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  ABSTRACT  The formin mDia2 mediates the formation of lamellipodia and fi lopodia during 
cell locomotion. The subcellular localization of activated mDia2 depends on interactions with 
actin fi laments and the plasma membrane. We investigated the poorly understood mecha-
nism of plasma membrane targeting of mDia2 and found that the entire N-terminal region of 
mDia2 preceding the actin-polymerizing formin homology domains 1 and 2 (FH1–FH2) mod-
ule was potently targeted to the membrane. This localization was enhanced by Rif, but not 
by other tested small GTPases, and depended on a positively charged N-terminal basic do-
main (BD). The BD bound acidic phospholipids in vitro, suggesting that in vivo it may associ-
ate with the plasma membrane through electrostatic interactions. Unexpectedly, a fragment 
consisting of the GTPase-binding region and the diaphanous inhibitory domain (G-DID), 
thought to mediate the interaction with GTPases, was not targeted to the plasma membrane 
even in the presence of constitutively active Rif. Addition of the BD or dimerization/coiled 
coil domains to G-DID rescued plasma membrane targeting in cells. Direct binding of Rif to 
mDia2 N terminus required the presence of both G and DID. These results suggest that the 
entire N terminus of mDia2 serves as a coincidence detection module, directing mDia2 to the 
plasma membrane through interactions with phospholipids and activated Rif. 

  INTRODUCTION 
 The ability of cells to move is a requisite for organismal develop-
ment and survival. A common mode of cell motility entails shape 
changes, such as protrusion of the front and retraction of the rear of 
the cell. These processes are powered, in large part, through forces 
generated by the actin cytoskeleton. To protrude the leading edge, 
cells exert force on the plasma membrane through elongating actin 
fi laments, with their barbed ends oriented toward the membrane 
(reviewed in Chhabra and Higgs,  2007 ). This process is regulated by 
a large number of structural and regulatory proteins. 

 Formin family proteins are key regulators of actin polymerization. 
They promote actin assembly by nucleating actin fi laments de novo 
and by enhancing their elongation at the barbed end ( Pruyne  et al. , 
2002 ; Higgs,  2005 ; Paul and Pollard,  2009 ;  Chesarone  et al. , 2010 ). 
Both of these functions are mediated by the evolutionarily con-
served formin homology domain 2 (FH2). FH2 dimers associate pro-
cessively with the barbed ends of elongating actin fi laments, simul-
taneously allowing for the incorporation of actin monomers and 
protecting the barbed end against capping proteins. In the pres-
ence of profi lin–actin complexes, the elongation-promoting activity 
of formins is greatly enhanced by the upstream proline-rich formin 
homology domain 1 (FH1), which is thought to mediate the transfer 
of profi lin–actin complexes onto the barbed ends of growing fi la-
ments ( Kovar  et al. , 2006 ). 

 The formin mDia2 controls actin polymerization in lamellipodia 
and fi lopodia ( Yang  et al. , 2007 ), although its role in fi lopodia is bet-
ter known ( Peng  et al. , 2003 ; Pellegrin and Mellor,  2005 ;  Schirenbeck 
 et al. , 2005 ). In cells, mDia2 is tightly regulated to allow actin poly-
merization at the right place and time. The regulation of mDia2, 
and the related formins mDia1 and mDia3, depends on domains 
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that surround the actin-polymerizing module FH1–FH2. The region 
N-terminal to FH1–FH2 consists of a series of discrete domains, in-
cluding the GTPase binding region (G), the diaphanous inhibitory 
domain (DID), the dimerization domain (DD), and the coiled coil 
(CC). The region C-terminal to the FH1–FH2 contains the diapha-
nous autoinhibitory domain (DAD) ( Alberts  et al. , 1998 ; Alberts, 
 2001 ; Li and Higgs,  2005 ;  Otomo  et al. , 2005 ;  Rose  et al. , 2005 ). In 
addition, a nuclear localization signal was found within the fi rst 41 
amino acids of mDia2 ( Miki  et al. , 2009 ). 

 In the resting state, full-length mDia proteins are autoinhibited 
through an intramolecular interaction between DID and DAD 
( Watanabe  et al. , 1999 ; Alberts,  2001 ; Li and Higgs,  2003 ). To reverse 
this inhibition, cells use small GTPases of the Rho family ( Watanabe 
 et al. , 1997 ; Li and Higgs,  2005 ). Several small GTPases have been 
reported to control activation of mDia2: RhoA-C ( Alberts  et al. , 1998 ; 
 Wallar  et al. , 2007 ), Cdc42 ( Peng  et al. , 2003 ), Rac1 and Rac2 ( Ji 
 et al. , 2008 ;  Lammers  et al. , 2008 ), and Rif (Pellegrin and Mellor, 
 2005 ), whereas RhoA-C are considered the primary regulators of 
mDia1 ( Watanabe  et al. , 1999 ). Although the G region is believed to 
be the main site for the binding of GTPases, crystal structures show 
that both the G region and DID of mDia1 mediate interactions with 
Rho ( Otomo  et al. , 2005 ;  Rose  et al. , 2005 ;  Lammers  et al. , 2008 ). 
The overlap between the binding sites of the DAD and Rho is only 
partial, so that Rho is thought to reverse autoinhibitory interactions 
by binding in two steps, fi rst weakly to the exposed binding inter-
face of the G and then strongly to the entire interface on the G-DID 
after displacement of the DAD ( Lammers  et al. , 2005 ;  Nezami  et al. , 
2006 ). In vitro experiments with mDia1, however, have shown that 
RhoA alone is insuffi cient to fully activate mDia1 (Li and Higgs,  2003 , 
 2005 ), suggesting that other factors are needed ( Seth  et al. , 2006 ; 
 Brandt  et al. , 2007 ). This notion is consistent with an emerging con-
cept that multiple inputs are required to activate proteins to ensure 
their tight regulation and prevent spurious activity. 

 Subcellular targeting is another important aspect of protein reg-
ulation. Whereas   formins use their FH2 to associate with actin fi la-
ment barbed ends, they use other domains to fi nd their precise lo-
cations in cells. Early results suggested a role of the N-terminal 
region, upstream of FH1–FH2, in targeting the fi ssion yeast formin 
Fus1 to the membrane ( Petersen  et al. , 1998 ). The N-terminal region 
is also involved in the subcellular localization of the mammalian 
formins mDia1 and FRLα ( Seth  et al. , 2006 ;  Copeland  et al. , 2007 ). 
Among the N-terminal domains, the G region is thought to play a 
key role in targeting formins to the plasma membrane by binding 
membrane-associated activated GTPases ( Rose  et al. , 2005 ). Re-
gions other than the G region, however, also have been shown to 
contribute to the localization of various formins (reviewed in Aspen-
strom,  2010 ;  Chesarone  et al. , 2010 ). Thus, a region within the DID 
of mDia1, but not of mDia2 or mDia3, was found to interact with Ras 
GTPase-activating-like protein (IQGAP1)   and to be important for 
mDia1 localization ( Brandt  et al. , 2007 ). In addition, sequences con-
taining the DD and/or CC were reported to weakly target mDia1 to 
the mitotic spindle ( Kato  et al. , 2001 ) or the plasma membrane 
( Copeland  et al. , 2007 ), and to interact with Abi1 ( Yang  et al. , 2007 ; 
 Ryu  et al. , 2009 ), a protein that localizes to the leading edge of 
lamellipodia ( Stradal  et al. , 2001 ). The CC domain targets formin-1 
to adherens junctions via interaction with α-catenin ( Kobielak  et al. , 
2004 ). Additionally, protein–protein interaction roles have been as-
cribed to the C-terminal region downstream to the FH1–FH2 mod-
ule in the formins DAAM ( Liu  et al. , 2008 ), FHOD1 ( Gill  et al. , 2004 ), 
and Fmn-2 ( Pechlivanis  et al. , 2009 ). FH1 could also participate in 
targeting, because in mDia1, mDia2, or DAAM this region has been 
shown to bind numerous SH3 domain-containing proteins having 

membrane-binding properties ( Fujiwara  et al. , 2000 ;  Hudson  et al. , 
2008 ; Aspenstrom,  2010 ). Other mechanisms of formin targeting 
may involve covalent lipid modifi cation, as shown for FMNL1γ ( Han 
 et al. , 2009 ) and INF2 ( Chhabra  et al. , 2009 ). 

 Thus, multiple mechanisms converge to fi ne-tune the subcellu-
lar localization of formins, involving virtually any formin domain. 
Among formins, subcellular localization has been most extensively 
studied for mDia1, but even for this formin the mechanism of tar-
geting is not fully understood. Even less is known about the target-
ing mechanism of mDia2. Despite the close similarity and some 
functional overlap between these two formins, their cellular func-
tions are different. Whereas mDia1 is mostly involved in the gen-
eration of contractile actin bundles and adhesions ( Nakano  et al. , 
1999 ;  Watanabe  et al. , 1999 ;  Yamana  et al. , 2006 ;  Carramusa  et al. , 
2007 ;  Ryu  et al. , 2009 ), mDia2 is mostly implicated in the formation 
of membrane protrusions ( Peng  et al. , 2003 ; Pellegrin and Mel-
lor,  2005 ;  Schirenbeck  et al. , 2005 ;  Yang  et al. , 2007 ), although it 
also plays a role in cytokinesis ( Watanabe  et al. , 2010 ). Accordingly, 
activated mDia2 functions at the interface between actin fi lament 
barbed ends and the plasma membrane, and the interactions with 
both surfaces control its subcellular localization ( Yang  et al. , 2007 ). 
Our previous data suggested that the N-terminal region of mDia2 
is required for stable association with the leading edge of the cell 
( Yang  et al. , 2007 ). Recent analysis of mDia2 targeting to the cytoki-
netic ring revealed that it involves interaction of the G region with 
RhoA and of the DID-DD-CC region with the scaffolding protein 
anillin ( Watanabe  et al. , 2010 ). The mechanism of mDia2 interac-
tion with the membrane during cell motility remains unknown, 
however. 

 In this study, we performed a detailed structure–function analysis 
of mDia2 to defi ne which domains are involved in its localization to 
the plasma membrane in an actin-independent manner. Because 
sequences N- and C-terminal to the FH1–FH2 module appear to 
play a targeting role in other formins, we considered these se-
quences to be candidates to target mDia2 to the membrane. In 
addition to the traditionally recognized N-terminal domains of 
mDia2, we also evaluated the role of the poorly characterized 90-aa 
region at the extreme N terminus preceding the G region  . We refer 
to this region as the basic domain (BD), because of its positive 
charge, with a predicted isoelectric point   of ∼10. We hypothesized 
that the BD could potentially play a role in targeting mDia2 to the 
membrane, because other proteins have been shown to bind 
charged plasma membrane phospholipids through their BDs 
(McLaughlin and Murray,  2005 ).   

 RESULTS  
 mDia2 is targeted to the plasma membrane through its 
N-terminal domains 
 The formin mDia2 is a modular protein consisting of a series of semi-
independent functional domains (Goode and Eck,  2007 ). To test which 
of the domains of mDia2 localize to the plasma membrane in an actin-
independent manner, we expressed green fl uorescent protein (GFP) 
fusion of mDia2 domains, or their combinations, together with the 
cytoplasmic marker mRFP1 in HeLa cells ( Figure 1, A and B ).   We ex-
cluded the region encompassing the FH1–FH2 domains (aa 529–1025) 
from this analysis because it can be targeted to the plasma membrane 
by binding to actin fi lament barbed ends. We analyzed the plasma 
membrane localization of GFP fusion proteins by confocal micro scopy, 
using midplane optical sections of expressing cells ( Figure 1B ).  

 We fi rst evaluated the localization of constructs fl anking the FH1–
FH2 module on both sides, the N-terminus (Nt, 1–528) or the 
C-terminus (Ct, 1026–1171  ), using GFP and full-length GFP-mDia2 as 
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gous to the reported plasma membrane lo-
calization of the N termini of mDia1 and FRLα 
( Seth  et al. , 2006 ). Treatment with the actin-
depolymerizing drug latrunculin B (2 μM for 
30 min) did not alter the membrane localiza-
tion of GFP-Nt, consistent with its localization 
being actin-independent ( Figure 1B ). 

 To quantify the degree of plasma mem-
brane localization of various GFP-tagged 
constructs, we devised a parameter termed 
the  plasma membrane localization index  
(PM index; see  Materials and Methods ). The 
PM index equals zero for nonmembrane-
targeted constructs, whereas enrichment at 
the membrane results in positive values 
of the PM index. PM indices ≤ 0.3 were close 
to the detection limit of our method, and 
constructs having PM indexes in this range 
were not considered to be targeted to the 
membrane. An increment of one unit in the 
PM index corresponds to a 100% increase in 
the average fl uorescence intensity of a pro-
tein at the membrane as compared to that of 
the GFP control. The values of the PM index 
for different constructs ( Figure 1C ) confi rmed 
the conclusions drawn from the visual in-
spection of confocal images. Specifi cally, the 
PM index for GFP, GFP-mDia2, and GFP-Ct 
were close to zero. In contrast, the PM index 
for GFP-Nt was 3.5 ± 1.9, indicating strong 
plasma membrane localization. This value 
did not change signifi cantly after latrunculin 
B treatment (3.7 ± 1.5,  Figure 1C ), suggest-
ing that plasma membrane targeting of 
GFP-Nt is independent of actin fi laments.   

 The BD of mDia2 is important for 
plasma membrane targeting 
 The N terminus of mDia2 consists of the fol-
lowing characterized domains: G (91–148), 
DID (149–397), DD (398–468), and CC (469–
528). The exact boundaries of these domains 
have been determined based on their crys-
tal structures of mDia1 ( Otomo  et al. , 2005 ) 
and have been deduced for mDia2 based 
on sequence alignment (Supplemental Fig-
ure 1). The fi rst 90 amino acids of mDia2 are 
poorly characterized. We named this region 
the BD, because it is rich in positively 
charged residues (Supplemental Figure 1) 
and has a predicted isoelectric point of ∼10. 

 To determine which of the domains of 
the mDia2 Nt contribute to plasma mem-

brane targeting, we generated GFP fusion constructs of BD, G, DID, 
and DD-CC ( Figure 1A ). We expressed these constructs in HeLa cells 
and tested their plasma membrane localization by confocal micros-
copy ( Figure 1B ). To our surprise, only GFP-BD showed signifi cant 
localization to the plasma membrane ( Figure 1, B and D ) with a PM 
index of 1.0 ± 0.5 ( Figure 1C ), lower than that of GFP-Nt, but signifi -
cantly higher than that of GFP alone. GFP-BD was also enriched in 
the nucleus, consistent with a previous fi nding   that this region har-
bors a nuclear localization signal (NLS)  (Miki  et al. , 2009   ). The lack 

controls ( Figure 1, A and B ). As expected, GFP and mRFP1 had similar 
diffuse localizations in the cytoplasm and the nucleus ( Figure 1B ). Full-
length GFP-mDia2 was also diffusely distributed in the cytoplasm, but 
was excluded from the nucleus, consistent with previous observations 
( Miki  et al. , 2009 ). Such a distribution is believed to refl ect the autoin-
hibited conformation of mDia2. The C terminus of mDia2 was also 
cytoplasmic, suggesting that it is unlikely to contribute to membrane 
targeting of mDia2. In contrast, GFP-Nt was strongly localized to the 
plasma membrane and largely depleted from the cytoplasm, analo-

 FIGURE 1:    Plasma membrane targeting capability of mDia2 resides in the N-terminal domains 
and depends on the BD. (A) Domain architecture of mDia2 and its truncation mutants used in 
this fi gure. Numbers indicate amino acid boundaries. (B) Confocal microscopy of HeLa cells 
coexpressing indicated GFP-tagged mDia2 proteins (top row) and mRFP1 (middle row). Merged 
images are shown in the bottom row. Cells expressing GFP-Nt were also treated with 2 μM 
latrunculin B for 30 min (+LatB). Midplane optical sections are shown for all cells. GFP-Nt is 
strongly targeted to the plasma membrane, in both the presence and the absence of latrunculin 
B, whereas GFP-BD and GFP-NtΔBD are weakly targeted. (C) Quantifi cation of plasma 
membrane localization of mDia2 proteins. PM indices are shown as box-and-whisker plots, with 
boxes encompassing 75 th /25 th  percentile and whiskers encompassing 95 th /5 th  percentile. Dashed 
line is average, and solid line is median. Numbers of quantifi ed cells are shown in parenthesis 
next to the name of the construct. (D) Line scan analysis of GFP-BD localization. Plot shows 
average fl uorescence intensity of the GFP (green) and mRFP1 (red) signals within a 10-pixel-wide 
line drawn across the cell expressing GFP-BD and mRFP1 (inset). Two green peripheral peaks 
correspond to a plasma membrane pool of GFP-BD, and the broad central plateau corresponds 
to the nuclear pool of GFP-BD. Scale bars, 10 μm.    
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unstructured peptide. Together, these data indicate that the BD is an 
important membrane-targeting region of mDia2 and that its associa-
tion with the plasma membrane depends on electrostatic interac-
tions and the presence of two predicted amphipathic helices.   

 G region, DID, and DD-CC collectively contribute to plasma 
membrane localization 
 Although the plasma membrane localization of GFP-NtΔBD was 
drastically impaired by the absence of the BD, GFP-NtΔBD was not 
completely cytoplasmic based on confocal microscopy and cell frac-
tionation results. In other words, even though individual G, DID, and 
DD-CC fragments did not detectably localize to the plasma mem-
brane, collectively they did ( Figure 1C ). Therefore, we assessed the 
contributions of various combinations of these domains toward tar-
geting of GFP-NtΔBD to the plasma membrane ( Figure 3 ).  

 We observed negligible plasma membrane enrichment of the 
isolated G region (PM index = 0.2 ± 0.1;  Figure 1B ) even though this 
region, in conjunction with a part of DID, is thought to target formins 
to the membrane through GTPase binding ( Rose  et al. , 2005 ). We 
then asked whether the two predicted amphipathic helices of the 
BD that lie immediately N-terminal to the G ( Figure 2D ) form a com-
mon GTPase-binding unit with the G region in mDia2. To answer 
this question, we extended the G construct to include the two pre-
dicted helices of the BD ( Figure 3A ). The resulting construct GFP-
BD 38–91 -G (38–148) remained cytosolic, however (PM index = 0.3 ± 
0.2;  Figure 3B ). Only when the entire BD was added to the G did the 
resulting fragment GFP-BD-G (1–148) show appreciable plasma 
membrane localization ( Figure 3 ), most of which can be accounted 
for by the BD, because the contribution of the G region was still 
undetectable. 

 The crystal structure of a complex of mDia1 and RhoC demon-
strated that both the G region and adjacent DID mediate the inter-
action with the GTPase ( Rose  et al. , 2005 ), providing another poten-
tial explanation for the lack of plasma membrane localization of 
GFP-G. Therefore, we tested whether adding the DID to the G or to 
BD-G would improve plasma membrane localization. GFP-G-DID, 
however, was still largely cytosolic (PM index = 0.3 ± 0.1), similar to 
GFP-G ( Figure 3 ). Likewise, the localization of GFP-BD-G-DID was 
comparable to that of GFP-BD-G ( Figure 3 ). 

 Because GFP-G-DID did not signifi cantly bind the membrane, 
but GFP-NtΔBD did, we considered a role of DD-CC in membrane 
localization. Neither GFP-DD-CC (PM index = 0.1 ± 0.1;  Figure 1B ) 
nor GFP-DID-DD-CC (PM index = 0.3 ± 0.2) localized to the plasma 
membrane ( Figure 3 ), however, suggesting that the membrane tar-
geting of GFP-NtΔBD was not caused by direct binding of DD-CC 
to the membrane or by dimerization with endogenous mDia2. These 
results further suggested that the G region is necessary for mem-
brane targeting of GFP-NtΔBD, and   DD-CC appeared to potentiate 
the membrane-binding ability of G-DID. 

 Of interest, the addition of DD-CC to GFP-BD-G-DID enhanced 
membrane targeting as evident from an increase of the PM index 
from ~0.6 to ~3.5   in the resulting Nt construct ( Figure 3 ). Yet, re-
moval of the CC domain from the mDia2 N terminus dramatically 
reduced membrane targeting of the resulting construct GFP-NtΔCC 
(PM index = 0.6 ± 0.7). Thus, the CC domain plays a critical role in 
targeting the N terminus of mDia2 to the membrane. 

 The above data raised the possibility that the G-DID had 
membrane-targeting capabilities that were uncovered only in the 
presence of the surrounding domains. To test more directly whether 
the G-DID participates in membrane targeting through interaction 
with GTPases, we substituted residue Ser-184 of the DID by glutamic 
acid (S184E) within construct GFP-Nt ( Figure 3 ). Indeed, structural and 

of membrane localization of GFP-G and GFP-DID was not due to 
degradation as they were expressed at a correct molecular weight 
(Supplemental Figure 2). 

 If the BD plays an important role in plasma membrane targeting, 
its deletion should compromise plasma membrane localization of the 
other N-terminal domains. Consistent with this idea, plasma mem-
brane targeting of GFP-NtΔBD (91–528) was severely compromised, 
as refl ected by a decrease of the PM index to 0.7 ± 0.4 ( Figure 1, A–C ). 
These results strongly suggest that the BD is a key determinant for 
plasma membrane localization of mDia2 Nt, and most likely also con-
tributes to the targeting of activated full-length mDia2. 

 To verify the data obtained by confocal microscopy, we per-
formed subcellular fractionation of HeLa cells expressing GFP, GFP-
BD, GFP-NtΔBD, and GFP-Nt ( Figure 2A ) to determine the extent to 
which these constructs partition with cellular membranes. The re-
sults showed no recovery of GFP in the membrane fraction, whereas 
28 ± 8% of GFP-BD, 15 ± 3% of GFP-NtΔBD, and 41 ± 8% of GFP-Nt 
were present in the membrane fraction, suggesting that the ability 
of these proteins to bind the membrane decreases in the following 
order: Nt > BD > NtΔBD > GFP. These results are consistent with the 
data obtained by confocal microscopy ( Figure 1C ), and confi rm that 
the BD of mDia2 associates with the plasma membrane and contrib-
utes to plasma membrane targeting of mDia2 Nt.  

 We hypothesized that the positively charged BD could be tar-
geted to the plasma membrane by direct interaction with negatively 
charged phospholipids. To test this idea, we performed a lipid–
protein overlay assay with purifi ed GST-BD and found that it binds 
acidic lipids but not neutral lipids ( Figure 2, B and C ). The interaction 
with acidic phospholipids seemed to be nonspecifi c, suggesting an 
electrostatic mode of interaction. 

 The N-terminal portion of the BD (1–37) contains most of the 
positively charged amino acids, but lacks clusters of hydrophobic 
amino acids and is, therefore, predicted to be intrinsically disor-
dered. In contrast, hydrophobic cluster analysis ( Gaboriaud  et al. , 
1987 ) reveals the presence of two clusters of hydrophobic amino 
acids within the C-terminal portion of the BD (38–90), displaying a 
characteristic helical pattern ( Figure 2D ). Using a helical wheel rep-
resentation of this region, we found that hydrophobic amino acids 
and charged (or polar) amino acids are mostly clustered on two op-
posite sides of the helical wheel, indicative of amphipathic helices 
( Figure 2D ). To test the role of the two predicted amphipathic heli-
ces of the BD in membrane localization, we prepared constructs 
GFP-BD 1–64  and GFP-BD 1–37  lacking one or both of the hydropho-
bic clusters, respectively ( Figure 2, D and E ). Confocal microscopy of 
HeLa cells revealed that GFP-BD 1–64  was somewhat enriched at the 
plasma membrane (PM index = 0.6 ± 0.3), whereas GFP-B 1–37  was 
mostly cytoplasmic (PM index = 0.2 ± 0.2). These data suggest that 
the C-terminal helical portion of the BD is important for its localiza-
tion to the plasma membrane. 

 To further explore the roles of the basic stretch and hydrophobic 
clusters of the BD in plasma membrane targeting, we generated 
construct GFP-NtΔ1–37 (38–528), which lacks the N-terminal basic 
residues stretch, and evaluated its membrane localization in cells 
( Figure 2, D and E ). The PM index of GFP-NtΔ1–37 was 2.1 ± 1.4, 
which is signifi cantly higher than that of GFP-NtΔBD (0.7 ± 0.4) and 
points to an important role of two predicted amphipathic helices of 
the BD in plasma membrane targeting. The plasma membrane local-
ization of GFP-NtΔ1–37 was signifi cantly lower than that of GFP-Nt 
(PM index = 3.5 ± 1.9), however, suggesting that the N-terminal basic 
stretch of BD also contributes in a signifi cant way to plasma mem-
brane binding. The isolated construct GFP-B 1–37  did not signifi cantly 
localize to the membrane, possibly due to degradation of this short 
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 FIGURE 2:    The BD of mDia2 is important for plasma membrane targeting and binds acidic phospholipids in vitro. 
(A) Subcellular fractionation of HeLa cells expressing GFP fusion proteins. Cytoplasmic (Cyt) and membrane (Mem) 
fractions of cells expressing indicated constructs (top row) were loaded on the gel in volume equivalents shown by 
numbers above the corresponding lanes. Western blotting with GFP antibody was used to detect the expressed proteins. 
Tubulin and IRSp53 were used as cytoplasmic and plasma membrane markers, respectively, to confi rm successful 
fractionation. Calculated percentage of GFP fusion proteins in the membrane fraction (%) is shown at bottom. (B) Purifi ed 
GST-BD (arrow) shown by Coomassie staining of SDS–PAGE gel. (C) Protein-lipid overlay assay showing GST-BD binding 
to acidic, but not neutral phospholipids (left panel). No binding is detected for GST alone (right panel). Abbreviations: 
LPA, lysophosphatidic acid; LPC, lysophosphocholine; PI, phosphatidylinositol; PI(3)P, phosphatidylinositol-3-phosphate; 
PI(4)P, phosphatidylinositol-4-phosphate; PI(5)P, phoshphatidylinositol-5-phosphate; PE, phosphatidylethanolamine; PC, 
phosphatidylcholine; S1P, sphingosine-1-phosphate; PI(3,4)P 2 , phosphatidylinositol-3,4-bisphosphate; PI(3,5)P 2 , 
phosphatidylinositol-3,5-bisphosphate; PI(4,5)P 2 , phosphatidylinositol-4,5-bisphosphate, PI(3,4,5)P 3 , phosphatidylinositol-
3,4,5-trisphosphate; PA, phosphatidic acid; PS, phosphatidylserine. (D) Secondary structure predictions for the basic 
domain of mDia2. Top: Hydrophobic cluster analysis (HCA) reveals abundance of positively charged residues (blue) in the 
1–20 region and two putative hydrophobic clusters in the 40–60 and 70–80 regions (outlined). In the HCA, stars are 
prolines, black diamonds are glycines, and empty and fi lled squares are threonines and serines, respectively. Middle: 
Helical wheel presentation of a putative amphipathic helix for amino acids 43–60 corresponding to the fi rst hydrophobic 
cluster in the HCA plot. Nonpolar residues are clustered on the upper left side of the wheel. Bottom: Diagrams of 
mDia2 constructs used in panel E. (E) Confocal microscopy images of HeLa cells coexpressing indicated GFP-mDia2 
fusion constructs and mRFP1 as a cytoplasmic marker. Average PM indices with standard deviations and numbers of 
quantifi ed cells in parenthesis are shown to the right of the merged images. Scale bar, 10 μm.    
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plasma membrane targeting of G-containing 
mDia2 constructs. Several small GTPases of 
the Rho family, including RhoA, Cdc42, Rif, 
Rac1, and Rac2, have been proposed to 
regulate mDia2 functions in cells ( Alberts 
 et al. , 1998 ;  Peng  et al. , 2003 ; Pellegrin and 
Mellor,  2005 ;  Ji  et al. , 2008 ;  Lammers  et al. , 
2008 ). We fi rst tested which of these GTPases 
in their constitutively active form is the most 
effective in enhancing plasma membrane lo-
calization of coexpressed mDia2 Nt. 

 We found that only Rif signifi cantly in-
creased the PM index of GFP-Nt, whereas 
active RhoA, Cdc42, and Rac1 did not 
( Figure 4, A and B ). Moreover, both active 
and inactive forms of Cdc42 lowered the 
plasma membrane localization of GFP-Nt, 
although the statistical signifi cance of these 
differences was low ( p  = 0.01 and 0.03, re-
spectively). These results are consistent with 
effi cient targeting of Rif, but not RhoA, 
Cdc42, and Rac1, to the plasma membrane 
( Figure 4C ) and do not contradict the previ-
ous reports that all these GTPases   interact 
with mDia2 ( Alberts  et al. , 1998 ;  Peng  et al. , 
2003 ; Pellegrin and Mellor,  2005 ;  Ji  et al. , 
2008 ;  Lammers  et al. , 2008 ). We did not de-
tect strong effects of dominant negative Rif 
on GFP-Nt localization ( Figure 4B ). Although 
from visual inspection it sometimes ap-
peared that Cdc42 and Rac1 also enhanced 
plasma membrane targeting of GFP-Nt, this   
effect might be due to changes in cell mor-
phology caused by the overexpression of 
these GTPases, as monomeric red fl uores-
cent protein (mRFP1)   also showed equiva-
lent membrane enrichment ( Figure 4A ). Be-
cause we normalized the GFP membrane/
cytoplasm intensity ratio against the mRFP1 
membrane/cytoplasm ratio during calcula-
tion of the PM index, we took these changes 
into account to determine the actual degree 
of plasma membrane localization.  

 In contrast to the entire N terminus of 
mDia2, the plasma membrane localization of a shorter construct GFP-
BD-G-DID was enhanced not only by constitutively active Rif, but also 
by Cdc42 and RhoA, although Rif still had the greatest effect (Supple-
mental Figure 3). These data show that Rif is the most relevant GTPase 
targeting the mDia2 N terminus to the membrane and suggest that 
the presence of DD-CC confers added specifi city to mDia2 for GTPase 
binding.   

 Role of N-terminal domains of mDia2 in Rif-dependent 
membrane targeting 
 Having established that Rif causes the greatest increase in plasma 
membrane targeting of mDia2 Nt, we decided to further character-
ize the interactions of Rif with N-terminal domains of mDia2. Coex-
pression of constitutively active Rif with various N-terminal mDia2 
constructs produced several unexpected and quite striking results, 
along with some expected fi ndings ( Figure 5 ). In contrast to in-
creased targeting of GFP-Nt and GFP-BD-G-DID ( Figure 4 ), Rif un-
expectedly had no effect on the localization of GFP-G-DID, which 

biochemical studies of mDia1 ( Rose  et al. , 2005 ;  Lammers  et al. , 2008 ) 
have shown that Ser-184   occupies a central position at the binding 
interface between the G-DID and the GTPase, such that the S184E 
mutation would be expected to abrogate GTPase binding. Consistent 
with this expectation, the localization of the mutant GFP-Nt-S184E 
was severely impaired (PM index = 0.7 ± 0.3). Any residual membrane-
binding activity of this mutant might be ascribed to the BD. 

 Collectively, these results confi rm the importance of G-DID in 
binding to the plasma membrane and suggest that DD-CC potenti-
ates membrane binding of G-DID by increasing its avidity through 
dimerization and/or by presenting it in a conformation that is more 
optimal for membrane binding.   

 Effects of small GTPases on membrane targeting of mDia2 
 The inability of G-DID to target the plasma membrane might be ex-
plained by insuffi cient amounts of activated GTPases at the plasma 
membrane. To address this possibility, we investigated whether co-
expression of constitutively active small GTPases would enhance 

 FIGURE 3:    G, DID, and DD-CC collectively localize to the plasma membrane. (A) Domain 
architecture of mDia2 constructs used in this fi gure (left) and average PM indices of HeLa cells 
expressing corresponding GFP fusion proteins. Asterisk represents a point mutation. The 
numeric values of PM indices and numbers of quantifi ed cells in parenthesis are shown to the 
right of each bar. Error bars, SEM. (B) Confocal microscopy images of HeLa cells coexpressing 
indicated GFP-mDia2 constructs and mRFP1 as a cytoplasmic marker. Merged images are shown 
in the bottom row. Scale bar, 10 μm.    
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 Surprisingly, the plasma membrane local-
ization of BD-containing constructs was sig-
nifi cantly increased by coexpression with ac-
tive Rif ( Figure 5 ). This observation is 
illustrated, for example, by the lack of re-
sponse of G-DID to Rif ( Figure 5 ) in contrast 
to a prominent response of BD-G-DID 
( Figure 4 ). Even isolated GFP-BD responded 
to the presence of active Rif with a slight but 
signifi cant increase in membrane localization 
( p  = 0.009). Additionally, Rif greatly enhanced 
membrane localization of the GFP-BD-G 
construct. Interestingly, active Rif also de-
creased the nuclear localization of GFP-BD 
and, even more, that of GFP-BD-G ( Figure 5A ), 
further supporting the idea that the response 
of these constructs to Rif was specifi c. The 
addition of the DID to BD-G, however, did 
not result in a further increase of membrane 
targeting in the presence of Rif ( Figure 5B ), 
suggesting that Rif enhances membrane lo-
calization of these constructs through an indi-
rect mechanism. Active Rif also increased the 
plasma membrane localization of the GTP ase-
binding mutant GFP-Nt-S184E to an extent 
similar to that of   GFP-BD, implying that Nt-
S184E is likely targeted to the membrane by 
the BD. Together these results suggest that 
in cells the BD can respond to the presence 
of active Rif at the membrane and even con-
fer this sensitivity to the G region.   

 Direct interaction of Rif with mDia2 
requires both G and DID, but not BD 
 One possibility of how Rif may enhance 
membrane localization of BD-containing 
mDia2 constructs is through direct binding to 
the BD. We tested this possibility by perform-
ing protein–protein binding assays with puri-
fi ed GST-Rif and various MBP-mDia2 con-
structs ( Figure 6 ). To date, this interaction has 
been tested only by yeast two-hybrid screen 
and coimmunoprecipitation from mamma-
lian cell lysates, which may refl ect both direct 
and indirect binding patterns (Pellegrin and 
Mellor,  2005 ). Furthermore, multidomain 
fragments of the mDia2 (1–297 and 47–800) 

that were used for these binding assays do not allow one to separate 
the contributions of individual mDia2 domains to this interaction.  

 Our binding assays showed that MBP-Nt and MBP-NtΔBD bound 
GST-Rif Q75L to a similar extent ( Figure 6, A and B ), suggesting that 
the BD does not enhance Rif-binding in vitro. Thus stronger plasma 
membrane localization of GFP-BD-G-DID than of GFP-G-DID in Rif-
expressing cells was likely mediated by another mechanism, distinct 
from direct binding of the BD to the GTPase. We also found a clear 
interaction between GST-RifQ75L and MBP-BD-G-DID ( Figure 6B ) 
but weak interaction with MBP-BD-G detectable only at higher ex-
posure times (unpublished data  ). These results suggest that the DID 
is necessary for strong binding of mDia2 to Rif, as previously shown 
for the mDia1–RhoC interaction. In addition, the fact that both 
NtΔBD and BD-G-DID bind Rif implies that domains common to 
these constructs, namely G-DID, mediate the interaction with Rif 
GTPase.    

remained mostly cytoplasmic ( Figure 5 ). These fi ndings supported 
our earlier conclusion that the G-DID alone is insuffi cient to mediate 
membrane binding.  

 The potentiating effect of DD-CC on membrane targeting de-
tected in the absence of ectopically expressed Rif was even more 
striking in the presence of active Rif ( Figure 5B ). Thus, the PM index 
of GFP-Nt in the presence of Rif was signifi cantly higher than that of 
GFP-BD-G-DID ( Figure 5B ). Similarly, in the absence of BD, the 
membrane enrichment of GFP-NtΔBD was substantially higher as 
compared to GFP-G-DID in active Rif-expressing cells. This effect 
was likely dependent on G-region binding to the GTPase, because 
membrane localization of GFP-DID-DD-CC, which lacks the G re-
gion, was not signifi cantly increased by active Rif ( Figure 5B ). These 
fi ndings are consistent with the idea that the addition of DD-CC 
enhances the ability of the G-DID to respond to plasma membrane–
bound   Rif. 

 FIGURE 4:    Constitutively active Rif specifi cally enhances plasma membrane localization of 
mDia2 N-terminus. (A) Confocal microscopy of HeLa cells coexpressing GFP-Nt (top row), 
mRFP1 (second row), and indicated Myc or HA-tagged constitutively active GTPases 
immunostained with respective tag antibodies (bottom row). Merged GFP-Nt/mRFP1 images 
are shown in the third row. Scale bar, 10 μm. (B) Quantifi cation of plasma membrane localization 
of GFP-Nt in control HeLa cells (green) and in cells coexpressing indicated constitutively active 
(red) or dominant negative (blue) GTPases. Statistically signifi cant difference with  p  < 0.01 as 
compared to control cells is marked by two asterisks. Values of  p  in the 0.01–0.05 range are 
marked with one asterisk. Among tested GTPases, only Rif expression signifi cantly increases 
plasma membrane targeting of GFP-Nt. (C) Average PM index of indicated GTPases. Error bars, 
SEM;  N  is shown in parentheses.    
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cooperating with other coactivators ( Seth 
 et al. , 2006 ; Dominguez,  2010 ). Protein inter-
action with phospholipids at the membrane 
frequently plays a role in coincidence detec-
tion, but its importance is poorly understood 
for mDia formins, and in particular for mDia2. 
Here, we found that interactions of mDia2 
with GTPases and phospholipids contribute 
to its localization at the plasma membrane in 
an actin-independent manner and that this 
activity is mediated by the coordinated ac-
tions of several N-terminal domains in a pre-
viously unappreciated manner. 

 Our main fi nding is that the BD plays an 
essential role in plasma membrane target-
ing of the Nt of mDia2. Its effect appears to 
be specifi c, as the C-terminal basic stretch 
adjacent to DAD ( Wallar  et al. , 2006 ) is insuf-
fi cient to recruit the Ct of mDia2 to the 
plasma membrane. Interestingly, a com-
puter algorithm that searches for potential 
unstructured membrane-binding sites in 
protein sequences ( Brzeska  et al. , 2010 ) also 
identifi es the BD of mDia2 as a potential 
membrane-binding site. 

 Protein–lipid interactions commonly rely 
on electrostatic forces and hydrophobic in-
teractions, consistent with the amphipathic 
nature of membrane phospholipids. Elec-
trostatic interactions likely contribute to the 
association of the BD with the plasma mem-
brane in vivo, fi rst, because the deletion of 
the highly basic stretch within the fi rst 37 
amino acids of the BD signifi cantly impairs 
membrane targeting of mDia2 fragments 
and, second, because the BD binds to acidic 
phospholipids in vitro. The apparent broad 
specifi city of the BD for acidic phospholip-
ids is reminiscent of the regulation of the 
WAVE complex, an activator of the Arp2/3 
complex, by a range of charged acidic phos-
pholipids (Lebensohn and Kirschner,  2009 ). 
The remainder of the BD contains two 
clusters of hydrophobic amino acids, pre-
dicted to form amphipathic helices. Deletion 
of these clusters decreases membrane tar-
geting, suggesting that they also contribute 
to plasma membrane binding. These puta-
tive helices could promote membrane 

binding by several nonexclusive mechanisms: formation of a single 
folding unit with the GBD for GTPase binding; insertion into the 
membrane bilayer, as has been suggested for the BD of mDia1 
( Ramalingam  et al. , 2010 ); clustering of basic amino acids into a 
common membrane-binding interface; or interaction with some 
membrane-associated proteins. 

 Although the BD is important for membrane targeting, it is not 
solely responsible for the strong binding of the mDia2 Nt. Gener-
ally, proteins activated by small GTPases are thought to be also 
recruited to the membrane by these GTPases. Indeed, RhoA-
dependent recruitment of mDia2 to the cytokinetic ring has been 
recently demonstrated ( Watanabe  et al. , 2010 ). The identity of 
the small GTPase targeting mDia2 to the plasma membrane in 

 DISCUSSION 
 Accumulating evidence in various systems converges on the idea 
that multiple inputs regulate protein activity and subcellular local-
ization, a concept referred to as coincidence detection. The regu-
lation of actin fi lament nucleation may also follow this scheme. For 
example, N-WASP, an autoinhibited regulator of the Arp2/3 com-
plex, can be cooperatively activated and recruited to the mem-
brane by interactions with Cdc42 through its GBD, phosphoinosit-
ides through its adjacent BD ( Prehoda  et al. , 2000 ), and SH3 
domain-containing proteins through its proline-rich region (Take-
nawa and Suetsugu,  2007 ; Derivery and Gautreau,  2010 ). 

 The regulation of mDia formins resembles that of N-WASP, as 
they are also autoinhibited proteins regulated by small GTPases 

 FIGURE 5:    Small GTPase Rif enhances plasma membrane localization of mDia2 N-terminal 
constructs in a BD- and G-dependent manner. (A) Confocal microscopy images of HeLa cells 
coexpressing indicated GFP-mDia2 constructs (fi rst row) and mRFP1 (second row) with (+Rif) or 
without (–Rif) Myc-Rif Q75L. Merged GFP/mRFP1 images are shown in the third row. Rif stained 
with Myc antibody is shown in white in the bottom row. Scale bar, 10 μm. GFP-G-DID 
localization is not changed by coexpression of active Rif, whereas localization of GFP-BD and, 
especially GFP-BD-G, is enhanced by Rif. (B) Average PM indices of indicated mDia2 constructs 
in the absence (blue) or presence (orange) of active Rif are shown with  SEM . Statistically 
signifi cant difference between PM indices of nonexpressing and Rif Q75L-expressing cells for a 
given GFP-mDia2 construct is marked by two asterisks for values of  p  < 0.01 and by one asterisk 
for values of  p  in the 0.01–0.05 range.    
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indirectly enhances the recruitment of the 
BD to the plasma membrane in cells, for 
example, by changing the plasma mem-
brane composition through other effectors 
or signaling pathways. 

 Although both G and DID participate in 
GTPase-dependent targeting of mDia2 to 
the plasma membrane, surprisingly, they are 
not suffi cient, as the construct G-DID fails to 
localize appreciably to the plasma mem-
brane even in Rif-expressing cells. The addi-
tion of DD-CC to G-DID, however, rescues 
plasma membrane targeting, possibly 
through dimerization, which allows for multi-
valent binding (increased avidity) of the BD-
G-DID module. If this idea is correct, the di-
merization may require both the DD and CC 
domains, as the removal of the CC from Nt 
severely decreases plasma membrane tar-
geting. In mDia1, however, the DD is suffi -
cient to mediate dimerization in vitro ( Otomo 
 et al. , 2005 ) suggesting that the NtΔCC of 
mDia2 may also be a dimer. Another possi-
bility is that the DD-CC–containing region 
has membrane-targeting capabilities of its 
own, as proposed for mDia1 ( Copeland 
 et al. , 2007 ). Consistent with this idea  , DID-
DD-CC of mDia2 localizes to the cytokinetic 
ring by interacting with anillin ( Watanabe  et 
al. , 2010 ). The N-terminal region of mDia2 
containing partial DID, DD, and CC is also 

involved in the Abi1-dependent stabilization of mDia2 at fi lopodial 
tips ( Yang  et al. , 2007 ). Inability of DD-CC or DID-DD-CC to accu-
mulate at the plasma membrane, however, is not consistent with this 
possibility or with a scenario in which DD-CC–containing constructs 
dimerize with endogenous mDia2  . Therefore, we currently favor an 
idea that the DD-CC module, in addition to dimerization, may cause 
a conformational change that allows for better binding of the 
GTPase by G-DID or improves binding of another target (for in-
stance Abi1) by N-terminal domains. Consistent with this idea, it has 
been found recently that the N terminus of mDia1 correctly interacts 
with its C terminus only when the N terminus contains the CC 
domain ( Nezami  et al. , 2010 ;  Otomo  et al. , 2010 ). 

 Together, our results suggest a model for a mechanism of mDia2 
targeting with implications for its activation ( Figure 7 ). We propose 
that the BD, which is expected to be accessible in the autoinhib-
ited conformation of mDia2, mediates initial binding to the mem-
brane through electrostatic, and possibly also hydrophobic, inter-
actions. This initial binding allows mDia2 to linger at the plasma 
membrane until it encounters active Rif. Next, weak binding of Rif 
to the G region causes the displacement of the DAD from the DID, 
as proposed previously ( Lammers  et al. , 2005 ), which would allow 
the GTPase to engage the DID to form a more stable complex at 
the membrane. The role of the DD-CC module in mDia2 is to di-
merize and optimally arrange the N-terminal mDia2 domains for 
effi cient Rif binding and/or for engagement of additional targeting 
molecules.  

 Thus, mDia2 targeting, and possibly activation as well, occurs 
through extensive cooperation of all N-terminal domains, which 
together serve as a coincidence detection module recognizing at 
least two inputs: membrane phospholipids and a small GTPase. A 
similar mechanism may also be used to some extent by other 

interphase remained unclear, however. Among several GTPases 
reported to interact with mDia2 ( Alberts  et al. , 1998 ; Peng  et al ., 
2003; Pellegrin  and Mellor , 2005    ;  Wallar  et al. , 2007 ; Ji  et al ., 2008; 
 Lammers  et al. , 2008) , only Rif potently and specifi cally enhanced 
the membrane localization of mDia2 constructs, suggesting that 
RhoA, Cdc42, and Rac1 may target mDia2 to other subcellular lo-
cations. Indeed, we have observed that overexpressed Rif is much 
more enriched at the membrane than are other GTPases, all of 
which are believed to interact with the membrane through prenyla-
tion of their C-terminal CAAX motifs. Thus, additional mechanisms 
may be involved in enhancing the membrane localization of Rif. 

 The structural basis for the interaction of mDia formins with GT-
Pases is best known for the mDia1–RhoC complex, the crystal 
structure of which has been determined ( Otomo  et al. , 2005 ;  Rose 
 et al. , 2005 ). It showed that both the G region and the DID of 
mDia1 make specifi c contacts with the GTPase. Similar contacts 
were observed for a complex of an mDia2-mimicking mutant of 
mDia1 and Cdc42 or Rac1 ( Lammers  et al. , 2008 ), although the 
structure of the actual mDia2 with any GTPase has not yet been 
determined. The biochemical analysis of the mDia2-Rif interaction 
(Pellegrin and Mellor,  2005 ) did not focus on whether both the G 
region and DID were required for binding. Here, we used purifi ed 
proteins to demonstrate a direct interaction between active Rif and 
G-DID–containing constructs of mDia2, whereas the interaction of 
the fragment BD-G with was much weaker. Thus, both G and DID 
of mDia2 are needed for optimal binding to Rif, which is analogous 
to the interactions of mDia1 with Rho family GTPases. Despite the 
ability of the BD to enhance the plasma membrane localization of 
the N-terminal mDia2 constructs in a Rif-dependent manner in 
cells, however, the BD is not involved in direct interaction between 
the N terminus of mDia2 and Rif. These fi ndings suggest that Rif 

 FIGURE 6:    Small GTPase Rif binds mDia2 through domains G-DID. (A) Coomassie staining of 
MBP or MBP-tagged mDia2 proteins (Nt and NtΔBD) that were used in a GTPase-binding assay 
with GST-Rif Q75L or GST as control. The presence of BD does not increase binding to active Rif 
in vitro. (B) An immunoblot of MBP-mDia2 proteins Nt, NtΔBD, BD-G-DID, and BD-G that were 
used in a GTPase binding assay with GST-Rif Q75L or GST control. Constructs Nt, NtΔBD, and 
BD-G-DID bound Rif, whereas construct BD-G could not be detected unless high exposure times 
were used. Quantifi cation of band intensities relative to respective controls shows a 2.4-fold (A) 
and 3.8-fold (B) increase for MBP-Nt and a 6.0-fold (A) and 9.2-fold (B) increase for MBP-NtΔBD. 
There is no difference in the MBP band intensity between GST and GST-Rif (A). Panels A and B 
represent separate experiments.    
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 Confocal microscopy and image analysis 
 Confocal microscopy of HeLa cells coexpressing mRFP1 and GFP-
tagged mDia2 proteins was performed using a Leica (Richmond, IL) 
LCS laser-scanning confocal microscope with a 63× oil immersion 
objective.   Images were acquired using 122-μm pinhole and were 
averaged over four frames in the 1024:1024 pixel format. Midplane 
optical sections were used for presentation and quantifi cation. Im-
age brightness was linearly adjusted in Adobe Photoshop for opti-
mal presentation. 

 The PM index was calculated using the following equation:

  PM index
(GFP-mDia2) /(GFP-mDia2)

RFP /RFP
1m c

m c
= − ,  

   where    (GFP-mDia2) m   and  (GFP-mDia2) c   are average GFP fl uores-
cence intensities at the plasma membrane and in the cytoplasm, 
respectively, and  RFP m   and  RFP c   are average mRFP1 fl uorescence 
intensities at the plasma membrane and in the cytoplasm, respec-
tively. Intensities were calculated using MetaMorph 7.5 imaging 
software (Molecular Devices, Sunnyvale, CA). To determine the av-
erage fl uorescence intensity of GFP and RFP at the plasma mem-
brane,  (GFP-mDia2) m   and  RFP m  , respectively, a three-pixel-wide 
line was drawn along the entire margin of the cell, and the intensity 
profi le was obtained along this line using the Metamorph line scan 
tool. To determine the average fl uorescence intensity in the cyto-
plasm,  (GFP-mDia2) c,   and  RFP c ,  we used the MetaMorph multiline 
region tool to draw an irregularly shaped region between the nu-
cleus and the membrane that includes only the cytoplasmic com-
partment. The obtained values for  (GFP-mDia2) m  ,  (GFP-mDia2) c  , 
 RFP m  , and  RFP c   were used to calculate the PM index as shown 

mDia formins. Thus, mDia1 has a similarly 
charged, albeit slightly shorter, BD at the 
N terminus ( Ramalingam  et al. , 2010 ), 
whereas the corresponding region of 
mDia3 has a slightly lower predicted pI of 
∼8, because it lacks the fi rst cluster of ba-
sic amino acids. In contrast, other formins 
containing an N-terminal GBD (Schonichen 
and Geyer,  2010 ) are not associated with 
an upstream basic sequence, suggesting 
that the BD-G module is specifi c for 
Diaphanous-related   formins.   

 MATERIALS AND METHODS  
 Constructs 
 Truncation mutants of mDia2 were gener-
ated by PCR amplifi cation from the full-
length mDia2 template ( Yang  et al. , 2007 ) 
and subcloned into pEGFP-C1 or -C2 vec-
tors using either  Sac 1/ Sal 1 restriction sites 
or  Eco RI/ Sal 1 sites to produce GFP-
tagged proteins. The BD of mDia2 (aa 
1–91) was also subcloned into the pGEX-
5x-3 vector (GE Healthcare, Piscataway, 
NJ  ) using  Bam HI/ Sal 1 restriction sites to 
produce GST-tagged protein. Point muta-
tion was introduced using the QuikChange 
Site-Directed Mutagenesis Kit (Strata-
gene, La Jolla, CA). Myc-tagged Rif Q75L 
and T33N in pcDNA3 vector was a gift 
from Harry Mellor (University of Bristol); 
Myc-tagged RhoA A14V in pEXV vector, 
Myc-tagged Rac1 Q61L in pRK5 vector, 
and HA-tagged Cdc42 G12V in pcDNA vector were gifts from 
Margaret Chou (University of Pennsylvania); HA-Cdc 42 T17N was 
a gift from Wei Guo (University of Pennsylvania)  ; and mRFP1-N1 
was a gift from Roger Tsien (University of California at San Diego)   
( Campbell  et al. , 2002 ).   

 Cell culture, transfection, and reagents 
 HeLa cells were maintained in culture medium containing 45% 
DMEM, 45% F-10, 10% fetal bovine serum (ThermoScientifi c, 
Waltham, MA), penicillin, and streptomycin. Cells were transfected 
overnight using Lipofectamine LTX or Lipofectamine 2000 (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s instructions, re-
plated onto laminin-coated coverslips (20 μg/ml; Sigma, St. Louis, MO), 
and fi xed ∼3 or 24 h after replating with 4% paraformaldehyde in PBS. 
No signifi cant difference in plasma membrane localization of several 
mDia2 constructs was found between the two conditions. Latrunculin 
B (Calbiochem, EMD Chemicals, Gibbstown, NJ  ) was added to the 
culture medium at 2 μM for 30 min. Immunostaining of GTPases was 
performed using mouse monoclonal Myc (clone 9E10; Abcam, 
Cambridge, MA) or HA antibody (Covance, Princeton, NJ), followed 
by Cy5-conjugated anti–mouse antibody (Jackson ImmunoResearch, 
West Grove, PA). For the Western blot analysis shown in Supplemen-
tal Figure S2  , lysates were prepared from transfected HeLa cells by 
addition of 1% Triton X-100 in PBS. After low-speed centrifugation to 
remove nuclei, supernatants were mixed with 6X SDS buffer and 
boiled for 3 min. SDS–PAGE was performed in the NuPAGE system 
(Invitrogen), using Bis-Tris gels. Immobilon-P transfer membranes 
(Millipore, Billerica, MA  ) were blocked with a 5% solution of nonfat 
dry milk in TBS-T (Tris-buffered saline, Tween-20) and probed with 
rabbit GFP antibody (Abcam).   

 FIGURE 7:    Model for plasma membrane targeting of mDia2. Step 1: Phospholipid binding. The 
initial targeting event occurs while mDia2 is still autoinhibited, yet its BD is accessible to bind 
acidic phospholipids of the plasma membrane through electrostatic interactions. This transient 
binding   allows mDia2 to linger at the plasma membrane until it encounters active GTPase Rif 
there. Step 2: Weak Rif binding. Active Rif binds to G region of mDia2. Now, the mDia2 dimer is 
additionally attached to the plasma membrane via weak interaction with the membrane-
associated active Rif. The BD-G–bound Rif begins to displace the DAD peptide of the C terminus 
from DID (black arrows). Step3: Strong Rif binding and activation. Rif, possibly in concert with 
additional coactivator(s), causes disruption of the DID/DAD bond. This event   allows DID to bind 
Rif, resulting in a more stable association of mDia2 with the membrane and also relieves 
autoinhibition of mDia2 to allow the FH1-FH2 domains to nucleate and elongate actin fi laments.    
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article, except that DNAse I at 33 μg/ml (Sigma) was added to 
cell suspension prior to sonication. Following centrifugation at 
10,000 ×  g  for 20 min, 20-ml supernatants containing MBP-
mDia2 proteins were incubated with approximately 1.0 ml of 
washed amylose resin (New England Biolabs, Ipswich, MA  ), and 
those with GST-RifQ75L were incubated with 1.0 ml of washed 
GSH-Sepharose (Amersham) overnight at 4°C with agitation. 
Beads with bound protein were extensively washed with 0.1 M 
NaCl, 50 mM Tris pH7.5, 1 mM DTT and then fi ve times in high-
salt buffer (0.5 M NaCl; 50 mM Tris, pH7.5; 1 mM DTT). GSH 
beads with bound proteins were also washed with buffer con-
taining 1% Triton X-100. MBP and MBP-mDia2 proteins were 
eluted with 10 mM maltose solution, and concentration was 
measured using the Bradford reagent (BioRad, Hercules, CA).   

 Rif binding assay 
 GSH-Sepharose beads (60 μl wet volume, 20 μl dry volume) bearing 
100 pmol of GST-RifQ75L were loaded with 1 mM GTP or GTP-γ-S 
in 25 mM Tris (pH 7.5), 100 mM NaCl, 20 mM EDTA for 30 min at 
30°C and were stabilized by 70 mM MgCl 2 . Control beads with im-
mobilized GST were mixed with empty GSH beads to equalize in-
puts. Twenty microliters (dry volume) of GST or GST-RifQ75L beads 
were incubated with 200 pmol of MBP-mDia2 or MBP control over-
night at 4°C with agitation in buffer containing 50 mM Tris (pH7.5), 
0.1 M NaCl, 5 mM MgCl 2 , 1 mM DTT. Subsequently, buffer with 
1.0% Triton X-100 was used to wash beads fi ve times at 4°C, 10 min 
each, to remove nonspecifi cally bound proteins. Proteins were 
eluted with SDS buffer, boiled for 3 min at 100°C, and analyzed by 
SDS–PAGE or Western blot. Two separate experiments are shown in 
 Figure 6 . For Western blot, bead samples were diluted in SDS buffer 
100-fold before loading onto SDS–PAGE gel. A pipetting error in-
herent to large dilutions is the likely reason why band intensities for 
GST-Rif in the anti-GST blot differ between binding reaction sam-
ples. MBP rabbit antibody was a gift from Mecky Pohlschroder, 
University of Pennsylvania  . GST antibody (Amersham) was used in 
conjunction with secondary anti–donkey HRP-conjugated antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA).   

 Protein-lipid overlay assay 
 PIP microstrips (Echelon Biosciences, Salt Lake City, UT) were 
processed according to the manufacturer’s instructions with some 
modifi cations. Briefl y, strips were blocked with 10% nonfat dry 
milk in TBS-T buffer (10 mM Tris-HCl, pH 7.4; 150 mM NaCl; 0.1% 
[vol/vol] Tween-20) and incubated with 50 nM GST-BD in 2% milk 
in TBS-T. After extensive washes with TBS-T, strips were probed 
with goat polyclonal GST antibody (GE Healthcare), washed, and 
probed with anti–goat HRP-conjugated secondary antibody 
(Santa Cruz Biotechnology), followed by fi nal TBS-T washes. Sec-
ondary antibody was detected using ECL Plus reagents (GE 
Healthcare).   

earlier in the text. The PM index equals zero for cytoplasmic pro-
teins, whereas plasma membrane–targeted constructs have a pos-
itive PM index. At least ten cells per construct were analyzed, ex-
cept for cotransfection of Rif with GFP-DID-DD-CC, for which 
seven cells were analyzed. To calculate the PM indices of expressed 
GTPases, the intensity of the immunofl uorescence signal was used 
instead of GFP fl uorescence. Statistical signifi cance was deter-
mined using Student’s  t  test in Microsoft Excel with a two-tailed 
heteroscedastic comparison;   box-and-whisker plots were gener-
ated in SigmaPlot.   

 Subcellular fractionation 
 Membrane and cytoplasmic cell fractions were separated as de-
scribed ( Chandra Roy  et al. , 2009 ) with minor modifi cations. 
Briefl y, HeLa cells were washed with ice-cold PBS and scraped 
in hypotonic buffer (10 mM Tris-HCl, pH 7.5; 1 mM EGTA; 1 mM 
MgCl 2 ) supplemented with 1 mM PMSF and protease inhibitor 
cocktail (one tablet per 10 ml; Roche, Indianapolis, IN  ). Cells 
were disrupted by 10 passages through a 22-gauge needle, and 
lysates were clarifi ed by centrifugation at 4300 ×  g  for 10 min. 
Supernatants were subsequently centrifuged at 50,000 ×  g  for 
1 h to produce cytosolic and membrane fractions. The mem-
brane fraction   was washed three times with the hypotonic buffer 
and dissolved in 1% SDS in buffer A (50 mM Tris-HCl, pH 7.5; 
140 mM NaCl; 10% glycerol; 1% Triton X-100) supplemented 
with 1 mM PMSF and protease inhibitor cocktail. The resulting 
cytoplasmic and membrane fractions were loaded on a NuPAGE 
10% Bis-Tris gel (Invitrogen) in increasing volumes for the mem-
brane fraction. GFP-mDia2 proteins were detected by Western 
blotting using GFP antibody (Abcam), and effi ciency of fraction-
ation was confi rmed by probing gels with α-tubulin antibody 
(Sigma) and IRSp53 monoclonal antibody (a gift from Giorgio 
Scita, IFOM-IEO [FIRC Institute of Molecular Oncology/
European Institute of Oncology], Milan, Italy  ). Secondary HRP-
tagged antibodies (GE Healthcare) were detected using the 
ECL Plus reagents (GE Healthcare  ). Protein band intensities 
were measured using Adobe Photoshop. The intensity of the 
band corresponding to the cytoplasmic fraction was compared 
to a linear fi t for the intensities of graded membrane fractions to 
estimate the percentage of the GFP-fusion protein in the mem-
brane fraction.   

 Protein expression and purifi cation 
  Escherichia coli  BL21 star (DE3; Invitrogen) transformed with GST-
BD was inoculated into 200 ml of Luria-Bertani (LB) medium and 
grown overnight at 37ºC; then 1.2 l of LB medium was added to the 
culture and grown to OD 600nm  = 1.0. After stimulation of protein 
expression by 0.5 mM isopropyl-β- d -thiogalactopyranoside (IPTG) 
for 3 h at 28°C, bacteria were pelleted at 5000 ×  g , slowly resus-
pended by stirring at 4°C in 30 ml of buffer T (50 mM Tris-HCl, pH 
7.7; 100 mM NaCl; 1 mM DTT; 45 mg of protease inhibitors [Sigma], 
and 1 mM PMSF), ultrasonicated, and clarifi ed by centrifugation at 
15,000 ×  g  for 15 min. GSH-Sepharose beads (0.8 ml; Amersham 
Pharmacia, Piscataway, NJ) were incubated with GST-BD–containing 
supernatant and washed fi ve times in 40 ml of buffer T. GST-BD was 
eluted from beads with 20 mM glutathione (pH 8.6) and dialyzed 
overnight against buffer T. Concentration was determined by the 
Bradford assay. 

  E. coli  BL21 RP strain (a gift from Wei Guo) was used for ex-
pression of MBP-mDia2 proteins and GST-RifQ75L. Protein ex-
pression was stimulated by adding 0.5 mM IPTG to 0.2 l of bacte-
rial culture at OD 600nm  = 0.8 followed by overnight incubation at 
18°C. Bacterial lysates were prepared as described earlier in this 
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