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To identify host proteins interacting with the membrane-bound replication proteins of tombusviruses, we
performed membrane yeast two-hybrid (MYTH) screens based on yeast cDNA libraries. The screens led to
the identification of 57 yeast proteins interacting with replication proteins of two tombusviruses. Results
from a split ubiquitin assay with 12 full-length yeast proteins and the viral replication proteins suggested
that the replication proteins of two tombusviruses interact with a similar set of host proteins. Follow-up
experiments with the yeast Cpr1p cyclophilin, which has prolyl isomerase activity that catalyzes cis–trans
isomerization of peptidyl–prolyl bonds, confirmed that Cpr1p interacted with the viral p33 replication
protein in yeast and in vitro. Replication of Tomato bushy stunt virus replicon RNA increased in cpr1Δ yeast,
while over-expression of Cpr1p decreased viral replication. We also show that the Ess1p parvulin prolyl
isomerase partly complements Cpr1p function as an inhibitor of tombusvirus replication.

© 2010 Published by Elsevier Inc.

Introduction

Viruses are intracellular parasites that rely on the vast resources
of the host cells for their replication. The viral replication process
requires co-opting of an unknown number of host proteins and the
reprogramming of cellular pathways. Another level of complexity in
virus–host interactions is the activation of host antiviral responses
that target different players and steps in the viral replication process.
Not surprisingly, all these processes depend on protein–protein
interactions. Therefore, there is a major on-going effort to identify all
the host proteins interacting with viral replication proteins.

Tomato bushy stunt virus (TBSV) and the closely related Cucumber
necrosis virus (CNV) and Carnation Italian ringspot virus (CIRV) are
tombusviruses with small (+)RNA genomes. Due to the development
of yeast (Saccharomyces cerevisiae) as a model host, tombusviruses
have recently emerged as model viruses to study virus replication,
recombination, and virus–host interactions (Jaag et al., 2010; Nagy
and Pogany, 2006; Panavas and Nagy, 2003b; Panaviene et al., 2004c;
Pogany and Nagy, 2008; White and Nagy, 2004). TBSV codes for two
essential replication proteins, p33 and p92pol. The auxiliary p33
replication protein is involved in the recruitment of the TBSV (+)RNA

to the site of replication, which is the cytosolic surface of peroxisomal
membranes (Jonczyk et al., 2007; McCartney et al., 2005; Panavas
et al., 2005a; Pogany et al., 2005). The p92pol RNA-dependent RNA
polymerase (RdRp) protein, which is the translational readthrough
product of the p33 open reading frame, binds to p33 replication
protein leading to the assembly of the functional membrane-bound
replicase complex (Panavas et al., 2005a; Panaviene et al., 2004c,
2005; Pogany and Nagy, 2008).

Our current knowledge on tombusvirus–host interactions is
based on recent genome-wide screens covering 95% of yeast genes
that have identified more than 150 host genes affecting TBSV
replication or recombination (Jiang et al., 2006; Panavas et al.,
2005b; Serviene et al., 2006; Serviene et al., 2005). In addition,
proteomics analysis of the highly purified tombusvirus replicase
complex identified 6 host proteins in the replicase, in addition to
the viral p33 and p92pol replication proteins (Li et al., 2008a, 2009;
Serva and Nagy, 2006). These host proteins, such as heat shock
protein 70 (hsp70), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), Cdc34p Ub-conjugating enzyme, and eEF1A translation
elongation factor affect the assembly of the viral replicase complex
or regulate viral RNA replication (Li et al., 2008a, 2009; Pogany
et al., 2008; Wang and Nagy, 2008; Wang et al., 2009a).

The tombusvirus replication proteins are bound to the peroxi-
somal membrane or in its absence to the ER membrane in infected
cells (Cheng et al., 2005; Jonczyk et al., 2007; McCartney et al., 2005;
Pathak et al., 2008). Therefore, many host protein–viral replication
protein interactions are expected to occur on membrane surfaces.
However, the previous global proteomics approach using the yeast
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Table 1
The name and functions of yeast proteins bound to CNV p33, p92 and CIRV p36.
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