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Summary
Post-translational modifications of viral replication proteins could be widespread phenomena during
the replication of plus-stranded RNA viruses. In this paper, we identify two lysines in the tombusvirus
p33 replication co-factor involved in ubiquitination and show that the same lysines are also important
for the p33 to interact with the host Vps23p ESCRT-I factor. We find that the interaction of p33 with
Vps23p is also affected by a "late-domain"-like sequence in p33. The combined mutations of the two
lysines and the late-domain-like sequences in p33 reduced replication of a replicon RNA of Tomato
bushy stunt virus in yeast model host, in plant protoplasts and plant leaves, suggesting that p33-
Vps23p ESCRT protein interaction affects tombusvirus replication. Using ubiquitin-mimicking p33
chimeras, we demonstrate that high level of p33 ubiquitination is inhibitory for TBSV replication.
These findings argue that optimal level of p33 ubiquitination plays a regulatory role during
tombusvirus infections.

INTRODUCTION
Most plus-stranded (+)RNA viruses have small genomes with limited coding capacity.
However, the viral-coded proteins have multiple functions, thus extending the functional
repertoire of these proteins. In addition, post-translational modifications of the viral proteins,
such as phosphorylation, ubiquitination, acetylation, and glycosylation, can further increase
the variety of functions performed by these proteins. Post-translational modifications may also
affect the localization and stability of the viral proteins or serve as molecular switches between
different functions (Brigati et al., 2003; Cereseto et al., 2005; Jakubiec and Jupin, 2007;
Vigerust and Shepherd, 2007). Also, post-translational modifications of the viral proteins could
affect their abilities to interact with selected host proteins. In spite of the possible significance
of post-translational modifications, our understanding of the roles of protein modifications in
virus replication is limited. Accumulating data show that phosphorylation of the viral
replication proteins could affect interactions between 1a and 2a replication proteins of
Cucumber mosaic virus (Kim, Palukaitis, and Park, 2002) or the NS3 and NS5 replication
proteins of Dengue virus (Kapoor et al., 1995), the ability of the p33 tombusvirus replication
proteins to bind to the viral RNA (Shapka, Stork, and Nagy, 2005; Stork, Panaviene, and Nagy,
2005), or interaction between the NS5A replication protein of hepatitis C virus (HCV) and
hVAP-A (human vesicle-associated membrane protein-associated protein A), which is
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proposed to facilitate the assembly of the viral replicase complex by acting as the membrane
docking site (Evans, Rice, and Goff, 2004; Gao et al., 2004).

Protein ubiquitination is a common post-translational modification in eukaryotic cells (Pickart,
2001; Pickart and Eddins, 2004). Poly-ubiquitination of proteins frequently lead to their
degradation by the 26S proteosome, while mono-ubiquitination of proteins could affect their
functions and localizations. For many membrane proteins, mono-ubiquitination is important
for targeting to the endosomal, vacuolar or plasma membranes or for their degradation in the
vacuoles (lysosomes in mammalian cells). Ubiquitination of client proteins is performed by a
chain of enzymes, including E1 ubiquitin activating protein, which binds to the 76 amino-acid-
long ubiquitin (Ub); E2 Ub-conjugating enzyme and E3 Ub-ligases. The selection of a given
client protein is usually done by specific E3 Ub-ligases coded by several hundred genes in the
mammalian genomes, though E2 Ub- conjugating enzymes could occasionally also select client
proteins for ubiquitination (Pickart, 2001; Pickart and Eddins, 2004; Roos-Mattjus and
Sistonen, 2004). As expected, ubiquitination of viral proteins has been documented previously.
The HCV NS5B RdRp protein has been shown to interact with a ubiquitin-like protein hPLIC1,
which is associated with E3 Ub-ligases and the proteasome (Gao et al., 2003). Over-expression
of hPLIC1 led to ubiquitination and degradation of NS5B, suggesting that this host protein is
a regulator of HCV replication. Replication of coxsackievirus B3 (CVB3) is affected by
inhibition of ubiquitination and by proteosome inhibitors, probably due to their effect on the
proteosome-based protein degradation (Si et al., 2008). Ubiquitination of the 3D polymerase
of CVB3 has been demonstrated, implicating that Ub might affect the functions of the 3D
polymerase (Si et al., 2008). Polyubiquitination of the movement protein of Turnip yellow
mosaic virus (TYMV) is proposed to play a role in its degradation and regulation of transient
cell-to-cell movement process (Drugeon and Jupin, 2002). Also, the amount of RNA-
dependent RNA polymerase of TYMV might be regulated by ubiquitination (Hericourt et al.,
2000). These examples show the importance of ubiquitination during viral infections and the
transient nature of the ubiquitination process.

Tomato bushy stunt virus (TBSV) is a small (+)RNA virus of plants, which has recently
emerged as a model virus to study virus replication, recombination, and virus - host interactions.
Progress in these areas is facilitated by the development of yeast (Saccharomyces cerevisiae)
as a model host (Nagy and Pogany, 2006; Panavas and Nagy, 2003; Panaviene et al., 2004;
Pogany and Nagy, 2008; White and Nagy, 2004). 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; Panavas et al., 2005a; Pogany, White,
and Nagy, 2005). The p92pol RNA-dependent RNA polymerase (RdRp) protein, which is the
translational readthrough product of the p33 stop codon, binds to p33 replication protein leading
to the assembly of the functional membrane-bound replicase complex (Panavas et al., 2005a;
Panaviene, Panavas, and Nagy, 2005; Panaviene et al., 2004; Pogany and Nagy, 2008). These
viral replication proteins bind to over 50 host proteins in vitro (Li et al., 2008), suggesting the
existence of protein networks subverted by tombusviruses for their replication.

The complexicity of host - virus interactions is revealed by 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). Also, proteomics analysis of the highly purified tombusvirus replicase
complex identified the presence of 6–10 host proteins in the replicase in addition to the viral
p33 and p92pol replication proteins (Li et al., 2008; Li et al., 2009; Serva and Nagy, 2006).
These host proteins, such as heat shock protein 70 (hsp70) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) affect the assembly of the viral replicase complex (Pogany et al.,
2008; Wang, Stork, and Nagy, 2009) (Serva and Nagy, 2006; Wang et al., 2009), or regulate
viral RNA replication by selectively binding to the minus-stranded TBSV RNA and affecting

Barajas and Nagy Page 2

Virology. Author manuscript; available in PMC 2011 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



plus-strand synthesis (Wang and Nagy, 2008). Additional defined components in the viral
replicase complex are Cdc34p Ub-conjugating enzyme, which is involved in ubiquitination of
the p33 replication co-factor (Li et al., 2008) and eEF1a translation elongation factor (Li et al.,
2009). Moreover, Pex19p cytosolic transport protein is involved in the transport of the
replication proteins to the peroxisomal membranes (Pathak, Sasvari, and Nagy, 2008).

The possible involvement of ubiquitination of p33 replication co-factor in tombusvirus
replication is raised by several independent observations. First, ubiquitination of the
tombusvirus p33 replication protein has been demonstrated in yeast (Li et al., 2008). Second,
genome-wide screens to identify host factors affecting TBSV RNA replication or RNA
recombination in yeast led to the identification of BRE1, DOA4, RAD6, LGE1, UBP3 genes
known to be involved in various aspects of protein ubiquitination (Jiang et al., 2006; Panavas
et al., 2005b; Serviene et al., 2006; Serviene et al., 2005). Third, a proteomics screen based on
a yeast protein array carrying 4,100 purified yeast proteins revealed interaction of p33
replication protein with Uba1p Ub-activating enzyme, Cdc34p E2 Ub-conjugating enzyme,
Rsp5p E3 Ub-ligase, Ubp10p and Ubp15p Ub-specific proteases (Li et al., 2008). Moreover,
subsequent work has demonstrated that Cdc34p E2 Ub-conjugating enzyme is present in the
tombusvirus replicase complex and it can mono- and bi-ubiquitinate p33 in vitro in the absence
of an E3 Ub-ligase (Li et al., 2008). The Nedd4-type Rsp5p E3 Ub-ligase has also been shown
to bind to and ubiquitinate p33 replication protein in vitro (Barajas, Li, and Nagy, 2009). The
identification of many host proteins involved in ubiquitination/deubiquitination of TBSV
replication proteins suggests a complex role for this post-translational modification in p33 and
p92pol functions.

To determine the functional significance of p33 ubiquitination in tombusvirus replication, in
this work, we identified lysines in p33, which are targeted for mono-ubiquitination. We also
show that these lysines, together with the so-called “late-domain-like” sequence in p33, are
important for binding to Vps23p ESCRT (endosomal complexes required for transport) protein.
Combined mutation of these sequences in p33 affected replication of TBSV in yeast and in
plant hosts. These observations open the possibility that ubiquitination of p33 is involved in
recruitment of Vps23p and likely other ESCRT proteins for TBSV replication.

RESULTS
Ubiquitination of K70 and K76 lysines in the TBSV p33 replication protein

We have shown previously that a small fraction of TBSV p33 molecules becomes mono- and
biubiquitinated in yeast cells (Li et al., 2008). To determine if p33 must be part of the viral
replicase complex in order to become ubiquitinated, we expressed p33HF (which is 6×His and
FLAG-tagged) alone in yeast cells or together with p92pol replication protein and/or the viral
RNA as well as Ub tagged with c-Myc from separate expression plasmids. Then, the
ubiquitination status of the FLAG-affinity purified p33HF was examined by Western blot
analysis based on anti-c-Myc antibody as well as a shift in MW of p33HF (mono-and bi-
ubiquitination causes ~ 8 and 16KDa increase, respectively). Similar levels of mono- and bi-
ubiquitinated p33HF were detected with anti-cMyc antibody when p33HF was expressed alone
or in combination with p92pol and/or replicon (rep)RNA (Fig. 1A, lanes 1–3, upper panel),
suggesting that ubiquitination of p33HF is not affected whether it is part of the replicase
complex or not.

We also analyzed the same FLAG-purified p33HF by using anti-FLAG antibody (Fig. 1A,
bottom panel) (Serva and Nagy, 2006). Accordingly, we have detected p33HF-specific bands
with ~8 and 16 KDa increase in the MW (Fig. 1A, bottom panel, lanes 1–3), which is consistent
with mono- and bi-ubiquitinated p33HF. The mono- and bi-ubiquitinated p33HF represented
a small fraction (~5%) of the total p33HF, suggesting that not all p33HF is ubiquitinated or
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Ub-P33HF can be rapidly deubiquitinated in yeast cells. The estimated amount, however, might
be lower than the actual percentage of ubiquitinated p33HF, since yeast expressed not only the
cMyc-tagged Ub, but the untagged wt Ub from its natural chromosomal location as well. We
used inhibitors of de-ubiquitination during the isolation to minimize the chance of reducing
Ub-p33HF in the samples (see M&M). Altogether, these experiments revealed that mono-
ubiquitination of p33 was not affected by the presence of p92pol replication protein or the viral
RNA (Fig. 1A).

To define which Lysine becomes ubiquitinated in p33HF, first, we have used a set of p33HF
mutants truncated at the N-terminus (Fig. 1B). These experiments defined that mono-and bi-
ubiquitination did not occur when the N-terminal 75 (Fig. 1B, lanes 3 and 6) or 150 aa (not
shown) segments of p33 were deleted. This suggests that the N-terminal 75 aa in p33 includes
the lysines that are targeted for mono-and bi-ubiquitination in yeast.

Individual mutagenesis of each of the seven conserved lysines to alanines (incompatible with
ubiquitination) within the N-terminal 75aa segment of p33HF revealed that K70 and K76 were
the most important targets for ubiquitination (Fig. 2A). Moreover, individual or combined
mutagenesis of K70 and K76 to arginines (the most conservative change preserving the positive
charge of the position and likely causing the least local or global structural changes in the
structure of the protein) revealed that K70 was the primary target for mono- and bi-
ubiquitination (Fig. 2B, lane 4), while K76 served as the secondary target when K70 was
mutated. Accordingly, K70,76R double-mutant was the most deficient in both mono- and bi-
ubiquitination (Fig. 2B, lane 6). The importance of these lysines in ubiquitination is also
confirmed by deletion of K70-K76-stretch in p33HF that greatly reduced mono- and bi-
ubiquitinated forms of p33HF in yeast cells (Fig. 2B, lane 3). Overall, these studies supported
a major role for K70 in mono- and bi-ubiquitination of p33 (Fig. 2C).

Binding of the p33 replication protein to the host Vps23p ESCRT-I protein is affected by the
ubiquitination region in p33

To identify the possible function(s) of mono-ubiquitination of the tombusvirus p33 replication
co-factor, we assumed that ubiquitination could affect the ability of p33 to bind to host proteins.
To select host protein candidates binding to Ub-p33, we searched our database of ~200 host
factors identified via genome-wide screens and proteomics approaches for affecting TBSV
replication/ recombination or for binding of p33 to host proteins in vitro (Jiang et al., 2006; Li
et al., 2008; Panavas et al., 2005a; Serva and Nagy, 2006; Serviene et al., 2006; Serviene et
al., 2005). An interesting candidate was Vps23p ESCRT-I protein, which binds to ubiquitinated
membrane proteins (Morita and Sundquist, 2004; Usami et al., 2009) as well as to the
tombusvirus p33 replication protein (Barajas, Jiang and Nagy, submitted). In addition, Vps23p
is known to bind to additional ESCRT proteins (Morita and Sundquist, 2004; Usami et al.,
2009) and is one of the seven members of the endosome sorting pathway affecting TBSV
replication (Panavas et al., 2005b). We hypothesized that Ub-p33 might be involved in assisting
the recruitment of Vps23p, which then mediates additional recruitment of selected ESCRT
proteins for TBSV replication, possibly for facilitating the formation of the viral replicase.

To test if the interaction between p33 and Vps23p is affected by either the ubiquitinated lysines,
we used the split-ubiquitin assay, a variant of the yeast two-hybrid approach (Thaminy, Miller,
and Stagljar, 2004). Since it is known that Vps23p interacts weakly/temporarily with client
proteins and with p33 (Barajas, Jiang and Nagy, submitted), we used the protein-binding
domain, called the UEV (ubiquitin E2 variant) domain of Vps23p in this assay (Fig. 3A).

Using K70,76R p33 ubiquitination-deficient mutant in the split-ubiquitination assay, we found
that K70,76R p33 had weakened interaction with the UEV domain of Vps23p when compared
with wt p33 (Fig. 3A), suggesting that ubiquitination of p33 could contribute to interaction
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with Vps23p. Importantly, the weaker interactions between the p33 mutant and UEV is not
due to instability of the p33 K70,76R mutant in yeast, because this p33 mutant and the wt p33
showed comparable level of interaction with Ssa1p HSP70 (Fig. 3B), one of the host proteins
present as a permanent resident in the tombusvirus replicase complex (Serva and Nagy,
2006;Wang, Stork, and Nagy, 2009).

The 'late-domain'-like motif in p33 replication protein affects p33-Vps23p interaction
Another interesting feature of Vps23p is that it recognizes the 'late domain' [P(T/S)XP
sequence] in Vps27p, the initiator protein of the endosome pathway (Hurley and Emr, 2006;
Morita and Sundquist, 2004). Interestingly, p33 replication protein contains one PSVP
sequence (Fig. 2C), which is similar to the consensus late-domain P(T/S)XP motif recognized
by Vps23p.

To test if the PSVP sequence in p33 (Fig. 2C) could affect its ability to interact with Vps23p,
we used the split-ubiquitin assay. Indeed, we found that changing the PSVP sequence to TS
reduced the number of yeast colonies (Fig. 3A), indicating a weaker interaction between
p33PSVP-TS and UEV. Interestingly when mutations in the PSVP sequence and in lysines 70
and 76 were combined, the resulting p33 mutant (K70, 76R/PSVP-TS) showed the weakest
interaction with the UEV domain, suggesting that both ubiquitination and the PSVP late
domain-like sequence of p33 contribute to interaction with UEV (Vps23p) (Fig. 3A). In
contrast, all of the p33 mutants showed comparable levels of interaction with Ssa1p (Fig. 3B),
indicating that the mutations did not affect the stability of p33 in yeast.

Accumulation of TBSV repRNA in yeast depends on the late domain-like sequence and
ubiquitination region of p33

To test if ubiquitination of p33 and the interaction between p33 and Vps23p are important for
the accumulation of TBSV repRNA, we expressed single and combined mutants of p33
carrying mutation(s) within the late domain and/or the ubiquitination region together with wt
p92pol and repRNA in yeast. Measuring the level of TBSV replicon (rep)RNA accumulation
in yeast 48 hours after the induction of repRNA replication revealed that mutating K70 had a
moderate inhibitory effect, while changing K76 had no significant inhibitory effect (see K70R
and K76R, Fig. 4A). Mutations in the late-domain-like PSVP motif had only 25% inhibitory
effect on TBSV repRNA replication (mutant p33PSVP-TS, Fig. 4A, lane 5). Importantly, the
combination of ubiquitination region and late-domain mutations had the most dramatic effect
among the mutants tested by reducing repRNA accumulation by ~80% (mutant K70,76R/PSVP-
TS Fig. 4A, lane 8). Overall, these data confirmed that the PSVP motif and the ubiquitination
region in p33 affecting the interaction with Vps23p modulated TBSV repRNA accumulation
in yeast, supporting the functional relevance of p33 - Vps23p interaction during viral repRNA
replication.

We performed additional tests if mutations in p33 within both ubiquitination region and late-
domain are as detrimental to TBSV repRNA replication in vps23Δ yeast as in the parental
yeast. The p33 mutant K70,76R/PSVP-TS supported as low level replication of TBSV repRNA
in vps23Δ yeast as in the parental yeast (Fig. 4B). These data are consistent with the model
that K70,76R/PSVP-TS mutation is mostly detrimental to p33 function by inhibiting p33
interaction with Vps23p, albeit pleiotropic effect of these mutations on p33 functions cannot
be ruled out.

Reduced accumulation of tombusvirus RNA expressing p33 mutants deficient in binding to
Vps23p in plant protoplasts and plant leaves

To validate our findings obtained in yeast on the role of p33 - Vps23p interaction in TBSV
replication in a native host and with a fully infectious virus, we tested the effect of p33 mutations
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on the replication of the closely related Cucumber necrosis virus (CNV) genomic (g)RNA in
Nicotiana benthamiana protoplasts. Similar to TBSV, CNV p33 also has the conserved K70,
K76 and PSVP sequences. The three CNV mutants tested included (i) the PSVP late-domain-
like mutant (p33PSVP-TS), (ii) the K K70, 76R ubiquitination-deficient mutant, and (iii) the
combined K70, 76R/PSVP-TS mutant. Note that due to the overlapping expression strategy,
p92 also carried the mutations present in p33. The accumulation of CNV gRNA in N.
benthamiana protoplasts was measured by Northern blotting at 18 and 40 h time points. The
largest inhibitory effect on CNV gRNA accumulation was observed with the combined
K70, 76R/PSVP-TS mutant, which supported only 2–3% level of accumulation when compared
to the control CNV (Fig. 5A–B, lanes 13–15). The K70, 76R or the PSVP-TS mutations had
less detrimental effect on CNV accumulation under similar conditions (Fig. 5A–B, lanes 7–
12).

To test the accumulation of mutated gCNV in N. benthamiana plants, we launched virus
infection from an Agrobacterium plasmid carrying the full-length CNV cDNA, which was
introduced to the leaves via agroinfiltration (Cheng et al., 2007). Measuring CNV RNA
accumulation by Northern blotting in samples from the infiltrated leaves taken 3.5 days after
infiltration demonstrated that the combined K70,76R/PSVP-TS mutant accumulated to ~15%
level of the wt gRNA (Fig. 5C, lanes 5–6). This confirmed that the PSVP motif and the
ubiquitination region of p33 involved in interaction with Vps23p are also important during
tombusvirus infection of an experimental plant host. The higher level of RNA accumulation
for K70,76R/PSVP-TS mutant in leaves than in protoplasts (Fig. 5A–C) is likely due to the
continuous production of viral RNA transcripts from the 35S promoter in the Agrobacterium
plasmid. This is not the case in protoplasts, in which the RNA transcripts are introduced only
at the beginning of the infection.

Overall, the above data suggest that similar to TBSV repRNA replication in yeast, the
ubiquitination region and late-domain-like PSVP motif together are important for p33 function
and they are partly redundant. Moreover, these data reveal that tombusvirus accumulation
depends on p33 sequences involved in binding to Vps23p, and this feature is similar in yeast
and plant cells.

Ubiquitination of the p33 replication protein does not affect p33 degradation and stability in
yeast

One of the major functions of ubiquitination, especially poly-ubiquitination, is to tag proteins
for degradation by the 26S proteosome that is important for regulation in many cellular
processes (Pickart, 2001; Pickart and Eddins, 2004). To test if ubiquitination of the N-terminal
lysines (K70, 76) affects the stability of p33, we tested the half-life of p33 and its N-terminal
mutants deficient in mono- and bi-ubiquitination (Fig. 6). After induction of expression of p33
and its derivatives from the GAL1 promoter, we turned off p33 mRNA synthesis by changing
the media from galactose to glucose, followed by taking samples at given time points and
Western blot analysis to measure the level of remaining p33 in yeast (Fig. 6). These experiments
revealed that overall the half-life of p33 mutant deficient in mono- and bi-ubiquitination, such
as K70,76R, was comparable to that of the wt p33 (Fig. 6), suggesting that the ability of wt p33
to be ubiquitinated within the N-terminal segment did not enhance its degradation.

To further test the role and effect of p33 ubiquitination, we artificially introduced the 76 aa Ub
to the N-terminus of p33. This approach mimics natural ubiquitination of lysines by covalently
linking Ub to the target protein (Bossis et al., 2005; Morita and Sundquist, 2004). Expression
of the resulting UbN-p33HF (carrying an N-terminal Ub plus 6×His and FLAG tags, Fig. 7A)
resulted in wt-sized p33HF (Fig. 7B, compare lanes 3–4 with 1–2), suggesting that UbN-p33HF
was processed rapidly and efficiently by a deubiquitinating protease (DUB). Replication of
TBSV repRNA was only slightly decreased in wt yeast expressing UbN-p33HF (Fig. 7C) when
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compared with yeast expressing the wt p33HF. These data indicate that cleavage of UbN-
p33HF by DUB is likely quick enough that the Ub tag did not affect the assembly of the viral
replicase or did not result in increased degradation of p33. Overall, this result with the
ubiquitination mimicking p33 mutant can be interpreted that deubiquitination of UbN-p33HF
is rapid and efficient.

When we expressed a mutated UbN-p33HF (UbN-ΔGG-p33HF, Fig. 7A) deficient in cleavage
by DUB due to deletion of the critical G75 and G76 within the Ub sequence (Bamezai, Tate,
and Breslow, 1989), then we observed the accumulation of the full-length UbN-ΔGG-p33HF,
but to a reduced level (Fig. 7B, lanes 5–8). This indicated that UbN-ΔGG-p33HF could be less
stable than wt p33HF or UbN-p33HF, possibly due to poly-ubiquitination and degradation by
the 26S proteosome. Therefore, we tested the FLAG-affinity purified UbN-ΔGG-p33HF by
Western blotting (Fig. 7D). Indeed, we observed the higher MW ubiquitinated products of
UbN-ΔGG-p33HF, including possible poly-ubiquitinated forms (Fig. 7D, lanes 2 and 4). Thus,
it is likely that UbN-ΔGG-p33HF goes through the proteosome degradation pathway, resulting
in reduced accumulation of UbN-ΔGG-p33HF when compared with wt p33HF. Even more
importantly, UbN-ΔGG-p33HF did not support the accumulation of TBSV repRNA in wt yeast
(Fig. 7C), suggesting that high level of ubiquitination of p33 interferes with TBSV replication.

To further test the effect of high-level p33 ubiquitination on TBSV replication using a
ubiquitination mimicking p33 chimera, we expressed an additional UbN-p33 chimera that was
partially deficient in cleavage by DUB due to mutation of G76A within the Ub sequence (UbN-
G76A-p33HF, Fig. 7A) (Hodgins, Ellison, and Ellison, 1992). Interestingly, UbN-G76A-p33HF
was efficiently cleaved by DUB in wt yeast and only about 20% remained uncleaved (Fig. 7B,
lanes 9–12). Yet, in spite of the presence of almost wt level p33 in yeast, UbN-G76A-p33HF
supported the accumulation of TBSV repRNA at ~10% level when compared with the wt
p33HF (Fig. 7C). Based on the Ub mimicry data, we propose that the increased level of p33
ubiquitination is inhibitory for TBSV replication.

We also tested whether TBSV replication was similarly affected by the above UbN-p33
mutants in vps23Δ yeast. These experiments revealed reduced replication of TBSV repRNA
in vps23Δ yeast (Fig. 7C). Thus, increased level of p33 ubiquitination is inhibitory for TBSV
replication even in vps23Δ yeast. However, the difference in TBSV replication supported by
wt p33HF versus UbN-G76A-p33HF was less in vps23Δ yeast (~50% decrease) than in wt
yeast, in which UbN-G76A-p33HF supported only 10% level of the replication supported by
wt p33HF (Fig. 7C). This could be partly due to the increased binding of UbN-p33HF to
Vps23p, which might be inhibitory during replicase assembly, in wt yeast. Overall, the use of
ubiquitination mimicking p33 mutants revealed the complex and dynamic nature of
ubiquitination in p33 functions.

DISCUSSION
Post-translational modifications of tombusvirus replication proteins are emerging as important
features to extend and/or regulate the multiple functions of these viral proteins during
tombusvirus infections. For example, phosphorylation of threonine and serine in the proximity
of the RNA-binding region of p33 interfered with the ability of p33 to bind to the viral RNA
(Shapka, Stork, and Nagy, 2005; Stork, Panaviene, and Nagy, 2005). It was proposed that
phosphorylation of p33 could facilitate the release of the viral RNA products during replication
and/or prevent the assembly of new viral replicases at the late stage of infection (Shapka, Stork,
and Nagy, 2005; Stork, Panaviene, and Nagy, 2005).

Similar to phosphorylation, protein ubiquitination is also a reversible, dynamic process. Yeast
and other eukaryotes code for a legion of enzymes, including E1, E2 and E3 enzymes involved
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in ubiquitination as well as DUBs responsible for removing the covalently-linked Ub from the
client proteins (Lindner, 2007; Pickart, 2001; Pickart and Eddins, 2004; Roos-Mattjus and
Sistonen, 2004). Since a small fraction of p33 replication protein becomes ubiquitinated in
yeast (Fig. 1B) (Li et al., 2008), we suggest that p33 ubiquitination could be involved in TBSV
replication. Although in vitro data support the role of Cdc34p E2 Ub-conjugating enzyme in
p33 ubiquitination (Li et al., 2008), genome-wide screens for host factors affecting TBSV
replication (Jiang et al., 2006; Panavas et al., 2005b) and proteomics screen for yeast proteins
interacting with p33 identified additional yeast E3 Ub-ligases, such as Rsp5p and Bre1p, or
E2 Ub-conjugating enzymes, such as Rad6p, which could also be involved in p33
ubiquitination (Barajas, Li, and Nagy, 2009; Li et al., 2008). The same screens also identified
DUBs, including Ubp3p, Ubp10p, Ubp15p, and Doa4p (Jiang et al., 2006; Li et al., 2008;
Panavas et al., 2005b). Altogether, the identification of multiple ubiquitination enzymes and
DUBs from these screens indicates the possible complexity of p33 ubiquitination in regulation
of TBSV replication.

We have identified two lysines, K70 and K76, in p33, which are mono- and bi-ubiquitinated in
yeast (Fig. 1–Fig 2). Mutations of these lysines, which are known to interfere with
ubiquitination, reduced TBSV repRNA replication in yeast (Fig. 4) and affected its ability to
interact with Vps23p (Fig. 3A), but not with Ssa1p HSP70 (Fig. 3B). Based on these data, we
propose that one of the functions of p33 ubiquitination is to assist the recruitment of Vps23p
ESCRT-I protein for TBSV replication. Since the interaction of p33 with Vps23p is also
dependent on the late domain-like sequence in p33, it seems that p33 uses molecular mimicry
by sharing features with Vps27p ESCRT-0 protein (i.e., late domain sequence-assisted binding
to Vps23p) and the membrane-bound client proteins (mono-ubiquitination-assisted binding to
Vps23p). Interestingly, the two regions, the N-terminal K70 and K76 and the 'late-domain-like'
PSVP motif, are partly redundant in facilitating p33 binding to Vps23p and together they might
optimize the binding of p33 to Vps23p. These features of p33 are important for tombusvirus
replication in both yeast and plant cells, since combined mutations of the ubiquitination region
and the late-domain-like sequence in p33 significantly inhibited tombusvirus accumulation
(Fig. 5) without affecting p33 stability (Fig. 6).

Vps23p is a key ESCRT-I adaptor protein in the endosome pathway by binding to ubiquitinated
cargo proteins and recruiting additional ESCRT-I/II/III proteins to the endosomes, which are
involved in membrane deformation/invagination and vesicle formation (Bowers and Stevens,
2005; Hurley and Emr, 2006; Katzmann, Odorizzi, and Emr, 2002; Malerod and Stenmark,
2009; Saksena et al., 2009; Slagsvold et al., 2006). The endosome pathway is a major protein-
sorting pathway in eukaryotic cells, which down regulates plasma membrane proteins via
endocytosis; and sorts newly synthesized membrane proteins from trans-Golgi vesicles to the
endosome, lysosome or the plasma membrane.

In addition, enveloped retroviruses, filo-, arena-, rhabdo-, and paramyxoviruses usurp the
endosome pathway by redirecting ESCRT proteins to the plasma membrane, leading to
budding and fission of the viral particles from infected cells (Morita and Sundquist, 2004;
Perlman and Resh, 2006). Interestingly, HIV and other retroviruses co-opt the ESCRT pathway
by interacting directly with Tsg101, the human homologue of Vps23p. This interaction requires
the P(T/S)AP-type late domain sequence in the gag protein (Morita and Sundquist, 2004). Thus,
different viruses seem to exploit the ESCRT proteins through co-opting Vps23p via direct
protein-protein interaction based on ubiquitination and late-domain motifs.

Recruitment of Vps23p by p33 might also be important for tombusvirus replication in the plant
host. This is based on the inhibitory effect of mutations within the PSVP motif and the lysines
critical for ubiquitination in p33 on tombusvirus replication in plant protoplasts and leaves
(Fig. 5). Since the separate mutagenesis of the PSVP motif and the critical lysines in p33 had
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only modest effect, whereas the combined mutations in both regions of p33 had more
significant inhibitory effect on tombusvirus RNA accumulation, we propose that these regions
play redundant roles, likely by recruiting Vps23p and other ESCRT factors. The observed
differences in the extent of the inhibitory effect on tombusvirus replication caused by p33
mutations in yeast and in plant cells could be due to several factors, including (i) the presence
of these mutations in both p33 and p92 proteins due to the overlapping expression strategy in
plant cells, whereas only p33 carries the mutations in yeast cells since p33 and p92 are expressed
separately; and (ii) the presence of two diverse VPS23 genes in plants (based on the sequenced
Arabidopsis genome) (Winter and Hauser, 2006), which could make the interaction with p33
more complex than in yeast with a single VPS23 gene.

In addition to the proposed role of p33 ubiquitination in recruitment of Vps23p, ubiquitination
could play a role in stability/degradation of p33. However, the data obtained during this work
is not supportive of this model. First, mutations of K70 and K76 or their deletions in p33 did
not significantly affected the half-life of p33 in yeast (Fig. 6), suggesting that these lysine
residues or their ubiquitination are not critical for p33 degradation. Second, expression of a
UbN-p33 chimera mimicking ubiquitination did not lead to reduced accumulation of p33 (Fig.
7B) and the UbN-p33 chimera was quickly processed to p33 by cleaving off Ub by DUBs.
Indeed, TBSV repRNA replication was not affected by this chimera (Fig. 7C), suggesting that
the cleavage of Ub from UbN-p33 is rapid and the generated p33 is active in supporting
replication. In contrast, the partly cleavable or cleavage-deficient UbN-p33 chimeras inhibited
TBSV repRNA replication to great extent (Fig. 7C). This suggests that high level ubiquitination
of p33 is inhibitory, possibly by increased recruitment of Vps23p or other processes. Indeed,
we likely observed polyubiquitination of the cleavage-deficient UbN-p33 chimera (Fig. 7D)
and its amount was also greatly decreased in yeast (Fig. 7C), suggesting that the cleavage-
deficient UbN-p33 chimera could be degraded by the host. Overall, these experiments with the
UbN-p33 chimeras suggest that ubiquitination of p33 might play a complex role in p33
functions and during tombusvirus replication.

In summary, based on the data presented here, we propose that ubiquitination of a small
percentage of p33 (Ub-p33) in combination with the late domain-like sequence of p33
facilitates the recruitment of the adaptor protein Vps23p. This in turn, might lead to the
additional recruitment of other ESCRT proteins. The temporary recruitment of these factors
might facilitate the optimal assembly of the replicase complex on membranous surfaces. Future
experiments will address how ubiquitination of p33 and Vps23p-p33 interaction affect the
structure/function of the TBSV replicase in infected cells.

Materials and Methods
Yeast strains and expression plasmids

The single-gene deletion yeast strains were purchased from Open Biosystems. pGBK-33HFH
(Serva and Nagy, 2006) is a multicopy plasmid expressing a 6×His and FLAG-tagged CNV
p33 under ADH1 promoter.

To make constructs expressing ubiquitin-tagged p33, ubiquitin was amplified by PCR from
plasmid YEp105 (Ellison and Hochstrasser, 1991) with primers #2071 and #2072. To introduce
mutations G76A and Δ75–76 (ΔGG), which interfere partially or largely with Ub cleavage by
DUBs, PCRs were done with primers #2071/#2125 and #2071/#2126. The obtained PCR
products were digested with NcoI and inserted into plasmid pGBK-33HFH in frame with the
p33HF ORF.

To produce pGBK-33HFH-Δ1–75 and pGBK-33HFH-Δ1–150, PCRs were performed with
primer pairs #1547/#992B and #633/992B, respectively, to amplify the truncated ORFs. The
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products were digested with BamHI and PstI and cloned into pGBK-33HFH. The lysine to
alanine mutants of p33 were made using a two round PCR strategy. For the first round of PCR,
portions of p33 ORF were amplified using the primers described in Table 1 (PCR1 and PCR2).
PCR products were digested with NheI, ligated together and amplified with primers #424/
#992B. These products were digested with BamHI and PstI and cloned into similarly digested
pGBK-33HFH. To mutate lysine K5, we performed PCR using primers #2099 /#992B,
followed by BamHI and PstI digestion and cloning into pGBK-33HFH.

To produce pGBK-33HFH-ΔPSVP (shown as PSVP-TS in the text), the PSVP sequence in the
p33 ORF was mutated to TS representing a SpeI site using a PCR-based strategy. Two portions
of p33 ORF were amplified with primers #424/#2394 and #2393/#992B. The PCR products
were digested with SpeI, ligated and amplified with primers #424 and #992B. The product was
digested with BamHI and PstI and ligated into similarly digested pGBK-33HFH. To produce
the lysine to arginine mutants of p33 N-proximal lysines (Fig. 2), a two-round mutagenic PCR
using overlapping primers was employed. The primers and templates used for each mutant are
summarized in Table 2. The final PCR products were digested with BamHI and PstI and cloned
into pGBK-33HFH.

Analysis of ubiquitination of p33 mutants
We used yeast strain InvSc1, which was transformed with pGBK-33HFH or derivatives,
pYES2/NT/C (Invitrogen) and pYEp105 (Ellison and Hochstrasser, 1991). Analysis of CNV
p33 ubiquitination was performed as described (Li et al., 2008). p33HF was detected using a
monoclonal mouse anti-FLAG antibody (Sigma; 1/5,000 dilution) and an AP-conjugated anti-
mouse antibody (1/5,000). As a negative control, we transformed yeast with pESC-His,
pYEP105 and pYC-HF expressing a 6×His-FLAG peptide (Serva and Nagy, 2006).

Analysis of protein-protein interactions using the split-ubiquitin assay
This assay was based on the Dualmembrane kit 3 (Dualsystems biotech). The CNV p33
constructs used in this study are based on pGAD-BT2-N-His33, which has been described
previously (Li et al., 2008). PCRs were performed with primers #2231 / #2262 using the
following templates: plasmids pGBK-33HFH, pGBK-33HFH-ΔPSVP, pGBK-33HFH-
K70,76R and pGBK-33HFH-K70,76R/ΔPSVP (Table 2). The PCR products were digested
with XbaI and NcoI and ligated into pGAD-BT2-N-His33 digested with SpeI and NcoI, giving
as a result plasmids pGAD-BT2-NX-His33, pGAD-BT2-NX-His33-ΔPSVP, pGAD-BT2-
NX-His33-K70,76R and pGAD-BT2-NX-His33-K70,76R/ΔPSVP. To generate pPR-N-UEV,
PCR was done using yeast genomic DNA and primers #2252 / #2292. The PCR product was
digested with EcoRI and NheI and cloned into similarly digested pPR-N-RE (Li et al., 2008).
NMY51 was transformed with pGAD-BT2-NX-His33, or derivatives and pPR-N-UEV or
pPR-N-SSA1 (Li et al., 2008). Transformed colonies were selected in Trp-/Leu- plates. Yeast
colonies were re-suspended in a small volume of water and streaked onto Trp-/Leu-/His-/Ade-
plates to score interactions. Interactions were scored as described (Li et al., 2008).

Analysis of TBSV repRNA replication in yeast
Replication assay in yeast was performed as described (Panavas et al., 2008). For replication
studies, S. cerevisiae strain BY4741 or vps24Δ yeast strains were co-transformed with plasmids
pGBK-33HFH or derivatives, pGAD-His92 and pYC-DI72sat (Panavas and Nagy, 2003).
Replication assay was performed as described (Panavas et al., 2005a). Accumulation of DI-72
repRNA was measured by Northern blot using RNA probes complementary to region III–IV
of DI-72(+) and to 18S ribosomal RNA (Panavas et al., 2005a).
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Analysis of tombusvirus replication in N. benthamiana protoplasts and leaves
The infectious RNA transcripts of CNV and its derivatives were obtained from plasmids
linearized with SmaI and transcribed with T7 RNA polymerase (Nagy and Pogany, 2000). N.
benthamiana protoplasts were produced from callus culture (Panaviene, Baker, and Nagy,
2003). The protoplasts were transfected by electroporation as described (Panaviene, Baker,
and Nagy, 2003). Total RNA was extracted and analyzed by Northern blot using an RNA probe
complementary to CNV RNA (Panaviene, Baker, and Nagy, 2003).

For these studies, plasmid pK2/M5-20Kstop (Rochon, 1991) was modified by PCR in order
to remove the BamHI site from the polylinker and introduce it before the start codon of p33.
PCRs were performed with primer pairs #2600/#2614 and #424/#2613, respectively. Both PCR
products were digested with BamHI and PstI and ligated together, generating pK2/
M5-20Kstop-(Ba). Fragments of p33 ORF consisting of sequences between the unique
BamHI to EagI sites from plasmids pGBK-33HFH-ΔPSVP, pGBK-33HFH-K70,76R and
pGBK-33HFH-K70,76R/ΔPSVP were removed by BamHI/EagI digestion and inserted into
similarly digested pK2/M5-20Kstop-(Ba). The obtained plasmids were linearized with SmaI
and transcribed with T7 RNA polymerase to generate infectious RNA transcripts.

To create plasmid pGD-35S-20Kstop, PCR was done using primers #532 / #720 and pK2/M5
20Kstop (Rochon, 1991) as template. The PCR product was digested with BamHI/XhoI and
ligated into BamHI/XhoI digested pGD (Goodin et al., 2002). Plasmid pGD-35S-20Kstop-(Ba)
was created by using PCR with primers #1803 and #952 and pK2/M5-20Kstop-(Ba) as a
template. The obtained PCR product was digested with BglII and EcoRI and ligated into
BamHI/EcoRI digested pGD-35S-20Kstop. To create pGD-35S-20Kstop-(Ba)K70,76R/
ΔPSVP, the plasmid pK2/M5–20Kstop-(Ba)K70,76R/ΔPSVP was digested with BamHI/
EcoRI and the portion comprising p33 and part of p92 was cloned into pGD-35S-20Kstop-(Ba)
digested with BamHI/EcoRI. Plasmids were transformed into Agrobacterium tumefaciens
strain C58C1. Agro-infiltrations of N. benthamiana and analysis of viral RNA accumulation
in the infiltrated leaves 3.5 days after infiltration were done as described (Cheng et al., 2007;
Wang and Nagy, 2008). Total RNA was extracted and analyzed by Northern blot using an
RNA probe complementary to CNV (Panaviene, Baker, and Nagy, 2003).

Stability of p33 mutants deficient in ubiquitination
The CNV p33 mutants were cloned under the GAL1 promoter in plasmid pESC/DI72/His33
(Pathak, Sasvari, and Nagy, 2008). P33 mutants were amplified from plasmids pGBK-33HFH-
Δ1–75, pGBK-33HFH-Δ1–150, pGBK-33HFH-Δ70–76 and pGBK-33HFH-K70,76R with
primer pairs of #1547/#1403, #633/#1403, #424/#1403 and #424/#1403, respectively. The
obtained PCR products were digested with BamHI and XhoI to clone into pESC/DI72/His33.
The obtained plasmids pESC/DI72/His33-Δ1–75, pESC/DI72/His33-Δ1–150, pESC/DI72/
His33-Δ70–76 and pESC/DI72/His33-K70,76R were transformed into S. cerevisiae InvSc1.
Transformed yeasts were grown in minimal media supplemented with 2% galactose to induce
p33 expression for 24h at 29°C. Cultures were centrifuged and resuspended in minimal media
with 2% glucose to inhibit p33 expression. Samples were taken at different time points after
switch to glucose media. p33 accumulation was analyzed by Western blotting using anti-6×His
primary antibody and anti-mouse conjugated to alkaline phophatase secondary antibody.
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Fig. 1.
Ubiquitination of p33 replication protein in yeast. (A) The effect of co-expression of p92pol

and repRNA on p33 ubiquitination. The membrane-bound p33HF (tagged with 6×His and
FLAG) was purified via FLAG-affinity chromatography after membrane solubilization from
yeast co-expressing c-Myc-tagged ubiquitin from a plasmid. The ubiquitinated p33 was
detected with Western blot using anti-c-Myc (top panel) or anti-FLAG antibodies (bottom
panel), based on the 8 and 16 KDa increase of MW for mono (1×Ub)- and bi (2×Ub)-
ubiquitination products of p33. Note that the additional p33-specific bands near the mono- and
bi-ubiquitinated bands could be phosphorylated forms (Shapka, Stork, and Nagy, 2005) of the
ubiquitinated p33HF. The origin of smear detected with anti-c-Myc antibody is unknown,
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though they are probably co-purified ubiquitinated host proteins, since the p33-derived
products would also be detected by the anti-FLAG antibody (bottom panel). Also, these
products are missing in the control sample from yeast expressing 6× His-FLAG peptide from
pYC-HF (lane 4). The p33 homodimer is marked with an empty arrowhead. Note that co-
expression of TBSV repRNA and/or p92 RdRp protein did not affect the ubiquitination status
of p33. (B) Testing the ubiquitination status of an N-terminal deletion mutant of p33 replication
protein in yeast. The positions of the deleted amino acids are indicated and the expected FLAG-
purified p33HF products are marked with arrows. The ubiquitinated p33 was detected with
Western blot using anti-c-Myc (left panel) or anti-FLAG antibodies (right panel). The mono-
and biubiquitinated p33HF products are shown with black arrowheads, while the p33HF-
homodimer is marked with an open arrowhead. The calculated sizes of the expected, but not
detected, mono (1×Ub)- and bi (2×Ub)-ubiquitination products of the p33 mutant are marked
with asterisks. Note that the N-terminal deletion in p33 eliminated p33 mono- and
biubiquitination in yeast. See further details in panel A.
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Fig. 2.
Identification of the ubiquitinated lysines in p33 replication protein in yeast. (A) Testing mono-
ubiquitination of the first seven N-terminal lysines in the p33 replication protein. The positions
of the lysines mutated to alanines are indicated and the expected FLAG-purified p33HF
products are marked. The purified p33HF was detected with Western blot using anti-FLAG
antibody. See further details in Fig. 1A. (B) The positions of lysine to arginine mutations or
deletion are indicated. The membrane-bound p33HF was purified via FLAG-affinity
chromatography. The ubiquitinated p33 was identified via anti-c-Myc antibody (top panel) or
via anti-FLAG antibody (bottom panel). Note that single K76R mutation in p33HF did not have
effect on ubiquitination of p33, likely due to ubiquitination of an alternative lysine in this
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mutant. See further details in Fig. 1A. (C) Schematic representation of the ubiquitinated lysines
and known functional motifs/domains in p33 replication protein. TMD, transmembrane
domain; ub, ubiquitinated lysines; P, phosphorylated serine/threonine; RPR, proline/arginine-
rich RNA binding region; S1 and S2 subdomains involved in p33:p33/p92 interaction.
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Fig. 3.
Interaction between Vps23p ESCRT protein and p33 replication protein. (A) Split ubiquitin
assay was used to test binding between p33 or its mutants and the N-terminal UEV domain of
Vps23p in yeast. The bait p33 or its mutant derivatives were co-expressed with the shown prey
proteins. Ssa1p (HSP70 chaperone), and the empty prey vector (NubG) were used as positive
and negative controls, respectively. (B) A control split ubiquitin assay was based on using the
documented interaction between p33 and Ssa1p. Note that the p33 mutants showed comparable
level of interaction with Ssa1p to that of wt p33, suggesting that the p33 mutants were expressed
and maintained stably in yeast.
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Fig. 4.
Mutations of lysines 70 and 76 and the 'late domain'-like motif in p33 inhibit TBSV
accumulation in yeast. (A) Top panel: Northern blot analysis of total RNA extracts obtained
from yeast 48 hours after induction of repRNA replication. The given mutated p33 is shown
on the top. Middle panel shows the ribosomal RNAs as loading controls for the Northern blot.
The graph shows the level of TBSV repRNA accumulation in comparison with wt p33 (100%).
Each mutant was tested in eight repeats. Bottom panel shows a Western blot analysis of total
protein extracts for measuring p33HF levels in yeast using anti-6×His antibody. (B) The level
of TBSV repRNA accumulation in the presence of K70, 76R/PSVP-TS p33 mutant and wt p92
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in the parental and Δvps23 yeast. Note that the accumulation level of TBSV repRNA in the
presence of wt p33/p92 in the parental yeast was chosen as 100%.
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Fig. 5.
Inhibition of tombusvirus RNA accumulation in plant protoplasts and plants by mutations in
p33 known to affect its interaction with Vps23p. (A–B) The accumulation of CNV genomic
and subgenomic RNAs is measured by Northern blotting in N. benthamiana protoplasts
incubated for 18 (panel A) or 40 hours (panel B). The CNV genomic RNA had mutations in
lysines 70 and 76 and/or within the late-domain PSVP region of p33 ORF as shown. CNV-Ba
carries a BamHI site within the 5' noncoding region that was used to engineer the other
mutations in p33. Ribosomal RNA (bottom panels) was used as a loading control. The
experiments were repeated two times. (C) The accumulation of CNV RNAs is measured by
Northern blotting in N. benthamiana leaves. CNV infection was launched from the 35S
promoter in an Agrobacterium plasmid (introduced to the leaves via agroinfiltration). Samples
were taken from the infiltrated leaves 3.5 days after infiltration.
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Fig. 6.
Stability of p33 is not changed due to N-terminal deletions or mutations of lysines 70 and 76
involved in ubiquitination. Yeasts expressing wt p33HF or its mutants from plasmids with the
inducible /repressible GAL1 promoter were grown in 2% galactose minimal media for 24 hours
at 29°C to produce p33. Then, yeasts were subsequently transferred to 2% glucose minimal
media and grown at 29°C to shut down p33 production. Total protein samples were taken at
0, 1, 2, 4 and 8 hours after the transfer to glucose and p33 accumulation was measured with
Western blotting using anti-FLAG antibody. The data with K70,76R indicate that lysines 70
and 76 are unlikely to be involved in p33 stability/degradation.
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Fig. 7.
The effect of UbN-p33 chimeras on p33 accumulation, polyubiquitination and TBSV repRNA
accumulation. (A) Schematic representation of the UbN-p33 chimeras used in this study. We
have expressed p33HF derivatives carrying (i) a single ubiquitin-tag at the N-terminus that had
the cleavable wt Ub sequence, (ii) two glycine deletions to inhibit its cleavage, (iii) or a G76A
mutation to partly inhibit cleavage by DUBs in yeast. (B) Western-blot analysis of p33HF and
UbN-p33 chimeras expressed in yeast using anti-FLAG antibody and total protein extract. (C)
Accumulation of TBSV repRNA in wt or vps23Δ yeast co-expressing the shown p33HF
derivative, p92pol and repRNA based on Northern blot analysis. (D) Possible polyubiqitination
of the cleavage-deficient derivative of UbN-p33 chimera in yeast cells. Western blotting of
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FLAG-affinity purified p33HF was done with either anti-ubiquitin (left panel) or anti-FLAG
(right panel) antibodies. Unlike the original p33HF (lane 1), the cleavage-deficient UbN-
HFp33 chimera showed many different ubiquitinated p33 forms (marked with arrowheads),
including possibly polyubiquitinated forms (bracketed) as shown. The lack of these higher MW
forms in the control p33HF, as seen with the anti-FLAG antibody on the right, suggests that
p33 does not efficiently accumulate the higher MW forms, but mostly produces the mono- and
bi-ubiquitinated forms at detectable levels. Note that these data indicate that the mono- and bi-
ubiquitinated forms of p33HF ubiquitinated at K70 and K76 are unlikely to be intermediates
for polyubiquitinated forms.
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Table 1

The cloning strategy and the primers used for lysine-to-alanine mutagenesis in p33:

First round PCR
PCR1 PCR2

Second round
PCR

pGBK-33HFH-K5A 2099 + 992B - -

pGBK-33HFH-K11A 424 + 2101 2100 + 992B 424 + 992B

pGBK-33HFH-K12A 424 + 2103 2102 + 992B 424 + 992B

pGBK-33HFH-K47A 424 + 2105 2104 + 992B 424 + 992B

pGBK-33HFH-K64A 424 + 2107 2106 + 992B 424 + 992B

pGBK-33HFH-K70A 424 + 2109 2108 + 992B 424 + 992B

pGBK-33HFH-K76A 424 + 2111 2110 + 992B 424 + 992B

pGBK-33HFH-Δ70–76 424 + 2109 2110 + 992B 424 + 992B
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Table 3

List of primers used in this study

0633 CGACGGATCCATGTACGCTACCCTACCCAGGGA

0720 CCCGCTCGAGGGGCTGCATTTCTGCAATGTTC

0952 CCCGCTCGAGTCATGCTACGGCGGAGTCAAGGA

0992B GAGCTGCAGCTATTTCACACCAAGGGA

1402 GCGGCAGATCTTACCATGGGGGGTTCTCA

1403 GCCGCTCGAGCTATTTCACACCAAGGGACTCA

1547 CGACGGATCCATGAAACGCAGGAGGGTTGGTGA

1803 GGCGAGATCTGGAAATTCTCCAGGATTTCTC

2071 GTCGGAATTCGCCATGGGGCAGATCTTCGTCAAGACG

2072 GAGCCCATGGATCCACCACCTCTTAGTCTTAAG

2099 GCTCGGATCCGATACCATCGCTAGCAGGATGCTGTGGCC

2100 GCTCGCTAGCAAAGAAATTTTTGTTGGCACGTTCG

2101 GCTCGCTAGCAGGCCACAGCATCCTC

2102 GCTCGCTAGCGAAATTTTTGTTGGCACGTTCGC

2103 GCTCGCTAGCCTTAGGCCACAGCATCCTC

2104 GCTCGCTAGCATCGAGAATAACACTGACAG

2105 GCTCGCTAGCCCCTGTCCTCATGTATCTC

2106 GCTCGCTAGCACAGATTGTGCAGCCAAATG

2107 GCTCGCTAGCGAGAAGTTCAACGATGAAATTTC

2108 GCTCGCTAGCTGGGAATGGTTCATGAAACG

2109 GCTCGCTAGCGGCTGCACAATCTGTCTTG

2110 GCTCGCTAGCCGCAGGAGGGTTGGTG

2111 GCTCGCTAGCCATGAACCATTCCCATTTGG

2125 GAGCGGATCCCATGGAAGCACCTCTTAGTCTTAAGAC

2126 GAGCGGATCCCATGGATCTTAGTCTTAAGACAAGATG

2169 ACAGATTGTGCAGCCAGATGGGAATGG

2170 CATGAACCATTCCCATCTGGCTGCAC

2171 GGGAATGGTTCATGAGACGCAGGAGG

2172 CCTCCTGCGTCTCATGAACCATTCC

2231 GCGTCTAGAATGGGAGGTTCTCATCATCATC

2252 GCCGAATTCATGTCTGCAAACGGCAAGATCTCTG

2262 GTCGCCATGGAGGCCTCTATTTCACACCAAGGGAC

2292 GCTCCTCGAGTTAGCTAGCCAATGGCGGTTTTAGGTGTGG

2393 GCCACTAGTAAGAAAGGCTTGCTACTGC

2394 CGGACTAGTCCTTGGAACCCTGATGTTG

2600 CGGAACATTGCAGAAATGCAG

2613 CGGCTGCAGCCCGGGCTGCATTTCTGC

2614 GCCGGATCCCATGTCGTCGTTTACTGGAAG
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