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Protein-capped Actin Filaments by CARMIL
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Bulk solution assays have shown that the isolated CARMIL
homology 3 (CAH3) domain from mouse and Acanthamoeba
CARMIL rapidly and potently restores actin polymerization
when added to actin filaments previously capped with capping
protein (CP). To demonstrate this putative uncapping activity
directly, we used total internal reflection microscopy to observe
single, CP-capped actin filaments before and after the addition
of the CAH3 domain from mouse CARMIL-1 (mCAH3). The
addition of mCAH3 rapidly restored the polymerization of
individual capped filaments, consistent with uncapping. To
verify uncapping, filaments were capped with recombinant
mouse CP tagged with monomeric green fluorescent protein
(mGFP-CP). Restoration of polymerization upon the addi-
tion of mCAH3 was immediately preceded by the complete
dissociation of mGFP-CP from the filament end, confirming
the CAH3-driven uncapping mechanism. Quantitative anal-
yses showed that the percentage of capped filaments that
uncapped increased as the concentration of mCAH3 was
increased, reaching a maximum of ~90% at ~250 nm
mCAH3. Moreover, the time interval between mCAH3 addi-
tion and uncapping decreased as the concentration of
mCAH3 increased, with the half-time of CP at the barbed end
decreasing from ~30 min without mCAH3 to ~10 s with a
saturating amount of mCAH3. Finally, using mCAH3 tagged
with mGFP, we obtained direct evidence that the complex of
CP and mCAH3 has a small but measurable affinity for the
barbed end, as inferred from previous studies and kinetic
modeling. We conclude that the isolated CAH3 domain of
CARMIL (and presumably the intact molecule as well) pos-
sesses the ability to uncap CP-capped actin filaments.

Capping protein (CP)? is a highly conserved, ubiquitously
expressed, heterodimeric actin-binding protein that plays a
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major role in limiting the duration of actin filament elongation
within cells (1, 2). CP accomplishes this task by binding with
high affinity (K, ~ 0.1 nm) to the barbed end of the actin fila-
ment, thereby blocking the further association (and dissocia-
tion) of actin monomers at the fast growing end. CP is one of
five proteins that are required for the reconstitution of actin
polymerization-driven motility in vitro (3) Moreover, biochem-
ical, cell biological, and modeling studies all suggest that rapid
filament capping by CP in vivo is required in order to generate
an Arp2/3-dependent dendritic actin network at the leading
edge that is sufficiently branched to push the cell forward (4 -7).
Consistent with these studies, cells that lack CP or in which CP
levels have been reduced exhibit profound alterations in the
assembly of their actin cytoskeleton (8 —12). Together, these
observations highlight the necessity of identifying physiological
regulators of CP function. A second compelling reason to
search for such regulators stems from the very long half-time of
CP at the barbed end in vitro (~30 min for vertebrate CP) (13,
14), because this half-time seems incompatible with the dynam-
ics of actin in vivo, where large regions of F-actin can form and
disassemble in seconds. Indeed, one recent study (15) estimated
the average lifetime of CP on the barbed end in vivo to be ~1,
or ~1,800-fold shorter than its in vitro half-time. These obser-
vations and considerations point to the possible existence
within cells of a CP regulator(s) that dramatically accelerates
the dissociation of CP from the barbed end.

One possible cellular regulator of CP function is CARMIL.
CARMIL proteins comprise a recently identified family of mol-
ecules whose two most conspicuous features are a central,
leucine-rich repeat domain and a C-terminal proline-rich
domain (16, 17). Genes encoding CARMIL proteins have
been identified in Acanthamoeba, Dictyostelium, Caenorh-
abditis elegans, Drosophila, mice, and humans (16 -21). The
first CARMIL protein to be identified was Acan125 (16). This
125-kDa Acanthamoeba protein was discovered based on its
ability to bind to the isolated Src homology 3 domain of Acan-
thamoeba myosin-IC, a monomeric unconventional myosin.
Using a similar approach, Jung et al. (17) subsequently identi-
fied p116, the Dictyostelium homologue of Acan125. Impor-
tantly, the eluates of their myosin I Src homology 3 domain
affinity columns contained not only p116 but also CP and the
Arp2/3 complex. Immunoprecipitation reactions and other
experiments provided evidence that p116 forms a complex with
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CP, Arp2/3, and myosin I in vivo and that p116 serves as the
scaffold for assembly of this complex by binding CP, Arp2/3,
and myosin I at independent sites. Given its central role
in forming the complex, Jung et al. (17) gave p116 the name
CARMIL (for capping protein, Arp2/3, myosin I linker).

Subsequent efforts to purify Acanthamoeba CARMIL pro-
vided evidence that CARMIL interacts very tightly with CP
(22). Specifically, CARMIL and CP were found to co-purify
through a lengthy purification procedure that included ammo-
nium sulfate fractionation, hydrophobic interaction chroma-
tography, affinity chromatography, and anion exchange chro-
matography. Moreover, the mixture of CARMIL and CP that
was obtained from these steps was minimally resolved by size
exclusion chromatography despite the fact that these two pro-
teins differ enormously in Stokes radius. Consistent with these
observations, a GST fusion protein containing the C-terminal
~200 residues of Acanthamoeba CARMIL was found to bind
CP with an affinity of ~10 nm (23).

Sequence alignments identify three regions of strong similar-
ity within CARMIL family proteins that we refer to as CARMIL
homology domains 1-3 (CAH1-CAH3) (23). Recent studies of
both Acanthamoeba CARMIL (23) and mouse CARMIL-1 (the
product of one of three mouse CARMIL genes) (21) have estab-
lished that the CAH3 domain forms the core of the CARMIL
CP binding site. In the case of Acanthamoeba CARMIL, the
~30-residue CAH3 domain falls very near the protein’s C ter-
minus, and the isolated C-terminal 51 residues of Acan-
thamoeba CARMIL, which contains the protein’s entire CAH3
domain sequence, binds CP very tightly (K, ~10 nm by pull-
down assay) (23). In the case of mouse CARMIL-1, mapping
studies localized its CP binding site to an internal 123-residue
fragment that encompasses the protein’s CAH3 domain (21).
This fragment, which is referred to as C1, was estimated by
kinetic modeling to bind CP with an affinity of ~1.5 nm (21).
Consistent with this estimate, our version of the minimal
mCARMIL-1 CP binding site, which comprises essentially the
N-terminal 74 residues of C1 (including all of the CAH3
domain) and which we refer to here as mCAHS3, binds CP with
an affinity of ~1 nm as determined by ITC.? For all of these
active CARMIL fragments, conversion of a highly conserved
arginine residue present in the center of the CAH3 sequence
to a glutamate residue essentially abrogates their interaction
with CP (21, 23) (in the case of mCAHS3, the affinity of the
Arg — Glu mutant for CP drops to ~1.5 uM, as determined by
ITC).2

Bulk solution assays performed using CAH3 domain-con-
taining fragments from both Acanthamoeba CARMIL (23) and
mouse CARMIL-1 (21) argue strongly that this domain
potently antagonizes CP function in two ways. First, assays in
which CAH3 and CP are mixed together and then added to
actin assembly assays indicate that the binding of CAH3 to CP
dramatically reduces the affinity of CP for the barbed end. For
the protozoan CAH3 domain, the complex of CAH3 and CP
was estimated to bind the barbed end with an affinity of ~150
nM, down ~1,000-fold relative to CP alone (23). For the mouse
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CAH3 domain, the complex of C1 and CP was estimated to
bind the barbed end with an affinity of ~15 nm, down ~100-
fold relative to CP alone (21) (note that although the inhibition
of CP capping activity by CAH3 is profound, the complex of
CAH3 and CP still retains some capping activity; for this rea-
son, we do not refer to this aspect of CAH3 behavior as seques-
tering, which should be restricted to situations in which regu-
lator-CP interaction completely blocks CP capping activity (e.g.
V-1:CP complex (24)). Second, assays in which the CAH3
domain is added to actin filaments previously capped with CP
are consistent with the CAH3 domain-catalyzed removal of CP
from the barbed end (ie. with CAH3-driven uncapping).
Importantly, the rapidity of this effect (in the case of the proto-
zoan CAH3 domain, the addition of a 10-fold molar excess of
CAH3 over CP resulted in a restoration in the rate of polymer-
ization of previously capped actin filaments to near the seed-
only rate in less than 10 s) argues strongly that the CAH3-de-
pendent acceleration of the dissociation of CP from the barbed
end is due to the binding of CAH3 to CP at the barbed end,
which results in a rapid and large decrease in CP affinity for the
filament end (as opposed to a mechanism in which free CAH3
in the assay serves merely as a sink for the slow, spontaneous
dissociation of CP from the barbed end) (21, 23). This type of
uncapping mechanism, where the binding of CAH3 to CP on
the barbed end results in a large increase in the off-rate of CP
from the end, would be completely consistent with the fact that
the preformed complex of CP and CAH3 still binds the barbed
end but very weakly.

Bulk solution assays performed previously are also consistent
with the idea that micelles of phosphatidylinositol 4,5-bisphos-
phate (PIP,), like the CARMIL CAH3 domain, inhibit the cap-
ping activity of free CP and catalyze the removal of CP from
capped filament ends (14, 25). Using total internal reflection
(TIRF) microscopy to visualize the capping and uncapping of
single actin filaments in vitro, Kuhn and Pollard (13) recently
confirmed that PIP, micelles antagonize the capping activity of
free CP. Moreover, they obtained association and dissociation
rate constants for mouse CP and the barbed end using these
single molecule measurements that are in excellent agreement
with rates measured previously using bulk solution assays.
Importantly, however, they found no evidence in their TIRF-
based assays that PIP, micelles accelerate the dissociation of CP
from the barbed end of filaments previously capped with CP.
The authors reconciled this result with the results of solution-
based assays, which are consistent with PIP,-driven uncapping,
by showing that the generation of free barbed ends resulting
from the shearing/severing of actin filament that occurs during
the performance of solution-based assays, coupled with the
sequestration of the free CP in the assay by PIP, micelles (so
that the free ends generated by filament breakage are not
capped), results in an increase in actin polymerization upon the
addition of PIP, to capped filaments that gives the appearance
of PIP,-driven uncapping. Given their results, the authors
suggested that the apparent uncapping activity of CARMIL,
as observed in bulk solution assays (21, 23), should be verified at
the single filament level. This important suggestion spawned
the experiments described in this paper.
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EXPERIMENTAL PROCEDURES

Actin and Myosin—Actin was purified from rabbit skeletal
muscle as described previously (26). Only the trailing fractions
of G-actin from the S-300 gel filtration column, which lack oli-
gomers that nucleate polymerization, were used. G-actin was
stored in G-buffer (0.2 mm ATP, 1 mm NaN,, 0.1 mm CaCl,, 0.5
mM DTT, and 2 mm Tris-HCI (pH 8.0)). Mg-actin in KMEI
buffer (50 mm KCl, 1 mm MgCl,, 1 mm EGTA, 10 mm imidazole
(pH 7.0)) was labeled with tetramethylrhodamine 5-maleimide
(TMR) (Invitrogen) and purified by centrifugation, dialysis, and
gel filtration as described elsewhere (27). The concentrations of
actin and TMR were estimated using the extinction coefficients
Agoo =26,600M 'cm 'and A, = 96,900 M ' cm P, respec-
tively (28). The concentration of labeled actin was determined
by subtracting 0.208 times the A, value from the A4, value.
TIRF experiments were performed using 20% labeled actin pre-
pared by mixing equal concentrations of TMR-labeled actin
and unlabeled actin at a volume ratio of 1:4. G-actin was labeled
with pyrene, purified, and stored at —80 °C as described previ-
ously (29). The concentration of pyrene-labeled actin was
determined by subtracting 0.127 times the A,,, value from the
Ao value. The concentration of pyrene was determined using
Az, = 22,000 M~ cm ™! (30). Solution assays were performed
using 10% pyrene-labeled actin. Rabbit skeletal muscle myosin
was prepared as described previously (31). The myosin was dia-
lyzed into myosin buffer (0.5 M KCland 10 mm MOPS (pH 7.0)),
adjusted to a concentration of 4 wMm, and inactivated by incuba-
tion at room temperature for 40 min with N-ethylmaleimide
(Sigma) at a final concentration of 5 mm. DTT was added to a
final concentration of 25 mM to stop the reaction. To collect the
inactivated myosin, 10 volumes of distilled water were added to
cause the myosin to assemble into filaments. The resulting
myosin polymers were collected by centrifugation for 10 min at
5,000 X g. Following three washes of the pellet with distilled
water, the myosin was solubilized in myosin buffer (0.5 M KCl, 1
mM DTT, and 10 mm MOPS (pH 7.0)), dialyzed into myosin
storage buffer (myosin buffer supplemented with 50% glycerol),
and stored at —20 °C. The concentration of the myosin was
estimated using the extinction coefficient A,g, = 260,000 M~ *
cm™ ! (13).

mCAH3—mCAH3, the minimal CAH3 domain fragment
from mCARMIL-1 (GenBank™ AAR96060) used in this study,
corresponds to residues 965-1038 of mCARMIL-1 or essen-
tially the N-terminal 74 residues of C-1 (residues 962—1084),
the 123-residue, CAH3 domain-containing mCARMIL-1 frag-
ment used previously by Yang et al. (21). The experiments that
led to the choice of residues 965-1038 for mCAH3, which span
what we term the a and b subdomains of the nCARMIL1 CAH3
domain, will be described elsewhere.? In terms of the overall
strategy to generate the mCAH3 protein, we placed the coding
sequence for mCAH3 downstream of GST and upstream from
a His, tag to allow dual purification of the peptide. We also
added a trytophan residue immediately before the first residue
of mCAHS3 to allow the determination of protein concentration
by absorbance. This cassette was then cloned into a GST plas-
mid containing a TEV protease cleavage site just 5" of the tryp-
tophan residue to allow removal of the GST moiety (see below).
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The sequence of the final mCAH3 protein used in this study is
shown in Fig. 1D. To create the mCAH3 expression plasmid, we
used ultra-high fidelity (UHF) Pfu polymerase (Stratagene), a
full-length ¢cDNA for mCARMIL-1, as the template and the
following primers: 5'-CGGGGATCCGTCCGGCAAGAGAA-
GCGAAGCTCGGGG-3"and 5'-AAGCGAATTCTACACCT-
TCTTGGTGAAAAACTCATCTAC-3'. The amplified frag-
ment was then purified using a QIAquick PCR purification kit
(Qiagen), digested with BamHI and EcoRI, repurified, and
cloned into the GST vector pGEX-TEV-Parallel 1. The insert in
the final plasmid was verified by DNA sequencing. Site-directed
mutagenesis (QuikChange, Stratagene) was used to convert the
arginine residue at position 993 that is critical for interaction
with CP (21, 23) to a glutamate residue. The presence of the
mutation was confirmed by DNA sequencing.

The large scale expression of GST- and histidine-tagged
mCAH3 and its initial purification on glutathione-Sepharose
4B beads (Amersham Biosciences) were performed exactly as
described recently for an earlier version of GST-tagged
mCAH3 lacking the TEV cleavage site and the C-terminal his-
tidine tag (32). Although some control experiments were per-
formed using the resulting GST-tagged protein (see supple-
mental Fig. S1E), most experiments were performed using the
protein following the removal of the GST moiety and a second
purification step using the remaining histidine tag. To obtain
such GST-free mCAH3, 1 ml of glutathione-Sepharose 4B
beads charged with ~6 mg of GST-mCAH3 was washed five
times with phosphate-buffered saline and two times with TEV
digestion buffer (150 mm NaCl, 0.5 mm EDTA, 1 mm DTT, and
50 mm Tris-HCI (pH 8.0)) (10 ml/wash), resuspended in 1 ml of
TEV digestion buffer, and digested for 2 h at room temperature
with gentle rotation using 4 ul (40 units) of AcTEV protease
(Invitrogen). Separate experiments determined that this
amount of TEV protease was sufficient to digest >80% of the
bound fusion protein in 2 h. The liberated fusion protein was
collected as a flow-through by washing the resin in a small col-
umn using 2 ml of Ni*>*-NTA binding buffer (300 mm NaCl, 1
mM B-mercaptoethanol, 10 mm imidazole (pH 8.0), and 50 mm
sodium phosphate (pH 8.0)). This material was then immedi-
ately added to 1 ml of Ni*>"-NTA beads (Qiagen) suspended in
5 ml of Ni*"-NTA binding buffer and incubated for 1 h at 4 °C.
After washing the beads three times (15 ml each) with Ni*"-
NTA washing buffer (same as binding buffer except containing
20 mMm imidazole (pH 8.0)), GST-free mCAH3 was eluted using
Ni*"-NTA elution buffer (same as binding buffer except con-
taining 160 mMm imidazole (pH 8.0)). To separate mCAH3 from
TEV protease, which is also present in the nickel column eluate
because it also possesses a histidine tag, the eluate was rapidly
dialyzed into Mono Q running buffer (50 mm KCl, 0.5 mm
EDTA, 0.5 mm DTT, and 25 mm MOPS (pH 7.2)), loaded onto
a 1-ml Mono Q column (Amersham Biosciences) equilibrated
with Mono Q running buffer, and the column was washed with
running buffer. This was sufficient to separate mCAH3 from
the protease, because only the protease bound to the resin. The
column flow-through was then concentrated using a Centricon
concentrator and dialyzed against storage buffer (50 mm KCl, 1
mm MgCl,, 1 mMm EGTA, 0.5 mm DTT, and 10 mm imidazole
(pH 7.0)). The GST-tagged version of mCAH3 used in a few
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experiments was treated similarly. Protein concentrations were
estimated using the following extinction coefficients: A,g, =
49,850 M 'cm ™ ! for GST-mCAH3 and A,g, = 5,500M *cm !
for mCAH3. Densitometry of 4—-20% SDS-polyacrylamide gels
stained with Coomassie Blue indicated that GST-mCAH3 and
mCAH3 were ~93 and ~96% pure, respectively. Both proteins
were kept on ice and used for less than 2 weeks.

To generate a version of mCAH3 protein possessing a GFP
tag for visualization in TIRF imaging, the coding sequence for
the monomeric version of EGFP (mGFP), together with a Hisg
tag at its N terminus for the purpose of purifying the chimeric
protein, was fused to the N terminus of the coding sequence of
mCAH3. To create this chimera, the coding sequence for
mCAHS3 flanked by Xhol and EcoRI sites was amplified using
UHF Pfu polymerase and the following primers: 5'-ATAGTC-
CTCGAGGATCAGTCCGGCAAGAGAAGCGAAGC-3’ and
5'-TGAGAATTCTCACACCTTCTTGGTGAAAAACTCA-
TCTACCCCTTCATCC-3'. The purified PCR product was
then digested with Xhol and EcoRI and cloned into mEGFP-C1
(a monomeric version of EGFP-C1; gift of George Patterson
(NICHD, National Institutes of Health)). A sequence-verified
clone was then used as a template to amplify using UHF Pfu
polymerase from the second residue of mGFP to the stop codon
at the 3'-end of the mCAH3 coding sequence. The 5'-primer
used began with a Sacl site that is in frame with the N-terminal
histidine tag present in the bacterial expression plasmid
pET28a (Novagen), whereas the 3'-primer ended with a HindIII
site. The specific primers used were 5'-TAGCAGAGCTCGT-
GAGCAAGGGCGAGGAGCTGTTCACC-3' and 5 -GATA-
CAAGCTTTCACACCTTCTTGGTGAAAAACTCATCTA-
CCCCTTCATCC-3'. The purified PCR product was then
digested with Sacl and HindIII and cloned into pET28a. A
sequence-verified clone was then transformed into competent
BL21-RILP bacteria (Stratagene). The preparative expression of
mGFP-mCAH3 and its purification on Ni**-NTA-agarose
(Qiagen) were performed exactly as described previously for a
histidine-tagged GFP-Rab27a fusion protein (33), except that
GTP was not included in the buffers. The eluted protein was
dialyzed into KMEI buffer supplemented with 0.5 mmM DTT and
0.5 mm NaNj; and used within 5 days. The concentration of
mGFP-mCAH3 was determined by a Bradford assay.

Capping Protein—Recombinant, untagged mouse capping
protein was expressed in Escherichia coli using a pET3a-based
expression vector carrying in tandem the coding sequences for
the mouse CP subunits «l and B2 (34) (a kind gift from Dr.
Pekka Lappalainen). The preparative expression of CP using
this plasmid and its purification to homogeneity using a two-
step procedure involving affinity purification on a resin charged
with the CAH3 domain of mCARMIL-1, followed by anion
exchange chromatography, were performed exactly as
described recently (32). Pure CP was dialyzed into CP Buffer (50
mm KCl, I mm MgCl,, 1 mm EGTA, 1 mm DTT, and 10 mm
imidazole (pH 7.0)). For long term storage, CP was maintained
at —20 °C in CP Buffer supplemented with 50% glycerol. The
concentration of CP was estimated using the extinction coeffi-
cient A, = 76,300 M " cm .

To generate a version of mouse CP possessing a GFP tag for
visualization in TIRF imaging, the coding sequence for mGFP
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was fused to the N terminus of the coding sequence for the 32
subunit of CP. To create this chimera, we switched to expres-
sion of CP using the plasmid pETDeut-1 (Novagen), which is
designed specifically for the expression of two proteins in tan-
dem. We first amplified the a1 subunit with Ncol/BamHI ends
using UHF Pfu polymerase, the original CP expression plasmid
(34), as the template and the following primers: 5'-TCATCC-
ATGGCCGACTTTGAGGATCGGGTGTCGGAT-3" and
5'-TGCGGATCCTTAAGCATTCTGCATTTCTTTGCCA-
ATCTTGTAAC-3'. The resulting fragment was purified using
a QIAquick PCR purification kit (Qiagen), digested with Ncol
and BamH]I, repurified, and cloned into the Ncol and BamHI
sites within the MSC1 polylinker of pETDeut-1. The generation
of the GFP-tagged version of the B2 subunit required several
steps. First, the coding sequence for the 82 subunit was ampli-
fied as above but with Sacl and EcoRI ends using the following
primers: 5'-TAGACTGAGCTCAGAGTGGAGCTGGTAGC-
GATCAGCAGCTG-3' and 5'-GATGAATTCTCAACACTG-
CTGCTTTCTCTTCAAGGCCTCCAC-3'. Theresulting frag-
ment was purified, digested with Sacl and EcoRI, repurified,
and cloned into the Sacl and EcoRI sites of mEGFP-C1. The
resulting plasmid was then used as a template to amplify from
amino acid residue 2 of mEGFP to the stop codon of the 32
subunit using the following primers: 5'-TACGTACATATGG-
TGAGCAAGGGCGAGGAGCTGTTCACCG-3" and 5'-
ACTGTAGATATCTCAACACTGCTGCTTTCTCTTCAA-
GGCCTCCAC-3'. The resulting fragment was purified,
digested with Ndel and EcoRYV, repurified, and cloned into the
Ndel and EcoRV sites within the MSC2 polylinker of the ver-
sion of pETDeut-1 already harboring the al subunit in the
MSC1 polylinker. Following sequence verification, this final
expression plasmid was transformed into BL 21-RILP bacteria
(Stratagene). The preparative expression, purification, and
storage of mGFP-CP were performed exactly as described
above for wild type CP (32). The concentration of mGFP-CP
was estimated by densitometry of SDS-polyacrylamide gels
loaded with mGFP-CP and wild type CP of known concentra-
tion to serve as a standard (and comparing the amounts of the
al subunits for mGFP-CP and wild type CP).

Total Internal Reflection Microscopy— TIRF microscopy was
performed using an objective lens-based TIRF system mounted
on an Olympus IX-71 microscope (Olympus America) with a
X100 Plan Apo (numerical aperture 1.45) objective. An argon-
krypton laser (568 nm) (Melles Griot) was used for tetrameth-
ylrhodamine excitation, and an argon laser (488 nm) (Melles
Griot) was used for GFP excitation. Images were captured using
a Spot-Boost EM-CCD camera (Diagnostic). The exposure
time was always 0.5 s, and the time interval between frames
varied from of 1 to 10 s (see details in the figure legends). A
7488/568 dichroic mirror (Chroma Technology) was used for
two-color imaging. During two-color imaging, both lasers were
used simultaneously, and the two signals were recorded using a
Dual-View imager (Optical Insights). Two color images were
overlaid using MetaMorph (Universal Imaging). The length of
actin filaments was measured using Image] software (National
Institutes of Health) (available on the World Wide Web) and a
custom-designed plug-in written and generously provided by
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Dr. Jeff Kuhn (Virginia Polytechnic Institute and State
University).

TIRF-based Uncapping Assays—Cover glasses (number 1,
25 X 50 mm) were cleaned by sonication and acid and alkali
wash as described previously (13, 26) to prevent the nonspecific
binding of proteins. The flow cell was prepared by placing two
pieces of double-sided cellophane tape in parallel onto a cover
glass. A glass slide (25X75X1 mm, rinsed with water and air-
dried) was then positioned perpendicularly across the cello-
phane tape to create a flow cell of ~7 ul. Solutions were loaded
directly into the flow cell via capillary action. The performance
of TIRF-based uncapping assays requires six steps (Steps 1-6;
see Fig. 1 and “Results” for more details), all of which are carried
outat 22 °C.In Step 1, 15 ul of a 50 nm solution of NEM-labeled
rabbit skeletal muscle myosin in high salt buffer (500 mm KCI,
10 mm imidazole (pH 7.0)) is applied to the flow cell and incu-
bated for 1 min. To block the glass surface and wash out excess
NEM-myosin, 30 ul of a 1% (w/v) solution of BSA in KMEI
buffer is applied to the flow cell in two 15-ul aliquots. In Step 2,
15 wl of 2 um, 20% TMR-labeled actin solution in polymeriza-
tion buffer (50 mm KCI, 1 mm MgCl,, 1 mm EGTA, 10 mm
imidazole (pH 7.0), 100 mm DTT, 0.2 mm ATP, 15 mm glucose,
0.5% (w/v) methylcellulose (1,500 CPI), 40 ug/ml catalase, and
200 pg/ml glucose oxidase) is applied to the flow cell. Filament
formation is then observed for ~2 min to distinguish the
barbed and pointed ends of each actin filaments. In Step 3, 15 ul
of a 20 nM solution of CP in polymerization buffer is applied to
the flow cell and incubated for 2 min (99.8% of filaments should
be capped in this period of time using the association and dis-
sociation rates of 2.6 uM~ ' s~ and 0.0003 s~ ' (13)). In Step 4,
15 pl of 2 M, 20% TMR-labeled actin in polymerization buffer
is applied to the flow cell, and the field is observed for ~1 min to
identify those few filaments that have not been capped during
Step 3. In Step 5, 15 ul of polymerization buffer is washed
through the flow cell. In Step 6, 15 ul of a solution containing 2
uM, 20% TMR-labeled actin and various concentrations of
mCAH3 in polymerization buffer is applied to the flow cell, and
the flow cell is then viewed for 8.5 min. In some experiments,
mGFP-CP was used instead of CP, and mGFP-mCAH3 was
used instead of mMCAH3. The mean and S.D. values for the data
points in Figs. 2, 54, and 5B were based on measuring at least 30
filaments from at least three independent experiments. Curve
fitting was performed using KaleidaGraph software.

Solution-based Actin Polymerization—Solution-based actin
polymerization assays using pyrene-labeled actin were per-
formed at 22 °C essentially as described previously (13). Pyrene-
labeled (100%) and unlabeled Ca-ATP actin monomers were
mixed in G buffer to obtain a 10 uMm stock solution that was 10%
pyrene-labeled. To convert Ca-ATP actin monomers in this
stock solution to Mg-ATP-actin monomers, a one-tenth vol-
ume of ME buffer (10 mm EGTA, 1 mm MgCl,) was gently
added, and the mixture was incubated for 2 min at room tem-
perature. Actin polymerization (final actin concentration of 1
M, diluted with G buffer) was initiated by adding actin seeds
and 10X KMEL Actin seeds were created by polymerizing 8 um
Mg-ATP G-actin at room temperature for 1 h and then vortex-
ing aliquots for 20 s immediately before the addition to the
assay. This sheared F-actin was added to the assay at a final
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concentration of 0.4 um, which should correspond to ~0.4 nm
barbed ends, based on calculations described previously (13).
These values indicate that the average seed length was ~2.7
pm. Pyrene fluorescence was monitored with excitation at 365
nm and emission at 407 nm using a LS55 spectrophotometer
(PerkinElmer Life Sciences). To measure the barbed end cap-
ping activities of untagged and mGFP-tagged CP, the proteins
were mixed with actin seeds immediately before the seeds were
added to the cuvette. To measure the ability of mCAH3 to
inhibit the capping activities of CP and mGFP-CP, various con-
centrations of mCAH3 were mixed with CP (final concentra-
tion of 3 nm) at 10 times their final concentrations and incu-
bated for 5 min at room temperature to form the complex of CP
and mCAH3. These complexes were then diluted into 10%
pyrene-labeled actin (final concentration of 1 um). Actin seeds
were then added immediately to start polymerization. To meas-
ure the ability of mCAH3 to uncap previously capped actin
filaments, various concentrations of mCAH3 were added to
assays containing 3 nm CP 1 min after polymerization had been
initiated by the addition of actin seeds.

RESULTS

Establishment of the TIRF-based Uncapping Assay—Fig. 1A
describes in schematic form the TIRF-based assay that we used
to observe the uncapping of CP-capped actin filaments by
mCAH3. Further details regarding this TIRF-based assay can
be found under “Experimental Procedures” and in the legend to
Fig. 1. Briefly, the glass surface of the flow chamber was first
coated at low density with NEM-labeled rabbit skeletal muscle
myosin in order to tether the actin filaments that formed in
subsequent steps of the assay (Step 1). Following a washing step
to remove unbound NEM-myosin and block nonspecific bind-
ing sites, 2 uM monomeric actin (20% TMR-labeled) in poly-
merization buffer was flowed into the chamber and allowed to
assemble into filaments tethered by NEM-myosin (Step 2). The
barbed and pointed ends of each tethered filament were easily
distinguished based on their dramatic difference in assembly
rate, with the elongation rate from the barbed end being much
faster than from the pointed end in 2 uM actin (see legend to Fig.
1 for measured rate constants). Third, barbed ends were capped
by flowing in 20 nm CP and incubating for 2 min (Step 3). Sep-
arate experiments demonstrated that >95% of the barbed ends
in a typical field were capped within 30 s (supplemental Fig.
S1A). Fourth, 2 uM monomeric actin (20% TMR-labeled) was
flowed in, which also served to remove unbound CP (Step 4).
This step allowed us to identify the small but measurable num-
ber of filaments in the field that had not been capped during
Step 3, because only these never-capped filaments resume elon-
gation at their barbed end upon performance of Step 4. Fig. 1B
shows the barbed end (and pointed end) elongation kinetics for
one such filament in red. In contrast to the behavior of a capped
filament shown in green, the never-capped filament in red
begins to elongate at its barbed end upon the addition of actin
monomer in Step 4 (and prior to the addition of mCAH3 in Step
6, when the capped filament shown in green is uncapped and
begins to elongate at its barbed end). These never-capped fila-
ments, which represented 1-5% of the total filaments in a typ-
ical field, were eliminated from further analyses. Fifth, free actin
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FIGURE 1. Establishment of the TIRF-based uncapping assay. A, schematic diagram of the steps that comprise our TIRF-based, single molecule uncapping
assay (see “Experimental Procedures” and “Results” for details). Average elongation rates at the barbed and pointed ends of tethered filaments (2 um actin)
based on linear fitting were 22.39 + 0.27 s~ ' and 0.04 + 0.11 s~ , respectively (n = 40). B, time plots of the growth at the barbed (B-end; filled symbols) and
pointed (P-end; open symbols) ends of two individual actin filaments, one of which (red symbols) was not capped at Step 3, as indicated by the fact that its
barbed end began to grow again when actin monomer was added at Step 4, and one of which (green symbols) was capped at Step 3, as indicated by the fact
that its barbed end did not elongate after Step 4. This latter filament resumed its elongation shortly after the addition of mCAH3 at Step 6. Solution exchanges
areindicated by arrows. C, time series (time in upper left corner) of TIRF images in a typical uncapping assay performed using 30 nm mCAH3 in Step 6 (time 0 was
the moment when actin was flowed into the chamber at Step 2). The colored arrowheads in the rightmost panels for Steps 4 and 6 point out examples of the four
categories of filaments described. A movie (supplemental Video 1) containing the complete time series used to create C (in which images were taken every 5 s),
is given in the supplemental material. Scale bar, 10 um. D, schematic of the domain organization of full-length mCARMIL-1. The positions of the central
leucine-rich repeat and C-terminal proline-rich domains are shown. Also shown are the positions of the CAH3 domain-containing fragment C1 usedin (21) and
our shorter version of C1, mCAH3. Shown below the schematic are the residues that comprise mCAH3 (along with a C-terminal histidine tag for purification and
a short N-terminal extension that is retained after TEV cleavage and that contains a trytophan residue to allow the quantitation of mCAH3 protein amount by
absorbance at 280 nm). The position of the critical arginine residue whose mutation to alanine or glutamate is function-blocking (21, 23) is marked by an
asterisk.

monomer was removed by washing with polymerization buffer
(Step 5). Finally, 2 uM monomeric actin (20% TMR-labeled)
together with variable concentrations of mCAH3 were applied
(Step 6), and the restoration of filament elongation at the
barbed end was scored over an 8.5-min time interval (see Fig.
1B, green symbols, for an example of the barbed and pointed end
elongation kinetics for a capped filament that uncapped shortly
after the addition of mCAHS3 at Step 6). This 8.5-min observa-
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tional period was chosen because (i) solution-based measure-
ments of the putative uncapping activity of mCAH3 (21, 23)
(see below) indicate that this length of time is more than suffi-
cient to estimate the uncapping activity of mCAH3 even at low
concentrations of mCAH3, and (ii) beyond ~10 min, the den-
sity of actin filaments under our standard assay conditions
becomes so high that quantitating the behavior of individual
filaments becomes problematic due to filament overlap. In all
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experiments, the total time interval between the end of Step 4
and the end of the 8.5-min observational period following Step
6 was kept precisely at 10 min in order to keep constant the
contribution of the spontaneous dissociation of CP from the
barbed end to total uncapping measured in the presence of
mCAH3 (see below).

To quantify mCAH3-driven uncapping, all of the filaments
in an individual field at the start and end of the 8.5-min obser-
vational period were placed into one of four categories: Cate-
gory 1, filaments that began the observational period uncapped
(i.e. that were never capped in Step 3) and that elongated during
the observation period; Category 2, new filaments that
appeared and elongated during the observation period; Cate-
gory 3, filaments that began the observation period capped and
never uncapped (i.e. never elongated) during the observation
period; and Category 4, filaments that began the observation
period capped but underwent uncapping and elongation some-
time during the observation period. Fig. 1C, Steps 4 and 6 (see
the images at 550 and 760 s), shows examples of all four filament
categories in a typical field (red arrowhead, never capped (Cat-
egory 1); yellow arrowhead, de novo growth (Category 2); white
arrowhead, never uncapped (Category 3); green arrowhead,
uncapped (Category 4) (see also supplemental Video 1). To
quantify uncapping, Category 1 and 2 filaments were excluded,
and the number of Category 4 filaments was divided by the sum
of Category 3 and 4 filaments to obtain the fraction of capped
filaments that underwent uncapping during the 8.5-min obser-
vational period. Importantly, this fraction represents a combi-
nation of both mCAH3-driven uncapping and the spontaneous
dissociation of CP from the barbed end. Regarding the magni-
tude of the contribution of spontaneous CP dissociation to total
uncapping measured in the presence of mCAH3, direct meas-
urements of the rate of spontaneous dissociation of CP from the
barbed end performed by Kuhn and Pollard (13) using a single
molecule, TIRF-based assay like the one employed here indi-
cate that ~14% of capped filaments should undergo spontane-
ous uncapping during our 8.5-min observational interval
(based on their measured dissociation rate constant of 0.0003
s~1) (13). Consistent with this estimate, we found in our TIRF-
based uncapping assays that, in the absence of mCAH3,
10-15% of capped filaments underwent spontaneous uncap-
ping during this 10-min interval (see Figs. 2 and 5 and supple-
mental Fig. S1E). As will become clear from measurements of
the kinetics of mCAH3-driven uncapping in Fig. 3, this rate
of spontaneous uncapping contributes very little to the rate of
total uncapping measured at high concentrations of mCAH3.

Consistent with previous solution-based assays performed
using the CAH3 domain from mice and Acanthamoeba
CARMIL proteins (21,23), mnCAH3 had no effect on the rate of
actin polymerization when assayed at the level of individual
actin filaments observed by TIRF. Specifically, the barbed end
elongation rate for individual actin filaments that had been
uncapped by mCAH3 in the presence of 2 um monomeric actin
remained constant over a concentration range of 10—300 nm
mCAH3 (supplemental Fig. S1B, blue symbols). Moreover, the
average elongation rate for these uncapped filaments (22.6 *
0.3 subunits/s) was indistinguishable from that exhibited by
filaments before the addition of CP (22.4 = 0.8 subunits/s; sup-
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Half Max = 5.0 uM

Fraction of capped filaments
that uncapped over 8.5 min
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FIGURE 2. Concentration dependence of the mCAH3-driven uncapping of
CP-capped actin filaments. Shown is the fraction of CP-capped filaments
that uncapped during the 8.5-min observational period as a function of the
concentration in the assay of either wild type mCAH3 (filled circles; half-max-
imal concentration (Half Max) 41 nm) or mCAH3 containing the function
blocking mutation R993E (filled squares; half-maximal concentration 5.0 um).
For fitting, both curves were anchored using the value obtained in the
absence of mCAH3 (~0.1 or ~10%, which is due to the spontaneous dissoci-
ation of CP over the 8.5-min observational window; see text).

plemental Fig. S1B, red symbol). Finally, we never observed in
our TIRF images the severing of preexisting actin filaments
upon addition of mCAHS3 (even at high concentrations) (data
not shown), and the addition of mCAH3 even at high concen-
trations did not result in an obvious increase in the number of
spontaneously nucleating (Category 2) filaments (data not
shown), arguing that mCAH3 does not nucleate actin polymer-
ization, consistent with previous solution-based assays (21, 23).

Quantitative Analyses Reveal That mCAH3 Possesses Potent
Uncapping Activity—As described in more detail under “Exper-
imental Procedures,” our mCAH3 fragment corresponds to an
internal, 74-residue segment of C1, the 123-residue CAH3
domain-containing fragment from mCARMIL-1 that was used
by Yang et al. (21) (Fig. 1D). Based on solution assays, the ability
of mCAH3 to inhibit the capping activity of free CP and to
uncap capped actin filaments is essentially identical to that
reported for C1 (21), and the affinity of mCAH3 for CP, as
measured by ITC, is similar to the value obtained for C1 using
other methods (~1 nm).? As an example of the apparent uncap-
ping activity exhibited by mCAH3 in a solution-based assay,
supplemental Fig. S1C shows that the addition of mCAHS3 to
capped actin filaments in solution results in the rapid and dose-
dependent restoration of the rate of polymerization toward the
seed-only rate. Supplemental Fig. S1D, which plots the rate of
polymerization as a fraction of the seed-only rate versus the
concentration of mCAH3 added to the assay (which contained
3 nMm CP), shows that the half maximal concentration of
mCAH3 was ~30 nM and that in the presence of saturating
amounts of mCAH3, the polymerization rate is ~90% that of
the seed-only rate. These solution-based assay results are very
similar to those described previously for C1 (21) (see below,
regarding the fact that the rate of polymerization in the pres-
ence of saturating amounts of mCAH3 and C1 does not result
in complete rescue of the polymerization rate).

Fig. 2 shows that mCAH3 uncaps capped actin filaments in a
concentration-dependent manner when assayed using the sin-
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FIGURE 3. Time interval between the mCAH3 addition and uncapping as a function of the concentration
of mCAH3 added. A and B show the time courses of elongation at the barbed end during our standard 8.5-min
observational period for 10 randomly chosen capped actin filaments following the addition (see arrows) of
either 250 nm mCAH3 (A) or 20 nm mCAH3 (B). The inset in Bindicates how the “duration time until uncapping”
used in C was measured (i.e. the time interval between the addition of mCAH3 and the resumption of elonga-
tion at the barbed end). C shows the cumulative data for the duration time until uncapping at six different
concentrations of mCAH3. These concentrations as well as the total number of filaments examined at each
concentration are indicated in the upper right corner of each histogram. Although we occasionally observed
pauses in the barbed end elongation of uncapped actin filaments (see A and B), the frequency of such pauses
was similar between actin filaments that never saw CP and actin filaments that saw 20 nm CP, a wash step, and
then mCAH3 (either low or high concentrations) (data not shown), suggesting that these pauses are due
largely to a surface effect (electrostatic and/or steric) rather than to recapping. Such surface effects have been
reported by others (e.g. see Ref. 13). Although such paused filaments can resume growth, only the first inci-
dence of growth resumption was used to score the duration time until uncapping as well as the data in Fig. 2.

23) and which decreases the affinity
of mCAH3 for CP by ~1,500-fold in
ITC measurements,® almost com-
pletely abrogates the uncapping
activity of mCAH3 in these single
molecule assays (Fig. 2, closed
squares; half-maximal concentra-
tion ~5.0 um). We note that we
obtained essentially identical results
in uncapping assays using either
unfused mCAH3 or GST-fused
mCAH3 (both WT and the R993E
mutant) (supplemental Fig. S1E).
Unless indicated otherwise, unfused
mCAH3 and mCAH3-R993E were
used in the experiments reported
here.

To better appreciate the potency
of the uncapping activity of
mCAH3, we quantified the time
interval between the addition of
mCAH3 (Step 6) and the moment of
actin filament uncapping over a
range of mCAH3 concentrations.
Fig. 3, A and B, shows the polymer-
ization traces for 10 randomly cho-
sen, CP-capped actin filaments fol-
lowing the addition of either a high
concentration of mCAH3 (250 nm)
(A) or a low concentration of
mCAH3 (20 nMm) (B) (the inset in B
indicates how the duration time
between the mCAH3 addition and
filament uncapping was determined
from the polymerization trace).
Although all 10 filaments uncapped
(resumed growth) almost immedi-
ately following the addition of 250
nM mCAH3 (A), the uncapping of
the 10 filaments following the addi-
tion of 20 nm mCAH3 (B) was
spread out over ~6 min. Fig. 3C pre-
sents the cumulative data for the
duration time between the mCAH3
addition and uncapping at six differ-
ent concentrations of mCAH3 from

gle molecule, TIRF-based assay described above. Specifically,
the fraction of capped filaments that uncapped during the
entire 8.5-min observational period following Step 6, as
inferred from the restoration of growth at their barbed end,
rose from ~0.1 (10%) in the absence of added mCAH3 (due to
the spontaneous dissociation of CP from the barbed end) to
~0.90 (90%) in the presence of an amount of mCAH3 that is
near or at saturation (>250 nm) (closed circles). The half-max-
imal concentration of mCAH3 for uncapping was ~41 nm.
Mutation of the highly conserved arginine at position 993 in
mCAH3 to glutamate (mCAH3 R993E), which completely
blocks CAH3-driven uncapping in solution-based assays (21,
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10 to 300 nu (the latter being a concentration that is near or at
saturation, as determined in Fig. 2). The time lag between
mCAH3 addition and uncapping is clearly concentration-de-
pendent, decreasing dramatically and becoming much more
tightly focused as the concentration of mCAH3 is raised. More-
over, at a concentration of mCAH3 that appears to be near or at
saturation (300 nm), the duration time between the mCAH3
addition and uncapping becomes tightly focused around a value
of ~10 s. This represents a mCAH3-driven acceleration in the
rate of CP dissociation relative to the rate of spontaneous dis-
sociation (half-time ~30 min) (13, 14) of at least 180-fold.
These results are completely consistent with the very rapid res-
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FIGURE 4. Temporal correspondence between the disappearance of mGFP-CP from the barbed end and the reinitiation of filament elongation upon
the addition of mCAH3. A, Coomassie Blue-stained, 4-20% SDS-polyacrylamide gradient gel of molecular weight markers (lane 1), purified mGFP-CP (lane 2),
and purified wild type CP (lane 3). B, shown are the barbed end capping activities of mGFP-CP (open symbols) and wild type CP (filled symbols), presented as
fractions of the seed-only rate (1 um actin, 10% pyrene-labeled). C, selected frames (time in upper left corner) from two-color TIRF imaging of single, rhoda-
mine-labeled (20%) actin filaments that were capped with mGFP-CP and then incubated with 200 nm mCAH3. The timing of various additions and washes are
indicated (see text for additional details). The blue laser for visualizing mGFP-CP was not turned on until 350 s to minimize the photobleaching of the molecule.
A movie (supplemental Video 2) containing the complete time series used to create C (in which images were taken every 2.5 s) is given in the supplemental
material. Scale bar, 5 um. D, plots of the changes in length at the barbed end of the five filaments labeled in C following the addition of mCAH3 at 355 s (vertical
black line). Also indicated using a color-coordinated arrowhead for each of these five filaments is the first frame where the green dot of mGFP-CP was no longer

visible at the barbed end of the filament.

toration of actin polymerization observed in bulk solution-
based uncapping assays using either protozoan (23) or mouse
CAH3 domains (21) (supplemental Fig. S1C). That said, the
quantitative analysis of mCAH3-driven uncapping shown in
Fig. 3 is only possible using the direct observation of single actin
filaments reported here.

Imaging Using Mouse CP Tagged with GFP Demonstrates
that mCAH3 Drives the Complete Dissociation of CP from the
Barbed End— Although the data in Figs. 2 and 3 provide strong
support for the mCAH3-dependent uncapping of CP-capped
actin filaments, the mCAH3-driven dissociation of CP from the
barbed end is still simply inferred from the restoration of
barbed end elongation measured in those experiments. To
prove unequivocally that the restoration of elongation mea-
sured in Figs. 2 and 3 involves the actual mCAH3-driven
removal of CP from the barbed end, we generated recombinant
mouse CP «a1B2 in which mGFP was fused to the N terminus of
the B2 subunit using a modification of the approach developed
by Palmgren et al. (34) for the expression of mouse CP in E. coli.
The recombinant CP, which we refer to below as mGFP-CP,
was purified to homogeneity by affinity chromatography on a
column of GST-mCAHS3, followed by chromatography on
Mono Q (Fig. 44, lane 2; also see “Experimental Procedures”).
Fig. 4B (open circles) shows that the affinity of mGFP-CP for the
barbed end, as measured by the dose-dependent inhibition of
actin polymerization from actin seeds, falls within the normal
range measured for wild type mouse CP a132 using the same

JANUARY 22, 2010-VOLUME 285-NUMBER 4

assay (0.1-1.0 nm) (13, 14, 21). Specifically, the K, values for
three independent preparations of recombinant mGFP-CP
were 0.35, 0.50, and 0.30 nM (the last is shown in Fig. 4B (open
circles). These values, together with results obtained using wild
type CP (closed circles; K, = 0.18 nm), indicate that mGFP-CP is
essentially as potent as wild type CP at capping the barbed end.

Fig. 4C shows video stills of a TIRF assay in which we exam-
ined in detail the temporal correspondence between the
mCAH3-driven reinitiation of barbed end growth from red fil-
aments capped with mGFP-CP and the disappearance of
mGFP-CP from the barbed end (see also supplemental Video
2). At 230 s, 20 nMm mGFP-CP was introduced into the flow cell.
When the blue laser was turned on at 350 s, all five red actin
filaments in the field (labeled #1 through #5) had a green dot at
one end, consistent with mGFP-CP capping their barbed end.
At 355 s, 200 nm mCAH3 was introduced into the flow cell. By
the time the next image was taken 5 s later (360 s), two of the five
filaments (#3 and #5) had lost the signal for mGFP-CP at their
barbed end. By 365 s, only one filament (#2) retained the signal
for mGFP-CP. Finally, by 370 s (i.e. only ~15 s after the initia-
tion of the addition of mCAH3), the green dot of mGFP-CP had
disappeared from the barbed end of all five filaments. Disap-
pearance of the green dot could be due to the mCAH3-cata-
lyzed dissociation of mGFP-CP from the barbed end or to the
photobleaching of the molecule without its actual dissociation
from the barbed end. To distinguish between these two possi-
bilities, growth at the barbed end was measured for all five fila-
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end and the resumption of barbed

end elongation. We also note that
we never observed a single example
of the resumption of elongation at
the barbed end while mGFP-CP was
still present on the barbed end.
Together, these results verify the
mCAH3-driven uncapping mecha-
nism by providing direct evidence
that mCAH3 uncaps CP-capped
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of mGFP-CP in A and CP in B over the 8.5-min observational window).

ments in the red channel from the moment of mCAH3 addi-
tion, because only the actual dissociation of mGFP-CP should
be accompanied by the resumption of elongation. The results
are plotted in Fig. 4D (the first frame where the green dot of
mGFP-CP was no longer visible is marked for all five filaments
by color-coordinated arrowheads). Based on regression analysis
of the slopes of the barbed end elongation curves, filaments 1, 2,
and 3 started growing essentially coincident with the addition
of both mCAHS3 and the disappearance of the green dot. Spe-
cifically, all three of these filaments resumed barbed end elon-
gation within ~10 s after the initiation of mCAH3 washin and,
more importantly, within 2.5 s (our imaging frequency) after
the disappearance of the green dot of mGFP-CP from the
barbed end. Close inspection of the barbed end elongation
curve for filament 4 shows that it also resumed growth essen-
tially coincident with the disappearance of mGFP-CP, although
it stopped elongating shortly there after. Filament 5, on the
other hand, represents what must be a clear example of the
photobleaching of mGFP-CP without its dissociation from
the barbed end, because this filament does not resume barbed
end elongation until ~25 s after the disappearance from the
barbed end of the fluorescent signal for mGFP-CP. To provide
an estimate of the robustness of these results, we analyzed the
barbed end elongation traces of 53 mGFP-CP-capped filaments
following the mCAH3 addition (taken from five separate exper-
iments). Of these 53 events, 30 showed unequivocal evidence of
barbed end elongation within the three frames that immedi-
ately followed the first frame lacking the signal for mGFP-CP at
the barbed end. For these events, therefore, the disappearance
of the signal for mGFP-CP almost certainly represents the dis-
sociation of the molecule from the barbed end rather than the
photobleaching of the molecule without its dissociation. When
we performed regression analysis on the growth curves for
these 30 events, the average lag time between the disappearance
of the signal for mGFP-CP and the resumption of growth at
the barbed end was 2.1 * 1.9 s. Given that mGFP-CP could have
dissociated at any time during our 2.5-s imaging interval, we
take this result as evidence that mCAH3-driven uncapping
involves the simultaneous dissociation of CP from the barbed
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[MGFP-mCAH3] (nM)

FIGURE 5. Concentration dependence of the mCAH3-driven uncapping of mGFP-CP-capped actin fila-
ments and the mGFP-mCAH3-driven uncapping of CP-capped actin filaments. A, the fraction of filaments
capped with mGFP-CP (as opposed to untagged CP as in Fig. 2) that uncapped during the 8.5-min observa-
tional period as a function of the concentration of mCAH3 in the assay (half-maximal concentration 47 nm).
B, the fraction of CP-capped filaments that uncapped during the 8.5-min observational period as a function of
the concentration in the assay of mGFP-mCAH3 (as opposed to untagged mCAH3 as in Fig. 2) (half-maximal
concentration 64 nm). For fitting, both curves were anchored using the value obtained in the absence of
mMCAH3 (A) or mGFP-mCAH3 (B) (~0.16 or ~16%in Aand ~0.07 or 7% in B, due to the spontaneous dissociation

Il
200 300 400

actin filaments by driving the com-
plete dissociation of CP from the

barbed end.
Finally, although the data in Fig. 4
clearly show that mGFP-CP

responds to mCAH3, we decided to
quantify the sensitivity of mGFP-CP
to mCAH3-driven uncapping in
order to solidify the utility of
mGFP-CP for future studies of CARMIL function (e.g speckle
microscopy in vivo to determine the half-life of CP at the barbed
end). To accomplish this, we performed experiments like those
shown in Fig. 2, except that the barbed end was capped with
mGFP-CP rather than with wild type CP. For these experi-
ments, uncapping was identified by the restoration of filament
elongation in the red (rhodamine-actin) channel, as opposed to
determining the time to dissociation of mGFP-CP in the green
channel. This approach was used because the rates obtained
using the latter approach were skewed significantly, especially
at low concentrations of mCAH3, where the time lag between
the mCAH3 addition and uncapping is very long, by the photo-
bleaching of mGFP-CP (which results in mGFP-CP-capped fil-
aments that lose the green dot at their barbed end but do not
resume barbed end elongation).* Fig. 54 shows that, as with
filaments capped with wild type CP (Fig. 2), mCAH3 uncaps
filaments capped with mGFP-CP in a concentration-dependent
manner. Specifically, the fraction of mGFP-CP-capped actin
filaments that uncapped during the entire 8.5-min observation
period following Step 6 rose from ~0.16 (~16%) in the absence
of added mCAH3 (due to the spontaneous dissociation of
mGFP-CP from the barbed end; note that this value is essen-
tially identical to the value for wild type CP) to ~0.90 (90%)
in the presence of an amount of mCAHS3 that is near or at
saturation (>250 nm) (closed circles). The half-maximal con-
centration of mCAH3 required for uncapping mGFP-CP-
capped filaments was ~47 nwm, which is very similar to the
value obtained with CP-capped filaments (~41 nwm; Fig. 2).
We conclude, therefore, that two key biochemical properties
of mGFP-CP (affinity for the barbed end and susceptibility to
mCAHS3-driven uncapping) are essentially identical to those
of wild type CP.

4 As evidence of the degree of bleaching, while the real half-time of mGFP-CP
onthe barbed end, as determined from the rate of resumption of growth of
red filaments, is ~25 min (very similar to wild type CP), its half-time based
on the lifetime of the green fluorescence dot on the barbed end drops to
~25 s because of the rapid bleaching of the mGFP-CP molecules that
remain bound to the barbed end.
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Imaging Using mCAH3 Tagged with GFP Supports the Exist-
ence of Transient Barbed End Capping by the Complex of CP
and mCAH3—As mentioned in the Introduction, the complex
of the CAH3 domain and CP appears to have measurable affin-
ity for the barbed end (i.e. measurable capping activity). In other
words, the CAH3 domain does not simply sequester CP in a
complex that cannot interact with the barbed end (as happens,
for example, when the CP regulator V-1/myotrophin binds to
CP) (24). In the case of the CAH3 domain from mouse
CARMIL-1, this affinity was estimated to be ~15 nm (21).
Although this affinity is ~100-fold weaker than that of CP
alone, it is far from insignificant and could be physiologically
relevant (see “Discussion”). The weak capping activity of the
complex of CP and CAH3 was first appreciated by Yang et al.
(21) using bulk solution assays, where a saturating concentra-
tion of the C1 fragment from mCARMIL-1 restored the rate of
actin polymerization to only ~85% that of the seed-only rate in
assays in which C1 and CP were mixed together and then added
to actin seeds. This behavior was also observed in uncapping
assays where C1 was added to actin filaments that were already
capped with CP (21). Indeed, as discussed below, this behavior
is probably a signature of CP regulators that uncap CP rather
than simply sequester CP.

Given the observations made by Yang et al. (21) and similar
results that we obtained using our slightly smaller mCAH3 frag-
ment in bulk solution assays (supplemental Fig. S1D; note that,
like C1, the rate of polymerization in the presence of a saturat-
ing amount of mCAH3 is only ~85% of the seed-only rate), we
sought to measure directly the lifetime of the complex of CP
and mCAHS3 at the barbed end by labeling mCAH3 with GFP.
To accomplish this, the coding sequence for mGFP was fused to
the N terminus of mCAH3. This fusion was then cloned into the
expression plasmid pET28a, which provided a His, tag at the N
terminus of the final fusion protein for purification purposes
(see “Experimental Procedures”). Fig. 5B shows that the puri-
fied mGFP-mCAH3 fusion protein retains potent uncapping
activity. Specifically, the half-maximal concentration of mGFP-
mCAH3 required for uncapping CP-capped filaments (as
assayed by the restoration of filament growth in the red rhoda-
mine actin channel) was ~64 nwm, which is fairly close to the
value obtained for untagged mCAH3 and CP-capped filaments
(~41 nu; Fig. 2). Given this result, we proceeded with experi-
ments designed to measure the approximate lifetime of the
complex of CP and mCAH3 at the barbed end by simulta-
neously imaging in the red (rhodamine actin) channel and
green (mMGFP-mCAH3) channel following the addition of
mGFP-mCAHS3 to red actin filaments capped with unlabeled
CP. We looked specifically for events where a green dot could
be seen to appear at the end of a capped red filament, followed
sometime thereafter by the nearly simultaneous disappearance
of this green dot and the reinitiation in the growth of the red
actin filament. Such events presumably report the time interval
between the association of GFP-tagged mCAH3 with a capped
filament end and the dissociation of the complex of mGFP-
mCAH3 and CP from this end (i.e. the lifetime of the complex of
CP and mCAH3 at the barbed end). Events in which the green
dot at the end of the filament disappeared without the subse-
quent reinitiation of filament growth, which could be due either
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FIGURE 6. mCAH3, viewed as a GFP chimera, resides briefly at the end of
CP-capped filaments before dissociating along with CP. A, selected
frames (time in upper right corner) from two-color TIRF imaging of a single,
rhodamine-labeled (20%) actin filament that was capped with unlabeled CP
and then incubated with mGFP-mCAH3, resulting in the transient association
of MGFP-mCAH3 with the barbed end, followed by uncapping and the reini-
tiation of barbed end elongation. The timing of various additions and washes
is indicated (see text for additional details). The blue laser for visualizing
mGFP-mCAH3 was not turned on until 345 s to minimize the photobleaching
of the molecule. A movie (supplemental Video 3) containing the complete
time series used to create A (in which images were taken every 2.5 s) is given
in the supplemental material. Scale bar, 5 um. B, plots of the changes in length
at the barbed end of three CP-capped actin filaments following the addition
of mGFP-mCAH3 at 345 s (vertical black line) (the black symbols correspond to
the filament imaged in A). The green bracket associated with each filament
trace indicates the time interval during which mGFP-mCAH3 was visible at
the barbed end. In each case, the filament began elongating immediately
after the disappearance of the GFP signal, arguing that in these instances the
loss of the GFP signal was due to the dissociation of CP along with mGFP-
mCAH3 (i.e. that these events report the residence time for the mGFP-
mCAH3-CP complex at the barbed end).

to the bleaching of the mGFP-mCAH3 molecule without its
dissociation from the barbed end or to its dissociation from the
filament end as free mGFP-mCAH3 (i.e. not as an mGFP-
mCAH3-CP complex), were discarded. Fig. 64 shows an exam-
ple of an event where the duration of the complex of mGFP-
mCAH3 and CP at the barbed end could be estimated.
Specifically, the red filament in the center of the image, which
grew at its barbed end between 180 and 225 s and which was
then capped following the addition of CP at 225 s (based on the
fact that its barbed end had not elongated when imaged ~100 s
later at 325 s), acquired a green dot at its barbed end (see filled
white arrowhead at 390 s) ~45 s after the addition of 10 nm
mGFP-mCAH3 to the flow chamber at 345 s. Finally, this green
dot disappeared 10—12.5 s later (present at 400 s, gone at 402.5
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s; see open white arrowheads at 400 and 402.5 s), followed
almost immediately by a measurable increase in the length of
the actin filament at its barbed end in the red channel (see open
white arrowhead at 420 and 430 s) (see also supplemental Video
3). All of the data points from imaging this filament at 2.5-s
intervals following the addition of mGFP-mCAH3 are pre-
sented in graphical form in Fig. 6B (black circles). The green
bracket spanning the time interval between 390 and 400 s marks
the first and last frames where the green dot was visible at the
barbed end of this filament. The results from two other inde-
pendent events are also presented in similar fashion using red
and blue circles (the time of addition of mMGFP-mCAH3 to these
samples was normalized to 345 s). Note that for all three events,
a visual regression of the increase in actin filament length fol-
lowing the disappearance of the green dot of mGFP-mCAH3
shows that the transition from no growth (capped) to growth
(uncapped) coincides almost exactly with the disappearance of
mGFP-mCAHS3 from the barbed end (presumably along with
CP). The average lifetime of the complex of mGFP-mCAH3
and CP at the barbed end, based on a total of eight such events,
was 9.2 = 7.2 s. This large deviation is probably due to the
relatively small N value (n = 8) as well as to the fact that our
imaging frequency (2.5 s) is a significant fraction of the average
dwell time for the complex at the barbed end. Nevertheless, the
average value we obtained (~9 s) agrees well with the estimate
of 10.5 s for the lifetime of the complex based on our kinetic
modeling using rate constants and K, values determined by us
and by Yang et al. (21) (see supplemental Fig. S2, A-C, and the
legend for supplemental Fig. S2). We conclude, therefore, that
the single filament imaging presented in Fig. 6 using GFP-
tagged mCAH3, like the bulk solution assays performed by us
using mCAH3 and by Yang et al. (21) using C1, are consistent
with the complex of mCAH3 and CP having measurable cap-
ping activity, a property that we think is consistent with the
ability of the CAH3 domain to uncap CP-capped actin
filaments.

DISCUSSION

The results of solution-based assays performed previously
using CAH3 domain-containing fragments from both mouse
CARMIL-1 (21) and protozoan CARMIL proteins (23) have
been taken as evidence that this domain possesses the ability to
uncap CP-capped actin filaments. Similar bulk solution assay
results have been interpreted as evidence that micelles of PIP,
also possess uncapping activity (13, 14, 25). Strikingly, a recent
study using single molecule, TIRF-based assays showed that
PIP, micelles are essentially devoid of uncapping activity (13)
(however, see Fig. 6 in Ref. 25). Given this striking discrepancy
for PIP,, we sought here to confirm the uncapping activity of
the CAH3 domain by single filament imaging. Our results show
that the addition of mCAHS3 rapidly restores the polymeriza-
tion of individual, CP-capped actin filaments, which is consist-
ent with uncapping. Moreover, we verified the CAH3-driven
uncapping mechanism by directly imaging filaments capped
with mouse CP tagged with mGFP, where the addition of
mCAH3 led to the rapid and complete disappearance of
mGFP-CP from the barbed end of the filament, followed imme-
diately by the restoration of barbed end growth. Importantly,
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our single molecule assays show that mCAH3 accelerates the
dissociation rate of CP from the barbed end at least 180-fold
(from a half-time of ~30 min without mCAH3 to a half-time of
~10 s at a concentration of mCAH3 that is near or at
saturation).

The ability of mCAH3 to dramatically increase the dissocia-
tion rate of CP from the barbed end requires that this domain
form, over some finite period of time, a ternary complex with
CP at the barbed end. Consistent with this, kinetic analyses (21)
(supplemental Fig. S2), together with the direct determination
of the mCAH3 dwell time at the end of capped actin filaments
(Fig. 6), show that the complex of CP and mCAH3 possesses
barbed end capping activity. Although this activity is much
weaker than that of CP alone (~0.1 nm), it is measurable (esti-
mated to be 15-30 nM for the complex of C1 and CP (21) and 38
nM for the complex of CP and mCAH3, based on kinetic anal-
yses of data presented in part in this study (supplemental Fig.
S2)), and it may be physiologically significant (see below).
Together, these results argue that the binding of the CAH3
domain to CP on the barbed end results in a rapid and large
decrease in the affinity of CP for the barbed end, leading to the
rapid dissociation of the complex of CP and CAH3 from the
filament end (i.e. to uncapping). The tight interaction of CP
with the barbed end appears to be driven largely by the associ-
ation of the C-terminal, flexible extensions of its « and 8 sub-
units (its & and B tentacles) with the filament end (for a review,
see Refs. 1 and 2). Interestingly, measurements of the barbed
end capping activities of versions of CP that lack either or both
tentacles (35, 36) indicate that CP lacking its B tentacle pos-
sesses a dissociation rate from the barbed end that is roughly
similar to the dissociation rate for the complex of CAH3 and
CP. Given this and the fact that the tight interaction between
the CAH3 domain and CP does not appear to involve contacts
between CAH3 and either tentacle (the affinities of C1 for CP
and for tentacle-free CP are essentially identical (21)), we spec-
ulate that the binding of CAH3 to the body of CP present at the
barbed end promotes uncapping by inducing a conformational
change in the structure of CP that results in the release of its 3
tentacle from the filament end. Determination of how the bind-
ing of CAH3 to CP induces such an allosteric effect resulting in
rapid uncapping must await the determination of the structure
of the complex of mCAH3 and CP. Such structural information
should also shed further light on the mechanism by which CP
caps the barbed end. Finally, given all of the results and consid-
erations outlined above, it makes sense that V-1/myotrophin,
which completely blocks the interaction of CP with the barbed
end (24), is incapable of uncapping. Indeed, we speculate that
proteins like V-1 that sequester CP will always be incapable of
uncapping because uncapping requires that the protein form a
transient ternary complex at the barbed end (i.e. that the com-
plex of CP and the protein have some barbed end capping activ-
ity). Likewise, we imagine that proteins like CARMIL that pos-
sess uncapping activity will always be incapable of sequestering
CP (although they will always reduce the affinity of CP for the
barbed end).

Given the results described above for PIP, micelles, which
show that these micelles sequester CP but do not uncap CP-
capped actin filaments (13), CARMIL now appears to be the
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only molecule proven to possess uncapping activity. However,
the two other families of vertebrate proteins that possess CAH3
domains (the CD2AP/CIN85 adaptor proteins and the pleck-
strin homology domain-containing CKIP proteins) may pos-
sess uncapping activity (37, 38). Indeed, solution-based assays
performed with the CAH3 domain of CD2AP (37) are consist-
ent with uncapping activity, but single molecule observations
will be required to confirm this. Our belief is that CAH3
domains will always possess uncapping activity regardless of
their protein context, although the potency of their uncapping
activity may vary considerably, depending on the protein
context.

Actin polymerization in vivo occurs primarily at the barbed
end, so mechanisms that control the number of free barbed
ends are crucial for the regulation of actin filament assembly
within cells (39). Cells appear to use at least three mechanisms
to generate free barbed ends for filament assembly (39). First,
barbed ends are created de novo by the action of nucleating
machines such as the Arp2/3 complex, the formins, and spire
proteins. Second, free barbed ends are created by severing pre-
existing actin filaments through the action of proteins like cofi-
lin and gelsolin. Finally, significant numbers of free barbed
ends may be generated by the active removal of barbed-end
cappers like CP from the end of preexisting, capped actin
filaments. Our demonstration here that the CAH3 domain of
mouse CARMIL-1 possesses uncapping activity suggests
that CARMIL proteins (and possibly other CAH3 domain-
containing proteins) may contribute, along with de novo
nucleation and filament severing, to the generation of free
barbed ends in vivo.

Using GFP-tagged CP and single molecule, in vivo speckle
microscopy, Miyoshi et al. (15) reported recently that the aver-
age half-life of CP at the barbed end of actin filaments within
the lamellipodia of Xenopus fibroblasts is ~1 s, which is
~1,800-fold shorter than the half-time of CP measured in vitro
(~30min). These authors suggested that the uncapping activity
of cellular factors, such as PIP, and CARMIL, might be respon-
sible for the very short half-life of CP at the barbed end in vivo.
Given our results reported here and the results of Kuhn and
Pollard (13) regarding PIP,, the only known cellular source of
such uncapping activity at present would be CARMIL. In think-
ing about the possible role of CARMIL proteins in regulating
the residence time of CP at the barbed end of actin filaments in
vivo, the issue of whether CARMIL proteins are regulated or
constitutively active becomes very important, especially given
the extremely high affinity of the CAH3 domain for CP (~1 nm)
and the reported cellular concentrations of CARMIL (~2 um)
and CP (~1 um) (21). Relevant to this issue, purified full-length
protozoan CARMIL exhibits much weaker anti-CP activities
than its isolated CAH3 domain (23), possibly because the full-
length molecule is subject to autoinhibition resulting from
some form of intramolecular folding. Presumably, full-length
CARMIL is folded and inactive until it is unfolded and activated
by some type of physiological activation event. Consistent with
this, mCARMIL-1 possesses a CRIB-like sequence (23),” sug-

> S. McCroskery and J. A. Hammer lll, unpublished observations.
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gesting that it may fit the paradigm for other key regulators of
actin assembly, such as WASPs and formins, where binding to a
membrane-associated Rho GTPase serves to (i) unfold and acti-
vate the protein and (ii) to focus its activity at the plasma mem-
brane/cytosol interface (39). It should be noted, however, that
purified, full-length mCARMIL-1 has been reported to be just
as active in vitro as its isolated CAH3 domain (21). If this is the
case in vivo, then CARMIL may indeed be largely responsible
for the very short average lifetime of CP on the barbed end in
vivo measured by Miyoshi et al. (15). Importantly, CARMIL
might drive this very short lifetime not only by uncapping CP-
capped actin filaments but also by generating significant cyto-
solic levels of the complex of CP and CARMIL, which binds the
barbed end weakly. The other distinct possibility is that full-
length CARMIL is largely inactive in vivo (perhaps it is inhibited
in trans by some factor) and that its activity is temporally and
spatially restricted to regions of the cell that receive some sort
of CARMIL-activating signal. In this case, the very short life-
time of CP in the lamellopodium would have to be due to some
other property of the dendritic actin network. For example,
based on the significant lengthening of the lifetime of CP speck-
les in cells overexpressing Lim kinase, Miyoshi et al. (15) argue
that the short lifetime of CP throughout the lamellopodium is
due, at least in part, to the rapid generation of short, freely
diffusing, capped actin oligomers by cofilin-dependent
severing.
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