
Mutations to the Formin Homology 2 Domain of INF2 Protein
Have Unexpected Effects on Actin Polymerization
and Severing*□S

Received for publication, March 27, 2012, and in revised form, August 9, 2012 Published, JBC Papers in Press, August 9, 2012, DOI 10.1074/jbc.M112.365122

Vinay Ramabhadran, Pinar S. Gurel, and Henry N. Higgs1

From the Department of Biochemistry, The Geisel School of Medicine at Dartmouth, Hanover, New Hampshire 03755

Background: INF2 is a formin protein that accelerates both actin polymerization and depolymerization.
Results:Mutations to highly conserved FH2 residues have surprising effects on INF2 biochemical activity.
Conclusion: It is dangerous to assume that mutation of conserved FH2 domain residues will have equivalent effects on all
formins.
Significance: These studies provide mechanistic insight into the role of INF2’s FH2 domain in polymerization and
depolymerization.

INF2 (inverted formin 2) is a formin protein with unusual
biochemical characteristics. As with other formins, the formin
homology 2 (FH2) domain of INF2 accelerates actin filament
assembly and remains at the barbed end, modulating elonga-
tion. The unique feature of INF2 is its ability to sever filaments
and enhance depolymerization, which requires the C-terminal
region. Physiologically, INF2 acts in the secretory pathway and
is mutated in two human diseases, focal and segmental glomer-
ulosclerosis andCharcot-Marie-Tooth disease. In this study, we
investigate the effects of mutating two FH2 residues found to be
key in other formins: Ile-643 and Lys-792. Surprisingly, neither
mutation abolishes barbed end binding, as judged by pyrene-
actin and total internal reflection (TIRF)microscopy elongation
assays. The I643A mutation causes tight capping of a subset of
filaments, whereas K792A causes slow elongation of all fila-
ments. The I643A mutation has a minor inhibitory effect on
polymerization activity but causes almost complete abolition of
severing and depolymerization activity. The K792A mutation
has relatively small effects on polymerization, severing, and
depolymerization. In cells, theK792Amutant causes actin accu-
mulation around the endoplasmic reticulum to a similar extent
as wild type, whereas the I643A mutant causes no measurable
polymerization. The inability of I643A to induce actin polymer-
ization in cells is explained by its inability to promote robust
actin polymerization in the presence of capping protein. These
results highlight an important point: it is dangerous to assume
that mutation of conserved FH2 residues will have equivalent
effects in all formins. The work also suggests that both muta-
tions have effects on the mechanism of processive elongation.

Formin proteins are actin assembly factors and are expressed
in almost all eukaryotes examined (1–3). Budding and fission

yeasts have two and three formins, respectively, with well
defined cellular functions (4, 5).Mammals have 15 formins, and
the cellular roles of these proteins are less well defined (6).
The common feature uniting formins is the formin homol-

ogy 2 (FH2)2 domain. This �400-residue sequence forms an
anti-parallel “donut-shaped” dimer in all formins examined and
is central to formin-mediated actin assembly (7–9). The FH2
domain can accelerate actin nucleation, perhaps by stabilizing
dimeric or trimeric intermediates, and then can modulate sub-
sequent filament growth by remaining processively attached to
the elongating barbed end (10). The actin monomer-binding
protein profilin accelerates barbed end elongation from FH2-
bound barbed ends when bound to the proline-rich FH1
domain, situated N-terminal to the FH2 (Fig. 1A and Ref. 11).
FH2 domains, however, vary widely in their biochemical

activities. Although some FH2 domains are potent nucleation
accelerators (mDia1 and mDia2), others are much less potent
(FMNL1, FMNL3, and DAAM1) (12–14). The speed of barbed
end elongation also varies widely depending on the formin
bound to it, from an elongation rate equivalent to actin alone
(mDia1) to almost complete suppression of barbed end elonga-
tion (Cdc12) in the absence of profilin (15). Some FH2 domains
bundle actin filaments (FMNL1–3, mDia2, and Bnr1p),
whereas others do not (mDia1 and Bni1p) (12,13,16–18).
Formin effects on actin are further influenced by sequences

C-terminal to the FH2. The C termini of several formins
(mDia1, DAAM1, Bni1p, Bnr1p, and FMNL3) accelerate FH2-
mediated actin polymerization (13, 19). In the case of FMNL3,
the C terminus contains a WH2-like motif that can bind both
actinmonomers and barbed ends and canmodulate barbed end
elongation independently of the FH2 (13). Perhaps the most
dramatic change affected by the C terminus is in the mamma-
lian formin INF2, in which the C terminus allows potent fila-
ment severing and depolymerization when present with the
FH2 domain (20). The combination of activities causes the
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polymerization, first causing rapid polymerization of actin
monomers then causing their disassembly (20). The switch
between assembly and disassembly is due to ATP hydrolysis
and phosphate release by actin, with phosphate release being
necessary for severing and depolymerization (20). The C termi-
nus of INF2 contains an actin monomer binding WH2 motif,
which is crucial for these activities (20).
Recent studies have shown INF2 to play interesting cellular

roles and to have important physiological implications. In cells,
INF2 can exist in two C-terminal splice variants that dramati-
cally change cellular localization and function. The CAAX var-
iant binds tightly to endoplasmic reticulum (ER) and overex-
pression causes ER collapse (21). The non-CAAX variant
localizes in a cytoplasmic, actin-dependent meshwork pattern,
and its suppression causes Golgi fragmentation (22). Suppres-
sion of INF2 in hepatocytic culture cells results in defects in
transcytosis of apical proteins (23), whereas suppression in
lymphocytic cells inhibits delivery of Lck to the plasma mem-
brane (24). Physiologically, mutations in INF2 have been
strongly linked to two human diseases: focal and segmental glo-
merulosclerosis (25–28), a kidney disease, and Charcot-Marie
Tooth disease, a peripheral neuropathy (29).
One question regarding INF2 is the relative importance of

its polymerization and severing activities to cellular function. In
cells, does INF2 act to create filaments, to depolymerize fila-
ments, or perhaps to create highly transient filaments, which it
also depolymerizes? An approach to answering this question
has been to use “polymerization” and “depolymerization”
mutants to rescue effects of INF2 suppression in cells (23, 24).
The depolymerizationmutant targeted theWH2motif and has
previously been shown biochemically to block depolymeriza-
tion but not polymerization (20). The mutation also blocks the
autoinhibitory interaction of INF2 (21). The polymerization
mutant targeted a lysine (Lys-792) found to be crucial for polym-
erization in Bni1p (30) but not tested in INF2. It was found that
neither the K792A nor the WH2 mutant of INF2 rescued
endogenous INF2 suppression, suggesting that both polymeri-
zation and depolymerization activities were necessary (23, 24).
To understand the biochemical mechanism behind the

remarkable polymerization/depolymerization activity of INF2,
we have made point mutations to the FH2 domain similar to
those used for inactivation of other formins: K792A and I643A.
Surprisingly, we find that the K792A mutation has minimal
effects on biochemical activity, with small effects on both
polymerization and severing/depolymerization activity. The
I643A mutation has larger effects on polymerization activity
and causes an almost complete abolition of severing/depoly-
merization. These results demonstrate that the importance of
individual FH2 residues differs between formins. Also, the fact
that the K792A mutation actually slows elongation rate com-
pared with wild type suggests that this mutation affects the rate
of processive elongation.

EXPERIMENTAL PROCEDURES

DNA Constructs—Human INF2 ORF clone (catalog number
SC313010) was obtained from OriGene Technologies, Inc.
(Rockville, MD). INF2 FH1-FH2-C (amino acids 469–1249)
CAAX and INF2 FH1-FH2 (469–941) were amplified using a

GC-rich PCR system (Roche Applied Science) and subcloned
into pGEX-KT vector (16) with a modified tobacco etch virus
protease site for bacterial expression as a glutathione S-trans-
ferase fusion protein. The QuikChange kit (Stratagene) was
used for all mutagenesis. The ER-Green construct, containing
the ER-targeting sequence (amino acids 233–250) of budding
yeast UBC6 (31), was a kind gift fromVictoria Allan (University
of Manchester, Manchester, UK). The mCherry-Sec61� was a
kind gift from Jennifer Lippincott-Schwartz (National Insti-
tutes Health, Bethesda, MD). For cellular studies, INF2 FH1-
FH2-C CAAX (amino acids 429–1249) was subcloned into
eGFP-C1 (Clontech).
Protein Preparation—All formin constructs were expressed

in bacteria as GST fusion proteins, following procedures used
previously (20). The constructs used were INF2-FH1-FH2-C
(humanCAAXvariant, amino acids 469–1249) and INF2-FH1-
FH2 (human, 469–941). After expression, extracts were passed
over glutathione-Sepharose, cleaved with tobacco etch virus
protease to elute the formin construct from GST, and further
purified by ion exchange chromatography on SourceQ. All pro-
teins were stored at �80 °C in K50MEID (50 mM KCl, 1 mM

MgCl2, 1 mM EGTA, 10 mM imidazole, pH 7.0, 1 mM DTT).
Rabbit skeletal muscle actin was purified from acetone powder
(32) and labeled with pyrenyliodoacetamide (33). Both unla-
beled and labeled actin were gel-filtered on Superdex 200 (34)
and stored inGbuffer (2mMTris-HCl, pH 8.0, 0.5mMDTT, 0.2
mM ATP, 0.1 mM CaCl2, 0.01% sodium azide) at 4 °C. All chro-
matographic resins were from GE Biosciences. Human profilin
I was expressed in bacteria and purified as described (35).
Mouse capping protein (�1�2) was expressed from pRSFDuet1
vector (Novagen) and purified on a HisTrap HP column (GE
Healthcare).
Buffers Used for Biochemical Studies—The following buffers

were used frequently: G buffer (2 mM Tris, pH 8, 0.5 mM DTT,
0.2 mM ATP, 0.1 mM CaCl2, and 0.01% NaN3), G-Mg buffer
(same asGbuffer butwith 0.1mMMgCl2 instead ofCaCl2), 10�
KMEI (500 mM KCl, 10 mM MgCl2, 10 mM EGTA, and 100 mM

imidazole, pH 7.0), and polymerization buffer (G-Mg buffer
plus 1� KMEI). For depolymerization assays, polymerization
buffer without ATPwas used. 10E/1Mwas 10mM EGTA, 1mM

MgCl2, pH 7–8. Fluorescence buffer was 25 mM imidazole, pH
7, 25mMKCl, 250mMNaCl, 4mMMgCl2,1mM EGTA, 100mM

DTT, 0.5%methylcellulose, 18�g/ml catalase, 3�g/ml glucose,
and 100 �g/ml glucose oxidase.
Actin Polymerization by Fluorescence Spectroscopy—Unla-

beled and pyrene-labeled actin were mixed in G buffer to pro-
duce a 5% pyrene-actin stock. This stock was converted to
Mg2� salt by 2 min of incubation at 23 °C in 1 mM EGTA, 0.1
mM MgCl2 immediately prior to polymerization. Polymeriza-
tion was induced by the addition of 10� KMEI to a concentra-
tion of 1�, with the remaining volume made up by G-Mg.
Pyrene fluorescence (excitation, 365nm; emission, 410nm)was
monitored in a 96-well fluorescence plate reader (Tecan Infi-
nite M1000, Mannedorf, Switzerland). The time between mix-
ing of final components and the start of fluorimeter data collec-
tion was measured for each assay and ranged between 15 and
20 s. INF2 does not affect the fluorescence of pyrene actin fila-
ments (20).
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Barbed End Elongation Assays—Unlabeled actin (10�M) was
polymerized for 1 h at 23 °C, followed by the addition of 20 �M

phalloidin and then centrifuged at 100,000 rpm for 20 min in a
TLA-120 rotor. The pellet was resuspended to 6 �M in 3�
polymerization buffer (G-Mgwith 3�KMEI) and then sheared
by five passes through a 30-gauge needle. The resuspended
polymerized actin was allowed to reanneal overnight at 23 °C.
30 �l of 1� polymerization buffer with or without formin pro-
tein was added to 30-�l filaments in a 96-well plate, shaken for
10 s, and then centrifuged for 2min at 1200 rpm. After 2 min at
23 °C, 60 �l of 1.05 �M monomers (5% pyrene, Mg2�-con-
verted) were mixed with the filaments with a cut pipette tip.
Fluorescence (365/410 nm)was recorded for 2700 s. Elongation
velocity was obtained by linear fitting the initial 10% of elonga-
tion. Final concentrations in the assay were 1.5 �M phalloidin-
stabilized polymerized actin and 0.525 �Mmonomer. Slopes of
pyrene fluorescence from elongation time courses were taken
at 10% completion using Kaleidagraph (Synergy Software,
Reading, PA) andwere converted to elongation rates (assuming
10 �M�1 s�1 for actin alone).
Calculating Filament Concentration—Slopes weremeasured

at 50% polymerization and converted to filament concentra-
tion, either under the assumption of unrestricted ATP-actin
monomer addition to barbed ends with a rate constant of 10
M�1 s�1 (5, 36, 37) or with the observed elongation rates in the
presence of the specific INF2 construct as measured above,
according to the following equation: [F] � S�/(K� � M0.5),
where [F] is filament concentration (�M), S� is slope converted
to polymerization rate (�M/s), andM0.5 ismonomer concentra-
tion (�M) at 50% polymerization. S� is calculated by the equa-
tion S� � S � (Mt/(fmax � fmin), where S is the raw slope in
arbitrary units/s, Mt is concentration of total polymerizable
monomer (�M), and fmax and fmin are fluorescence (arbitrary
units) of fully polymerized and unpolymerized actin,
respectively.
Filament Depolymerization Kinetics—Actin (1.05 �M, 5%

pyrene) was polymerized for 16 h at 23 °C in polymerization
buffer in the dark. Actin stock (95 �l) was gently mixed using a
cut tip with 5 �l of protein (at various concentrations) solution
in polymerization buffer. Pyrene fluorescence was monitored
within 15 s of dilution in a PC1 spectrofluorometer (ISS Inc.,
Champaign, IL). The initial slopes were measured and used to
calculate the depolymerization rates.
Severing Assay—Actin (4 �M) was polymerized for 1 h at

23 °C in polymerization buffer. Polymerized actin (2.5 �l) was
incubated with 2.5�l of polymerization buffer containing INF2
for varying times at 23 °C. 10 �l of dilution buffer (25 mM imid-
azole, pH 7.0, 25 mM KCl, 4 mM MgCl2, 1 mM EGTA, 0.5%
methylcellulose) containing TRITC-phalloidin (Sigma-Al-
drich; final concentration, 2 �M) was added, and samples were
immediately diluted 50-fold with fluorescence buffer. Samples
(2 �l) were adsorbed on 12-mm round glass coverslips coated
with 0.01% poly-L-lysine. Cut pipette tips were used to mini-
mize filament shearing. Filaments were visualized through a
TRITC filter using a Nikon-Eclipse TE-2000microscope with a
60 � 1.4 numerical aperture objective. The images were
acquired using a Roper Cool-Snap camera. Filament length was

measured using NIS-Elements software (Nikon), and 200–300
filaments were measured from at least five different fields.
Cell Culture and Plasmid Transfection—Human osteosar-

coma cells (U2OS) were maintained in DMEM with 4.5 g/liter
glucose, 584.0 mg/liter L-glutamine, 110.0 mg/liter sodium
pyruvate, and 10% calf serum (Atlanta Biologicals, Law-
renceville, GA) and were a kind gift from Duane Compton
(Dartmouth Medical School). The cells were maintained at
37 °C and 5% CO2. Lipofectamine 2000 (Invitrogen) was used
for all plasmid transfections as per themanufacturer’s protocol.
A total of 100 ng of each plasmid DNA was used for all trans-
fections, and the cells were analyzed 24 h post-transfection.
Fluorescence Microscopy—The cells were fixed with 4%

formaldehyde (Electron Microscopy Sciences, Hatfield, PA) in
PBS for 1 h at room temperature. After washing with PBS, the
cells were permeabilized on ice with 0.25%TritonX-100 in PBS
for 15min. The cells were thenwashedwith PBS prior to block-
ing with 2.5% calf serum in PBS for 1 h at room temperature.
Actin was stained using 100 nM TRITC-phalloidin for 15 min
prior to mounting on polyvinyl alcohol-DABCO. Images were
captured using aWave FX spinning disk confocal system (Quo-
rum Technologies, Guelph, Canada) on a Nikon (Melville, NY)
Eclipsemicroscope, using a 491-nm laser and a 525/20 filter for
GFP, a 403-nm laser and a 460/20 filter for DAPI, and a 561-nm
laser and a 593/40 filter for Texas Red. The images were
acquired using MetaMorph and were processed using Nikon
Elements and Photoshop CS (Adobe, San Jose, CA).
TIRF Microscopy—Glass flow chambers were prepared from

VWR microcover glass (24 � 60 mm No 1.5) and Gold Seal
Rite-Onmicro slides (3� 1 inches) to hold 10�l of volume.The
chambers were treated with 5K mPEG-Silane (Laysan Bio) and
washed with BSA containing buffer (1% BSA, 50 mM Tris,
pH 7.5, 150 mMNaCl) and then equilibrated in TIRF buffer (10
mM imidazole, pH 7.0, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA,
100 mM DTT, 0.2 mM ATP, 15 mM glucose, 0.5% methyl cellu-
lose, 0.01 mg/ml catalase (Sigma), 0.05 mg/ml glucose oxidase
((Sigma), 0.1% BSA).
Unlabeled actin monomers were mixed with 20% Alexa 488-

labeled (Molecular Probes) actin monomers (38). Alexa 488
monomers were diluted with 2� TIRF buffer, mixed with
formin, and then flowed under glass flow chambers. The fila-
mentswere visualized immediately on aNikon Eclipse TE-2000
microscope. The images were acquired every 2 s with TIRF
objective (60� 1.49 N.A.) and a Roper Cool-Snap camera.
The images were processed with NIS-Elements software

(Nikon) and Adobe Photoshop. Filament elongation rates were
quantified using ImageJ (National Institutes of Health,
Bethesda, MD).

RESULTS

FH2Mutations Have Varying Effects on INF2-mediated Inhi-
bition of Barbed End Elongation—In an attempt to abolish the
polymerization activity of INF2, we made mutations to highly
conserved FH2 residues (Ile-643 and Lys-792 to Ala) in INF2
FH1-FH2 (FF) and INF2 FH1-FH2-C (FFC) constructs (Fig.
1A). Homologous FH2 mutations have previously been shown
to be important for barbed end binding of other formins (5,
12–14, 39). In addition, the INF2 K792Amutant has been used
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as a putative polymerization-blocking mutant in cellular stud-
ies (23, 24).
We first examined the abilities of these FH2 mutants to

inhibit barbed end elongation, using the INF2-FF constructs to
minimize severing-mediated effects (20).Wemeasured elonga-
tion using pyrene-actin spectrofluorimetry, which allows facile
analysis of changes in formin concentration. As observed pre-
viously for the mouse protein, the WT-FF construct slows the
elongation rate by 60%. Surprisingly, both I643A and K792A
mutants maintain effects on INF2-mediated inhibition of elon-
gation, but to different degrees, with the I643Amutant slowing
elongation by 42%, whereas the K792A mutant slows elonga-
tion by 83% (Fig. 1B). The apparent barbed end affinities of all
these constructs are similar (The IC50 values for WT and the
I643A and K792A mutants are 2, 3.9, and 1.2 nM, respectively
(Fig. 1C)). The I643A/K792Adoublemutant is severely affected
both in terms of extent of elongation inhibition and apparent
barbed end affinity (Fig. 1, B and C).
We next assessed barbed end elongation using TIRFmicros-

copy, which allows direct measurement of elongation rates

from single filaments. The elongation rates of WT and K792A
constructs are similar to those determined by pyrene-actin
assay, with WT slowing elongation by 63%, whereas K792A
slows elongation by 91% (Fig. 1, D and E). Surprisingly, the
I643A mutant results in two filament populations: one that
elongates at a rate of actin alone and one that has an unmeasur-
ably low elongation rate. There are examples of periodic tran-
sitions between the slow and fast elongation states (Fig. 1D,
arrows).
The existence of a pool of filaments that elongates at actin-

alone rate in the presence of I643A raises two possibilities: 1)
I643A is not bound to the barbed end of these filaments, or 2)
I643A is bound but does not change the elongation rate. We
tested these possibilities by conducting TIRF assays in the pres-
ence of capping protein. Past experiments have shown that
formins block barbed end binding by capping protein, allowing
continued elongation. WT FF construct displays this ability,
whereas the I643A construct does not (data not shown), sug-
gesting that the I643A mutant is not tightly bound to the elon-
gating population of filaments.

FIGURE 1. FH2 mutations do not abolish INF2-mediated elongation inhibition. A, domain architecture of full-length human INF2 (CAAX) and the FFC and
FF constructs used in this study. The approximate locations of the I643A and K792A mutations are shown. B, elongation of 0.5 �M actin monomers (25% pyrene)
from phalloidin-stabilized seeds in the presence of 10 nM of the indicated FF construct. The percentage of inhibition is shown on the side of the graph.
C, concentration dependence of filament elongation inhibition by FH2 mutants. The slopes were taken at 10% completion of elongation reactions and were
converted to elongation rates. D, traces of individual filaments from TIRF assays with various mutants. 1 �M actin monomers (20% Alexa 488-labeled) and 1 nM

of the formin were used for WT and the K792A mutant. 10 nM was used for the I643A mutant. Arrows indicate points where the elongation rate changes,
suggesting that the formin is binding to or releasing from the barbed end. E, quantification of elongation rates for the various INF2-FF constructs shown in D.
The error bars represent standard deviation (numbers on the bars represent n).
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FH2 Mutations Have Varying Effects on Actin Polymeriza-
tion—We next performed pyrene-actin polymerization assays
with the INF2-FF constructs, which lack the C-terminal WH2
domain and thus lack severing and depolymerization activity.
In these assays, both the I643A and K792A mutants display
slower polymerization, suggesting that both residues are
important for nucleation through the FH2 domain. However,
the effect of the K792A mutation is relatively minor compared
with the I643A mutation, which itself still maintains some
polymerization activity (Fig. 2A). The double mutant (I643A/
K792A) is completely impaired for actin polymerization (Fig.
2A). To analyze the polymerization efficiencies of these
mutants in greater detail, we plotted the time to reach half-
maximal polymerization activity (T1⁄2) as a function of the

formin concentration (Fig. 2B). Despite having lower polymer-
ization activity, the K792A mutant displays an EC50 for poly-
merization (20.5 nM) that is similar to that of WT (13.5 nM). In
contrast the I643A mutant and the double I643A/K792A
mutant do not display saturating polymerization activities. We
also calculated the concentration of barbed ends created by the
FH2 mutants in these assays, using the elongation rates mea-
sured upon full INF2 barbed end binding determined from Fig.
1.WT creates�2-foldmore barbed ends than K792A (Fig. 2C).
The I643A mutant is severely defective in barbed end produc-
tion, although it is still significantly better than actin alone (Fig.
2D).
Wenext examined the effects of thesemutations in the INF2-

FFC constructs using similar pyrene actin polymerization

FIGURE 2. FH2 mutations have varying effects on the polymerization activity of INF2-FF. A, pyrene-actin polymerization assays containing 1 �M actin
monomers (5% pyrene) with 200 nM of the indicated FF construct of INF2. B, plot showing time to 50% completion (T1⁄2) versus formin concentration for
polymerization assays conducted with various concentrations of INF2 (data not shown). The EC50 values for WT and K792A and I643A mutants are 13.9, 20.5,
and �165 nM, respectively. C, plot showing barbed end concentration versus formin concentration. D, expanded view of C, showing barbed end concentration
versus formin concentration in greater detail for the I643A mutant.
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assays. The FFC construct contains the C-terminalWH2motif,
which is required for INF2-mediated severing and causes rapid
biphasic polymerization/depolymerization in pyrene-actin
assays (Ref. 20 and Fig. 3A). To our surprise, the I643A and
K792A mutants still potently accelerate actin polymerization.
The I643A mutant lacks apparent depolymerization activity,
whereas the K792A mutant has reduced depolymerization
activity (Fig. 3A). As observed previously (20), theWH2mutant
is a potent polymerizer but is defective in depolymerization.
The double mutant (I643A/K792A) has a pronounced poly-
merization defect (Fig. 3A).

Because the competing activities of polymerization and
depolymerizationwere problematic for analysis of these curves,
we performed polymerization assays in the presence of phos-
phate, which abolishes INF2 depolymerization activity (Ref. 20
and Fig. 3B). We once again plotted the time to reach half-
maximal polymerization (T1⁄2) as a function of formin concen-
tration. By this analysis, the K792A and WH2 mutants have
similar concentration dependence to the WT (EC50 values of
�10 nM). In contrast, I643A has a significantly higher EC50 (43
nM; Fig. 3C), although its potency (maximal rate of polymeriza-
tion) is in the same range as WT and the other mutants. The
doublemutant (I643A/K792A) is dramatically deficient both in
EC50 and in potency.
FH2 Mutations Have Varying Effects on INF2-mediated Sev-

ering andDepolymerization—Toanalyze INF2-mediated depo-
lymerization efficiency directly, we performed assays in which
we mixed prepolymerized pyrene-actin filaments with INF2-
FFC and measured the kinetics of pyrene fluorescence
decrease, similar to those conducted previously for the mouse
protein (20). At 400 nM, the I643A and K792Amutants are less
efficient thanWTat depolymerization, the I643Amutant being
more so (Fig. 4A). To analyze the K792A mutant in detail, we
plotted the depolymerization rates as a function of INF2 con-
centration (Fig. 4B). Both the WT and K792A mutant display
concentration-dependent increases in depolymerization rate,
but the WT is more efficient than the K792A mutant at all
concentrations.
To test whether the decreased depolymerization rates in the

I643A and K792A mutants were due to severing defects, we

performed severing assays. WT INF2-FFC severs actin fila-
ments potently, whereas the WH2 triple mutant and FF con-
struct do not (Fig. 5). The I643A mutant also displays a severe
defect in severing activity, similar to the WH2 mutant and the
FF construct. In contrast, theK792Amutant severs with similar
efficiency to theWTunder the conditions used (2�M actin, 200
nM INF2, 2 min; Fig. 5).

The apparent similarity betweenWT and K792A in severing
could be due to the limitations of our assay system, such that the
assay cannot distinguish between minor severing defects. To
compare the K792A mutant and WT in greater detail, we con-
ducted severing assays with varying time and INF2 concentra-
tion (Fig. 5, I and J). WT INF2-FFC severing is both time- and
concentration-dependent in these assays, showing the assay is
appropriate for comparing efficiency. The K792A mutant dis-
plays longer filaments at all times and concentrations, suggest-
ing that the severing efficiency is decreased (Fig. 5, I and J).
FH2 Mutants Display Variable Effects on Actin Polymeriza-

tion inCells—Toexamine the effects of thesemutations in cells,
we made GFP-tagged versions of the FFC constructs as the
CAAX splice variant, which localizes to the ER (21). We co-
transfected U2OS cells with these GFP-tagged constructs,
along with CFP-Sec61� as an ERmarker, and stained with rho-
damine phalloidin to detect actin filaments. As a control pro-
tein that localizes to the ER but should not cause actin poly-
merization, we transfected cells with ER-Green.
As expected, ER-Green does not cause actin polymerization

around the ER (Fig. 6, showing the close ups of a single Z-sec-
tion of a confocal Z-stack. The entire cell is shown in supple-
mental Fig. S1). WT INF2 causes robust actin polymerization
around the ER. Similar ER-associated actin polymerization
occurs with the WH2 mutant, which is expected because this
construct is compromised for depolymerization activity in
vitro. The K792A mutant also causes ER-associated actin
polymerization (Fig. 6). In contrast, the I643A mutant and the
I643A/K792A double mutant do not cause measurable actin
polymerization around ER (Fig. 6).
To quantify these results, we measured the overall actin

intensity around the nucleus (supplemental Fig. S1), because a
high density of the ER accumulates in this region. Although the

FIGURE 3. FH2 mutations have varying effects on the polymerization ability of INF2-FFC. A, pyrene-actin polymerization assays containing 1 �M actin
monomers (5% pyrene) with 200 nM of the indicated FFC construct of INF2. B, pyrene-actin polymerization assays containing 1 �M actin monomers (5% pyrene)
with 200 nM of the indicated FFC construct of INF2 in the presence of 10 mM sodium phosphate. C, plot showing time to 50% completion (T1⁄2) versus formin
concentration for polymerization assays conducted various concentrations of INF2 (data not shown). The EC50 values for WT and I643A, K792A, double
(I643A/K792A), and WH2 mutants are 2, 43, 1.2, 87, and 7.7 nM, respectively.

INF2 FH2 Domain Activity

OCTOBER 5, 2012 • VOLUME 287 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 34239

http://www.jbc.org/cgi/content/full/M112.365122/DC1
http://www.jbc.org/cgi/content/full/M112.365122/DC1
http://www.jbc.org/cgi/content/full/M112.365122/DC1


average actin intensities in cells transfected with ER-Green,
INF2-FFC I643A, and INF2-FFC I643A/K792A are relatively
low (5200, 4700, and 5100, respectively;n� 12), the actin inten-
sities for cells with WT INF2-FFC, INF2-FFC-K792A, and
INF2-FFC-WH2 are significantly higher (25,000, 37,000, and
12,000, respectively; n � 12; supplemental Fig. S1).
The I643AMutant Is Deficient in Polymerization in the Pres-

ence of Capping Protein—The cellular results contradicted our
biochemical results showing that FFC-I643A maintained
potent polymerization activity. We would have expected cellu-
lar actin filament accumulation with this mutant, especially
because its depolymerization activity was severely compro-
mised. One possible explanation is that the I643A mutant is
polymerization-deficient in the presence of other actin binding
proteins.We first tested profilin, because of its high abundance
and its known association with formins. In pyrene-actin poly-
merization assays, the I643A mutant maintains potent poly-
merization activity in the presence of profilin (Fig. 7A). Another
important actin binding protein is heterodimeric capping pro-
tein, present at mM concentration and binding barbed ends
with nM affinity (40). Formins and capping protein compete for
barbed end binding (8, 41, 42). In the presence of capping pro-
tein and profilin, both WT and the K792A mutant display
potent polymerization activity. In contrast, the I643Amutant is
severely deficient (Fig. 7B).

DISCUSSION

In this study, we show thatmutation of highly conserved FH2
residues (Ile-643 and Lys-792) in INF2 have surprising effects
on the biochemical activity of this particular FH2 domain.
These residues have previously been shown to be crucial for
barbed end binding and/or actin polymerization acceleration in
several other formins (5, 12, 13, 30). Neithermutation abolishes
barbed end binding, as judged by elongation assays, even

though the extent of elongation inhibition differs. The I643A
mutation causes significant changes to polymerization activity
in the FF construct but has less significant polymerization
effects on the FFC construct. However, the I643A mutation
does severely inhibit the severing and depolymerization activi-
ties of FFC. The K792Amutation has muchmoreminor effects
on polymerization, severing, and depolymerization.
These results show that, in keeping with a number of studies

by our lab and others (Refs. 5, 12, 13, 18, and 43 and Table 1),
formin proteins are highly individualistic in terms of their spe-
cific biochemical activities. An important conclusion from this
work is that FH2mutations abolishing/inhibiting the activity of
some formins cannot be relied upon to do the same in others. In
the remainder of the discussion, we will compare the effects of
these FH2mutations in a range of formins and address how the
FH2 domain might contribute to severing by INF2.
The Ile-643 residue of INF2 corresponds to an almost uni-

versally conserved isoleucine in the knob region of the FH2.
This isoleucine is present in all formins examined in yeast and
metazoans (Ref. 1 and further unpublished sequence analysis),
and the side chain protrudes toward the center of the FH2
donut from an � helix in the knob, according to crystal struc-
tures of Bni1p, DAAM1, mDia1, and FMNL3 (14, 30, 39, 44).3
In the Bni1p/actin co-crystal (44), the isoleucine side chain
engages in interactionswith residues at the “barbed end cleft” of
actin between subdomains 1 and 3, a similar position to that
occupied by WH2 domains (45).
Mutation of this isoleucine to an alanine severely reduces or

abolishes the barbed end binding affinity ofmost FH2 domains,
including fission yeast Cdc12 (5) and mammalian mDia1,
mDia2, and FMNL3 (12, 13). In contrast, the Ile3 Ala muta-

3 M. E. Thompson, E. G. Heimsath, T. J. Gauvin, H. N. Higgs, and F. J. Kull,
manuscript in preparation.

FIGURE 4. Depolymerization assays in the presence of INF2-FFC constructs. A, actin monomers (1.05 �M, 5% pyrene-labeled) were polymerized 16 h at 23 °C
in polymerization buffer and then diluted to 1 �M in the same buffer containing 400 nM of the indicated FFC construct; the filament depolymerization rate was
measured by the decrease in pyrene fluorescence intensity with time. A.U., arbitrary units. B, depolymerization rates (derived from initial slopes of depolymer-
ization curves) for WT and K792A mutant plotted as a function of FFC concentration.
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tion had much less effect on barbed end binding by FMNL1-
FFC (12), but subsequent work might provide a reason for this
result. In FMNL3, which is highly homologous to FMNL1, the
Ile 3 Ala mutation abolishes barbed end binding in the FF
construct, whereas significant barbed end affinity ismaintained
in the FFC construct (13). The C terminus of FMNL3 contains
a barbed end-binding WH2-like motif, which substitutes for
the FH2 on the barbed end in the Ile3 Ala mutant. Because
FMNL1 contains a similar WH2-like motif, the situation is
probably similar for this protein.
INF2 is unusual in that the I643A mutation does not abolish

its ability to slow barbed end elongation or to accelerate poly-
merization. Comparing these results to the complete absence
of detectable barbed end binding for the Ile3 Ala mutants of
mDia2 (12) and FMNL3 (13) or the strongly reduced binding of
Cdc12 and mDia1 Ile3 Ala mutants (5, 12), the difference is
dramatic. Similar mutants of Fus1, For3, DAAM1, and Bni1p

have been tested in pyrene-actin assembly assays and are
strongly deficient for polymerization acceleration (Refs. 5, 14,
and 30 and Table 1). What might be the reason for the relative
insensitivity of INF2 to this Ile3Ala mutation compared with
other formins? Possibly, other residues within this knob helix
might serve redundant actin binding functions in INF2.
Another question is why the I643A mutant of the INF2-FFC
construct maintains significantly more polymerization activity
than the I643A-FF construct. TheWH2 domain of INF2 might
aid in actin nucleation, in a manner perhaps similar to FMNL3
(13) and other formins (19). We note here that, although the
INF2WH2domain binds actinmonomers (20), it does not have
appreciable affinity for barbed ends, unlike theWH2-like motif
in the C terminus of FMNL3 (13).
The Lys-792 residue of INF2 corresponds to a highly con-

served basic residue in a loop within the post region of the FH2,
which is mostly lysine (but sometimes arginine) in every yeast

FIGURE 5. Severing assays in the presence of FFC constructs. A–G, severing assays were performed using 2 �M polymerized actin and 200 nM of various INF2
constructs for 2 min. Scale bar, 5 �m. H, bar graph shows average actin filament lengths (�m) in the presence 200 nM of various INF2 constructs. At least 200
filaments were measured for each construct in two independent experiments. The error bars represent standard deviation. I, graph showing average actin
filament length measured from severing assays using 200 nM of INF2-FFC-WT or K792A. The protein was incubated with filaments for 1, 2, or 5 min prior to
mounting and imaging. The error bars represent standard error. J, graph showing average actin filament length measured from severing assays using various
concentrations of INF2-FFC-WT or K792A. Average length of actin filaments without any added protein was 5.2 	 0.17 �m. The protein was incubated with
filaments for 2 min prior to mounting and imaging. The error bars represent standard error.
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andmetazoan forminwe have examined (Ref. 1 and subsequent
unpublished analysis). Biochemical effects of mutation to this
residue have been more variable than for the Ile3 Ala muta-
tion. For Bni1p, Fus1, and For3, mutation of this residue
severely reduces polymerization activity (5, 30). In contrast, this
mutation neither affects barbed end binding nor polymeriza-
tion activity for Cdc12 (5). We have found a similar absence of
effect for FMNL3.4 Here, we find that the K792A mutant has
similar barbed end affinity asWT, as judged by elongation inhi-
bition assays, and actually inhibits elongation to a greater extent

than doesWT. In actin polymerization assays, the activity of the
K792A mutant is only mildly reduced. As with the Ile 3 Ala
mutation, one explanation for the variable sensitivity of formins
to mutation of this basic residue might be the presence func-
tionally redundant residues elsewhere in this region of the
protein.
The elongation effects of thesemutants suggest effects on the

processive elongationmechanism. Currentmodels suggest that
the FH2 domain transitions between two or possibly three
barbed end-bound states (11, 44). The position of Lys-792 near
the lasso/post dimerization region might suggest an effect in
the speed of transition between these two states. The effect of4 E. G. Heimseth and H. N. Higgs, unpublished results.

FIGURE 6. The INF2-FFC I643A mutant does not polymerize actin in cells. U2OS cells were co-transfected with CFP-Sec61� (blue) and various GFP-tagged
INF2 mutants (green). 18 –24 h post-transfection, the cells were fixed and stained with rhodamine-phalloidin (red) to visualize actin filaments. ER-Green was
used as a negative control. The images show small sections of single Z-slices of confocal images. The entire cell is shown in supplemental Fig. S1. The
arrowheads indicate regions where the GFP and Sec61� signals co-localize. Intensity line scans along the length of the arrow are shown to the right. Asterisks
indicate a peak on the Sec61� intensity profile that corresponds to an ER tubule. Scale bar, 5 �m.

INF2 FH2 Domain Activity

34242 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 41 • OCTOBER 5, 2012

http://www.jbc.org/cgi/content/full/M112.365122/DC1


I643A is more intriguing. Does this mutation block barbed end
binding in one FH2 conformation but allow it in the other,
resulting in filaments that are either completely capped or that
are unbound by FH2? Does this mutation slow or abolish the
transition between these two states?
An interesting difference between the I643A and K792A

mutations is the differential effect they have on the severing and
depolymerization activities of INF2-FFC. Our previous studies
showed that the presence of the FH2 in ciswith the C terminus
was required for severing/depolymerization (20). The relevant
features of the FH2 domain for severing are not clear. Because
both mutations maintain some barbed end affinity, the barbed
end binding ability of the FH2 domain does not seem to be the
difference here. One intriguing possibility is that FH2 binding
to the filament is able to change the filament conformation
during the severing process, and the I643Amutation affects this
ability significantly.
One result that contrasts with our earlier study is that the

WH2 mutant strongly inhibits severing in our current results,
whereas we previously found much less effect on severing (20).
This result is puzzling, but one possibility is the difference in
species used in this study (human) as opposed to our previous

work (mouse). The C terminus of INF2 is the least conserved
region between mouse and human. Another possibility is that
we were incorrect in our past interpretation when concluding
that the slightly longer filaments observed for the mouse WH2
mutant were due to deficient depolymerization activity (20)
subsequent to severing. The human protein might be much
more dependent on theWH2 for severing, whichmight explain
the difference in degree of effect in the severing assays between
human and mouse.
Another interesting finding is that the I643Amutationmain-

tains significant polymerization activity for the FFC construct
in vitro but does not cause measurable actin polymerization on
ER in cells when the FFC construct is overexpressed. This dif-
ference appears to be due to the absence of capping protein in
our in vitro polymerization assays. When capping protein is
present, the I643A is severely deficient in polymerization activ-
ity. This result agrees with the decreased ability of the I643A
mutant to bind barbed ends stably, shown in the TIRF assays.
An important implication of our findings is that neither the

isoleucine nor the lysine mutant can be used as “loss of func-
tion” mutations in cellular studies without first testing the bio-
chemical effects of that mutation in the formin being studied.

FIGURE 7. Pyrene-actin polymerization assays with various INF2 FFC constructs in the presence of profilin and capping protein. 3 �M actin (5% pyrene
labeled), 9 �M profilin, 20 nM capping protein, and 25 nM of each formin construct was used was used in these assays. A, with profilin. B, with profilin and capping
protein (CP).

TABLE 1
Summary of the effects of conserved FH2 mutations in various formins
��� indicates strong effect;�� indicates medium effect;� indicates mild effect;� indicates no effect. ND indicates that the value was not determined. The type of assay
used in the study is also indicated.

Formin Construct
Isoleucine
mutation

Lysine
mutation Reference Type of assay

Bni1 FH2 ��� ��� 30 Polymerization
Cdc12 FH2 ��� � 5 Polymerization, elongation
Fus1 FH2 ��� ��� 5 Polymerization
For3 FH2 ��� ��� 5 Polymerization
FMNL1 FH1-FH2-C �a ND 12 Polymerization, elongation
FMNL3 FH1-FH2 ��� � 13 and unpublished data Polymerization, elongation
mDia1 FH2 ��� ND 12 Polymerization, elongation
mDia2 FH2 ��� ND 12 Polymerization, elongation
DAAM1 FH2-C ��� ND 14 Polymerization
INF2 FH1-FH2 �� � This study Polymerization, elongation
INF2 FH1-FH2-C � � This study Polymerization (isoleucine mutation affects depolymerization)

a This value was not accurately determined due to the presence of the C terminus.
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For INF2, the K792A mutation has been used specifically as a
polymerization-blocking mutation in cellular studies (23, 24),
to discriminate between the polymerization and severing/de-
polymerization activities of INF2. Interestingly, this mutation
affects neither polymerization nor severing/depolymerization
strongly. In the cellular studies, however, K792A mutant INF2
could not rescue defects caused by knockdown of the endoge-
nous protein (23, 24). This result implies that the relatively
minor effects that we observe in vitro might be significant in
cells, although it is difficult to determine which defects (to
polymerization or severing/depolymerization) are most
relevant.
Finally, one might be tempted to use the I643A mutation of

INF2 as a polymerization-blocking construct in cells. However,
we show here that it has a major effect on depolymerization
activity. Yet again this result shows us that, in the world of actin
assembly factors, INF2 remainsmilitantly non-conFORMINist.
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