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Plant viral movement proteins (MPs) enable viruses to pass through cell walls by increasing the size exclusion limit (SEL) of

plasmodesmata (PD). Here, we report that the ability of Cucumber mosaic virus (CMV) MP to increase the SEL of the PD

could be inhibited by treatment with the actin filament (F-actin)–stabilizing agent phalloidin but not by treatment with the

F-actin–destabilizing agent latrunculin A. In vitro studies showed that CMV MP bound globular and F-actin, inhibited actin

polymerization, severed F-actin, and participated in plus end capping of F-actin. Analyses of two CMVMPmutants, one with

and one without F-actin severing activities, demonstrated that the F-actin severing ability was required to increase the PD

SEL. Furthermore, the Tobacco mosaic virus MP also exhibited F-actin severing activity, and its ability to increase the PD

SEL was inhibited by treatment with phalloidin. Our data provide evidence to support the hypothesis that F-actin severing is

required for MP-induced increase in the SEL of PD. This may have broad implications in the study of the mechanisms of

actin dynamics that regulate cell-to-cell transport of viral and endogenous proteins.

INTRODUCTION

Plasmodesmata (PD) are channels within plant cell walls that

enable communication between adjacent cells. It is well

established that PD allow trafficking of macromolecules. Such

cell-to-cell movement of macromolecules can be specific or

nonspecific and is regulated during plant development and

differentiation (for reviews, see Haywood et al., 2002; Roberts

and Oparka, 2003; Cilia and Jackson, 2004; Ruiz-Medrano et al.,

2004; Lough and Lucas, 2006). Therefore, the regulation of PD is

an important mechanism of developmental regulation in plants

(Zambryski and Crawford, 2000; Kim et al., 2002, 2005;

Zambryski, 2004; Kobayashi et al., 2007).

Viral movement proteins (MPs) are crucial for the spread of

viruses from cell to cell. MPs enable viral pathogens to pass

through cell walls by increasing the size exclusion limit (SEL) of PD

(for review, see Lucas, 2006). Previous studies havedemonstrated

that the introduction of viral MPs by microinjection or expression

of green fluorescent protein (GFP)–tagged MPs, including the

Cucumber mosaic virus (CMV) MP, results in an increase in the

SEL of the PD in various types of plant cells (Fujiwara et al., 1993;

Vaquero et al., 1994;Dinget al., 1995; Itaya et al., 1997). Therefore,

MPs are useful tools for studying the mechanisms of plasmodes-

mal regulation (Lazarowitz and Beachy, 1999). Models have been

proposed to describe how viral MPs increase the PD SEL to

facilitate viral RNA (vRNA) trafficking (Heinlein et al., 1995, 1998;

Carringtonet al., 1996; Lazarowitz andBeachy, 1999; Boyko et al.,

2000a, 2000b; Tzfira et al., 2000; Zambryski and Crawford, 2000;

Aaziz et al., 2001; Boevink and Oparka, 2005). These models

suggest that cytoskeletal components are involved in the trans-

port of MPs to PD sites, as well as in the transfer of the viral

genome from cell to cell through the PD.

It has been shown that microtubules can interact with the MP

of Tobacco mosaic virus (TMV) and, together with the endoplas-

mic reticulum (ER), play a role in viral movement (Heinlein et al.,

1995, 1998; Más and Beachy, 1999, 2000; Boyko et al., 2000a,

2000b, 2002; Sambade et al., 2008). Tobamovirus MPs possess

a conserved sequence motif, which shares similarity with a

region in tubulins that mediates lateral contact between micro-

tubule protofilaments (Boyko et al., 2000b). Therefore, MPs may

mimic tubulin assembly surfaces to propel vRNA transport

through a dynamic process that is driven by microtubule

polymerization (Boyko et al., 2000b). In addition, it has been

reported that some host proteins, such as movement protein

binding 2C and microtubule end binding protein 1a, bind both

microtubules and TMVMP (Kragler et al., 2003; Curin et al., 2007;

Brandner et al., 2008) and play significant roles in virus infectivity

(Brandner et al., 2008; Ruggenthaler et al., 2009).

Studies of TMV have indicated that microtubules may be

involved in MP degradation but not in cell-to-cell trafficking

(Reichel and Beachy, 1998; Más and Beachy, 1999; Gillespie

et al., 2002). However, there is also evidence that opposes the
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hypothesis that microtubules target the MP for degradation

(Ashby et al., 2006). In addition, overexpression of calreticulin, an

ER-based protein that binds TMV MP, interferes with plasmo-

desmal targeting of TMV MP and results in the redistribution of

thisMP to themicrotubular network. Cell-to-cell spread of TMV is

significantly compromised when calreticulin is overexpressed

(Chen et al., 2005). Therefore, microtubules may function to

remove excess MP from the ER. Microtubule-disrupting agents

have been widely used in studies ruling out the involvement of

microtubules in viral cell-to-cell movement (Gillespie et al., 2002;

Kawakami et al., 2004). However, a recent report argues that

tubulin-GFP is not a suitablemarker formicrotubule disruption by

these inhibitors (Seemanpillai et al., 2006).

Alternatively, the actin cytoskeleton may be involved in viral

movement. Biochemical assays have demonstrated that TMV

MP binds actin directly in vitro (McLean et al., 1995). The 126-kD

protein, a constituent of TMV virus replication complexes (VRCs),

traffics along microfilaments (Liu et al., 2005). The Cauliflower

mosaic virus protein P6 forms highlymotile cytoplasmic inclusion

bodies that can also move along microfilaments (Harries et al.,

2009a). In addition, actin filaments may be important for the

targeting of viral proteins to PD sites and therefore affect virus

movement. The targeting of TMVMP to PD requires the actin/ER

network. Disruption of actin filaments by specific inhibitors

reduces PD localization of TMV MP (Wright et al., 2007). Both

the actin cytoskeleton and myosin VIII are required for the

targeting of the viral heat shock protein 70 homolog (Hsp70h)

to PD sites (Prokhnevsky et al., 2005; Avisar et al., 2008).

Moreover, intracellular movement and spread to adjacent cells

of TMV VRCs can be blocked by inhibitors of filamentous actin

and myosin but not by microtubule inhibitors (Kawakami et al.,

2004). TMV movement can be reduced substantially if the actin

cytoskeleton is blocked either by specific inhibitors or actin gene

silencing (Liu et al., 2005). In addition, the microinjection results

regarding the opening of PD upon the presence of F-actin

depolymerizing factors published by Ding et al. (1996) suggest

that F-actin depolymerization induces PD opening.

However, there are many contradictions with respect to the

role of the actin cytoskeleton in intra- and intercellular viral move-

ment. In contrast with Hsp70h, none of the actin cytoskeleton-

specific inhibitors interfere with the PD targeting of TMV MP

(Prokhnevsky et al., 2005). Transient expression of the actin

binding domain 2 (ABD2) of Arabidopsis thaliana fimbrin 1 fused

to GFP (Sheahan et al., 2004) to inhibit myosin-based motility has

shown that the intracellular transport of TMV is independent of the

actin cytoskeleton but occurs via the ER. Furthermore, the actin

cytoskeleton may regulate ER-mediated transport via myosin.

TMV cell-to-cell movement can continue in the absence of an

intact actin cytoskeleton (Hofmann et al., 2009). In addition, plant

viruses may have differing requirements for actin and myosin for

their intercellular movement (Harries et al., 2009b).

Therefore, the mechanism regulating the way in which the

cytoskeleton functions in cell-to-cell viral trafficking remains

controversial. In this study, we investigated the role of the actin

cytoskeleton in CMV MP-induced changes in PD SEL. In addi-

tion, we askedwhetherMPbinding remodels actin filaments. Our

results show that the CMV MP-induced increase in PD SEL was

inhibited by phalloidin, an actin-stabilizing agent. However, the

increase in PD SEL was restored when actin filaments were

depolymerized with the agent latrunculin A prior to injection of

CMV MP and phalloidin, suggesting that actin depolymerization

may be involved in CMV MP-mediated regulation of the PD. In

vitro analysis revealed that recombinant CMV MP bound both

G- and F-actin. CMV MP also inhibited actin polymerization,

severed filaments, and capped the plus end of the filaments.

When expressed in cells, CMVMP localized to the PD, rendering

it incapable of severing cytoplasmic F-actin. By contrast, CMV

MP mutants without a PD localization pattern increased the PD

SEL effectively when F-actin severing was unaffected. However,

if the mutation affected severing activity, the SEL remained

unaltered, suggesting that F-actin severing is necessary for CMV

MP-mediated regulation of the PD SEL. Furthermore, the TMV

MP also exhibited F-actin severing activity, and its capacity to

increase PD SEL was inhibited by treatment with phalloidin. Our

study suggests that F-actin severing by viral MPs may play an

important role in increasing the SEL of the PD.

RESULTS

Requirement of the Actin Cytoskeleton in the CMV

MP-Induced Increase in Plasmodesmal SEL

Recombinant CMV MP was required for investigating the inter-

action between CMV MP and actin in vitro. Therefore, the CMV

MP gene was cloned, and the expressed protein was purified as

described in Methods. SDS-PAGE showed that CMV MP was

produced and purified from Escherichia coli (Figure 1A). An anti-

CMV MP antibody recognized a specific band in extracts from

bacteria induced to express recombinant CMV MP, in the

inclusion body and in the purified fractions, but not in extracts

from non-transformed bacteria (Figure 1B).

Previous reports indicated that CMV MP potentiates cell-to-

cell movement of fluorescein-conjugated dextran (Ding et al.,

1995). To confirm this function of CMV MP, the activity of our

purified recombinant CMV MP was tested by coinjecting the

protein and fluorescent probes of various molecular masses into

mesophyll cells from tobacco (Nicotiana benthamiana). The SEL

of the PD was then assessed. Lucifer Yellow CH (LYCH), which

has a molecular mass of 457 D, diffused freely from the injected

cell into neighboring cells, whereas the higher molecular mass

fluorescein isothiocyanate (FITC)-dextran was usually confined

to the injected cell (Figures 2A and 2B, Table 1). However, the

proportion of cell-to-cell movement of FITC-dextran increased

substantially when cells were coinjected with recombinant CMV

MP (Figure 2C, Table 1). Coinjection of CMVMP with 4-kD FITC-

dextran increased cell-to-cell movement from 23 to 71% (Table

1). In these experiments, the cell-to-cell movement of the 4-kD

FITC-dextran alone was rather high compared with the results

reported by Wolf et al. (1989) who used Nicotiana tabacum cv

Xanthi as the microinjection material. This may reflect an overall

higher SEL of N. benthamiana PD. Coinjection of CMV MP and

10-kD FITC-dextran increased cell-to-cell movement from 6 to

41% (Table 1). However, no cell-to-cell movement of the 20-kD

FITC dextran was observed when cells were coinjected with

CMV MP (Table 1). M5, a mutant of CMV MP that has an Ala
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residue substituted for Tyr-144 and Asp-145 of the wild-type

protein and a defect in cell-to-cell movement, was used as a

negative control (Ding et al., 1995; Canto and Palukaitis, 2005).

Microinjection of M5 did not appear to affect cell-to-cell move-

ment of the 10-kD FITC-dextran (Figure 2D, Table 1). These

results demonstrate that recombinant CMV MP increases PD

SEL, which is consistent with the results of Ding et al. (1995);

thus, the recombinant protein can be used in further experi-

ments.

To test whether the actin cytoskeleton was involved in the

CMV MP-induced increase in PD SEL, various inhibitors of actin

polymerization or depolymerization were used in the microinjec-

tion experiments. Two inhibitors of actin polymerization, cyto-

chalasin D (CD) and latrunculin A (Lat A), and one inhibitor of actin

depolymerization, phalloidin, were used.

Consistent with Ding et al. (1996), coinjection with CD in-

creased the 10-kD FITC-dextran movement into neighboring

cells from6 to 60% (Figure 2E, Table 1). Likewise, incubationwith

Lat A for 30min prior to injection increased cell-to-cell movement

of 10-kD FITC-dextran from 6 to 80% (Table 1). However, when

actin polymerization was stabilized with phalloidin, cell-to-cell

movement of 10-kD FITC-dextran was inhibited, even in the

presence of CMVMP (Figure 2F, Table 1). Cell-to-cell movement

decreased from 41 to 14% under these conditions, whereas

LYCHmoved freely between cells and remained at a similar level

in the presence of phalloidin (Table 1). However, when tobacco

leaves were pretreated with Lat A for 30 min prior to microinjec-

tion with CMVMP and phalloidin, cell-to-cell movement of 10-kD

FITC-dextran increased to 69% (Table 1). Together, these results

demonstrate that the stabilization of F-actin inhibited the CMV

MP-induced increase in PD SEL, indicating that actin depoly-

merization was required for this activity.

Interestingly, similar results were obtained in experiments

with TMV MP. Cell-to-cell movement of 10-kD FITC-dextran

increased from 6 to 60% in the presence of TMV MP. This value

dropped to 10% when cells were coinjected with TMV MP and

phalloidin. Pretreatment of tobacco leaves with Lat A also

restored cell-to-cell movement of 10-kD FITC-dextran to 80%

when cells were coinjected with TMV MP and phalloidin (see

Supplemental Figure 1 and Supplemental Table 1 online). These

Figure 1. Purification of Recombinant CMV MP.

(A) SDS-PAGE analysis of CMV MP recombinant protein purification.

Lane 1, total extract from nontransformed bacterial cells (15 mg); lane 2,

total extract from bacterial cells induced with IPTG to express CMV MP

(20 mg); lane 3, total protein from the inclusion body (1 mg); lane 4,

purified CMV MP recombinant protein (1.5 mg).

(B) Immunoblot analysis of protein extracts from nontransformed bac-

teria (lane 1), IPTG-induced bacteria (lane 2), the inclusion body (lane 3),

and purified protein (lane 4) using an anti-CMV MP antibody.

Figure 2. The Actin Cytoskeleton Is Involved in the CMV MP-Induced

Increase in Plasmodesmal SEL.

Microinjection into mesophyll cells of (A) LYCH, which is 457 D, and (B)

10-kD FITC-dextran alone or in addition to (C) 10 mMCMVMP, (D) 10 mM

M5, (E) 2 mM cytochalasin D (CD), or (F) 2 mM phalloidin and 10 mMCMV

MP. Asterisks indicate the cells injected. Bars = 20 mm.
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observations suggest that TMV MP may have similar mecha-

nisms to increase PD SEL as do CMV MP.

CMVMP Binds G- and F-Actin in Vitro

To determine whether CMV MP binds and disrupts actin fila-

ments directly, we analyzed the ability of recombinant CMV MP

to bind G- and F-actin. Immunoblotting was used to analyze the

ability of recombinant CMV MP to bind G-actin. Actin was

purified from rabbit skeletal muscle. Various concentrations of

CMV MP and G-actin were spotted onto a nitrocellulose mem-

brane, which was subsequently incubated with CMV MP for 2 h

at room temperature, followed by probing with an anti-CMV MP

antibody. The anti-CMVMPantibody detectedCMVMPand also

recognized G-actin spotting after incubation with CMV MP,

whereas only CMVMP, but not G-actin spotting, was recognized

in the absence of CMV MP incubation (Figure 3A). Conversely,

when the membrane was incubated with G-actin for 2 h at room

temperature prior to probing with an anti-actin antibody, G-actin

and CMV MP spotting were detected. Only the actin spots were

recognized in the absence of G-actin incubation (Figure 3B).

These results demonstrate that recombinant CMV MP binds

G-actin in vitro. Neither antibody recognized glutathione S-

transferase (GST) (Figures 3A and 3B). The actin binding protein

profilin was used as a positive control (Figure 3B).

Cosedimentation experiments were performed to assess the

ability of recombinant CMV MP to bind F-actin. Preformed

F-actin (formed from 1 mM G-actin) was incubated with various

concentrations of recombinant CMV MP. After centrifugation,

supernatants and pellets were harvested and analyzed using

SDS-PAGE. The results show that CMV MP cosedimented with

F-actin in the pellet in a concentration-dependent manner and

reached saturation in the presence of excess CMV MP (2.5 mM)

(Figures 3C and 3D). Arabidopsis villin1 (Huang et al., 2005) was

used as a positive control. No cosedimentation was observed

with GST, which was used as a negative control (Figure 3C).

To further test whether CMV MP can bind F-actin in vitro,

immunofluorescence labeling experiments were performed.

Alexa488-phalloidin–stabilized F-actin was incubated with re-

combinant CMV MP and then stained with an anti-CMV MP

antibody followed by a secondary fluorescent-labeled antibody.

Samples were visualized on a microscope equipped with a CCD

camera. These studies revealed that recombinant CMV MP

formed dot-like structures along F-actin (Figure 3E). These

structures were not detected when CMV MP was denatured by

boiling (Figure 3F) or when stained with secondary antibody

alone (Figure 3G). Collectively, our results demonstrate that CMV

MP can bind G- and F-actin in vitro.

CMVMP Inhibits Actin Polymerization and Severs Actin

Filaments in Vitro

The observation that CMV MP binds to G- and F-actin suggests

that CMV MP may interact with and exert its effects on actin

filamentsdirectly. Therefore,weanalyzed the effect of CMVMPon

actin polymerization. Actin was purified from rabbit skeletal mus-

cle and labeled with pyrene. Polymerization of pyrene-labeled

actin was monitored over time in the presence of various concen-

trations of CMV MP. The polymerization rate and quantity of

F-actin at the equilibrium stage decreased in the presence of CMV

MP in a concentration-dependent manner (Figure 4A), indicating

that CMV MP had an inhibitory effect on actin polymerization.

Furthermore, actin filaments were visualized by Alexa488-

phalloidin staining after incubationwith various concentrations of

CMV MP. These studies demonstrate that actin filaments were

fragmented in the presence of CMV MP and that the amount of

fragmentation increased with the concentration of CMV MP

(Figures 4B to 4G). Fragmentation of F-actin was not observed

when CMVMPwas replaced with GST (Figure 4H). Incubation of

preformed F-actin with Alexa488-phalloidin before the addition

of CMVMP inhibited fragmentation of F-actin byCMVMP (Figure

4I). In addition, the average length of the F-actin filaments in the

presence of CMV MP was only 22% that of filaments not

exposed to CMV MP (Figure 4L).

Previous reports have indicated that CMVMPmay bind to viral

RNA, forming an MP-RNA complex to transport the virus ge-

nome from cell to cell (Ding et al., 1995; Li and Palukaitis, 1996;

Nagano et al., 2001; Nurkiyanova et al., 2001). To confirm that our

recombinant CMV MP was able to bind the vRNA, a gel mobility

shift assay was performed. 32P-labeled CMV RNA3 was incu-

bated with increasing amounts of purified CMV MP, and the

mixtures were analyzed by electrophoresis on a nondenaturing

agarose gel. As shown in Figure 4M, most of the labeled CMV

RNA3 migrated as free probe when low amounts of CMV MP

were added. However, the labeled probes were retarded and

barely entered the gel at higher molar ratios of CMVMP:RNA. By

contrast, the labeled CMV RNA3 migrated as free probe when

GST was added, which was used as a negative control. The

Table 1. Effect of CD, Lat A, or Phalloidin on the CMV MP-Induced

Increase in PD SEL between Tobacco Mesophyll Cells

Injection

Total Cells

Observed

Cells Permitting

Movement

LYCH (457 D) 17 16 (94%)

4-kD FITC-dextran 13 3 (23%)

4-kD FITC-dextran + MP 14 10 (71%)

10-kD FITC-dextran 16 1 (6%)

10-kD FITC-dextran + MP 17 7 (41%)

20-kD FITC-dextran + MP 10 0 (0%)

10-kD FITC-dextran + M5 15 2 (13%)

10-kD FITC-dextran + M8 15 8 (53%)

Cytochalasin D + 10-kD

FITC-dextran

10 6 (60%)

10-kD FITC-dextran (cells were

preincubated with 0.1 mM Lat A

for 30 min)

10 8 (80%)

Phalloidin + 10-kD

FITC-dextran + MP

14 2 (14%)

Phalloidin + LYCH (457 D) 11 10 (91%)

Phalloidin + 10-kD

FITC-dextran + MP

(cells were preincubated

with 0.1 mM Lat A for 30 min)

13 9 (69%)

Fluorescence was observed in one to three cells beyond the injected

cell in all cases, except in experiments with Lat A, where fluorescence

was observed in two to five cells.
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absence of any intermediate retarded bands indicated that CMV

MP bound in a cooperative manner to CMV RNA3, which is

consistent with the results reported by Li and Palukaitis (1996).

The retarded probes barely entered the gel, and this may be due

to a highly cooperative binding between MP and the labeled

probe (Nurkiyanova et al., 2001; Isogai and Yoshikawa, 2005). A

competition binding assay with unlabeled CMV RNA3 compet-

itor further confirmed that the purified CMV MP was able to bind

vRNA in vitro (see Supplemental Figure 2A online). To assay

whether CMVMP can still fragment F-actin in the presence of its

vRNA, we performed F-actin fragmenting experiments in the

presence of CMV MP and CMV RNA3. The results showed that

actin filaments were fragmented in the presence of CMVMP and

CMV RNA3 (Figure 4J). No obvious fragmentation of F-actin was

observed when only the CMVRNA3was addedwithout CMVMP

(Figure 4K).

Interestingly, similar results were obtained with TMV MP. The

gel mobility shift assay and the competition binding assay

showed that the purified TMV MP was functional to bind vRNA

in vitro, which is consistent with Citovsky et al. (1990) (see

Supplemental Figures 3H and 2B online). Fragmentation of

F-actin by TMV MP was also observed, and the fragmentation

was not inhibited in the presence of TMV RNA or CMV RNA3,

indicating that TMVMP can also fragment F-actin. The results of

F-actin fragmentation by TMVMP in the absence or presence of

CMV RNA3 are presented in Supplemental Figures 3A to 3G

online.

This reduction in F-actin length could be a result of F-actin

depolymerization or F-actin severance by CMV MP. To deter-

mine the cause of reduced F-actin length, F-actin was preformed

and incubated with saturating (the molar concentration of phal-

loidin is equal to that of actin) and nonsaturating (the molar

Figure 3. Recombinant CMV MP Binds G- and F-Actin in Vitro.

(A) Aliquots of 2, 5, and 10 mMof CMVMP, G-actin, and GST were spotted onto nitrocellulose membrane, which was preincubated with or without 4 mM

CMV MP, and the membrane was then probed with anti-CMV MP antibody.

(B) Aliquots of CMVMP, G-actin, GST, and profilin were spotted onto nitrocellulose and then preincubated with or without 4 mMG-actin prior to probing

with anti-actin antibody.

(C) Cosedimentation experiments with preformed F-actin (formed from 1 mM G-actin) incubated with various concentrations of recombinant CMV MP.

Villin1 was used as a positive control, and GST was the negative control.

(D) Densitometry of the results shown in (C). Binding to F-actin was saturated at a stoichiometry of 0.68 mol CMV MP per mol of G-actin.

(E) to (G) In vitro immunofluorescence labeling experiments confirmed that CMV MP localized to F-actin. CMV MP was incubated with Alexa488-

phalloidin stabilized F-actin (shown in red) and then stained with anti-CMV MP antibody followed by TRITC-conjugated goat anti-rabbit IgG (shown in

green).

(E) Merged image of F-actin and CMV MP.

(F) Merged image of F-actin and denatured CMV MP.

(G) Merged image of F-actin and TRITC-conjugated goat anti-rabbit IgG alone. Bars = 10 mm in (E) to (G).
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concentration of phalloidin is lower than that of actin) concen-

trations of Alexa488-phalloidin prior to incubation with CMVMP.

When preformed F-actin (formed from 1 mM G-actin) was incu-

bated with a saturating concentration of phalloidin (1 mM), the

fragmenting effect of CMV MP was completely inhibited (Figure

5A). However, when the phalloidin concentration was reduced to

0.4 mM, CMV MP was able to fragment the preformed F-actin

(Figures 5B and 5E). The length of F-actin fragments decreased

as the concentration of Alexa488-phalloidin decreased to 0.2

and 0 mM (Figures 5C to 5E). No significant changes in F-actin

length were observed in the presence of various concentrations

of Alexa488-phalloidin when CMV MP was not added. The

results suggest that CMV MP has a severing, rather than a

depolymerizing, effect on actin filaments.

Figure 4. Recombinant CMV MP Inhibits Actin Polymerization and Fragments Actin Filaments.

(A) Actin polymerization was performed with a 3.6 mM actin solution containing 5% pyrene-labeled actin in the presence of various concentrations of

recombinant CMVMP (0, 0.4, 1, 2, 4, and 8 mM). The time course of actin polymerization was recorded bymeasuring pyrene fluorescence. a.u., arbitrary

units. (B) to (I) Preformed F-actin (formed from 1 mMG-actin) was incubated with 0, 0.1, 0.2, 0.5, 1, and 2 mM recombinant CMVMP (B) to (G), 1mMGST

(H), or 1 mM Alexa488-phalloidin prior to the addition of 2 mM recombinant CMV MP (I). Actin filaments were then visualized by the addition of 1 mM

Alexa488-phalloidin and observed with a CCD camera.

(J) and (K) One hundred nanograms of CMV RNA3 were mixed with (J) or without (K) 2 mg recombinant CMV MP, and then the mixture was added to

preformed F-actin (formed from 1 mM G-actin). Bars = 10 mm in (B) to (K).

(L) The length of F-actin was measured after incubation with or without 1 mM recombinant CMV MP. Values presented are the mean 6 SE (n = 3).

(M) Gel mobility shift assay for RNA binding by recombinant CMV MP. About 2 ng 32P-labeled CMV RNA3 transcript was incubated with increasing

amounts of recombinant CMV MP (lanes 1 to 6) or GST (lane 7) in 20 mL of binding buffer. After incubation on ice for 30 min, the mixtures were

electrophoresed in 1% (v/v) nondenaturing agarose gel. The amounts of proteins added are indicated. The electrophoretic positions of free and

retarded probes are marked. F, free probe; R, retarded probe. Each experiment was repeated at least three times, yielding similar results.
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Next, we asked whether CMV MP is involved in actin filament

capping. Various concentrations of CMV MP were incubated

with F-actin to form seeds for polymerization. The seed was then

added to a cocktail of 5% pyrene-labeled G-actin and profilin,

and actin polymerization was monitored by measuring pyrene

fluorescence. Under these conditions, the elongation rate de-

pended on the availability of the barbed ends of the F-actin seeds

because G-actin was saturated with profilin to prevent polymer-

ization from the pointed ends. The polymerization rate and

quantity of F-actin at equilibrium decreased in the presence of

CMV MP in a concentration-dependent manner (Figure 5F),

indicating that CMVMP had a capping effect on the barbed ends

of F-actin. To rule out the possibility that the reduction in

fluorescence could be due to the fragmentation of the F-actin,

preformed F-actin (formed from 2 mM G-actin containing 5%

pyrene-labeled G-actin) was incubated with various concentra-

tions of CMV MP for 5 min, and then pyrene fluorescence was

measured. The results show that no significant decrease in

pyrene fluorescence occurred in the presence of various con-

centrations of CMV MP compared with the control (see Supple-

mental Figure 4 online). Therefore, the observed fluorescence

decrease in the elongation experiment was due to a capping

effect of CMV MP on F-actin and not to F-actin fragmentation.

To test this capping activity further, dilution experiments were

performed. In these experiments, F-actin (formed from 5 mM

G-actin containing 5% pyrene-labeled G-actin) was incubated

with various concentrations of CMVMP for 5min and themixture

was then diluted 25-fold. Time courses of pyrene fluorescence

were measured immediately. The results revealed that the de-

polymerization rate of F-actin decreased in the presence of CMV

MP in a concentration-dependent manner (Figure 5G), further

confirming that CMV MP had a capping effect by binding and

blocking depolymerization from the barbed ends of actin fila-

ments.

Figure 5. CMV MP Severs F-Actin and Caps the Plus End of F-Actin.

(A) to (D) Preformed F-actin (formed from 1 mM G-actin) was incubated with various concentrations of Alexa488-phalloidin followed by 1 mM

recombinant CMV MP. After incubation, Alexa488-phalloidin was added to a final concentration of 1 mM to visualize the actin filaments, which were

observed with a CCD camera. Results of preincubation with 1 mM (A), 0.4 mM (B), 0.2 mM (C), and 0 mM (D) of phalloidin. Bars = 10 mm.

(E) The F-actin lengths at the various concentrations of Alexa488-phalloidin were assessed. Each experiment was repeated at least three times. Values

presented are the mean 6 SE (n = 3).

(F) Analysis of CMV MP capping activity through measurement of pyrene fluorescence using a spectrofluorometer. Various concentrations of

recombinant CMV MP (0, 0.5, 1, and 2 mM) were incubated with preformed F-actin (formed from 1 mM G-actin) for 5 min to form seeds. An aliquot of

F-actin seeds was added to a cocktail containing 1 mM G-actin (5% pyrene-labeled) and 4 mM profilin.

(G) Effects of F-actin dilution in the presence of CMV MP. Various concentrations of CMV MP (0, 2.5, 5, and 7.5 mM) were preincubated with preformed

F-actin (formed by 5 mM G-actin) for 5 min before the solution was diluted 25-fold with G-buffer.
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LackofCMVMP-InducedCytoplasmicF-ActinSeveringDue

to the Localization of CMVMP in the PD

To investigate whether CMV MP severs F-actin in cells, agro-

infiltration experiments were conducted. To visualize the actin

filaments, a plasmid (GFP-fABD2) encoding a GFP fusion protein

that binds actin was introduced into tobacco cells via agro-

infiltration. Fine actin networks were visualized in cells express-

ing GFP-fABD2 (Figures 6A and 6B). When both GFP-fABD2 and

CMVMP-mCherry were expressed in cells, no obvious change in

the actin cytoskeleton was observed (Figures 6C and 6D).

Approximately 76% of cells expressing both GFP-fABD2 and

CMV MP-mCherry displayed normal actin filaments compared

with;75%of cells that expressedGFP-fABD2 alone. Therefore,

no evidence of CMV MP fragmentation of cytoplasmic actin

filaments was observed. However, in vitro analysis demon-

strated that CMVMP-mCherry alone retained the ability to sever

actin filaments (see Supplemental Figure 5 online). Analysis of

the subcellular localization of CMV MP-mCherry showed that

this fusion protein was present along the cell wall (Figure 6D).

When TMV MP-GFP was also expressed in cells, CMV MP

colocalized with TMV MP, indicating that CMV MP localized to

PD sites in vivo (Figure 6K). CMV MP is localized to PD, as has

been shown previously by immunolabeling and GFP fusion

(Oparka et al., 1996; Blackman et al., 1998) and here with

mCherry fusion. It is possible that the PD localization of CMV

MP prevents it from having access to and severing cytoplasmic

F-actin.

To test this hypothesis, we used another mutant of CMV MP,

M8, in which Asp-20 and Asp-21 are substituted with Ala

residues. A previous report showed that M8 is distributed uni-

formly throughout the cytoplasm and nucleus due to an inability

to localize to PD sites (Canto and Palukaitis, 2005). After

coagroinfiltration with GFP-fABD2 and M8-mCherry, short frag-

ments of cytoplasmic F-actin and actin patches were dispersed

in cells (Figures 6E and 6F). Such disruption of actin filaments by

expression of M8 did not occur frequently, and actin filaments

were disrupted in ;25% of cells expressing both GFP-fABD2

and M8-mCherry. However, when GFP-fABD2 and mCherry

were coagroinfiltrated into the tobacco leaf cells, disruption of

the actin network was not observed (Figures 6G and 6H). In

addition, actin networks remained normal in cells expressing

GFP-fABD2 and M5-mCherry (Figures 6I and 6J). These re-

sults indicate that the observed lack of cytoplasmic F-actin

severing could be due to the localization of CMV MP to PD

sites.

Figure 6. CMV MP Does Not Sever Cytoplasmic F-Actin Due to Its Localization in the Cell.

(A) and (B) Visualization of F-actin in tobacco leaf cells expressing GFP-fABD2.

(C) and (D) Effect of GFP-fABD2 and CMV MP-mCherry coexpression on the cytoplasmic F-actin network (C) and localization along the cell wall (D).

(E) and (F) Results of coexpression of GFP-fABD2 and M8-mCherry on the cytoplasmic F-actin network and cytoplasmic distribution.

(G) and (H) Coexpression of GFP-fABD2 and mCherry.

(I) and (J) Coexpression of GFP-fABD2 and M5-mCherry.

(K) Merged image of CMV MP-mCherry and TMV MP-GFP. Projections of confocal stacks are shown in each panel.

Bars = 20 mm.

1380 The Plant Cell

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/22/4/1373/6096961 by guest on 23 April 2024



Necessity for F-Actin Severing Activity in the CMV

MP-Induced Increase in the PD SEL

The CMV MP mutants M5 and M8 were used to further inves-

tigate the requirement of F-actin severing activity in theCMVMP-

induced increase in the PD SEL. Cosedimentation experiments

showed that both M5 and M8 bound F-actin directly in vitro (see

Supplemental Figure 6 online). Fluorescence experiments were

performed to test the F-actin severing activity of the two mutant

proteins. Preformed F-actin (formed from 1 mM G-actin) was

incubated with M5, M8, and CMV MP, followed by incubation

with Alexa488-phalloidin to stabilize and stain the actin filaments.

The length of F-actin in each treatment was visualized and

measured. The data demonstrate that the average length of the

actin filaments in the presence of M5 did not significantly differ

from the average length in the absence of CMV MP (Figures 7A,

7B, and 7E). However, the actin filaments were predominantly

fragmented in the presence of M8 and CMV MP (Figures 7C to

7E). These results illustrate that, while M5 does not possess

F-actin severing activity, M8 retains this function.

Microinjection ofM5with 10-kDFITC-dextran showed that this

mutant did not increase the PD SEL (Figure 2D, Table 1). By

contrast, M8 induced an increase in the PD SEL, as observed

when this CMV MP mutant was coinjected with 10-kD FITC-

dextran (Figures 7F to 7H, Table 1). Cell-to-cell movement of 10-

kD FITC-dextran occurred in 53% of cells coinjected with M8,

which was comparable to movement of 10-kD FITC-dextran in

the presence of CMV MP (Table 1). These results establish that

F-actin severing activity is necessary for CMV MP to induce an

increase in the PD SEL. Based upon the localization of the CMV

MP to PD, it is possible that this is where the severing of F-actin

occurs.

DISCUSSION

CMVMP Increases PD SEL by Disrupting F-Actin

Although increasing the PD SEL is necessary for viral spread

from cell to cell, this is not the only necessary step for viral

trafficking. In fact, the actin cytoskeleton may participate in

multiple steps during this event. The integrity of F-actin is needed

for viral movement. Treatment with actin or myosin inhibitors has

been reported to block the intracellular movement of TMV VRCs,

preventing viral spread to adjacent cells (Kawakami et al., 2004).

The 126-kDprotein, a constituent of the TMVVRCs, traffics along

microfilaments (Liu et al., 2005). Together with the ER, actin

participates in targeting the TMV MP to PD sites (Wright et al.,

2007). The Cauliflower mosaic virus protein P6 inclusion bodies,

which associate with the actin/ER network, also traffic along

microfilaments (Harries et al., 2009a). Although there are reports

suggesting that the actin cytoskeleton is not involved in the

Figure 7. F-actin Severing Is Necessary for the CMV MP-Induced Increase in PD SEL.

(A) to (D) Preformed F-actin (formed from 1 mM G-actin) was incubated without CMV MP (A) or with 1 mM M5 (B), 1 mM M8 (C), or 1 mM CMV MP (D).

Bars = 10 mm.

(E) Measurement of the actin filament length for each treatment. Each experiment was repeated at least three times. Values presented are the mean 6

SE (n = 3).

(F) to (H) Effect of M8microinjection with 10-kD FITC-dextran on PD SEL. Chloroplast (F), 10-kD FITC-dextran (G), and merged (H) image of (F) and (G).

Asterisk in (H) indicates the injected cell. Bars = 20 mm.
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targeting of TMV MP to PD sites, it is required for plasmodesmal

localization of the viral Hsp70 homolog (Prokhnevsky et al., 2005;

Avisar et al., 2008).

However, disruption of the actin cytoskeleton may be required

for increasing the SEL of PD. Microinjection of actin-disrupting

drugs or the actin binding protein profilin, which has been shown

to depolymerize actin filaments rapidly after being injected into

cells (Staiger et al., 1994), induces an increase in PD SEL (Ding

et al., 1996). This study demonstrated that the cell-to-cell move-

ment of 10-kD FITC-dextran induced by CMV MP was inhibited

when actin filaments were stabilized by phalloidin. However, the

capacity for SEL increase was restored when tobacco leaves

were pretreated with Lat A prior to microinjection with CMV MP

and phalloidin. In addition, CMV MP inhibited actin polymeriza-

tion and severed actin filaments in vitro. M5, a CMV MP mutant

lacking F-actin severing activity, also lost its ability to increase

the PD SEL. Although this study and that of Ding et al. (1996)

demonstrates that the SEL, as measured with molecular mass

probes, is elevated upon disruption of the actin cytoskeleton, it

cannot be concluded that viral movement between cells is

enhanced because intracellular movement of the virus may still

be blocked. Nevertheless, our data indicate that depolymeriza-

tion of F-actin is necessary for the CMV MP-induced increase in

PD SEL. Furthermore, our investigation of TMV MP also shows

that this protein has an F-actin severing activity, and inhibition of

F-actin depolymerization also blocks the increase of PD SEL

induced by TMV MP. These observations reinforce our hypoth-

esis that the depolymerization of F-actin is necessary for theMP-

induced increase in PD SEL, at least for CMV MP and TMV MP.

Therefore, both the integrity and depolymerization of F-actin

are required for viral movement. Our data provide a possible

explanation to those seemingly contradictory observations.

Analysis of cells that express both GFP-fABD2 and CMV MP-

mCherry indicated that CMV MP does not sever cytoplasmic

F-actin but localizes to PD sites, a finding consistent with Itaya

et al. (1998). Studies of the localization of viral MPs in cells

indicate that these proteins target the PD (Oparka et al., 1996,

1997; Blackman et al., 1998; Itaya et al., 1998). Therefore, the

targeting of MPs to the PD is important for allowing CMV MP to

be sequestered from cytoplasmic F-actin and to disrupt F-actin

specifically at these sites.

Investigation of the CMV MP mutant M8, which does not

localize to PD, showed that this protein possesses cytoplasmic

F-actin severing activity in cells. On the other hand, microinjec-

tion of M8 increases the SEL of PD. This is an apparent contra-

diction due to the mislocalization of M8. We assume that the M8

protein diffuses to the PD sitewhen it ismicroinjected into the cell

at a relatively high concentration. Because the F-actin near the

orifice of the PDmay regulate PDSEL,M8 that has diffused to the

PD site may break down F-actin there.

However, the total number of cells exhibiting cytoplasmic F-actin

severing was relatively small. Therefore, other mechanismsmay be

involved in protecting cytoplasmic F-actin from CMV MP severing.

For example, viral MPs may be confined to the ER (Heinlein et al.,

1998;Reichel andBeachy, 1998; Lazarowitz andBeachy, 1999) and

separated from the cytoplasmic actin cytoskeleton. Based on these

observations, we hypothesize that the integrity of F-actin within

the cytoplasm is necessary for intracellular movement of VRCs,

whereas disruption of the actin cytoskeleton at PD sites may be

involved in increasing the SEL of the PD.

To further test our model, many critical issues need to be

addressed in future studies. Immunolabeling implicates the

presence of actin andmyosin in PD (White et al., 1994; Blackman

and Overall, 1998; Radford and White, 1998; Volkmann et al.,

2003). Additional evidence, for instance, direct biochemical

isolation of these proteins from PD, is necessary to further

establish this. It is also possible that F-actin is present near the

orifice of PD and that the dynamic changes of such actin play a

role in regulating PD SEL. Regardless of whether F-actin is

present in or near PD, a more critical mechanistic question is

whether MPs interact with it locally to regulate PD transport.

Many studies have shown that the actin cytoskeleton has a close

association with the ER system in plant cells, and it is of interest

to determine whether MPs interact with actin at the ER and

thereby affect the intracellular movement of VRCs (Goosen-de

Roo et al., 1983; Quader et al., 1987; Lichtscheidl et al., 1990;

Uetake and Peterson, 2000). Answers to these questions will be

critical for unraveling the detailed mechanism by which MPs

elevate PD SEL.

Actin Cytoskeleton Remodeling for Regulation of PD SEL

Many studies have shown that non-cell-autonomous proteins

can move between cells in various tissues and at different

developmental stages in plants (Perbal et al., 1996; Brand

et al., 2000; Reiser et al., 2000; Haywood et al., 2002; Lough

and Lucas, 2006). However, little is known about how PD SEL is

regulated during the movement of macromolecules. Our study

suggests that the regulation of actin structure is involved in the

movement of macromolecules between plant cells. Although

there is no direct evidence to show that the actin cytoskeleton is

involved in the trafficking of non-cell-autonomous macromole-

cules through the PD, it is possible that plant cells use a

mechanism similar to that of viruses to regulate the PD in non-

cell-autonomous protein trafficking. Our study shows that CMV

MP has several characteristics in common with actin binding

proteins (ABPs) from both plants and animals. For example, like

actin depolymerizing factor/cofilin and villin, CMVMP binds both

G- and F-actin in vitro (Bretscher andWeber, 1980; Ressad et al.,

1998). CMV MP also has the ability to sever actin filaments,

similar to some of the ABPs, including members of the gelsolin/

villin protein family, actin depolymerizing factor/cofilin, and

formin (Harris et al., 2004; Huang et al., 2004; Andrianantoandro

and Pollard, 2006; Xiang et al., 2007). In addition, CMVMP plays

a role in capping the plus end of F-actin, which has been reported

for the capping proteins CapZ, gelsolin, and formin (Yu et al.,

1990; Huang et al., 2003, 2004; Kovar et al., 2003; Michelot et al.,

2005). Therefore, MPs may mimic certain ABPs to remodel the

actin cytoskeleton and increase the SEL of the PD.

Considering that MPs might adopt an endogenous mecha-

nism to increase PD SEL, the use of ABPs to remodel the actin

cytoskeleton at the PD site may be a general mechanism for the

trafficking of macromolecules through this channel. This implies

that ABPs participate in the regulation of the PD and allow the

trafficking ofmacromolecules between plant cells. Thus, it will be

of significant interest in the future to investigate whether the actin
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cytoskeleton and ABPs together participate in the trafficking of

non-cell-autonomous macromolecules between plant cells.

METHODS

Plant Materials

Wild-type Nicotiana benthamiana plants were grown, as described pre-

viously by Martins et al. (1998). Six- to eight-week-old plants were used

for the agroinfiltration and microinjection experiments.

Plasmid Construction

For Escherichia coli expression, the CMV MP (strain Fny) coding se-

quence was amplified by PCR and cloned into the BamHI and SacI sites

of vector pET30a to generate His-tagged recombinant CMV MP. The

CMV MP mutant M5, which has Ala substituted for Tyr-144 and Asp-145

of thewild-type protein (Ding et al., 1995), was generatedwith the TaKaRa

MutanBEST site-directed mutagenesis kit (TaKaRa Bio), using a pMD18-

T-CMV MP simple vector (TaKaRa) as a template. Another mutant, M8,

which has Asp-20 and Asp-21 substituted with Ala (Canto and Palukaitis,

2005), was also generated, as described for M5. To create the CMV MP-

mCherry fusion protein, the BamHI/SalI PCR fragment was cloned into

pET30a. There is a 43Gly linker betweenCMVMPandmCherry cDNAs in

the fusion construct.

All plasmids used for agroinfiltration experiments were constructed in

the pGD vector (Goodin et al., 2002). CMV MP-mCherry, M8-mCherry,

M5-mCherry, and mCherry were cloned into the BglII and SalI sites of

pGD, respectively. The XhoI and SalI cDNA PCR fragment of TMV MP-

GFP was cloned into the pGD vector. All cDNA sequences were verified

by sequence analysis.

Preparation of Recombinant Proteins and Anti-CMVMP Antibodies

A pET30a plasmid containing the CMVMP cDNAwas transformed into E.

coli strain BL21, and expression of the CMVMP recombinant protein was

induced by the addition of isopropylthio-b-galactoside (IPTG) prior to

bacterial cell harvest. Inclusion bodies containing the recombinant CMV

MP were isolated, as described by Ding et al. (1995). For further purifi-

cation, inclusion bodies were dissolved on ice in PBS (140 mM NaCl, 2.7

mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.3) containing 8 M

urea. Cold PBS was then added gradually to decrease the concentration

of urea to 4 M. After centrifugation at 20,000g for 30 min at 48C, the

purified inclusion bodies were mixed with Ni-NTA beads (Qiagen), which

had been pre-equilibrated for 2 h at 48C with PBS containing 4 M urea.

The recombinant protein was renatured by decreasing the urea concen-

tration to 0 Mwith PBS at 48C and washing with buffer (50 mMNaH2PO4,

300 mM NaCl, and 20 mM imidazole, pH 8.0). Renatured recombinant

CMVMP was eluted with elution buffer (50 mMNaH2PO4, 300 mM NaCl,

and 250 mM imidazole, pH 8.0). The collected protein was dialyzed

immediately against G-buffer without ATP (5 mM Tris-HCl, pH 8.0, 0.2

mMCaCl2, 0.01%NaN3, and 0.5 mMDTT) for 3 h during which the buffer

was changed three times. The recombinant CMVMPwas stored at –808C

for future use.

M5,M8, andCMVMP-mCherry recombinant proteins were induced, as

described above, and purified on Ni-NTA beads (Qiagen) under native

conditions according to the manufacturer’s instructions.

Protein samples were analyzed using SDS-PAGEwith 12% acrylamide

gels and visualized by staining with Coomassie Brilliant Blue R 250

(Sigma-Aldrich). The purified CMV MP recombinant protein was centri-

fuged at 20,000g for 30 min at 48C before use.

Purified recombinant CMV MP was used to elicit polyclonal antiserum

production in rabbits. The CMV MP polyclonal antibody was purified

using a Protein A Sepharose CL-4B column (GE Heathcare) and a CMV

MP-conjugated CNBr-Sepharose 4B column (GE Heathcare). To test

whether the antibody recognized CMV MP specifically, bacterial protein

extracts were assessed by immunoblotting. The blots were probed with

purified anti-CMVMP antibody (1:1000) in TBST (10mMTris-HCl, pH 8.0,

100 mM NaCl, and 0.05% Tween 20).

Microinjection

The fluorescent probes LYCH, as well as 4-, 10-, and 20-kD FITC-

conjugated dextran (Sigma-Aldrich), were used to measure the PD SEL.

The concentration of the fluorescent probes in themicroinjection needles

was 1 mM in 5 mM KHCO3, pH 8.0. For the coinjection experiments,

recombinant CMV MP, M5, and M8 were used at a concentration of 10

mM with the various fluorescent probes.

Microinjectionwas performed using anOlympusBX50-W1microscope

with a 340 objective (LMPlanF1; Olympus). The injection system was

controlled by a Narishige ONM-1 manipulator. The needles were pre-

pared in the lab. The microinjection samples were prepared using 3 3

4-cm2 fragments cut from the sixth leaf of tobacco plants. A portion of the

lower epidermis was peeled off, and the mesophyll cells were injected.

The injected samples were observed using a Zeiss LSM 510 META

confocal microscope with a 320 objective (Plan-NEOFLUAR, numerical

aperture [NA] of 0.5; Zeiss). On average, three cells were injected per leaf,

and more than three leaves from different plants were used for each

treatment.

CD, Lat A, and phalloidin (Sigma-Aldrich) were used to disrupt or

stabilize F-actin. Samples were prepared as described above. CD (2 mM)

and phalloidin (2 mM) were coinjected with 10-kD FITC-dextran. For

experiments with Lat A, samples were incubated with 0.1 mM Lat A for 30

min prior to microinjection.

Actin Binding Assays

Actin was purified from rabbit skeletal muscle acetone powder (prepared

as described in Spudich and Watt, 1971) by Sephacryl S-300 chroma-

tography (as described in Pollard, 1984) in G-buffer (5 mM Tris-HCl, pH

8.0, 0.2 mM ATP, 0.2 mMCaCl2, 0.5 mMDTT, and 0.01%NaN3). Pyrene-

labeled actin was labeled on Cys-374 with pyrene iodoacetamide

(Molecular Probes) as described by Huang et al. (2003).

The ability of CMVMP to bind toG-actinwas tested by immunoblotting.

Aliquots (2 mL) of 2, 5, and 10 mM CMV MP were spotted onto nitrocel-

lulose membranes and allowed to dry. Identical aliquots of G-actin and

GST were also spotted. Themembrane was then incubated with 3%BSA

in TBST buffer overnight at 48C. Threemilliliters of 4mMrecombinantCMV

MPwas then added to themembrane, whichwas then incubated for 2 h at

room temperature. The membrane was washed with TBST and then

incubated for another 2 h at room temperature with anti-CMV MP

antibody (1:1000) in a 3-mL volume. The unbound primary antibody

was washed using TBST, and then 3 mL of alkaline phosphatase–

conjugated goat anti-rabbit IgG (1:10,000) (Sigma-Aldrich) in TBST was

applied to the membrane for 2 h at room temperature. Following addi-

tional washes in TBST, the bound antibody was visualized by BCIP/NBT

color development substrate (Promega) according to the manufacturer’s

instructions. Incubation without recombinant CMV MP was used as a

control. Nitrocellulose membrane spotted with CMV MP, G-actin, GST,

and profilin was also incubated with 3 mL 4 mM rabbit actin, which was

then detected using an anti-actin antibody (MPBiomedicals). An identical

membrane that had not been incubated with G-actin was used as a

control.

Cosedimentation experiments were performed to test the ability of

CMV MP, M5, and M8 to bind to F-actin. All proteins were centrifuged at

100,000g for 1 h at 48C before use. Actin was polymerized at 258C for 30
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min in KMEI buffer (50 mM KCl, 1 mM MgCl2, 1 mM EGTA, and 10 mM

imidazole-HCl, pH 7.0). Preformed F-actin (formed by 1 mMG-actin) was

incubated with various concentrations of CMV MP (0, 0.5, 1, 1.5, 2, 2.5,

and 3 mM), M5 (0, 0.5, 1, 2, 4, 5, and 6 mM), and M8 (0, 0.5, 1, 2, 4, 5, and

6 mM) for 30 min at 48C in a 100-mL reaction volume, respectively. After

incubation, the samples were centrifuged at 100,000g for 20 min at 48C.

Aliquots of the supernatant and pellet were analyzed using SDS-PAGE

with 12% acrylamide gels. The amount of CMV MP, M5, and M8 bound

to F-actin was determined by densitometry using a Quantity One-4.5.0

scanner (Bio-Rad).

In vitro immunofluorescence labeling experiments were performed to

test CMV MP binding to F-actin. Preformed F-actin was stabilized by

Alexa488-phalloidin and then incubated with recombinant CMV MP at a

molar ratio of 50:1 for 20 min at room temperature in KMEI buffer. Anti-

CMV MP antibody (1:100) was added and incubated for 1 h at room

temperature, followed by a 15-min room temperature incubation with

TRITC-conjugated goat anti-rabbit IgG (1:200). A 1-mL aliquot was

transferred onto slides pretreated with poly-L-Lys. CMV MP, which was

boiled for 2 min to denature the protein, and staining with secondary

antibody alone were included as negative controls. The samples were

visualized on an Olympus BX51 microscope equipped with a CoolSNAP

HQ CCD camera (Photometrics). Images were acquired using Meta-

Morph 6.0 (Universal Imaging).

Actin Polymerization Assays

The time course of actin polymerization was monitored according to

Huang et al. (2003). Briefly, 3.6mMG-actin containing 5%pyrenyl-actin in

G buffer was polymerized in KMEI buffer with various amounts of CMV

MP (0, 0.4, 1, 2, 4, and 8mM). Pyrene fluorescence wasmeasured with an

F-4500 fluorescence spectrofluorometer (Hitachi). The experiments were

repeated at least three times under the same conditions.

Gel Mobility Shift Assays

32P-labeled full-length RNA3 of Fny CMV was generated with T7 RNA

polymerase (Promega) by in vitro transcription using [a-32P]UTP (10

mCi/mL) and purified with a RNAclean kit (Tiangen). The labeled tran-

script was heated at 958C for 30 s and then immediately soaked on ice

for 10 min before adding protein. About 2 ng 32P-labeled CMV RNA3

transcript was incubated with purified CMVMP (0, 10, 80, 150, 300, and

600 ng) and GST (600 ng) or TMV MP (0, 5, 20, 80, 200, and 400 ng) and

GST (400 ng) in 20 mL of binding buffer (50 mM Tris-HCl, pH 7.0, and 50

mM NaCl). The mixtures were incubated on ice for 30 min and then

electrophoresed in a 1% (v/v) nondenaturing agarose gel in 0.53 TBE at

150 V for 1 h on ice. The gels were dried and autoradiographed.

Competition binding assays were performed as described by Ham et al.

(2009). Various amounts of unlabeled CMV RNA3 (0, 10, and 100 ng)

were mixed with CMV MP (200 ng) or TMV MP (300 ng), for 15 min,

followed by the addition of 2 ng labeled CMV RNA3 and a further

incubation for 15 min.

Observation of F-Actin Fragmentation Induced by CMVMP or

Its Derivatives

Preformed F-actin (formed by 1mMG-actin) was incubatedwith CMVMP

at various concentrations (0, 0.1, 0.2, 0.5, 1, and 2 mM) in the presence of

0.2 mMATP at 48C for 30min, followed by the addition of 1mMAlexa488-

phalloidin for an additional 10 min at 48C (Molecular Probes). Samples

were then diluted 10-fold with KMEI, and 1 mL was placed on a slide

coated with poly-L-Lys. Samples were observed using an Olympus BX51

microscope equipped with a CoolSNAP HQ CCD camera (Photometrics)

with a3100 oil objective (1.3 NA). GST was used as a control. As another

control, 1 mM Alexa488-phalloidin was added to preformed F-actin

(formed by 1 mM G-actin) before incubation with 2 mM CMV MP.

To test whether CMV MP or TMV MP could still fragment F-actin in the

presence of vRNA, the CMV RNA3 (100 ng) was mixed with CMV MP (2

mg) or TMV MP (2 mg) in 20 mL of binding buffer (50 mM Tris-Cl, pH 7.0,

and 50 mM NaCl). After incubation on ice for 30 min, the mixtures were

added to preformed F-actin (formed from 1 mM G-actin) as described

above.

To establish whether CMV MP severs actin filaments, nonsaturating

and saturating concentrations of Alexa488-phalloidin were tested ac-

cording to the method described by Harris and Higgs (2006). Preformed

F-actin (formed from1mMG-actin) was incubatedwith 0, 0.2, 0.4, or 1mM

Alexa488-phalloidin for 15 min at 48C before the addition of CMV MP.

Then, 1 mM recombinant CMV MP was added, and the samples were

incubated for another 30 min at 48C. Before visualization, Alexa488-

phalloidin was added to all samples to a final concentration of 1 mM to

detect actin filaments. The samples were observed as described above.

The length of the actin filaments in the images was measured using

Metamorph 6.0 (Universal Imaging). The lengths of actin filaments from

five images were collected and calculated for each treatment. Each

treatment was repeated at least three times. The data were processed

using Excel (Microsoft).

To further test the F-actin severing activity of M5 and M8, fluorescence

experiments were performed as described above. Preformed F-actin

(formed from 1 mM G-actin) was incubated without CMV MP or with M5

(1 mM), M8 (1 mM), or CMV MP (1 mM), followed by incubation with 1 mM

Alexa488-phalloidin to stabilize and stain the actin filaments, as de-

scribed above. The length of F-actin in each treatment was measured

using Metamorph 6.0 (Universal Imaging). Each treatment was repeated

at least three times. The data were processed using Excel (Microsoft).

To analyze the F-actin severing activity of this fusion protein in vitro,

preformed F-actin (formed by 1 mM G-actin) was incubated with CMV

MP-mCherry at various concentrations (0, 0.5, 1, and 2 mM) as described

above.

Capping and Dilution Assays

The capping activity of CMV MP was analyzed as described by Huang

et al. (2003). The actin polymerization seeds for the capping assay were

prepared by incubation of CMV MP (0, 0.5, 1, or 2 mM) with preformed

F-actin (formed from 1 mMG-actin containing 5% pyrene-labeled G-actin)

for 5 min at room temperature. A 20-mL aliquot of F-actin seeds was

added to 1 mM G-actin (5% pyrene-labeled actin) and 4 mM profilin that

had been premixed in KMEI buffer. Measurement of pyrene fluorescence

was used to analyze the time course of actin polymerization. The

experiments were repeated at least three times under the same condi-

tions.

To test the capping activity of CMV MP further, dilution experiments

were performed. Preformed F-actin (formed from 5 mM G-actin that

contained 5% pyrene-labeled G-actin) was incubated with various con-

centrations (0, 2.5, 5, and 7.5 mM) of CMVMP in KMEI buffer for 5min and

then diluted 25-fold with G-buffer. The time courses were recorded by

measuring pyrene fluorescence immediately, as described above. The

experiments were repeated at least three times under the same condi-

tions.

Agroinfiltration

pCAMBIA1300-GFP-fABD2, pGD-CMV MP-mCherry, pGD-M8-mCherry,

pGD-M5-mCherry, pGD-TMV MP-GFP, and pGD-mCherry were ex-

pressed in N. benthamiana leaves by agroinfiltration according to

Goodin et al. (2002). Agrobacterium tumefaciens (GV3101) was trans-

formed with these constructs and grown to saturation in Luria-Bertani
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medium containing antibiotics for selection. The cultures were centri-

fuged and the bacterial cells were resuspended in infiltration solution (10

mMMgCl2, 10mMMES, pH5.6, and 100mMacetosyringone) to anOD600

of 1 and then kept at room temperature for 2 h. Before coinfiltration,

the suspensions were mixed equally (1:1) and then coinfiltrated into the

abaxial sides of young leaves using a 2-mL syringe without a needle. The

leaves were visualized on a Zeiss LSM510 confocal microscope with

a 340 oil objective (1.3 NA; Zeiss) 36 to 70 h after infiltration. For each

construct,;100 cells were observed in three independent experiments.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL

databases under the following accession numbers: D10538REGION, 120

to 959 (CMV MP) and AB369276 REGION, 4903 to 5709 (TMV MP).
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