the metabolic reactions to be activating, under the assumption

that the enzyme and input are both required to produce the output.

A.3 METHODS

We have developed an integer-programming-based approach to infer a subnetwork of inter-
actions that are relevant to virus replication in a host cell. The approach infers subnetworks that

have the following properties:

e The subnetwork includes as many nodes as possible, subject to the following constraints.



Table A.1: Distribution of phenotypes for suppressed host genes.

Phenotype BMV FHV
up (hit) 48 49
weak-up 622 801
weak-down 1,072 652
down (hit) 55 7
no-effect 1,070 977

Table A.2: Node entities in the background network.

Node type Count
Yeast ORFs 4,143
Small molecules 1,018
Protein complexes 504
Small RNAs 34
Mitochondrial ORFs 10

Table A.3: Interactions in the background network.

Interaction Source Sign. Dir. Count
Protein-protein (41) N N 4,168
Post-translational  (41) N Y 478
modifications

Protein-DNA (26) N Y 4,097
Protein-DNA (14) Y Y 924
Protein-DNA 9) Y Y 389
Protein-complex (16,33) Y Y 1,920
Ternary metabolic (16) Y Y 1,088
reactions

Orphan metabolic  (16) Y Y 569

reactions
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(A) Step 1: Determine candidate interfaces

(B) Step 2: Determine candidate pathways

path 1 path2 path3 path4 path5 path6 path7 path8 path9

piiigid

(C) Step 3: Infer an ensemble of conS|stent subnetworks

Figure A.2: The steps of our subnetwork inference approach. Each edge is shown with a numeric
identifier for cross-reference.

¢ All hits are accounted for by at least one pathway to an interface.

¢ A small number of interfaces are predicted.

e The sign of each edge in the subnetwork is consistent with the phenotypes of the interacting

host factors.
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A.3.1 Overview of approach

In this section we present a high-level overview of the three steps of our approach. Figure A.2
illustrates each step applied to a small example network.

Step 1: Determine candidate interfaces. One aspect of the inference procedure is to predict
which host factors most directly interact with a viral component. We refer to these as interfaces.
To represent the possibility of any host component interacting with a viral component, we add a
special “virus" node to the background network, and add a directed edge from each node in the
background network, except those with a no-effect phenotype, to the virus node. We refer to the
edges to the virus node as external edges, and edges between host factors as internal edges.
Figure A.2(A) depicts the addition of the external edges to the five-node background network
shown. Naturally, the set of external edges could be constrained if additional knowledge were
available (e.g., experimental evidence for specific interactions between host and viral proteins).

Step 2: Determine candidate pathways. An inferred subnetwork must account for each hit
by either predicting it to be an interface itself, or by providing a directed, acyclic pathway to a
predicted interface. We enumerate all possible pathways of a specified depth leading from each
hit to the virus node. Nodes with a no-effect phenotype are not included in candidate pathways.
Figure A.2(B) shows the candidate pathways for the given network.

Step 3: Infer an ensemble of consistent subnetworks. An inferred subnetwork comprises
a union of pathways that consistently account for the hits and predict which host factors are
interfaces. We refer to a selected pathway as a relevant pathway. Similarly, we refer to an edge
(node) in a relevant pathway as a relevant edge (node). If an external edge is predicted to be
relevant, the source node (which is a host factor) is predicted to be an interface.

We infer the phenotypes of all relevant nodes and the signs of all relevant edges in cases
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where they are not specified in the given data. (We do not infer these attributes for nodes and

edges that are deemed irrelevant.) For an edge to be considered relevant, its sign must be
consistent with the phenotypes of the interacting nodes. If a relevant edge has an activating
sign, then the interactors should have the same phenotype. If a relevant edge is inhibiting, the
signs of the phenotypes of the interactors should be opposite each other. We refer the network
in Figure A.2(A) to illustrate this notion of consistency. In the background network, notice that
both nodes A and B activate node C. If edge 2 is relevant, node C would have the phenotype up.
However, if edge 4 is relevant, node C would have the phenotype down. Since a relevant node
can have only one phenotype, we cannot predict that both edges 2 and 4 are relevant. Similarly,
we can use the idea of consistency to infer the sign of unsigned edges. If both edges 4 and 1
are relevant, and the inferred phenotype for node C is down, then we infer that edge 1’s sign is
inhibiting.

The inference process also assigns a direction to all relevant, undirected edges. In the inferred
subnetwork, each hit must be able to reach an interface by a directed pathway. Since a relevant
edge can only take one direction, paths 4 and 9 in the example cannot both be predicted to be
relevant because they require opposite directions for edge 1.

Inference is a matter of determining the optimal combinations of relevant pathways, node
phenotypes, and edge signs and directions. Figure A.2(C) shows two inferred subnetworks that
account for both hits A and B using one interface.

To infer subnetworks, we solve an integer program that encodes the properties listed as the
beginning of this section in terms of constraints and an objective function. The program is de-
scribed in detail in Section A.3.2. In our implementation, we use the GAMS modelling system
(11) to build the integer program, and solve it using the CPLEX MIP solver (20).

Many of the interactions in the background network are unsigned and undirected. Conse-
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quently the space of possible subnetworks that meet our requirements is very large. To represent

this space, we infer an ensemble of subnetworks, where each subnetwork accounts for all of the
hits. The CPLEX MIP solver uses a branch-and-cut approach to find a single optimal solution
to the IP. Additional solutions can be found by revisiting branches that were pruned during the
initial solution process. Each such solution represents a different subnetwork in the ensemble.
We assess confidence in the relevance of a pathway (edge) as the fraction of subnetworks in the
ensemble containing that pathway (edge). We measure confidence in the same way for inferred

phenotypes, edge signs, and edge directions.

A.3.2 Integer program

Subnetwork inference is performed by solving a mixed integer linear program (IP). The IP
consists of a set of linear constraints and an objective function, all of which are defined over a set
of integer variables that characterize possible subnetworks. The values of some of the variables
are determined by the input to the inference process (the phenotypes and background network),
whereas others are inferred by the IP.

First, we describe the variables and notation. The predicted relevance of a pathway is rep-
resented with the variable o, which takes the value 1 if the pathway is included in the inferred
subnetwork, and 0 if it is not. As many as four variables describe each edge. The predicted
relevance of an edge is represented with the variable x, which takes the value 1 if the edge is in
at least one relevant pathway. The sign of an edge is represented by two mutually exclusive vari-
ables a and h. If a = 1 (h = 1), the edge is predicted to be relevant, and inferred to be activating
(inhibiting). If an edge is not predicted to be relevant, + = a« = h = 0. For activating edges given
in the background network, h is fixed at 0; similarly, for inhibiting edges, a is fixed at 0. Each node

has two variables: y, representing whether or not the node is present in any relevant pathways,
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and v, representing its observed or inferred phenotype sign. For hits, we fix y = 1 to require that

they are present. For down and weak-down genes, we fix v = 0; for up and weak-up genes,
we fix v = 1. The variables are summarized in Table A.4. Figure A.3 shows the variables used to
characterize one specific example pathway.

The interaction network is represented as a graph of nodes N, edges &, and pathways P.
E(p) and N (p) refer to the edges and nodes in a particular pathway p, and N (e) refers to the
nodes in a particular edge. # C N is the set of hits. Each pathway p specifies a direction for
each of its undirected edges e, which is denoted as dir(p,e). The set of edges £ = (ZU X)),
where 7 is the set of internal edges, X’ is the set of external edges, andZNX = (. U C Z is the
set of undirected internal edges. M C 7 is the set of metabolic interaction edges. We denote an
edge between nodes n; and n; as (n;,n;).

We encode the properties described at the beginning of this section in terms of an objective

function and constraints in a integer program. Now we describe the details of this encoding.

As many nodes as possible are in the subnetwork. Because a hit may modulate the virus through
several pathways, we want to include consistent nodes and edges generously. We use a graph
kernel method to prioritize non-hit nodes for inclusion in the subnetwork. (All hits are already
required to be included.) Specifically, we assign scores to nodes using a regularized Laplacian
kernel (40). Intuitively, a node’s score is a function of its proximity to each hit. Let A be the
|V |x|NV| symmetric adjacency matrix, where A;; = 1 if there is any edge between nodes n; and
n; in the biological background network, and 0 otherwise. Let D be the diagonal degree matrix
derived from A, where D;; = ZLNI A;j. The normalized Laplacian L is then D~/2AD~1/2, and
the kernel K(\) = [I + AL]~!. Let q be a vector of length |\| where ¢; = 1if n; € H and 0
otherwise. For each node n;, the score score(n;) is calculated as Z‘j’v' K (\)ij g4, with higher

values indicating that the node’s neighborhood is denser in hits. The objective function of our
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Table A.4: Integer program variables.

Variable Interpretation Values
Pathways
o Relevant no=0, yes=1
Edges
T Relevant no=0, yes=1
a Relevant, activating no=0, yes=1
h Relevant, inhibiting  no=0, yes=1
d Direction back=0, forward=1
Nodes
y Relevant no=0, yes=1
v Phenotype down=0, up=1
Free Fixed
0—7
y,=1,v,=0
yC ’VC
: Xl ! al ! hl’ dl
y,=Lv,=1

a=0,d,=1

X h,
(e

Figure A.3: Variables for pathway 7 from Figure A.2. The values of some variables are fixed by
the data. The values of free variables are determined by the IP.
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integer program maximizes the combined score of the non-hit relevant nodes.

maw( Z score(n) yn>

EN-H
Our other subnetwork desiderata are represented as constraints that are used to select which

edges and pathways are deemed relevant.

A small number of interfaces are inferred. The true number of interfaces is unknown. As a
heuristic, we limit the number of interfaces in the inferred subnetwork to a specified integer . In

Section A.4, we discuss experiments that vary this parameter.

(;{ xe> <7y

Each hit is accounted for by the subnetwork. Each hit must participate in at least one relevant
edge.

Vn eH Z e | >1
eneN(e)

All edges in a relevant pathway are relevant. An edge must be in a relevant pathway to be

relevant. A relevant pathway must contain all relevant edges.

Vee & x.< Z op
pEP : e€&(p)

VpeP (Vee&(p) op <ze)

All nodes in a relevant edge are relevant. A node is relevant if it is connected to a relevant edge,
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and both nodes for a relevant edge must be relevant.

VneN y, < Z Te

ec€ : neN(e)

Vee & (YneN(e) z.<y)

All relevant edges must be either activating or inhibiting. We must infer a single sign for every

relevant edge.

Vee€e ae+he<1

Te = Qe + he

The sign of a relevant edge is consistent with the phenotypes of the participating nodes. The
following set of constraints guide the inference of phenotypes and edge signs for relevant nodes
and edges. If a relevant internal edge e = (n;, n;) is activating, the interacting nodes must have

the same phenotype.

Ve = (ni,n;) €L vy, +ae <1+ vy,

Un; +ae < 1+ vy,

If a relevant internal edge e = (n;,n;) is inhibiting, the interacting nodes must have opposite

phenotypes.

Ve = (ni,n;) €L he+ vy, + Un, <2

he < Up; + Un,
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In a relevant ternary edge, all three nodes have the same phenotype. For an edge e = (n;,n.,n,) €

M, n;, n, and n, represent the input, enzyme, output of the reaction.

Ve = (ni,nz,ne,) € M vy, +ae <1+ vy,
Uno+ae§1+vni
Up, + e <14 vy,

Uno+ae§1+vnz

In a relevant pathway, all edges are directed toward the interface. Relevant undirected edges
must be oriented toward the virus node at the end of the pathway. This direction is determined
in Step 2, and is given by dir(p,e). I(), the indicator function, returns 1 if the edge’s inferred

direction corresponds to the direction that the pathway requires for it.

VpeP (Vee &(p) op < I(de=dir(p,e)))

A.3.3 Heuristic Refinements

Here we present two additional heuristics that are based on other sources of background

knowledge.

Screening the candidate pathways. We use a heuristic to screen the initial pool of candidate
pathways. Hughes et al. (18) and Mnaimneh et al. (28) provide source-target pairs in which each
pair describes the direct or indirect effect of a single-gene mutant (the source) on the mRNA
expression of another yeast gene (the target). We posit that the directions of these pairs are
likely to be relevant to host-virus interactions. We use the following heuristic to filter the candidate

pathways before proceeding with inference: If two genes are a source-target pair, the source
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must be an ancestor of the target in any relevant pathway in which they both occur. Pathways

that use source-target pairs out of order are discarded.

Constraining the proportions of edge signs. In the BMV and FHV screens, the sign of a hit’s phe-
notype is highly correlated with the phenotype signs of its neighbors in the background network.
Therefore, we require that the proportion of activating internal edges in the inferred network is
close to a proportion estimated from data. Considering all pairs of hits that interact (under any
interaction) in the background network, we record the proportion of pairs with the same pheno-
type. For the BMV dataset, this is about 95%; for FHYV, it is 100%. The following constraint gives
a lower bound, o on the proportion of activating internal edges. By default, we set this a = 0.9 to

allow a small deviation from the proportion estimated from the data set.

e > « Le
> >

ecl ecT

A.4 RESULTS

Although it is not practicable to fully evaluate our inferred subnetworks, we can assess their
validity, in part, by determining how accurately they predict phenotypes that are not provided as

input to the inference process.

A.4.1 Cross-validated phenotype prediction

We first describe an experiment in which we assess the accuracy of our approach in pre-
dicting whether test genes with held-aside phenotypes are hits or not. We refer to this as the
hit-prediction task. Using a cross-validation methodology, we hold aside the measured pheno-

type for one gene at a time. The set of genes that are held-aside as test cases for the BMV
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Figure A.4: Precision-recall curves for the hit-prediction task (BMV top, FHV bottom). (A) Com-
parison of our IP approach to the baselines. (B) The effect of varying ~, the number of interfaces.
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dataset includes 103 hits (48 up and 55 down) and 1070 no-effect genes. The test set for the

FHV dataset comprises 56 hits (49 up and 7 down) and 977 no-effect genes.

When a given gene is held aside, it is treated as if its phenotype has the unobserved label
during the inference process. We use our integer programming approach to infer an ensemble
of subnetworks for each held-aside test case. An individual subnetwork may include the held-
aside gene and provide a predicted up or down phenotype for it, or it may exclude the gene.
We assess our confidence in whether the gene is a hit or not by determining the fraction of
subnetworks in which it is predicted to have an up or down phenotype. By varying a threshold
on these confidence values, we can plot a precision-recall curve characterizing the predictive
accuracy of our method. When a sequence of predictions has an equal confidence value, those
predictions are ordered according to the score determined by the kernel. Recall is defined as the
fraction of true hits in the test set that are predicted to be hits, and precision is defined as the
fraction of predicted hits that are truly hits.

For all experiments, candidate pathways are limited to a depth of 3 interactions, and 100
subnetworks are inferred for the ensemble. The default setting for «, the fraction of inferred
activating edges, is 0.9. We initially set ~, the maximum number of interfaces, to the minimum
feasible number that can be used to consistently explain all hits. We determine this number for
each data set by running a slightly modified version of our IP in which the objective is to minimize
the number of interfaces.

We compare the predictive performance of our approach to three baselines. In the first base-
line, the scores from the kernel method are used to produce a ranking of the hits and no-effect
genes, from which we generate a precision-recall curve. The second baseline is a statistical sig-
nificance test on the number of hits to which a query gene is directly connected in the background

network. We use the hypergeometric distribution to assign a p-value to each query node based
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on the likelihood of the node being randomly connected to as many or more hits, considering

the total number of hits in the background network, and the number of neighbors adjacent to the
query node. A third baseline is a naive nearest-neighbor approach. A prediction is made for
a held-aside gene based on the observed phenotypes, strong or weak, of its neighbors in the
background network. Each neighbor with an observed phenotype contributes one vote to the
prediction for the held-aside gene.

Precision-recall curves for the hit-prediction task are presented in Figure A.4(A). Also shown
is the level of precision that would be achieved by predicting that all held-aside genes are hits.
For both the BMV and the FHV datasets, the nearest neighbor and hypergeometric test base-
lines perform poorly in comparison to the kernel method and our method. These results indicates
that the local neighborhood of a gene is insufficient for prediction. Using the minimal number of
interfaces, our method is able to achieve slightly lower precision than the kernel method alone
for BMV, and higher precision for FHV. We note, however, that our method is not able to achieve
the same recall as the kernel method or nearest neighbor baseline. The recall of our approach
is limited by whether the held-aside gene is included in an inferred subnetwork or not. To some
extent, we can increase recall by allowing more interfaces in the subnetworks, and by enlarging
the number of subnetworks generated in the ensembles. Moreover, precision is the more impor-
tant consideration since high recall can always be achieved by combining the predictions of the
various approaches.

To assess the robustness of the method with respect to the number of interfaces allowed,
we vary v (the maximum number of interfaces) over four values that range from the minimum
feasible number to the number of hits present in the background network. Figure A.4(B) presents
precision-recall curves for this experiment. For BMV, the precision of the method increases with

the number of interfaces with this range, and recall increases slightly as more interfaces are
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allowed. For the FHV dataset, precision also increases slightly as ~ increases. Using more

generous numbers of interfaces for both datasets, our method’s precision also surpasses the
kernel method alone.

We also performed additional experiments measuring the predictive accuracy of our heuristic
refinements. Space limitations preclude us from showing the results. We tested our method
under three different values of the parameter «, the proportion of activating edges: 0.90, 0.80,
and 0.70. The results suggest that our approach is fairly insensitive to the value of this parameter.
We also empirically assessed the value of the candidate-pathway screening heuristic presented in
Section A.3.3. We found that using this heuristic provides a small increase in predictive accuracy.

As a secondary evaluation, we assess the accuracy of the methods in predicting the correct
sign of the phenotype (up, down) for held-aside hits. We refer to this as the sign-prediction
task. The methodology for this experiment is largely the same as for the previous one. We hold
aside a given hit’s phenotype, treating the gene as being unobserved, infer an ensemble of 100
subnetworks, and then predict the phenotype sign that is inferred by a plurality of subnetworks.
The confidence in a predicted sign is given by the fraction of subnetworks in which the gene is
predicted to take that sign. We compare the predictive accuracy of our approach to the neighbor
voting baselines considered in the previous experiment. We also tested variants of these voting
baselines in which neighbors vote using the notion of consistency described in Section A.3. That
is, neighbors connected to the held-aside gene by unsigned and activating edges vote with their
own phenotype, but neighbors connected by inhibiting edges vote with the phenotype of opposite
sign. These consistency-based baselines performed no better than the simple neighbor voting
methods, and thus we report the results only for the original baselines here.

We construct accuracy-coverage plots for our IP-based approach and both baselines. Ac-

curacy is measured as the fraction of phenotype signs correctly predicted, and coverage is the
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number of hits (with either up and down phenotype) for which predictions are made. The hits

are sorted by the algorithm’s confidence in the predicted phenotype, and accuracy is plotted as
coverage increases. The results of this experiment are presented in Figure A.5.

For both datasets, the kernel method baseline achieves the strongest accuracy over the entire
set of hits. Our IP approach achieves perfect accuracy for the early range of coverage, but loses
accuracy faster than the baselines, with the exception of the neighbor baseline on the BMV data.
We also evaluated our method’s sign prediction accuracy for different values of a. Accuracy

decreases with «, a result that supports our use of this heuristic to restrict edge signs.

A.4.2 Phenotype prediction for unobserved host factors

Key motives for our subnetwork-inference approach are to make predictions about which un-
observed host factors may be involved in viral replication, and to guide further experimentation
aimed at uncovering the mechanisms through which these factors modulate the virus. Toward
this end, we apply our inference method the host factors that were not assayed in the genome-
wide BMV screens (12, 24), and predict which of them are involved in modulating virus replication
(i.e. are hits). To do this, we collect an ensemble of 100 inferred subnetworks using all available
phenotype data. Out of 2,875 unobserved host factors in the background network, 117 are pre-
dicted to be relevant by all of the 100 inferred subnetworks in the ensemble. Here we discuss
independent evidence supporting a selection of these predictions.

In numerous cases, the predicted hits include members of known pathways or protein com-
plexes. In these cases, the inferred subnetworks correctly expanded the relevant complexes with
other known components or functional partners that were absent from the given hit sets for tech-
nical reasons, such as non-viability of the relevant mutant strain. One example is the inclusion in

the inferred subnetworks of LSM2, 3, 5 and 7, which are components of a protein complex that is
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represented in the given hits by LSM1, LSM6, PAT1 and DHH1, and is involved in BMV RNA repli-

cation and translation (7, 30). Another example is the inferred inclusion of additional members of
mediator, a protein complex involved in cellular mRNA synthesis that facilitates BMV replication
in the yeast cells used in the genomic assays (24), potentially by facilitating expression of BMV
RNA replication factors and templates from DNA plasmids, expression of critical host factors, or
both.

Even more important biological validation of our results emerged from additional experimental
studies. For example, one subnetwork component from our analysis, as shown in Figure A.6,
predicts the involvement of SNF7 and VPS4. SNF7 and VPS4 are genes in the ESCRT pathway,
which is involved in membrane bending and scission events in cell division, cell surface receptor
down-regulation and other processes (19). Recent studies initiated independently of the work
reported here have confirmed the predicted role of ESCRT pathway, and of SNF7 and VPS4 in
particular, in facilitating BMV RNA replication (A. Diaz, X. Wang and P. Ahlquist, manuscript in
preparation).

Similarly, our analysis predicted the involvement in BMV replication of multiple previously un-
implicated components of the cellular ubiquitin-proteasome system, such as the 20S proteasome
and components of the 19S regulator complex. Recent additional experiments, including inhibitor
studies and other approaches, have confirmed the involvement of the 20S proteasome, the 19S
regulator and other factors in this system in multiple aspects of BMV RNA replication (B.G. and
P.A., unpublished results). A further example is provided by the inferred involvement of XRN1, a
gene involved in RNA degradation. An independent study confirmed the strong impact of XRN1
on BMV replication by showing that a BMV mutant defective in modifying BMV RNAs by the
addition of a 5 m’G cap could not accumulate RNA in wild type yeast but did so in an XRN1

deletion strain (1).
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Figure A.5: Accuracy-coverage curves for the sign-prediction task (BMV on the left, FHV on the
right).

Figure A.6: A component from the inferred subnetwork ensemble showing the predicted involve-
ment of SNF7 and VPS4 in viral replication. For predictions made about edge relevance, sign,
and direction, confidence values < 1 are indicated. All other predictions were made by all 100
subnetworks in the ensemble.
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A.5 Discussion

We have presented an approach that aims to elucidate how viruses exploit their host cells. Our
approach uses known host intracellular interactions to infer subnetworks which provide consistent
explanations for phenotypes measured in genome-wide loss-of-function assays. The value of
these inferred subnetworks is that they can be used to (i) predict which unassayed genes may be
involved in viral replication, (ii) interpret the role of each hit in modulating the virus, and (iii) guide
further experimentation. Our empirical evaluation demonstrates that, using a gene-prioritization
method as a sub-component, our method is able to predict phenotypes for unassayed genes with
accuracy that is comparable to the gene-prioritization method alone.

There are a number of promising directions in which we plan to extend this work. Among
them are (i) applying the method to RNAI studies in more complex host networks, (ii) using non-
discretized phenotype magnitudes in the analysis, and (iii) incorporating literature-extracted inter-

actions into the background network.
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