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Drosophila Cappuccino alleles provide insight 
into formin mechanism and role in oogenesis
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aDepartment of Chemistry and Biochemistry, bMolecular Biology Interdepartmental PhD Program, and cMolecular 
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ABSTRACT  During Drosophila development, the formin actin nucleator Cappuccino (Capu) 
helps build a cytoplasmic actin mesh throughout the oocyte. Loss of Capu leads to female 
sterility, presumably because polarity determinants fail to localize properly in the absence of 
the mesh. To gain deeper insight into how Capu builds this actin mesh, we systematically 
characterized seven capu alleles, which have missense mutations in Capu’s formin homology 
2 (FH2) domain. We report that all seven alleles have deleterious effects on fly fertility and 
the actin mesh in vivo but have strikingly different effects on Capu’s biochemical activity in 
vitro. Using a combination of bulk and single- filament actin-assembly assays, we find that the 
alleles differentially affect Capu’s ability to nucleate and processively elongate actin filaments. 
We also identify a unique “loop” in the lasso region of Capu’s FH2 domain. Removing this 
loop enhances Capu’s nucleation, elongation, and F-actin–bundling activities in vitro. Together 
our results on the loop and the seven missense mutations provides mechanistic insight into 
formin function in general and Capu’s role in the Drosophila oocyte in particular.

INTRODUCTION
The anterior–posterior and dorsal–ventral body axes of Drosophila 
melanogaster are established during mid-oogenesis by the localiza-
tion of several polarity determinants. The maternal-effect gene cap-
puccino (capu) is required for proper localization of posterior polar-
ity determinants, including oskar mRNA, and loss of functional 
Cappuccino (Capu) leads to female sterility (Manseau and Schup-
bach, 1989; Emmons et al., 1995).

Capu belongs to the FMN family of formin actin nucleators. Like 
other formins, Capu nucleates actin filaments and remains proces-
sively attached to the elongating barbed end of the filament 
(Pruyne, 2002; Quinlan et al., 2005; Bor et al., 2012). In vivo, Capu 
helps build a cytoplasmic actin mesh throughout the Drosophila 
oocyte, which can be detected as early as stage 5 and persists 

through mid-oogenesis (Dahlgaard et al., 2007). Disappearance of 
this actin mesh around stage 10b coincides with dramatic reorgani-
zation of the microtubule cytoskeleton and the onset of fast, micro-
tubule-dependent cytoplasmic streaming (Theurkauf, 1994; 
Dahlgaard et al., 2007). In capu loss-of-function mutants, the actin 
mesh is not detected; this loss of actin mesh corresponds to prema-
ture cytoplasmic streaming, disruption of polarity-determinant lo-
calization, and female sterility (Manseau and Schupbach, 1989; 
Theurkauf, 1994). Recent work has shown that Capu’s ability to 
build this mesh requires its own nucleation and/or processive elon-
gation activity, as well as its ability to bind Spire (Spir), another ac-
tin-nucleating protein (Quinlan, 2013). Capu also binds microtu-
bules, the sides of actin filaments, and its own N-terminal 
autoinhibitory domain (Rosales-Nieves et al., 2006; Quinlan et al., 
2007; Bor et al., 2012; Roth-Johnson et al., 2014). How these activi-
ties contribute to building the actin mesh and regulating the timing 
of streaming remains unclear.

Several different capu alleles have been reported since the gene 
was first identified (Manseau and Schupbach, 1989; Emmons et al., 
1995; Luschnig et al., 2004; Tanaka et al., 2011). Some of these have 
been sequenced, and all identified ethyl methanesulfonate (EMS)–
generated missense mutations occur in Capu’s highly conserved 
formin homology 2 (FH2) domain (Emmons et  al., 1995; Tanaka 
et al., 2011). Although little work has been done to determine the 
consequences of these mutations in vitro, one previous study 
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denser than the mesh in all of the mutants (Figure 1, A–H). capu1 
and capuHK3, which were both completely sterile in our fertility as-
says, also exhibited the most severe mesh phenotype: the oocytes 
were devoid of any mesh structure, similar to what has been ob-
served by others (Dahlgaard et al., 2007). Other mutants, such as 
capuA354 and capuL201, appeared to have small F-actin aggregates or 
puncta throughout the cytoplasm but were devoid of any cohesive 
mesh-like structure (Figure 1, D and G). capuL219, the weakest allele 
in our allelic series, had the most cytoplasmic actin in the form of a 
sparse, mesh-like structure (Figure 1B). In general, the mesh pheno-
types correlate with our fertility assays, suggesting that fertility loss 
is due largely to these mesh phenotypes.

The actin mesh is believed to inhibit fast cytoplasmic streaming. 
Fast streaming begins concomitantly with the disappearance of the 
mesh in the stage 10b oocyte, and disrupting the actin mesh, ge-
netically or pharmacologically, leads to premature cytoplasmic 
streaming (Dahlgaard et al., 2007). Therefore we examined cyto-
plasmic streaming as a functional readout of mesh integrity. Consis-
tent with the actin mesh being compromised, all mutant alleles 
exhibited premature cytoplasmic streaming (Figure 1, A′–H′). We 
used particle image velocimetry to quantify the speed of streaming 
in these oocytes (Figure 1I; Quinlan, 2013). On average, streaming 
was substantially faster than wild type in all of the mutants. Similar 
to Emmons et al. (1995), we did not observe a correlation between 
the speed of premature streaming and the fertility of these mu-
tants, nor did we detect a correlation between mesh density and 
streaming velocity. For instance, the streaming velocities of capu1 
and capuHK3, which showed the most severe actin mesh pheno-
types, were comparable to that of capuL219, which showed the least 
severe mesh phenotype. In addition, capuHK3 and capu2F had outli-
ers with streaming velocities similar to wild type, suggesting that 
these alleles might be slightly less penetrant than the other alleles. 
This result could explain the 18% of capu2F eggs that hatch, but it 
is surprising for capuHK3, which was completely sterile in our fertility 
assays.

In sum, the in vivo results from the seven capu mutants indicate 
that they all fail to build a competent actin mesh, leading to prema-
ture cytoplasmic streaming and compromised fertility. Whereas the 
apparent amount of cytoplasmic actin present in the oocyte is con-
sistent with our fertility assays, we did not observe any correlation 
between streaming velocity and fertility.

showed that two alleles, capu1 and capu2F, have compromised ac-
tin-nucleation and microtubule-bundling activities (Rosales-Nieves 
et al., 2006). Thus further investigation of existing capu alleles to 
better understand formin function and Capu’s role in oogenesis is 
warranted.

In this study, we sequenced a series of capu alleles from earlier 
screens. We then characterized the physiological and biochemical 
consequences of the missense mutations. We found that all muta-
tions affected fertility and Capu’s ability to build the cytoplasmic 
mesh, yet not all mutations compromised Capu’s actin nucleation 
activity in vitro. We also characterized the in vitro activity of a Capu 
mutant lacking a 38–amino acid region between the two highly 
conserved tryptophan residues in Capu’s FH2 domain; this region 
lies near several EMS-generated missense mutations but appears 
to be unique to Capu. Our systematic in vivo and in vitro analysis of 
these Capu mutants provides new insight into how the FH2 do-
main assembles actin and which of its activities are important to 
oogenesis.

RESULTS
In vivo characterization of capu alleles
Female flies with loss-of-function capu mutations exhibit severely 
reduced fertility, loss of the cytoplasmic actin mesh, and premature 
onset of fast cytoplasmic streaming (Theurkauf, 1994; Dahlgaard 
et al., 2007; Quinlan, 2013). We systematically characterized each of 
these phenotypes for seven EMS-generated capu alleles. To avoid 
effects of possible off-site mutations, all mutant flies were crossed to 
a deficiency line (Df(2L)ed-dp) and characterized as capu/Df hetero-
zygotes. Control experiments with homozygous wild-type flies and 
+/Df flies showed that deletion of one copy of capu does not affect 
fly fertility (Table 1). All capu alleles exhibited reduced fertility, al-
though the effect varied from complete sterility to ∼25% fertility. We 
noticed that many of the larvae from the capu38/Df flies (9% hatch 
rate) died within 1 d after hatching. This phenotype was not ob-
served for the other mutants. Our fertility data suggest the following 
allelic series: capu1 = capuHK3 > capuA354 > capuHK38 > capu2F > 
capuL201 > capuL219.

We next examined the cytoplasmic actin mesh in midstage oo-
cytes. Although the mesh density has been shown to be reduced in 
+/Df oocytes as compared with homozygous wild-type oocytes 
(Dahlgaard et  al., 2007), the actin mesh in +/Df oocytes was still 

Genotype Percentage hatched Number counted Lesiona First reported

w1118 90 449 N/A N/A

w1118/Df(2L)ed-dp 88 280 N/A N/A

capuL219/Df(2L)ed-dp 25 374 K586M Luschnig et al. (2004)

capu2F/Df(2L)ed-dp 18 369 P597Lb Emmons et al. (1995)

capuA354/Df(2L)ed-dp 2 297 D662Nc Tanaka et al. (2011)

capuHK3/Df(2L)ed-dp 0 511 I751T Manseau and Schupbach (1989)

capu1/Df(2L)ed-dp 1 482 L768H Manseau and Schupbach (1989)

capuL201/Df(2L)ed-dp 19 242 D854N Luschnig et al. (2004)

capu38/Df(2L)ed-dp 9 221 H977Y Emmons et al. (1995)

capuL277/Df(2L)ed-dp n.d. n.d. W247stop Luschnig et al. (2004)

Percentage hatched is reported as the average of three independent trials. Number counted is the sum of eggs counted from all three trials. n.d., not determined.
aBold denotes lesions identified in this study.
bReported as P597T in Emmons et al. (1995).
cReported as D670N in Tanaka et al. (2011).

TABLE 1:  Fertility assays and identified capu lesions.
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only within the FMN family of formins. Asp-662 and His-977 are 
poorly conserved if at all.

To study the biochemical consequences of these mutations, we 
purified each in the context of a C-terminal Capu construct 
(CapuCT; residues 467–1059) as shown in Figure 2A. All mutant 
constructs were amenable to purification except CapuCT-L768H. 
We suspect that mutating this hydrophobic residue to a large, basic 
residue disrupts the structure of CapuCT, based on its predicted 
location buried within the globular knob region of the FH2 domain. 
A neighboring knob mutation, CapuCT-I751T, was also difficult to 
purify. The yield was ∼75% lower than with the wild-type construct.

The lasso/post interface, where many of the mutations are lo-
cated, is important for dimerization of the FH2 domain (Xu et al., 
2004). Therefore, using size exclusion chromatography, we tested 
whether any of these mutations disrupts dimerization. We com-
pared the elution profiles of the mutants to both CapuCT-W600A, a 
mutant that cannot dimerize (Vizcarra et al., 2011), and wild-type 
CapuCT (Figure 2C). SDS–PAGE analysis confirmed the purity of the 
protein samples injected to the column (Supplemental Figure S2). 
These data confirmed that CapuCT-D662N, -K586M, -D854N, and 
-P597L exist predominantly in a dimeric state. Two mutant proteins, 
CapuCT-I751T and CapuCT-H977Y, had distinct elution profiles. Al-
though a similar quantity of protein was run on the column, CapuCT-
I751T did not produce any clear elution peaks, further supporting 
our hypothesis that this buried hydrophobic mutation disrupts the 
structure of CapuCT. CapuCT-H977Y eluted primarily as a dimer but 
exhibited a broader shoulder and an unusually high peak in the void 
volume. When we reran the dimer peak, it reproducibly eluted as a 

Identification and structural analysis of capu missense 
mutations
Before conducting our in vitro studies, we identified and/or con-
firmed the causative lesions in each capu allele (Table 1). We re-
ported the capuL201 lesion, D854N, in an earlier article (Roth-
Johnson et  al., 2014), and identified two previously unknown 
lesions, K586M and W247stop, in capuL219 and capuL277, respec-
tively. We also identified slightly different mutations for capu2F and 
capuA354 than originally reported in the literature. Emmons et al. 
(1995) reported P597T as the causative lesion in capu2F, but our 
sequencing revealed a P597L mutation. We used the P597L muta-
tion for our in vitro assays to be consistent with our in vivo analysis. 
Similarly, Tanaka et  al. (2011), reported D670N as the causative 
lesion in capuA354, but we identified D662N in our fly line. We con-
firmed that D670N and D662N are indeed the same lesion; the 
discrepancy arose from the difference in numbering the FH2 do-
main (T. Tanaka, personal communication). All of the mutations are 
in the FH2 domain (Figure 2B), highlighting the functional impor-
tance of this domain. We mapped the identified missense muta-
tions on a Capu homology model, which was made based on the 
crystal structure of hDAAM1 (Arnold et al., 2006; Lu et al., 2007). 
Using the homology model, we found that the mutations reside in 
three distinct and structurally important regions of the FH2 do-
main: the lasso, knob, and post (Xu et al., 2004). Two residues, 
Lys-586 and Asp-854, in the lasso and post regions, respectively, 
are well conserved across formin families (Supplemental Figure 
S1). The hydrophobic residues in the knob region, Ile-751 and 
Leu-768, are also well conserved. Pro-597 in the lasso is conserved 

FIGURE 1:  EMS-generated capu mutants lack actin mesh and exhibit premature streaming. (A–H) Midstage oocytes 
stained with Alexa Fluor 647–phalloidin to visualize the actin mesh in capu mutant flies. The wild-type oocyte is outlined 
with a green dashed line. A few examples of actin chunks or puncta are indicated by green arrowheads in D and G. 
(A′–H′) Standard deviation projections of autofluorescent yolk granules over 3 min for typical stage 8-9 oocytes. All scale 
bars are 30 μm. (I) Quantification of streaming velocities for n ≥ 6 oocytes from each fly line. Dots represent individual 
oocytes, and bars represent the mean.
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exhibited impaired activity in both the presence and absence of ex-
cess profilin (Figure 3, A and B). However, this reduction in actin as-
sembly activity varied widely across the different mutants. We used 
Schizosaccharomyces pombe profilin in these assays because, un-
like other profilins, it exhibits minimal bias against actin labeled at 
Cys-374 (unpublished data). The addition of S. pombe profilin 
slowed all of the reactions, but the overall trend in activities re-
mained largely unchanged. We note that only CapuCT-H977Y ap-
peared disproportionately slowed by the presence of profilin com-
pared with the other mutants.

To examine the correlation between the mutants’ actin assembly 
activities and fertility rates, we calculated each mutant’s assembly 
rate at half-maximal assembly in the absence of profilin and plotted 
it against its respective fertility rate (Figure 3C). We then drew a 

high-volume peak and a new peak, shifted to the right. This elution 
profile suggests that the CapuCT-H977Y dimer is unstable and/or in 
equilibrium with a monomer and a higher-order complex/aggrega-
tion product.

Effect of capu mutations on actin assembly
All of the capu alleles that we tested in vivo compromised Capu’s 
ability to build the cytoplasmic actin mesh in the oocyte (Figure 1, 
A–H). Therefore we hypothesized that all of the mutations would 
diminish, if not abolish, CapuCT’s actin assembly activity. To test our 
hypothesis, we measured the activity of each mutant in pyrene-actin 
polymerization assays. All of the mutants showed a dose-depen-
dent increase in actin assembly activity (Supplemental Figure S3). 
When compared with wild-type CapuCT, many of the mutants 

FIGURE 2:  Structural analysis of capu missense mutations. (A) Domain organization of Capu (1059 amino acids) and 
schematic of the C-terminal construct used in this study (CapuCT): CID, Capu inhibitory domain; FH1, formin homology 
1; FH2, formin homology 2 (residues 554–1028); T, tail. Stars indicate the mutations, which are all located within Capu’s 
FH2 domain. Residues are colored as in other images. (B) Locations of mutated residues within the FH2 domain based 
on a Capu homology model. The model was generated from the hDAAM1 crystal structure (Protein Data Bank # 2J1D; 
Lu et al., 2007) using SWISS-MODEL (Arnold et al., 2006). (C) Size exclusion chromatography of all mutants compared 
with wild-type CapuCT (dimer) and CapuCT-W600A (monomer) controls. The dashed purples line is the elution pattern 
from running the CapuCT-H977Y dimer peak a second time on the column.

FIGURE 3:  Effect of Capu mutations on actin assembly. (A, B) Actin assembly activity of 10 nM of each construct in the 
absence (A) or presence (B) of 8 μM S. pombe profilin (twofold molar excess over actin). (C) Correlation between actin 
assembly activity (rate at t1/2) and fertility (percentage hatched eggs, from Table 1). The dashed line connects wild-type 
Capu and the actin-alone control to aid in visualization.
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tially. Some mutants, such as CapuCT-P597L and -H977Y, had im-
paired activity in all three areas, suggesting that these residues may 
be important for the overall integrity of Capu or its ability to bind 
either actin monomers or filament barbed ends. In contrast, Ca-
puCT-K586M, -I751T, and -D854N exhibited compromised activity 
in only one or two areas. For example, CapuCT-K586M had nearly 
wild-type nucleation activity, but its elongation rate and processivity 
were substantially reduced compared with wild-type. CapuCT-I751T 
showed the weakest nucleation and processivity, but its elongation 
activity remained intact. Finally, CapuCT-D854N was compromised 
in nucleation but had a wild-type elongation rate and near-wild-type 
processivity. Finally and most strikingly, CapuCT-D662N behaved 
like wild-type in all three areas.

Effect of mutations on Capu’s interactions with known 
binding partners
Whereas most of our capu mutations strongly affected nucleation, 
elongation, and/or processivity, CapuCT-D662N was indistinguish-
able from wild type in all of our in vitro actin assembly assays. To 
understand better how D662N could be causing such a severe phe-
notype in vivo, we next tested whether D662N or the other muta-
tions affect Capu’s interactions with any of its known binding 
partners.

Two interactions are known to be important for Capu’s function 
in the oocyte: Capu binds the KIND domain of the actin nucleator 
Spir (Vizcarra et  al., 2011; Quinlan, 2013) and is autoinhibited 
through an intramolecular association between its N-terminal Capu 
inhibitory domain and C-terminal tail domain (Dahlgaard et  al., 
2007; Bor et al., 2012). Both Spir-KIND and the N-terminal half of 
Capu (CapuNT) inhibit CapuCT in bulk pyrene-actin assembly as-
says (Vizcarra et  al., 2011; Bor et  al., 2012). Using this assay, we 
found that Spir-KIND and CapuNT inhibit all of our mutants to ap-
proximately the same extent as wild-type CapuCT (Figure 5, A and 
B). Thus none of our mutations disrupt Capu’s interaction with its 
N-terminal inhibitory domain or the Spir-KIND domain. This is con-
sistent with these interactions being mapped to the Capu-tail as 
opposed to the FH2 domain (Vizcarra et al., 2011; Bor et al., 2012).

We previously found that mutations in the FH2 domain can al-
ter the interaction between CapuCT and microtubules in vitro 
(Roth-Johnson et al., 2014). We therefore used high-speed pellet-
ing assays to measure binding of each mutant to Taxol-stabilized 
microtubules. CapuCT-I751T was omitted from this analysis be-
cause it could not be purified at high enough concentrations. 
Surprisingly, all of the mutants except for CapuCT-D854N bound 
microtubules at a higher density than wild-type (Figure 5C). These 
same mutants also bound microtubules with slightly lower affinity 
than wild type (Table 2). We speculate that this shift in binding 
density reflects the change in size of the FH2 binding footprint 
along the microtubule lattice. In other words, a slight change in 
the conformation of the FH2 domain may have allowed more of 
these mutants to pack along a given length of the microtubule lat-
tice compared with wild type.

We also tested each mutant’s ability to bundle actin filaments in 
low-speed pelleting assays. Again, CapuCT-I751T was omitted from 
this analysis due it its low concentration. All mutants except for Ca-
puCT-P597L bundled actin similar to wild type (Figure 5D). CapuCT-
P597L showed reduced bundling activity, which was pronounced at 
higher molar ratios of CapuCT to actin (≥0.1). We note that the F-
actin–binding affinity of CapuCT-P597L was not noticeably different 
from wild type in a high-speed pelleting assay (unpublished data).

With the exception of CapuCT-P597L’s compromised F-actin 
bundling activity, we did not observe any major changes in the 

hypothetical linear correlation line through wild type and the actin-
alone (100% sterile) negative control. Three mutants, CapuCT-
P597L, -I751T, and -D854N, fell near the correlation line. The re-
maining mutants were far removed from this line. Most strikingly, 
CapuCT-D662N was indistinguishable from wild-type CapuCT in 
our actin assembly assays despite its deleterious effect in vivo (2% 
fertility). We conclude that a defect in Capu’s actin-assembly activity 
is not the sole cause of infertility in all cases.

Effect of capu mutations on barbed-end elongation 
and processivity
In addition to promoting actin nucleation, Capu remains proces-
sively bound to the actin barbed end, where it can accelerate elon-
gation in the presence of profilin and protect the barbed end from 
capping protein (Vizcarra et al., 2011; Bor et al., 2012). Elongation 
activity is difficult to assess in a bulk pyrene-actin assembly assay. To 
examine each mutation’s effect on actin elongation rates and pro-
cessivity, we monitored the growth of individual actin filaments in 
the presence of CapuCT using a total internal reflection fluores-
cence (TIRF) microscope.

Capu accelerates filament elongation about fivefold in the pres-
ence of profilin (Bor et al., 2012). Because many profilins, including 
Drosophila profilin (Chic), bind preferentially to unlabeled actin com-
pared with Cys-374 labeled actin, filaments appear dimmer when 
Capu is bound to the barbed end (Kovar et al., 2006; Bor et al., 2012). 
Taking advantage of this bias, we measured the barbed-end elonga-
tion rate for the Capu-bound dim filaments in the presence of Chic. 
Analysis of filaments from at least two independent experiments re-
vealed that three mutants, CapuCT-K586M, -P597L, and -H977Y, had 
significantly lower elongation rates than wild-type CapuCT (Figure 
4E). CapuCT-D662N, -I751T, and -D854N had approximately wild-
type elongation rates. We then compared the elongation data for 
these mutants with their respective actin assembly data. Two mutants, 
CapuCT-P597L and -H977Y, consistently behaved poorly in both as-
says, and CapuCT-D662N was indistinguishable from wild type in 
both assays. Of interest, the two weakest mutants in the pyrene-actin 
assay, CapuCT-I751T and -D854N, had mean elongation rates similar 
to wild type. In contrast, Capu-K586M had almost wild-type activity in 
the pyrene-actin assembly assay but had a slower elongation rate, 
suggesting that nucleation is unaffected by this mutation.

We next examined the processivity of Capu mutants. When 
0.6 μM actin was incubated with 1 nM wild-type CapuCT and 3 μM 
profilin, many fast-growing dim filaments and a few slow-growing 
bright filaments were present (Figure 4A). CapuCT-D662N showed a 
similar distribution of dim and bright filaments compared with wild 
type (Figure 4B). However, with CapuCT-P597L, -I751T, -D854N, and 
-H977Y, more bright filaments were present than dim filaments 
(Figure 4, C and D). We also observed many filaments that were ini-
tially fast and dim turn into slow, bright filaments, an indication that 
CapuCT had fallen off of the barbed end. We quantified these 
events by plotting decay curves. We fit the decay curves with an 
exponential to obtain an off rate (koff) for each mutant (Figure 4F). 
Both wild-type CapuCT and CapuCT-D662N had very low off rates, 
with characteristic run lengths (barbed end growth rate/koff) of 
∼108,000 subunits (27 subunits s−1/0.00025 s−1) and 81,000 subunits, 
respectively. CapuCT-K586M, -D854N, and -H977Y had moderate 
off rates approximately two to five times higher than wild type. Ca-
puCT-P597L and -I751T showed the lowest processivity, with off 
rates ∼10 times higher than wild type and characteristic run lengths 
of ∼9000 subunits.

Our TIRF assay data demonstrate that mutations in the FH2 do-
main can affect nucleation, elongation, and processivity differen-
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FIGURE 4:  Effect of Capu mutations on elongation and processivity. (A–D) TIRF microscopy observation of actin 
filament (gray) elongation from immobilized F-actin seeds (green) in the presence of wild-type CapuCT or designated 
mutants. White arrowheads denote the barbed ends of fast-growing dim filaments (CapuCT bound); yellow arrowheads 
denote the ends of slow-growing bright filaments (no CapuCT bound). Scale bars, 10 μm. The same conditions were 
used for all TIRF experiments: 0.6 μM actin (20% Oregon green labeled), 1 nM CapuCT, and 3 μM Chic (Drosophila 
profilin). (E) Quantification of elongation rates for CapuCT and CapuCT mutants. At least 10 filaments (represented by 
dots) were analyzed from at least two independent experiments to obtain the mean elongation rate (represented by a 
line). The p values were calculated using the Mann–Whitney U test and are shown for samples that are significantly 
different from wild-type CapuCT. (F) Quantification of processivity shown as a decay plot. Solid lines represent the 
fraction of total filaments that have CapuCT bound at the barbed end. The total number of filaments analyzed for each 
mutant is shown in parentheses. Dashed lines represent the exponential curve fits of the data used to determine koff.
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that these changes are substantial enough to explain the severe in 
vivo phenotypes observed for this allele. Although CapuCT-P597L 
showed reduced F-actin bundling activity, it also has severely com-
promised actin assembly activity, which correlates well with its effect 
on fertility (Figure 3C).

interactions between the CapuCT mutants and Capu’s known bind-
ing partners. This is particularly striking for D662N, which behaved 
similarly to wild type in nearly every in vitro experiment. Although 
CapuCT-D662N exhibited a slight decrease in microtubule binding 
affinity and a shift in microtubule binding density, we do not believe 

FIGURE 5:  Effect of mutations on Capu’s interactions with known binding partners. (A, B) Mutations do not affect 
binding to Spir-KIND or CapuNT. Actin assembly activity (rate at t1/2) for each mutant in the absence or presence of 
either 100-fold molar excess Spir-KIND (A; Spir residues 1–327) or 50-fold molar excess CapuNT (B; Capu residues 
1–466). We used 20 nM (wild type, CapuCTΔloop, CapuCT-D662N, -K586M, and -H977Y) or 50 nM (CapuCT-P597L, 
-D854N, and I751T) CapuCT for each experiment. Bars represent the average of two independent experiments, which 
are shown as dots. (C) Microtubule binding by each construct compared with wild-type CapuCT at 50 mM KCl with 0.5 
μM tubulin. (D) F-actin bundling by each construct compared with wild-type CapuCT at 50 mM KCl with 4 μM actin. 
Each bundling curve represents the mean of at least four independent experiments, with error bars showing 1 SD.

Binding experiment ΔrG (kJ/mol) Kd (μM) n (α/β dimers per binding site)

CapuCT 4.74 ± 0.11 0.15 1.42 ± 0.01

CapuCT-K586M 3.39 ± 0.14 0.25 0.88 ± 0.01

CapuCT-P597L 2.96 ± 0.22 0.30 0.88 ± 0.02

CapuCT-D662N 3.41 ± 0.17 0.25 0.87 ± 0.01

CapuCT-D854N 5.70 ± 0.13 0.10 1.48 ± 0.01

CapuCT-H977Y 4.27 ± 0.14 0.18 0.95 ± 0.01

CapuCT-ΔLoop 4.39 ± 0.14 0.17 1.30 ± 0.01

Errors for ΔrG (the free energy of binding) and n represent 1 SD. The most probable dissociation constant (Kd) values were calculated from ΔrG at 25˚C. See Roth-
Johnson et al. (2014) for additional information.

TABLE 2:  Fit parameters for all microtubule-binding experiments.



1882  |  H. Yoo, E. A. Roth-Johnson, et al.	 Molecular Biology of the Cell

tion to be fairly unstructured and thus refer to it as the “loop” 
domain.

To begin characterizing this novel loop domain, we created and 
purified a 38-residue deletion construct (Figure 6A; CapuCT∆loop, 
residues 467–610 plus 649–1059). In size exclusion chromatogra-
phy, CapuCT∆loop eluted between the dimer and monomer con-
trols (Figure 6C). This shift could be explained in one of two ways: 
first, CapuCT∆loop could be in equilibrium between monomer and 

Deletion of a “loop” enhances Capu’s nucleation 
and elongation activity
While studying these capu mutations, several of which reside in 
Capu’s lasso region, we noticed that Capu’s lasso is substantially 
longer than those of all other identified formins. Whereas most 
formins contain 10–20 residues between the two perfectly con-
served tryptophan residues in the lasso, Capu contains 52 residues 
in this region (Figure 6B). We expect this proline-rich lasso inser-

FIGURE 6:  Deletion of a “loop” enhances Capu’s actin assembly and bundling activity. (A) Domain organization of Capu 
(1059 amino acids) and schematics of CapuCT and CapuCTΔloop. (B) Sequence alignment showing the location of 
Capu’s extra “loop” domain between the highly conserved lasso Trp residues. (C) Size exclusion chromatography of 
CapuCTΔloop compared with wild-type CapuCT (dimer) and CapuCT-W600A (monomer) controls. (D) Actin assembly 
activity of 10 nM CapuCTΔloop in the presence of 8 μM S. pombe profilin. (E) Microtubule binding by CapuCTΔloop 
compared with wild type at 50 mM KCl with 0.5 μM tubulin. (F) F-actin bundling by CapuCTΔloop compared with wild 
type. Each bundling curve represents the mean of at least four independent experiments, with error bars showing the 
SD. (G) TIRF microscopy observation of actin filament (gray) elongation from immobilized F-actin seeds (green) in the 
presence of wild-type CapuCT or CapuCTΔloop. White arrowheads denote the barbed ends of fast-growing dim 
filaments. Red arrowheads points to F-actin bundles. Scale bar, 10 μm. The same conditions were used for all TIRF 
experiments: 0.6 μM actin (20% Oregon green labeled), 1 nM CapuCT, and 3 μM Chic (Drosophila profilin). 
(H) Quantification of elongation rates for wild-type CapuCT and CapuCTΔloop. Dots represent individual filaments, 
and bars represent the mean. The p value was calculated using the Mann–Whitney U test.
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Mechanistic insight into FH2 domain function
Mutations in Ile-751 and Leu-768 caused the most severe fertility 
defects of all the capu alleles we tested and were the most poorly 
behaved in vitro. Based on our homology model, these residues lie 
next to each other in the hydrophobic core of the knob region of 
Capu’s FH2 domain. We conclude that these two knob mutations 
disrupt the global structure of Capu, rendering these two alleles ef-
fectively nulls.

All of the other mutations appear in the lasso and post regions of 
Capu’s FH2 domain. Of these, D854N (post) is the only mutation on 
the actin barbed-end–binding surface of the FH2 domain and is lo-
cated near the conserved residues (Ile-706 and Lys-856) that are 
important for yeast formin Bni1p association with the actin barbed 
end (Xu et al., 2004; Quinlan et al., 2007). Thus it is not surprising 
that CapuCT-D854N had severely compromised actin assembly ac-
tivity. However, its elongation rate was similar to wild type, and its 
processivity was only mildly decreased. We therefore speculate that 
Asp-854 facilitates recruitment of actin monomers to the FH2 
domains but is not critical to processive elongation once a filament 
has formed.

Three of the mutations (K586M, P597L, and H977Y) had reduced 
elongation rates and compromised processivity. Pro-597 (lasso) and 
His-977 (post) appear to be similarly semiburied in the FH2 dimer 
interface, whereas Lys-586 (lasso) appears to be mostly surface ex-
posed. We speculate that the K586M, P597L, and K586M mutations 
alter the interaction between the two halves of the FH2 dimer, 
thereby changing the conformation of the FH2 dimer and/or re-
stricting processive movement along the actin barbed end.

Studying these EMS-generated mutations also led us to identify 
a unique “loop” in the lasso region of Capu’s FH2 domain. We 
showed that deletion of this loop enhances Capu’s actin assembly 
and F-actin bundling activities. We previously found that three mu-
tations in Capu’s post region (K851A, K853A, and K858A) similarly 
enhance Capu’s actin assembly activity in bulk assays (Roth-Johnson 
et al., 2014). Otomo et al. (2005) also demonstrated that two knob 
mutations in Bni1p slightly enhance its in vitro activity. Although 
rare, mutations that accelerate, rather than slow, a formin’s actin as-
sembly activity have now been identified in the loop, post, and knob 
regions of the FH2 domain. The increased activity of CapuCT∆loop 
raises an interesting question about the role of the loop: Why would 
Capu contain a region that makes it a less potent actin nucleator? 
Perhaps the loop fine-tunes Capu’s activity to optimize its physio-
logical function in the oocyte. It is also possible that the loop is im-
portant for regulating Capu’s activity in vivo through binding inter-
actions and/or posttranslational modifications.

Implications for Capu’s role in Drosophila oogenesis
During Drosophila oogenesis, Capu works together with Spir to 
build a cytoplasmic actin mesh (Dahlgaard et  al., 2007; Quinlan, 
2013). We previously showed that Spir and Capu must interact di-
rectly to form the actin mesh (Quinlan, 2013). When bound, Spir in-
hibits Capu’s nucleation and elongation activity in vitro (Quinlan 
et al., 2007; Vizcarra et al., 2011). However, a Capu mutant (I706A) 
that cannot assemble actin filaments is insufficient to rescue a capu-
null mutant (Quinlan, 2013). This suggests that Spir and Capu not 
only interact but must also come apart and function separately to 
build the actin mesh. Because the I706A mutation disrupts both 
nucleation and elongation (Vizcarra et al., 2011), it has thus far been 
impossible to determine which of these activities is required for 
Capu to build the actin mesh.

In this study, we identified a mutation (D854N) that selectively 
disrupts nucleation without affecting the elongation rate. Although 

dimer; second, removing the loop could make CapuCT∆loop more 
compact, causing it to elute later than wild-type CapuCT. To distin-
guish between these two possibilities, we tested the nucleation ac-
tivity of CapuCT∆loop in bulk pyrene-actin assembly assays. Surpris-
ingly, CapuCT∆loop nucleated actin faster than wild-type CapuCT 
(Supplemental Figure S3E). The same trend was observed in the 
presence of profilin and over a range of concentrations (Figure 6D 
and Supplemental Figure S3F). Because monomeric formins do not 
nucleate, this supports our second hypothesis, that the deletion of 
the loop made the protein shape more compact. To probe further 
the role of this loop region, we examined CapuCT∆loop in all of the 
assays we used to study the CapuCT point mutants.

Every aspect of CapuCT∆loop actin assembly activity was im-
proved relative to CapuCT. In TIRF microscopy experiments, we 
found that CapuCT∆loop elongated actin filaments slightly faster 
than wild-type CapuCT (Figure 6, G and H). With these data, we 
were able to calculate the concentration of barbed ends produced 
by wild-type CapuCT and CapuCT∆loop in our bulk polymeriza-
tion assay (see Materials and Methods). With 4 μM actin and 8 μM 
profilin, the concentration of barbed ends produced by wild-type 
CapuCT and CapuCT∆loop were 0.08 ± 0.01 and 0.10 ± 0.01 nM, 
respectively. In agreement with this calculation, we observed that 
the TIRF field became dense with dim, fast-growing actin fila-
ments more rapidly in the presence of CapuCT∆loop than with 
wild-type CapuCT. Together our data demonstrate that 
CapuCT∆loop has higher nucleation and elongation rates than 
wild-type CapuCT. We could not measure the processivity of 
CapuCT∆loop because the TIRF field quickly became too crowded 
for us to confidently track single filaments. However, we believe 
that CapuCT∆loop has wild-type processivity, if not better, be-
cause we did not observe any changes in filament intensity with 
CapuCT∆loop. We also observed more actin bundles in the pres-
ence of CapuCT∆loop. Low-speed pelleting assays showed that 
CapuCT∆loop indeed bundles F-actin more effectively than wild-
type CapuCT (Figure 6F).

We next tested CapuCT∆loop’s interaction with other binding 
partners. Like all of the capu mutants, CapuCT∆loop was inhibited 
by both KIND and CapuNT (Figure 5, A and B). CapuCT∆loop also 
bound microtubules similarly to wild-type but did exhibit a small 
increase in microtubule binding density (Figure 6E). On the basis of 
our size exclusion chromatography experiments, we speculate that 
removal of the loop region results in a more compact CapuCT di-
mer, which could have a smaller binding footprint on the microtu-
bule and thus lead to increased binding density. Taking the results 
together, we conclude that deletion of the “loop” improves overall 
activity of Capu without disturbing its interaction with other known 
binding partners in vitro.

DISCUSSION
At the beginning of this study, we had hoped to use EMS-gener-
ated capu alleles to identify mutations in relatively uncharacter-
ized regions of Capu. We were surprised to find that all of the 
missense mutations we identified occur in the FH2 domain. We 
interpret this result as evidence of the physiological importance of 
the FH2 region. It could also indicate that other regions of Capu 
are less structurally rigid, making them less susceptible to muta-
genesis. Of interest, characterization of the mutations in vitro 
showed that they have variable effects on Capu’s ability to nucle-
ate and elongate actin filaments. Careful analysis of these seven 
mutations provides new insight into how Capu’s FH2 domain 
assembles actin and which of its activities are important to 
oogenesis.
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binding interaction and/or regulatory aspect of Capu’s function in 
the oocyte. The study that first described the D662N mutation 
showed that Capu forms a tertiary complex with Spir and the Golgi/
endosomal protein Mon2 (Tanaka et al., 2011). D662N could disrupt 
the formation of this complex, leading to the developmental de-
fects we observed. Alternatively, several formins are regulated 
through posttranslational modifications, which can alter autoinhibi-
tion and binding to microtubules (Takeya et al., 2008; Cheng et al., 
2011; Staus et al., 2011). Perhaps D662N lies near a phosphoryla-
tion site or is required for binding to a kinase or other regulatory 
protein. Improper regulation of Capu in vivo could explain the se-
vere mesh and fertility defects we observed.

Concluding remarks
Analysis of seven EMS-generated capu mutants highlights the 
functional importance of the FH2 domain. We identified mutations 
that selectively disrupt either nucleation (D854N) or elongation 
(K586M), both of which are highly conserved residues, providing 
important mechanistic insight into formin function and Capu’s role 
in the Drosophila oocyte, as well as potential tools to study other 
formins. We also identified a mutation (D662N) that showed no 
notable defects in vitro despite exhibiting severe defects in vivo. 
Further examination of this mutation will likely provide important 
information about Capu’s regulation during oogenesis. Finally, our 
data suggest that the lasso and post regions are likely hot spots 
for identifying new mutations that not only impair but also en-
hance formin activity. Such mutations that selectively disrupt or 
enhance formin processivity, elongation rate, and nucleation will 
be valuable tools for studying how all formins function in vitro and 
in vivo.

MATERIALS AND METHODS
Drosophila stocks
The wild-type stock (w1118) and the deficiency stock (Df(2L)ed-dp/
SM1) were obtained from the Bloomington Stock Center (Blooming-
ton, IN). capuA354 flies were provided by Akira Nakamura (RIKEN, 
Kobe, Japan; Tanaka et al., 2011). capuL201, and capuL219 flies were 
provided by Stefan Luschnig (University of Zurich, Zurich, Switzer-
land) and the Tübingen Drosophila Stock Collection (Tübingen, 
Germany; Luschnig, 2004). capu1, capuHK, capu38, and capu2F flies 

this mutation decreases Capu’s processivity slightly in vitro, its char-
acteristic run length is still >100 μm (the approximate size of a mid-
stage oocyte). Conversely, we found a mutation (K586M) that re-
duces elongation rate and processivity while only minimally affecting 
bulk actin assembly activity. Taken together, these findings reveal 
that both nucleation and elongation are required for Capu to as-
semble a functional actin mesh in vivo.

We speculated that a long run length is vital in a large cell such 
as the Drosophila oocyte (Vizcarra et al., 2011). Many of the muta-
tions we tested decreased Capu’s characteristic run length to well 
below 100 μm, suggesting that Capu’s ability to span the entire 
length of the oocyte is indeed critical for building the actin mesh. 
These findings are summarized in Table 3. In this table, we arranged 
the alleles based on fertility. We observed no correlation with any 
one of the in vitro actin assembly activities. We interpret this finding 
to mean that all aspects of actin assembly—nucleation, elongation, 
and processivity—contribute to building the cytoplasmic actin mesh 
in vivo.

It was previously proposed that Capu cross-links actin and micro-
tubules in the oocyte (Rosales-Nieves et al., 2006). However, most of 
the mutations we tested had little effect on Capu’s ability to bind 
microtubules or bundle F-actin. Most mutations caused a shift in 
microtubule binding density very similar to the shift observed for 
several other FH2 mutations (Roth-Johnson et al., 2014). However, 
every mutant still bound microtubules with submicromolar affinity, 
suggesting that the shift in binding density is not directly responsi-
ble for the phenotypes observed during oogenesis. It is also unclear 
whether the CapuCT-P597L’s reduced F-actin–bundling activity is 
physiologically relevant. If anything, the fact that removing Capu’s 
“loop” increases CapuCT’s F-actin–bundling activity suggests that 
too much F-actin bundling may be detrimental to the oocyte. A 
constitutively active Capu construct causes an overabundance of 
actin that is deleterious in vivo (Bor et al., 2015). Similarly, high de-
grees of bundling might lead to an overly dense and/or stable 
mesh.

Intriguingly, CapuCT-D662N was nearly indistinguishable from 
wild type in every in vitro assay we performed. Although D662N 
may cause a slight reduction in elongation rate and processivity, its 
characteristic run length (220 μm) is still much larger than a typical 
midstage oocyte. We hypothesize that D662N disrupts an unknown 

FH2  
location

Fertility rate 
(% hatched)

Stable 
dimer?

Polymerization 
rate at t1/2 (a.u./s)

Elongation rate 
(subunits/s) koff × 10−5 (s−1)

Characteristic 
run length (μm)a

Sequence  
conservationb

WT N/A 88 + 65.8 27.0 ± 3.2 24.5 ± 0.4 300 ± 40 N/A

K586M Lasso 25 + 54.4 19.3 ± 1.5 85.2 ± 2.3 62 ± 5 ++

D854N Post 19 + 22.2 25.5 ± 4.1 59.2 ± 2.0 120 ± 20 ++

P597L Lasso 18 + 27.9 19.7 ± 3.2 210.0 ± 6.2 26 ± 4 c

H977Y Post 9 +/- 46.7 19.1 ± 2.8 130.0 ± 2.3 40 ± 6 –

D662N Lasso 2 + 65.9 24.3 ± 2.7 29.7 ± 0.9 220 ± 30 +

L768H Knob 1 – n.d. n.d. n.d. n.d. ++

I751T Knob 0 – 16.6 25.3 ± 2.9 277.0 ± 4.8 25 ± 3 ++

Δloop Lasso n.d. + 90.2 30.9 ± 3.7 ≥ w.t. ≥ w.t. –

n.d., not determined.
aCharacteristic run length = elongation rate (subunits s−1)/koff (s−1)/365 subunits μm−1.
b Degree of sequence conservation was determined by analyzing our sequence alignment (Supplemental Figure S1) with ESPript (http://espript.ibcp.fr; Robert and 
Gouet, 2014). ++, residues with similarity >70%; +, residues with similarity >30% but <70%; –, no apparent conservation.
cPro-597 is only conserved within the FMN family.

TABLE 3:  Summary table.
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induced with 0.25 mM isopropyl-β-d-thiogalactoside at 18ºC, and 
harvested 18 h later. Then the protein was purified with Talon resin 
(Clontech, Mountain View, CA) and MonoQ anion exchange chroma
tography (GE Healthcare). The concentrations of the mutant con-
structs were calculated based on quantitative Sypro-Red (Invitrogen) 
staining with wild-type CapuCT as a standard.

Size exclusion chromatography
A Superdex 200 size exclusion column (GE Healthcare) was equili-
brated with column buffer (50 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid [HEPES], pH 7, 150 mM NaCl, 1 mM dithio-
threitol [DTT]). Approximately 4 nmol of each CapuCT construct was 
diluted in column buffer, centrifuged at 100,000 × g for 20 min at 
4ºC, and loaded onto the equilibrated column. Wild-type CapuCT 
and CapuCT-W600A were used as dimer and monomer controls, 
respectively. For CapuCT-H977Y, a peak dimer fraction was taken, 
centrifuged at 100,000 × g for 20 min at 4ºC, and loaded on the 
column a second time.

Pyrene-actin polymerization assay
Pyrene-actin polymerization assays were performed essentially as 
described (Zalevsky et  al., 2001) with minor modifications (Bor 
et al., 2012). Briefly, 4 μM 5% pyrene-labeled actin was incubated 
for 2 min in ME buffer (200 μM ethylene glycol tetraacetic acid 
[EGTA] and 50 μM MgCl2) to convert Ca-actin to Mg-actin. Polym-
erization was initiated by adding KMEH buffer (final concentra-
tion: 10 mM Na-HEPES, 1 mM EGTA, 50 mM KCl, and 1 mM 
MgCl2) to the Mg-actin. Additional components, such as CapuCT, 
CapuNT, and KIND, were added to the KMEH buffer before addi-
tion to Mg-actin. For experiments in the presence of profilin, 
S. pombe profilin was briefly preincubated with the Mg-actin 
before addition of KMEH and other assay components. Pyrene 
fluorescence was measured by a TECAN F200 (TECAN US, 
Morrisville, NC) with λexcitation = 365 nm and λemission = 407 nm. 
Barbed-end concentrations were calculated by dividing the slope 
at t1/2 by the elongation rate measured in TIRF experiments. The 
unit for the slope was converted from arbitrary units/second to 
micromoles/second by normalizing the minimum and the maxi-
mum arbitrary units to 0 and 3.9 μM actin, respectively.

TIRF microscopy
Coverslips were silanized and functionalized with biotin–polyethylene 
glycol as described (Hansen and Mullins, 2010; Bor et al., 2012). We 
prepared 15-μl flow cells for imaging as previously described (Vizcarra 
et al., 2014). The final conditions in the flow chambers were as follows: 
0.6 μM Mg-G-actin (13.5–20% Oregon green labeled) in 1× KMEH, 
3 μM profilin (Chic), 1 nM CapuCT, 0.2% methylcellulose, 50 mM DTT, 
0.2 mM glucose, 250 μg/ml glucose oxidase, and 50 μg/ml catalase. 
Growing actin filaments were visualized on a DMI6000 TIRF micro-
scope (Leica, Germany) by acquiring images every 10 s for 10 min. 
Filament elongation rates were analyzed with the JFilament plug-in in 
FIJI (Smith et al., 2010; Schindelin et al., 2012). Processivity was ana-
lyzed by counting the total number of Capu-associated filaments in 
the initial frame and calculating the ratio of currently Capu-associated 
filaments to the initial total number of Capu-associated filaments at 
each frame over a period of ∼12 min (∼70 frames).

Microtubule and actin cosedimentation assays
Tubulin was purchased from Cytoskeleton (T240, lot 85; Denver, 
CO). Microtubule preparation, binding experiments, and analysis 
were all performed as described (Roth-Johnson et al., 2014). Actin 
bundling assays were performed as described (Vizcarra et al., 2014).

were provided by Trudi Schupbach (Princeton University, Princeton, 
NJ; Manseau and Schupbach, 1989; Emmons et al., 1995).

Fertility assays
Fertility assays were performed as described previously (Quinlan, 
2013). Each trial was repeated three times with independent crosses.

Microscopy and streaming analysis
For all experiments, flies were fattened with yeast paste overnight 
before imaging. Visualization of cytoplasmic streaming and the 
actin mesh were performed on a Leica SPE I inverted confocal 
microscope.

The actin mesh was stained as previously described, but with 
slight modifications (Dahlgaard et  al., 2007). Briefly, ovaries were 
dissected, teased apart, and fixed in 10% paraformaldehyde/phos-
phate-buffered saline (PBS). Samples were stained with 1 μM Alexa 
Fluor 647–phalloidin (Life Technologies, Carlsbad, CA), washed 
extensively with PBS, and mounted in ProLong Gold (Life Techno
logies). Images were recorded within 24 h of staining because phal-
loidin disassociates from actin over time (Dahlgaard et al., 2007).

Cytoplasmic movements were examined in living oocytes with 
λexcitation = 405 nm to visualize autofluorescence of yolk granules. 
Time-lapse movies of oocytes were recorded by acquiring 1 frame 
every 10 s for 3–5 min. Standard deviation z-projections were cre-
ated in Fiji to demonstrate the relative motion of yolk granules. Cy-
toplasmic streaming velocities were determined from confocal mov-
ies using custom-built particle image velocimetry as previously 
described (Quinlan, 2013).

Identification and confirmation of capu lesions
To identify capu mutations, ovaries were dissected from homozy-
gous female flies fattened with yeast paste in cold, ionically matched 
adult Drosophila saline buffer (Singleton and Woodruff, 1994). RNA 
was isolated from the ovaries using the RNeasy Mini Kit (Qiagen, 
Valencia, CA) according to the manufacturer’s instructions for animal 
tissue samples. cDNA was generated using the Maxima Universal 
First Strand cDNA Synthesis Kit (Fermentas/Thermo Scientific, 
Waltham, MA), subcloned into the pJET1.2 vector (Fermentas), and 
sequenced (GENEWIZ, La Jolla, CA).

To confirm previously reported and newly identified lesions, ge-
nomic DNA was isolated from single flies as previously described 
(Gloor and Engels, 1992). The DNA region around each reported 
mutation site was PCR amplified using intronic primers. Amplified 
PCR products from at least two flies from each fly line were se-
quenced (GENEWIZ).

DNA constructs and cloning
Wild-type CapuCT (amino acids 467–1059) and mutant constructs 
were subcloned into a modified version of pET-15b with an N-termi-
nal hexahistidine tag as previously described (Vizcarra et al., 2011). 
Point mutations were created using QuikChange mutagenesis 
(Stratagene, La Jolla, CA). CapuCT∆loop (amino acids 467–610 plus 
649–1059) was created using the gene splicing by overlap extension 
method of PCR (Horton et al., 1990).

Protein expression and purification
Acanthamoeba castellani actin, Chickadee (Drosophila profilin), and 
S. pombe profilin were purified following published protocols 
(MacLean-Fletcher and Pollard, 1980; Bor et al., 2012). CapuNT (Bor 
et  al., 2012) and CapuCT constructs (Vizcarra et  al., 2011) were 
purified as previously described. Briefly, CapuCT proteins were 
expressed in Terrific Broth medium at 37ºC to an OD600 of 0.7, 
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