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Abstract

Pathogen proteins targeting the actin cytoskeleton often serve as model systems to understand 

their more complex eukaryotic analogs. We show that the strong actin filament nucleation activity 

of Vibrio VopL depends on its three W domains and dimerization through a unique VopL C-

terminal domain (VCD). The VCD displays a novel all-helical fold and interacts with the pointed 

end of the actin nucleus, contributing to the nucleation activity directly and through duplication of 

the W domain repeat. VopL promotes rapid cycles of filament nucleation and detachment, but 

generally has no effect on elongation. Profilin inhibits VopL-induced nucleation by competing for 

actin binding to the W domains. Combined, the results suggest that VopL stabilizes a hexameric 

double-stranded pointed end nucleus. Analysis of hybrid constructs of VopL and the eukaryotic 

nucleator Spire suggest that Spire may also function as a dimer in cells.
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Nucleation is rate-limiting during actin polymerization, and is catalyzed in cells by proteins 

called actin filament nucleators 1. Known filament nucleators in eukaryotic cells include the 

Arp2/3 complex together with its large family of Nucleation Promoting Factors (NPFs) 2, 

Formins 3,4, Spire 5, Cobl 6 and Lmod 7. Additionally, microbial pathogens often subvert the 

host cell actin cytoskeleton for infection, particularly by interfering with nucleation. Vibrios 
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are Gram-negative bacteria that cause wound infection, gastrointestinal disease, and 

diarrhea 8. Vibrio parahaemolyticus and Vibrio cholerae produce the type III secretion 

system (T3SS) virulence factors VopL 9 and VopF 10. VopL and VopF share 57% sequence 

identity. Both proteins have strong actin nucleation activity, and through their ability to 

disrupt actin homeostasis are suggested to play a critical role in Vibrio host cell entry and 

infection 9,10. Recently, a VopF homolog, VopN, was identified in a divergent T3SS island 

of V. cholerae strains isolated from cholera outbreaks in Peru and Bangladesh 11. VopN is 

also a potent nucleator. It localizes to the host stress fibers, and is involved in the disruption 

of cell polarity and tight junctions and in eliciting the diarrheal response in a rabbit 

model 11.

Among filament nucleators, the WASP-homology 2 (WH2 or W) domain is emerging as the 

most common actin-binding motif 1, present in Spire 5, Cobl 6, VopL and VopF 9,10, 

Sca2 12, TARP 13, Lmod 7, and the NPFs of the Arp2/3 complex 2. The W domain consists 

of 17–27-aa, comprising an N-terminal helix that binds in the target-binding cleft between 

actin subdomains 1 and 3 and a C-terminal extended portion featuring the conserved 4-aa 

motif LKKT(V) 1. In Spire, Cobl, VopL and VopF, Sca2, and some NPFs, the W domain 

occurs in tandem repeats, with each W domain binding one actin monomer to stabilize a 

small nucleus of three to four actin subunits 5,6,9,10. However, the spacing between W 

domains varies considerably among these proteins, which appears to determine the 

configuration of the actin nuclei that they generate. Thus, the four W domains of Spire are 

connected by short inter-W linkers and, as a result, Spire is thought to stabilize a long-pitch 

(longitudinal) actin tetramer 5. This arrangement might not be optimal for nucleation, as 

Spire has low nucleation activity in vitro 5,14,15. In contrast, Cobl, with just three W 

domains, has strong nucleation activity. Cobl differs from Spire in that it contains a long 

linker between its second and third W domains. It has been proposed that this property 

enables Cobl to stabilize a short-pitch trimeric nucleus 6, which presumably is a more 

effective way to promote polymerization. This model appears plausible, but remains 

untested and cannot explain why VopL and VopF, which contain three W domains (like 

Cobl) but short inter-W linkers (like Spire), display strong nucleation activity 9,10. We set 

out to study the mechanism of actin filament nucleation by VopL as an important step to 

understand its role in Vibrio infection and because of its relevance for our understanding of 

other eukaryotic and bacterial nucleators. Our structure-function studies reveal among other 

findings that dimerization plays a critical role in VopL-mediated nucleation, by enabling the 

formation of a hexameric pointed end actin nucleus. The results further suggest that Spire, 

and possibly other eukaryotic nucleators, may also function as dimers or higher oligomers in 

cells.

RESULTS

Nucleation requires all three W domains and C-terminal VCD

To understand how VopL can achieve strong nucleation activity with just three W domains 

and short inter-W linkers, we analyzed the polymerization activity of VopL fragments 

designed according to its domain organization (Fig. 1a and Supplementary Fig. 1). VopL is a 

484-aa protein. The three W domains are located toward the middle of the sequence 
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(residues 130–227), positioned in between a short proline-rich (Pro-rich) sequence (residues 

99–113) and a C-terminal 238-aa domain (residues 247–484) of unknown function and 

structure, referred to here as VCD (for VopL C-terminal domain).

Bulk polymerization was measured using the pyrene-actin assay 16. While the 

polymerization activity of Spire was mapped to its four-W domain repeat 5, VopL construct 

3W, comprising the three W domains, had negligible activity compared to the spontaneous 

polymerization of actin alone (Fig. 1b). In contrast, 3W-VCD, comprising in addition the 

VCD, had very strong activity (Fig. 1b), which increased in a dose-dependent manner (Fig. 

1c and Supplementary Fig. 2a). This construct had even stronger activity than the Arp2/3 

complex analyzed at the same concentration (25 nM) with activation by 250 nM N-WASP 

WCA (Supplementary Fig. 3). A fragment corresponding to the four W domain repeat of 

Drosophila Spire (residues 366–482) had negligible activity at this concentration 

(Supplementary Fig. 3), which is consistent with previous reports 5,14,15 (analyzed further 

below).

All three W domains of VopL contributed towards its strong nucleation activity (Fig. 1b). 

Thus, removing the first W domain (construct 2W-VCD) resulted in a ~95% drop in 

activity, and the polymerization activities of constructs 1W-VCD and VCD, lacking the first 

two and all three W domains, were very low at 25 nM and did not increase appreciably with 

concentration (Fig. 1b,c and Supplementary Fig. 2b,c). To further clarify the role of each W 

domain in nucleation, we analyzed the effect of point mutations of the W domains within 

construct 3W-VCD. Each W domain was independently mutated at four positions, with Ala 

substitutions of two consecutive hydrophobic residues of the N-terminal helix and the first 

two residues of the LKKT(V) motif (Fig. 1a). While the second and third W domain mutants 

showed a less severe ~60% decrease in activity, the first W domain mutant displayed a 

~90% drop in activity compared to 3W-VCD (Fig. 1d). Thus, the activity of mutant 3W-

VCD(W1*) was similar to that of construct 2W-VCD lacking the first W domain (Fig. 1b), 

suggesting that the combination of the four point mutations completely abolished actin 

binding to the first W domain. In contrast, mutants 3W-VCD(W2*) and 3W-VCD(W3*) 

presumably can still recruit actin subunits through their incapacitated W domains (albeit less 

efficiently), most likely due to additional longitudinal interactions with the adjacent actin 

subunits or VCD (see below). To some extent, these mutated W domains can be viewed as 

long inter-W domain linkers, similar to linker-2 in Cobl. It is thus interesting to note that 

shortening Cobl‘s linker-2 abolishes its nucleation activity, whereas replacing this linker 

with an unrelated sequence of similar length restores most of the endogenous activity 6, 

emphasizing the importance of linker length.

The pyrene-actin assay measures bulk polymerization, but cannot resolve potential changes 

in filament elongation rate that could occur if VopL were to stay bound to the barbed end of 

the filament after nucleation. We used TIRF (total internal reflection fluorescence) 

microscopy to directly observe actin assembly in the presence of VopL constructs by 

monitoring the polymerization of 1.5 μM Mg2+-ATP-actin of which 33% was labeled with 

Oregon Green at Cys374 for visualization 17,18 (Fig. 1e, Supplementary Videos 1–4). In the 

absence of VopL constructs, spontaneously assembled actin filaments elongated from their 

barbed ends at the rate of 8.4 sub s-1, and only 1.0 × 10-3 filament μm-2 were observed on 
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average after 300 s. In the presence of 0.1 nM VopL constructs P-3W-VCD and 3W-VCD, 

filament nucleation was dramatically stimulated, resulting in the formation of 31 and 29 × 

10-3 filament μm-2. Construct VCD had negligible activity under these conditions, producing 

only 1.3 × 10-3 filament μm-2. Filaments nucleated in the presence of VopL constructs 

elongated from their barbed ends approximately at the same rate as control filaments, in 

contrast to Formins that remain processively bound to barbed ends and regulate filament 

elongation 19.

VCD mediates dimerization and binds at the pointed end

We then addressed the mechanism by which the VCD contributes to the overall nucleation 

activity of VopL, while displaying negligible activity on its own (Fig. 1b,c). Sequence 

analysis predicted that the last 23 residues of VCD (462–484) formed a coiled coil 

(Supplementary Fig. 4), suggesting that it could mediate VopL dimerization. Consistent with 

this prediction, multi-angle light scattering combined with size exclusion chromatography 

(SEC-MALS) showed that all VopL constructs containing an intact VCD formed dimers 

(Fig. 2a and Supplementary Table 1).

Simultaneously mutating five hydrophobic residues at heptad positions a and d of the coiled 

coil to glutamic acid (Supplementary Fig. 4) introduced repulsive forces that disrupted 

dimerization (Fig. 2a). Interestingly, however, the nucleation activity of the resulting 

monomeric construct 3W-VCD*, while substantially lower than that of 3W-VCD, was 

higher than that of 3W (Fig. 2b). This result suggested that VCD does not merely mediate 

dimerization, but additionally contributes to the recruitment of actin subunits during 

nucleation. To explore this possibility, we performed a high-speed (224,000 × g) co-

sedimentation assay of VCD with F-actin. In the absence of actin filaments, VCD was found 

in the supernatant, whereas in the presence of F-actin a small fraction was also detected in 

the pellet (Fig. 2c), indicating that VCD binds F-actin. Interestingly, construct 1W-VCD, 

comprising in addition the third W domain, sequestered actin monomers and formed a stable 

complex with actin in the pelleting assay (Fig. 2d). The mass of this complex was 135,000 

Da (Fig. 2e), consistent with the presence of two actin molecules and a 1W-VCD dimer in 

the complex. This complex formed relatively fast, after incubation of 1W-VCD with F-actin 

for only 1 h, and thus could not occur solely by sequestration of actin monomers 

dissociating spontaneously from the filament, suggesting that 1W-VCD also has severing or 

depolymerizing activity.

To investigate the location of VopL during nucleation, we used TIRF microscopy to observe 

filament assembly by VopL construct P-3W-VCD immobilized on a coverslip (Fig. 2f and 

Supplementary Videos 5 and 6). More than 96% of the filaments nucleated by immobilized 

P-3W-VCD were immediately detached from the coverslip, making it difficult to determine 

which end of the filament was associated with VopL during nucleation. A small fraction of 

the filaments (~3.8%) remained tethered to the coverslip, and appeared to be bound through 

their pointed ends. Filaments elongated at the control rate of ~8.3 sub s-1 regardless of 

whether they were free or attached to coverslips, and they did not buckle like filaments 

attached by their barbed ends to immobilized Formin 20.
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To further clarify the location of VopL during nucleation, we labeled construct 3W-VCD 

with quantum dots (Qdots). The majority of the Qdots did not display nucleation events 

(Supplementary Table 2). Of the fraction of Qdots showing nucleation (3.9%), most 

appeared to assemble multiple filaments, undergoing very rapid cycles of nucleation and 

dissociation (Fig. 2g and Supplementary Videos 7 and 8). It was not possible to 

unambiguously determine which end of the filament was associated with the Qdot in these 

fast events. However, because the elongation rate of these filaments (~8 sub s-1) was 

unchanged compared to control filaments (Fig. 2h), it appeared likely that VopL was at the 

pointed end during nucleation but quickly dissociated as filaments started to grow. A 

relatively small fraction of the filaments (18.5%) remained associated with Qdots after 

nucleation for more than a minute. Of these, 10.9% were clearly associated through the 

pointed end, as indicated by brighter (less bleached) barbed ends, and displayed an 

elongation rate of 7.7 sub s-1, similar to that of free filaments (Fig. 2g,h and Supplementary 

Video 9). Unpredictably, ~7.6% of the filaments were unambiguously found to be associated 

through their barbed ends (Fig. 2g). Barbed end-associated filaments grew faster (Fig. 2h) 

and occasionally buckled (Supplementary Video 10), as observed with Formins 20. These 

rare events were only observed with Qdots, and it is unclear whether they represent a core 

function of VopL. Qdots can have multiple VopL molecules attached, artificially increasing 

the local concentration of actin monomers bound to W domains and the likelihood that 

newly formed filaments remain tethered (note that part of the binding interface of the W 

domain is exposed on the side of the actin filament 21). Nevertheless, this is the first 

observation of a W domain-based nucleator that can accelerate barbed end filament 

elongation. The closest parallel is with Eva/VASP proteins. Although not generally thought 

to participate in nucleation, Ena/VASP proteins interact with actin through W domain-

related sequences and accelerate processive barbed end elongation when concentrated on a 

bead 22. A similar situation could occur in cells if the local concentration of secreted VopL 

is sufficiently high. Yet, the vast majority of our observations suggest that during nucleation 

VopL is at the pointed end of the polymerization nucleus, dissociates fast after nucleation, 

and is not involved in processive elongation.

Crystal structure of VCD

The crystal structure of VCD was determined ab initio, using data collected at a single X-ray 

wavelength from a selenomethionine derivatized crystal (Methods and Table 1). The 

structure revealed a novel dimeric fold (Fig. 3a and Supplementary Video 11). Each 

monomer consisted of three discrete domains: base (Arg247–Ala280; Ser395–Ser461), arm 

(Asp281–Leu394) and coiled coil (Tyr462–Ser484). Dimerization was mainly mediated by 

the coiled coil domain and preceding loop 460–462, where the side chains of Tyr460 and 

Tyr462 from the two monomers interlocked into each other. Also contributing to 

dimerization was the loop Gln418–Gly421 that formed a short antiparallel β-sheet at the 

dimer interface. The extended arm domain was the most flexible part of the structure, as 

reflected by higher temperature factors and large differences between the two subunits of the 

dimer (Supplementary Fig. 5a,b). Moreover, the crystals were rarely isomorphous, and 

differences among them resulted primarily from changes in the orientation of the arm 

domains, as illustrated by a comparison of two structures derived from two different crystals 
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(Supplementary Fig. 5c). As a result, residues Ser324–Ser339 of the arm domain were not 

visualized in the structure.

Solution structure by SAXS of VCD and 1W-VCD+actin

We used Small Angle X-ray Scattering (SAXS) to study the solution structures of VCD and 

1W-VCD in complex with actin to determine the location of actin subunits in the 

polymerization nucleus. The molecular mass of VCD determined from the scattering 

intensity (Fig. 3b) extrapolated to zero angle, I(0), was 50.6 kDa, confirming the presence of 

a dimer in solution (theoretical mass: 53.7 kDa). The radius of gyration (Rg), characterizing 

the overall spread of the particle in solution, was 38 Å. The unconstrained (i.e. not imposing 

two-fold symmetry) surface envelope resulting from averaging of 50 ab initio structures 

computed with the program DAMMIF23 displayed pseudo two-fold symmetry, as expected 

for the VCD dimer (Fig. 3c). The low-resolution SAXS envelope bore obvious similarities 

with the crystal structure, particularly for the most stable portions of the structure, including 

the base and coiled coil domains (Supplementary Fig. 6). The flexible arm domains, 

however, were only partially resolved in the SAXS envelope and seemed to adopt a different 

orientation in solution than in the crystal structure, giving rise to a more extended structure.

Construct 1W-VCD forms a 2:2 complex with actin (Fig. 2d,e). The Rg of this complex 

measured by SAXS was 45 Å (Fig. 3b,d), and its molecular mass determined from the I(0) 

was 136.2 kDa which, consistent with the light scattering measurement (Fig. 2e), confirmed 

the presence of a 2:2 complex in solution. The average SAXS envelope clearly reproduced 

the VCD portion of the complex, but did not contain sufficient extra density to account for 

two actin molecules (Fig. 3d). This result indicates that at least one of the actin subunits is 

bound loosely, i.e. flexibly tethered to VCD although tightly bound to W3 (Kd =0.4 μM, 

Supplementary Fig. 7), such that averaging diminishes its contribution to the final envelope. 

The extra density observed was located at the interface between the base and arm domains. 

In the crystal structure of VCD, the N-termini of each monomer emerge near the interface 

between the base and arm domains (Fig. 3a), which combined with the location of the actin 

subunit in the SAXS envelope suggests a tentative model of the polymerization nucleus (see 

below).

Profilin inhibits VopL-induced nucleation

VopL has two Pro-rich sequences, one between W domains 2 and 3 (188PAPPPLP194) that 

could potentially bind one profilin-actin complex 24, and one N-terminal to the W domain 

repeat (99PPAPPLPGAIPPAPP113) that could bind two profilin-actin complexes. The latter 

sequence is reminiscent of the Formin-Homology 1 (FH1) domain, which is also positioned 

N-terminal to the actin-binding region and recruits profilin-actin complexes to stimulate 

filament elongation12,19. In contrast, profilin inhibited in a dose-dependent manner bulk 

polymerization induced by 5 nM VopL construct P-3W-VCD, carrying both Pro-rich 

sequences, and construct 3W-VCD, containing only the second Pro-rich sequence (Fig. 4a).

To further explore the effect of profilin we turned to direct observation of polymerization by 

TIRF microscopy (Fig. 4b and Supplementary Videos 12–14). In control experiments, the 

addition of 2.5 μM profilin reduced somewhat the nucleation efficiency and barbed end 

Namgoong et al. Page 6

Nat Struct Mol Biol. Author manuscript; available in PMC 2012 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



elongation rate of actin alone. However, in accord with the bulk polymerization assay, 

profilin strongly inhibited nucleation by P-3W-VCD and 3W-VCD (Fig. 4b,c). Filaments 

that did nucleate in the presence of profilin and VopL constructs grew from their barbed 

ends at similar rates as control filaments.

Profilin’s inhibitory effect on VopL-induced nucleation could be explained by at least two 

different mechanisms: 1) profilin could bind to the Pro-rich sequences of VopL and 

sterically block the formation of a polymerization nucleus, or 2) the W domain, whose 

binding site on actin partially overlaps with that of profilin in crystal structures 24,25, cannot 

compete effectively with profilin for actin binding. To distinguish between these two 

possibilities, we introduced the mutation P191E in the middle of the second Pro-rich 

sequence, which according to crystal structures 24 should abolish profilin binding to this site. 

This mutation was introduced in constructs P-3W-VCD and 3W-VCD, and was expected to 

partially or completely release the inhibitory effect of profilin if the first mechanism was 

responsible for it. In control experiments (without profilin), mutants P-3W-VCDP191E and 

3W-VCDP191E displayed normal nucleation activity, but the addition of profilin inhibited 

their activities to the same extent as for the original constructs in bulk polymerization (Fig. 

4a) and TIRF experiments (Fig. 4b,c and Supplementary Videos 15–18). Filament 

elongation rates were not affected by the mutation. In bulk polymerization the assay, 

maximum inhibition was attained at a profilin concentration of 2 μM, equal to the 

concentration of actin in these experiments.

Combined, these results suggest that profilin competes with the W domain for actin binding, 

probably due to its higher affinity for ATP-actin (KD~0.1 μM) 26 than that of most W 

domains. For instance, the affinity of the third W domain of VopL for ATP-actin measured 

here by isothermal titration calorimetry was 0.41 μM (Supplementary Fig. 7), consistent 

with previous measurements for other W domains 25,27. In our experiments, as it is probably 

the case in cells, the concentration of profilin was much higher than that of VopL, putting 

the W domain at a considerable disadvantage for binding to actin. In cells, where profilin-

actin is the largest fraction of umpolymerized actin 28, the inhibitory effect of profilin could 

be substantial, implying that most W domain-based nucleation might proceed from the 

comparatively small pool of free actin. An analogous conclusion was reached for Formins, 

whose nucleation activity is also inhibited by profilin 29.

Analysis of hybrid constructs of VopL and Spire

In agreement with previous reports 5,30, we found that the W domain repeat of Spire (Fig. 

5a) had low nucleation activity at 25 nM, but its activity increased appreciably at 250 nM 

(Fig. 5b). In contrast, VopL construct 3W had low nucleation activity, which did not 

increase with concentration. Spire linker-3 (between W domains 3 and 4) is known to play a 

critical role in its nucleation activity 5,30. Accordingly, a hybrid construct in which linker-2 

of VopL construct 3W was replaced by Spire linker-3, 3W-sL3 (Fig. 5a), behaved similarly 

to Spire in that its activity increased with concentration (Fig. 5b). Thus, we find that the 

specific sequence and length (Spire linker-3 is seven residues shorter than VopL linker-2) of 

inter-W linkers plays a critical role in the nucleation activity of tandem W domain 

nucleators, possibly by contributing directly to the recruitment of actin subunits 5,30.
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An important factor determining the strong nucleation activity of VopL seems to be 

dimerization. We asked whether dimerization of Spire’s repeat of four W domains would 

have a similar effect on its nucleation activity. We generated a hybrid construct of Spire’s W 

domain repeat and VopL’s VCD (Spire4W-VCD), using the LKKT(V) sequence of the last 

W domain as a reference for fusion (Fig. 5a). For a reliable comparison of the nucleation 

activities of constructs 3W-VCD and Spire4W-VCD, the concentration of both proteins was 

lowered to 5 nM in the pyrene-actin polymerization assay, resulting in polymerization rates 

of 31.4 nM s-1 and 11.3 nM s-1, respectively (Fig. 5c). This result confirmed that 

dimerization of tandem W domains and the contribution of a pointed end stabilizing factor 

such as VCD leads to dramatic increases in nucleation activity. In addition, this result 

established the importance of the specific sequence of the W domains and inter-W linkers, 

since even after dimerization the activity of VopL with six W domains was much higher 

than that of Spire with eight W domains.

DISCUSSION

Proposed mechanism of nucleation

Collectively, the results presented here suggest a structure-function model of VopL-

mediated nucleation, some features of which are extendable to other filament nucleators 

(Fig. 6). Through dimerization, VopL stabilizes a hexameric pointed end nucleus and 

promotes extremely fast cycles of filament nucleation and detachment, but generally has no 

effect on elongation and is inhibited by profilin. VCD plays a dual role in this activity: 

duplication of the W domain repeat, to mediate the formation of the hexameric nucleus, and 

contributing directly to the recruitment of actin subunits by binding to the pointed end of the 

nucleus. In the crystal structure, the N-terminus of VCD emerges near the interface between 

the base and arm domains. N-terminal to it, and connected by a linker similar in length to the 

inter-W domain linkers, is the third W domain of VopL. We attempted to manually dock the 

crystal structures of VCD and that of a W–actin complex 25, guided by their relative 

positions in the SAXS envelope and constrained by the necessity to bring the C-terminus of 

the W domain within polypeptide bond distance to the N-terminus of VCD. This approach 

resulted in a model displaying nearly ideal shape and charge complementarity between VCD 

and the bound actin subunit (Fig. 6a,b and Supplementary Video 19). This model predicts 

that the first actin subunit of the polymerization nucleus contacts both subunits of the VopL 

dimer. But, where is the second actin? Because VopL has two-fold symmetry and the 

pointed end of the filament does not, we should consider two possibilities. A second actin 

subunit could be bound symmetrically on the other side of VCD, but this would produce 

substantial steric clashes between actin subunits. Moreover, this conformation is different 

from that of the pointed end of the filament where actin subunits are staggered by half a 

monomer length, and it is probably unfavorable for nucleation. More likely the second actin 

subunit will be positioned with respect to the first one similarly to subunits of the actin 

filament 31. The linker between the last W domain and VCD is sufficiently long to permit 

such an arrangement, which would not produce steric clashes but would imply that the 

second actin subunit is tethered loosely, consistent with the SAXS envelope. Detachment of 

VopL from the polymerization nucleus probably results from incompatibility (steric 

hindrance) between W–actin interactions and longitudinal actin–actin contacts in the 
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filament. Indeed, the helix of the W domain binds in the cleft between actin subdomains 1 

and 3 25, which also mediates inter-subunit contacts in the filament 31,32. Thus, in a recent 

structure of actin subunits bound longitudinally to tandem W domains, the actin subunits are 

separated by the insertion of the W domain helix at the actin-actin interface 21. It is therefore 

important to draw a clear distinction between polymerization nucleus (nucleation 

intermediate) and the actin filament. In the nucleus, the actin subunits are still bound to the 

W domains, which is incompatible with longitudinal inter-subunit contacts in the filament. 

As a result, VopL (and other tandem W domain nucleators) must dissociate when the 

nucleus begins to adopt a filament-like conformation (Fig. 6c), as observed in our 

experiments (Fig. 2g). Steric hindrance of the W domain with inter-actin contacts in the 

filament also suggests the possibility that during dissociation VopL could carry with it a few 

actin subunits bound to the W domains and VCD, as supported by the fact that construct 

1W-VCD displays severing or depolymerizing activity (Fig. 2d).

General implications for tandem W domain-based nucleation

Our results support the notion that isolated W domain repeats are intrinsically weak 

nucleators; they mediate actin recruitment, but other factors, particularly oligomerization, 

contribute toward a strong nucleation activity. Thus, duplication of the W domain repeat of 

Spire, possibly aided by the pointed end binding activity of VCD, resulted in a dramatic 

increase of its nucleation activity. This result is not merely a curiosity, but might represent a 

general paradigm for how Spire (Fig. 6d) and other tandem W domain nucleators function. 

Thus, there is now strong evidence that Spire interacts directly with the Formin Cappuccino, 

and that the two proteins function together during Drosophila oogenesis 15,33,34. A similar 

interaction occurs among their mammalian counterparts, Spir-1, Spir-2, Formin-1 and 

Formin-2, which also function as collaborative regulators of oocyte development 15,33. The 

interaction involves the KIND domain of Spire and a short sequence immediately C-

terminal to the actin-binding Formin-Homology 2 (FH2) domain 15. Because the FH2 

domain forms a dimer, the interaction leads to indirect dimerization of Spire and a marked 

increase in nucleation activity 15 which, based on our findings, probably results from 

duplication of the W domain repeat. A somewhat similar situation occurs with the tumor 

suppressor protein APC, a recently described nucleator that while binding actin through 

sequences unrelated to the W domain, depends on dimerization for optimal activity and 

synergizes in vivo with the Formin mDia1 35. Pathogens frequently mimic eukaryotic 

functions, and not surprisingly a bacterial protein mimicking the Spire-Cappuccino 

interaction has now been discovered 12. Rickettsia Sca2 is an actin filament nucleator that 

combines an N-terminal FH2-like domain with a repeat of three W domains. While the FH2-

like domain mediates processive elongation, the region C-terminal to the FH2 domain, 

which includes the W domains, appreciably enhances the nucleation activity of Sca2 12. 

Another example is the T3SS protein TARP, a filament nucleator from Chlamydia 

trachomatis. Although TARP contains a single W domain, oligomerization through its 

central Pro-rich domain enables it to recruit multiple actin subunits to promote 

polymerization 13. Finally, Cobl also contains a sequence (residues 550–600) predicted to 

form a coiled coil, but whether dimerization (direct or though partner interactions) 

contributes to its activity is still unknown. These examples suggest that the mechanism of 
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nucleation uncovered here for Vibrio VopL may have general relevance for our 

understanding of other tandem W domain-based nucleators.

METHODS

Protein preparation

The Vibrio parahaemolyticus genomic DNA was a gift of Narjol González-Escalona. VopL 

fragments 90–484 (P-3W-VCD), 130–484 (3W-VCD), 160–484 (2W-VCD), 200–484 (1W-

VCD), 247–484 (VCD) and 130–227(3W) were cloned into vector pTYB12 (New England 

BioLabs). The cDNA of Drosophila Spire was purchased from Open Biosystems (clone 

SD10157), and the fragment 366–482 (Spire4W) and hybrid constructs Spire4W-VCD 

(Spire366–480-VopL224–484) and 3W-sL (VopL130–181-Spire448–462-VopL204–227) were 

cloned as above. Human profilin-1 was obtained as described 24. Constructs were expressed 

in E. coli BL21(DE3) cells. Cells were resuspended in chitin-column equilibration buffer 

(25 mM Tris-HCl [pH 7.5], 500 mM NaCl, 1 mM EDTA, 100 μM PMSF) and lysed using a 

Microfluidizer (MicroFluidics Corp.). After purification on a chitin affinity column, proteins 

were purified by ion exchange chromatography and dialyzed against 25 mM Tris [pH 7.5], 

50 mM NaCl and 0.2 mM CaCl2.

Actin polymerization assay

Actin polymerization was measured as the fluorescence increase resulting from the 

incorporation of pyrene-labeled actin into filaments, using a Cary Eclipse fluorescence 

spectrophotometer (Varian). Prior to data acquisition, 2 μM Mg-ATP-actin (6% pyrene-

labeled) was mixed with different concentrations (see figures) of VopL or Spire constructs 

in F-buffer (10 mM Tris [pH 7.5], 1 mM MgCl2, 50 mM KCl, 1 mM EGTA, 0.1 mM NaN3, 

0.02 mg ml-1 BSA, 0.2 mM ATP). Data acquisition started 10 s after mixing. Similar 

experiments were performed with addition of varying profilin concentrations. 

Polymerization experiments with the Arp2/3 complex were performed as described 37. 

Control experiments were carried out with addition of 10 × F-buffer. Polymerization rates 

were calculated as the slope at 50% polymerization and converted to nM s-1 (nM monomers 

adding to filaments s-1) assuming a total concentration of polymerizable actin of 1.9 μM as 

described 21.

TIRF microscopy

Total Internal Reflection Fluorescence (TIRF) microscopy images were collected at 10 s 

intervals with an iXon EMCCD camera (Andor Technology) using an Olympus IX-71 

microscope fit with through-the-objective TIRF illumination. Mg-ATP-actin (33% Oregon 

Green-labeled) was mixed with 2 × TIRF buffer (10 mM Imidazole [pH 7.0], 50 mM KCl, 1 

mM MgCl2, 1 mM EGTA, 50 mM DTT, 0.2 mM ATP, 50 μM CaCl2, 15 mM glucose, 20 

μg ml-1 catalase, 100 μg ml-1 glucose oxidase, and 0.5% (w/v) methylcellulose 400 

centipoise) and 0.1 nM VopL or VopL-Qdot constructs (with or without 2.5 μM profilin), 

and transferred to a flow cell for imaging at 23°C. For immobilized experiments, flow cells 

were pre-incubated with 10 nM P-3W-VCD for 5 min and washed with 60 μL 1 × TIRF 

buffer, before the addition of 1.5 μM Mg-ATP-actin. Filaments were considered tethered to 

the coverslip if the position of one of the ends did not change for five frames. In most 
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experiments (except experiments with immobilized P-3W-VCD), the coverslip was coated 

with NEM-myosin II to capture the actin filaments.

Size exclusion chromatography-multi-angle light scattering (SEC-MALS)

Samples (100 μl at 1–2 mg ml-1) were fractionated by size exclusion chromatography using 

an TSK-gel Super SW2000 column (Tosoh Bioscience) coupled to an Agilent 1100 HPLC 

system (Agilent Technologies). The molecular species separated by the column were 

analyzed through a DAWN HELEOS multi-angle light scattering (MALS) detector and an 

Optilab rEX refractive index detector and their masses calculated with the Astra software 

(Wyatt Technology Corp.).

Sedimentation assay with F-actin

Actin (20 μM) in G-buffer (2 mM Tris [pH 7.4], 0.2 mM CaCl2, 0.2 mM ATP, 1 mM DTT, 

1 mM NaN3) was polymerized with addition of 50 mM KCl, 2 mM MgCl2, and 1 mM ATP 

for 30 min at room temperature. VopL constructs 1W-VCD and VCD were centrifuged at 

224,000 × g for 30 min to remove potential aggregates. F-actin (10 μM) was incubated with 

10 μM VopL constructs for 1 h at room temperature. Samples were centrifuged at 224,000 × 

g for 30 min. Equal volumes of supernatant and pellet were analyzed by SDS-PAGE.

Protein labeling with Qdots

The AviTag 17-aa sequence GGGLNDIFEAQKIEWHE was added at the C-terminus of 

construct 3W-VCD. This sequence is biotinylated at Lys12 by E. coli biotin ligase during 

protein expression 38. Construct 3W-VCD-AviTag was expressed in BL21(DE3) cells, 

carrying plasmid pBirAcm (Avidity), for overexpression of E. coli biotin ligase 39. Protein 

expression and purification were conducted as above, in medium supplemented with 100 μM 

biotin. Conjugation with streptavidin-coupled quantum dot 625 (QD-625, Invitrogen) was 

carried out according to the manufacturer’s protocol, and confirmed by agarose gel 

electrophoresis.

Crystallization, data collection and structure determination

VCD was dialyzed against 25 mM HEPES [pH 7.5], 50 mM NaCl, 2 mM DTT and 

concentrated to 5 mg ml-1. Crystals of selenomethionine-substituted VCD were obtained by 

hanging drop vapor-diffusion at 4°C. Typical 2 μL drops consisted of a 1:1 (v/v) mixture of 

protein solution and a well solution containing 0.2 M sodium fluoride, 13–15% (w/v) PEG 

3350. Crystals were flash-frozen in liquid nitrogen after a short passage through a solution 

containing 20% (w/v) PEG 400 added to the crystallization buffer. X-ray data was collected 

at CHESS beamline A1. Data indexation and scaling were performed with the program 

XDS 40. The structure was determined using the single-wavelength anomalous diffraction 

method. Selenium sites were found and phases were calculated with the program 

SHELXD 41. Density modification and non-crystallographic symmetry averaging were 

performed with the program DM 42. Model building and refinement were performed with 

the programs Coot 43 and Phenix 44 (Table 1). Illustrations of structures were prepared with 

the program PyMOL (Schrödinger).
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Small Angle X-Ray Scattering (SAXS)

SAXS datasets were collected at 10°C from solutions of VCD and 1W-VCD+actin at 

BioCAT beamline 18-ID (APS, Argonne National Laboratory). VCD was measured at 2.5 

mg ml-1 and 1W-VCD+actin was measured at two concentrations, 0.5 and 1.0 mg ml-1. 

Protein scattering profiles were obtained by subtracting the average of 20 buffer profiles 

from that of 20 protein profiles. The distance distribution function, p(r), radius of gyration, 

Rg, and maximum particle dimensions, Dmax, were computed with the indirect transform 

package GNOM36. Ab initio shape reconstructions were calculated with the programs 

DAMMIF23. For each reconstruction, 50 ab initio models were generated and averaged with 

the program DAMAVER45.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nucleation activity of VopL constructs. (a) Domain organization of VopL, constructs used 

in this study and alignment of W domains illustrating the sites of point mutations. (b) Time 

course of polymerization of 2 μM Mg-ATP-actin (6% pyrene-labeled) alone or in the 

presence of 25 nM VopL constructs (color-coded). Polymerization rates are reported as 

mean and s.e.m. values (number of measurements ≥ 3). (c) Effect of VopL construct 

concentration on the polymerization rate of pyrene-actin (see also Supplementary Fig. 2). 

(d) Time course of actin polymerization by VopL constructs containing point mutations in 

the W domains (shown in part a). (e) Polymerization of 1.5 μM Mg-ATP-actin (33% Oregon 

Green-labeled) alone or in the presence of 0.1 nM VopL constructs visualized by TIRF 

microscopy on NEM-myosin II-coated coverslips, including time-lapse micrographs (see 

Supplementary Videos 1–4) of representative 19.5 μm2 fields (left) and plots of the growth 

of 20 filament barbed-ends over time (right). Circles and arrowheads indicate the pointed 

and barbed ends of representative filaments. The average number of filaments in a 133 μm2 

field of view at 300 s from two independent experiments is indicated as f μm-2. Errors are 

±s.d.
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Figure 2. 
VCD mediates dimerization and binds to the pointed end of the polymerization nucleus. (a) 

SEC-MALS mass measurements of VopL constructs (theoretical masses in parenthesis). 

Supplementary Table 1 lists the masses of other constructs. (b) Time course of 

polymerization of 2 μM Mg-ATP-actin alone or induced by 25 nM VopL constructs. (c,d) 

Gel electrophoresis of supernatant (S) and pellet (P) fractions after co-sedimentation at 

224,000 × g of F-actin with VCD or 1W-VCD. (e) Mass measurements of 1W-VCD and its 

complex with actin. (f) TIRF time-lapse micrographs of actin assembly induced by P-3W-

VCD immobilized on a coverslip, showing a filament anchored to the coverslip by its 

pointed end that dissociates between frames 220 and 280 s (top) and a filament that remains 

anchored throughout (bottom) (Supplementary Videos 5 and 6). Circles and arrows indicate 

the pointed and barbed ends of the filaments. Shown on the right are growth plots of 20 

filaments, including tethered and non-tethered (dashed lines). (g) TIRF time-lapse 

micrographs of actin (green) assembly by 3W-VCD bound to Qdots (red). Upper panels 

show a Qdot that nucleates 14 filaments (arrowheads and numbers, Supplementary Videos 7 

and 8). Middle and lower panels show filaments whose pointed (circles) or barbed (arrows) 

Namgoong et al. Page 16

Nat Struct Mol Biol. Author manuscript; available in PMC 2012 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ends appear to be bound to a Qdot (Supplementary Videos 9 and 10). (h) Plots of the growth 

of filaments, including non-bound, fast dissociated, pointed and barbed end-bound, and two 

filaments whose barbed ends detach from the Qdot and their elongation rates decrease 

during the experiment. Errors are ±s.d.
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Figure 3. 
Crystal structure of VCD and SAXS structures of VCD and 1W-VCD+actin. (a) Two 

perpendicular views of the crystal structure of VCD and definition of domains and 

secondary structure shown along the sequence of this domain (Supplementary Video 11). 

Different colors highlight different domains: base (magenta, green), arm (pink), coiled coil 

(gold). (b) Experimental X-ray scattering pattern of VCD (red) and 1W-VCD+actin (blue) 

as a function of momentum transfer s=4πsin(θ)/λ, where 2θ is the scattering angle and 

λ=0.103 nm is the X-ray wavelength. The inset shows the normalized distance distribution 

functions computed from the scattering pattern with the program GNOM36. (c,d) Two 

perpendicular orientations of the average SAXS envelopes of VCD and 1W-VCD+actin 

(same orientations as for the crystal structure).
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Figure 4. 
Profilin inhibits polymerization induced by VopL. (a) Polymerization rates of 2 μM Mg-

ATP-actin induced by 5 nM VopL constructs (color-coded) or 0.5 μM F-actin seeds (black) 

as a function of profilin concentration. (b) Visualization by TIRF microscopy of the effect of 

2.5 μM profilin on the polymerization of 1.5 μM Mg-ATP-actin alone (Supplementary 

Video 12) or induced by 0.1 nM 3W-VCD and P-3W-VCD (Supplementary Videos 13 and 

14) or mutants 3W-VCDP191E and P-3W-VCDP191E (Supplementary Videos 15—18). Plots 

of the growth of 20 individual filaments are shown on the right. (c,d) Comparison of the 

nucleation activities and elongation rates measured by TIRF with (blue) or without (red) 

profilin. Errors are ±s.d.
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Figure 5. 
Role of dimerization and specific sequence of W domains and inter-W linkers in nucleation. 

(a) Design of hybrid constructs of VopL and Drosophila Spire’s repeat of four W domains 

(Spire4W). In construct 3W-sL3, VopL linker-2 was replaced with Spire linker-3. In 

construct Spire4W-VCD, VopL’s VCD was fused C-terminal to the last W domain of Spire, 

using the LKKT(V) motifs as reference for fusion. (b) Time courses of polymerization of 2 

μM Mg-ATP-actin induced by two different concentrations (25 and 250 nM) of constructs 

Spire4W, 3W-sL3 and 3W. (c) Comparison of the time courses of actin polymerization 

induced by constructs VopL 3W-VCD and Spire4W-VCD and Spire4W at the indicated 

concentrations. Errors are ±s.d.
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Figure 6. 
Proposed mechanisms of actin nucleation by VopL and Spire. (a) Electrostatic surface 

representation (blue, positively charged; red, negatively charged) of the structures of VCD 

and W–actin (PDB code: 2D1K) 25, illustrating the existing shape and charge 

complementarity (indicated by red and blue arrows) between the two structures. (b) Such 

complementarity and the necessity to connect the C-terminus of the third W domain to the 

N-terminus of VCD lead to a model of the complex in which the first actin subunit interacts 

with both subunits of the VopL dimer (see Supplementary Video 19). The second actin 

subunit (gray) might bind on the opposite side of VCD according to the actin filament 

model 31. (c) Model of nucleation by VopL. VCD plays a dual role, contributing directly to 

the recruitment of actin subunits by binding to the pointed end of the polymerization 

nucleus, and enabling the formation of a hexameric nucleus by duplication of the W domain 

repeat. VopL detaches fast after nucleation, probably due to steric hindrance of the W 

domains with longitudinal contacts between actin subunits in the filament 21. Upon 

detachment, VopL might carry with it actin subunits that become part of the nucleus in a 

new round of polymerization. (d) Spire’s activity is also enhanced by dimerization, which in 

cells is mediated by interaction of Spire’s KIND domain with formins 15,33,34.
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Table 1

Data collection and refinement statistics

Data collection

Space group P 21 21 21

Cell dimensions

 a, b, c (Å) 56.93, 90.49, 101.86

αβγ (°) 90, 90, 90

Wavelength (Å) 0.9772

Resolution (Å) 3.1–67.7 (3.1–3.2)*

Rmerge 12.2 (42.6)

I / σI 20.56 (2.4)

Completeness (%) 99.5 (99.9)

Redundancy 32.8 (34.9)

Refinement

Resolution (Å) 3.1–67.7 (3.1–3.26)*

No. reflections 9,773

Rwork / Rfree 24.0 / 29.3

No. atoms

 Protein 3,484

 Ligand/ion -

 Water -

B-factors

 Protein 149.12

R.m.s. deviations

 Bond lengths (Å) 0.007

 Bond angles (°) 1.512

*
Values in parentheses are for highest-resolution shell
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