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INF2 is a formin protein that accelerates actin polymerization. A
common mechanism for formin regulation is autoinhibition,
through interaction between the N-terminal diaphanous inhibi-
tory domain (DID) and C-terminal diaphanous autoregulatory
domain (DAD). We recently showed that INF2 uses a variant of
this mechanism that we term “facilitated autoinhibition,” whereby a
complex consisting of cyclase-associated protein (CAP) bound to
lysine-acetylated actin (KAc-actin) is required for INF2 inhibition,
in a manner requiring INF2-DID. Deacetylation of actin in the CAP/
KAc-actin complex activates INF2. Here we use lysine-to-glutamine
mutations as acetylmimetics to map the relevant lysines on actin for
INF2 regulation, focusing on K50, K61, and K328. Biochemically,
K50Q- and K61Q-actin, when bound to CAP2, inhibit full-length
INF2 but not INF2 lacking DID. When not bound to CAP, these mu-
tant actins polymerize similarly to WT-actin in the presence or ab-
sence of INF2, suggesting that the effect of the mutation is directly
on INF2 regulation. In U20S cells, K50Q- and K61Q-actin inhibit INF2-
mediated actin polymerization when expressed at low levels. Direct-
binding studies show that the CAP WH2 domain binds INF2-DID with
submicromolar affinity but has weak affinity for actin monomers,
while INF2-DAD binds CAP/K50Q-actin 5-fold better than CAP/WT-
actin. Actin in complex with full-length CAP2 is predominately ATP-
bound. These interactions suggest an inhibition model whereby
CAP/KAc-actin serves as a bridge between INF2 DID and DAD. In
U20S cells, INF2 is 90-fold and 5-fold less abundant than CAP1 and
CAP2, respectively, suggesting that there is sufficient CAP for full
INF2 inhibition.
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common mechanism for protein regulation is autoinhibition,

whereby intramolecular contacts inhibit the protein’s biolog-
ical function. Formin proteins are actin assembly factors. Several
of the 15 mammalian formins are autoinhibited through interac-
tion between the N-terminal diaphanous inhibitory domain (DID)
and the C-terminal diaphanous autoregulatory domain (DAD),
which blocks the ability of the formin homology 2 (FH2) domain
to accelerate actin polymerization (1, 2). One formin, INF2, uses a
variation of this mechanism. Despite having both DID and DAD
sequences, which are necessary for INF2 regulation in cells (Fig.
1A4), purified INF2 is fully active in biochemical assays. Direct-
binding studies show that INF2’s DID/DAD interaction is at
least 10-fold weaker than that of mDial (3, 4), providing an ex-
planation for the lack of autoinhibition. In addition, INF2’s DAD
is similar to an actin-binding WH2 motif (5) and binds actin
monomers with high affinity (6, 7). These findings led us to predict
that an additional protein is required to inhibit INF2 in a DID/
DAD-dependent manner.

We isolated a protein complex capable of inhibiting purified
INF2 in a manner that requires INF2’s DID (8). The complex
consists of cyclase-associated protein (CAP) bound to actin itself.
Both mammalian CAP proteins, CAP1 and CAP2, can inhibit
INF2. CAP consists of an N-terminal region containing an oligo-
merization domain (OD) and a helical folded domain (HFD), a
middle region consisting of a WH2 motif flanked by proline-
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rich sequences, and a C-terminal CARP domain (Fig. 1B). The
N-terminal OD from both budding yeast CAP and human CAP1
has been shown to hexamerize (9, 10), consistent with our results
on full-length CAP2 (8).

Two regions of CAP can bind actin monomers: the WH2 motif
and the CARP domain. The CARP domain binds ADP-actin with
high affinity, while the WH2 domain binds ATP-actin with lower
affinity (11-13). The structure of the CARP/actin complex shows
that dimeric CARP binds 2 actin monomers in a manner that
exposes actin’s WH2-binding site (12) (Fig. 1C). CAP has multiple
potential functions in actin dynamics, including accelerating actin
nucleotide exchange and enhancing cofilin-mediated depolymer-
ization (14). This latter function requires the HFD, which can bind
the cofilin-actin complex (15-18).

A key feature of INF2 inhibition by the CAP/actin complex is
that lysine acetylation of the actin is required, as supported by
the following findings (8). First, pretreatment of CAP/actin with
histone deacetylase 6 (HDAC6) virtually eliminates INF2 inhibi-
tion. Second, isolation of the CAP/actin complex from mammalian
cells treated with HDACS6 inhibitor increases both the amount of
acetylated actin bound to CAP and the inhibitory potency of the
CAP/actin complex. Third, transient activation of INF2 in cells
causes a decrease in lysine-acetylated actin in CAP/actin complex
on a similar time course as INF2 activation. Fourth, HDAC6 in-
hibition blocks INF2-mediated actin polymerization in cells.

Lysine acetylation of histones and other nuclear proteins has
long been known to serve as an important regulatory mechanism
for gene expression, but multiple cytoplasmic proteins are also
known to be lysine-acetylated (19, 20), including tubulin, cortactin,
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Fig. 1. INF2, CAP, and the bridge model of INF2 inhibition. (A) Schematic of human INF2-nonCAAX (1,240 amino acids), including DID (amino acids 32 to 261), formin
homology 1 domain (FH1; amino acids 421 to 520), formin homology 2 domain (FH2; amino acids 554 to 940), and DADAVH2 (amino acids 971 to 1,000). Boundaries of
the N-terminal construct (NT) and FH1-FH2-C (FFC) construct used in this study are also shown. (B) Schematic of human CAP2 (477 amino acids), including oligomerization
domain (OD; amino acids 1 to 42), HFD (amino acids 43 to 217), proline-rich region 1 (PP1; amino acids 229 to 245), WH2 motif (amino acids 254 to 297), proline-rich
region 2 (PP2; amino acids 308 to 323), and CARP domain (amino acids 324 to 477). (C) Actin monomers (blue, gray surfaces) bound to the dimeric CARP domain of CAP1
(black, green ribbons). K50, K61, and K328 on actin are highlighted in red, orange, and yellow, respectively. Actin subdomains are indicated by white numbers. N, amino-
termini of CARP subunits. Adapted from Protein Data Bank ID code 6FM2, data from ref. 12. (Bottom) Structure rotated 90° to the left. (D) Bridge model of INF2 in-

hibition by CAP/actin, whereby INF2-DID interacts with CAP-WH2 while INF2-DAD interacts with acetylated actin, which is bound to the CARP domain of CAP.

and the formin mDia2 (21-23). Actin itself can be acetylated
on multiple lysines (24, 25). The functional significance of actin
acetylation has not been studied extensively, with one published
study suggesting that acetylation of K326 or K328 in Drosophila
flight muscle causes defects in morphology and performance (26).
In the present work, we addressed 2 questions. First, which
lysine(s) on actin is/are relevant for acetylation-mediated INF2
regulation? Using lysine-to-glutamine mutations to mimic acety-
lation, we find that K50 and K61 are key residues, whereas K328 is
not. Second, what interactions between CAP, lysine-acetylated
actin (KAc-actin) and INF2 mediate the inhibitory interaction?
Two proposed mechanisms (8) are “facilitated autoinhibition,”
whereby CAP/KAc-actin binds the DID/DAD complex to secure
the low-affinity DID/DAD interaction, and the “bridge” model,
whereby CAP/KAc-actin binds between the DID and the DAD.
Our findings provide support for the bridge model (Fig. 1D).

Results

K-to-Q Mutants of g-Actin Retain Similar Polymerization Properties as
WT-Actin. We reasoned that lysine-to-glutamine mutations might
functionally mimic acetylation at specific sites on actin. Similar
mutations have been used to mimic acetylation of actin (26) and
other proteins (27-29). Here we examined 3 mutants to human
B-actin biochemically and in cells: K50Q, K61Q, and K328Q.
These residues are surface-exposed in the filament structure,
with K50 and K61 in subdomain 2 and K328 in subdomain 3.
To produce f-actin amenable for biochemical tests, we used a
system similar to those used previously (30, 31), in which actin is
expressed as an N-terminal fusion with the monomer-binding
protein thymosin p4 (TB4) and then cleaved with chymotrypsin
after purification, resulting in actin with no additional amino
acids. The initial affinity purification step results in actin-Tp4
without detectable free actin (SI Appendix, Fig. S14), suggesting
that no endogenous actin copurifies. The use of this system results
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in actin without other major protein bands for WT, K50Q, K61Q,
and K328Q (SI Appendix, Fig. S1B).

We next conducted tests to assess the functionality of the
recombinant actins compared with rabbit muscle (RSK) actin. All
recombinant actins are polymerization-competent. By high-speed
pelleting assay (32), <0.17 pM actin was in the supernatant after
overnight polymerization (Fig. 24 and SI Appendix, Fig. S1C),
suggesting that the critical concentrations are similar to that of
RSK-actin (33). By pyrene-actin polymerization, all actins poly-
merize with similar kinetics (Fig. 2B), with 2 variations. First, WT
B-actin has a shorter polymerization lag than either RSK-actin or
any of the mutants. Second, the plateau fluorescence for all mu-
tant actins is ~10% lower than that for WT p-actin or RSK-actin.
This difference in plateau likely represents a difference in pyrene
fluorescence change rather than a difference in polymerization
ability, given the similar critical concentrations. We quantified the
polymerization rates of the actins by determining the time to 1/2
maximum polymerization (Fig. 2D), and found that the rates of
WT, K61Q, and K328Q f-actin are faster than RSK-actin, whereas
K50Q -actin is indistinguishable from RSK-actin.

We also assessed the effects of INF2 on the polymerization of
recombinant actins, testing both full-length INF2 and INF2-FFC.
The INF2 isoform used in this study is the nonCAAX variant,
which is largely cytosolic and lacks the C-terminal prenylation site
of the INF2-CAAX isoform (34, 35). By high-speed pelleting as-
say, both INF2 constructs cause a slight increase in the amount of
actin recovered in the supernatant (Fig. 24 and SI Appendix, Fig.
S1C), suggestive of a shift in critical concentration due to INF2’s
effects on barbed end dynamics (36, 37). The degree of this shift is
similar for all actins tested and is <0.2 uM. As a control, poly-
merization of all actins in the presence of barbed end capping
protein results in a shift in supernatant actin to a value similar to
the pointed end critical concentration (Fig. 24 and SI Appendix,
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Fig. 2. K-to-Q mutant actins are polymerization-competent. (A) Quantification of actin concentration (pM) in supernatant from high-speed pelleting assays.
Actins were polymerized for 18 h at 23 °C (2 uM actin), then ultracentrifuged to separate polymerized actin (pellet) from monomeric actin (supernatant). Four
conditions were tested: actin alone (=), +20 nM INF2-FL (FL), +20 nM INF2-FFC (FFC), and +10 nM capping protein (CP). Sample gels are shown in S/ Appendix,
Fig. S1C. (B and C) Pyrene-actin polymerization assays of 2 pM actin alone (B) or +20 nM INF2-FL (C). Actin composition: 1.9 pM of the indicated actin +0.1 uM
pyrene-labeled RSK actin. (D) Time to half-maximum polymerization, measured from pyrene-actin curves similar to those in B and C and S/ Appendix, Fig. S1D.

Sec, seconds; A.U., arbitrary units.

Fig. S1C), suggesting that capping protein interaction is not fun-
damentally affected by the mutations.

By a pyrene-actin assay in the presence of INF2-FFC or INF2-
FL, all 3 actin mutants display a lower polymerization plateau
than WT p-actin or RSK-actin (Fig. 2C and SI Appendix, Fig.
S1D). This effect is similar to that found for actin alone, again
suggesting a change in pyrene-actin fluorescence rather than in
polymerization properties. In terms of polymerization rate, the
values for all mutants in the presence of INF2-FL are slightly
slower than those for WT p-actin or for RSK actin (Fig. 2D).

In summary, these analyses suggest that the f-actins produced
recombinantly have largely similar polymerization properties to
RSK-actin, both in the absence and the presence of INF2. The
minor differences in their polymerization rates in the presence of
INF2-FL do not account for the effects of specific mutants on
INF2-FL activity when in complex with CAP2, described next.

K50Q and K61Q Actin Are INF2 Inhibitors When in Complex with CAP2.
We assessed the ability of CAP-complexed p-actin mutants to
inhibit actin polymerization by INF2-FL. We previously we found
that purified CAP1 or CAP2 preparations from HEK293 cells,
containing approximately equimolar actin, are poor INF2 in-
hibitors. However, CAP became a potent INF2 inhibitor when
the bound actin (293A) was exchanged with certain types of actin
(mouse brain or chicken skeletal muscle actin), but not with
others (RSK-actin) (8). Here we used a similar approach to ex-
change WT-actin or K-to-Q f-actin mutants onto CAP2.
Exchange of CAP2/293A with either RSK-actin or any of the
recombinantly expressed p-actins results in similar CAP/actin
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ratios (SI Appendix, Fig. S24). We also examined the nucleotide
state of the bound actin before and after exchange. Purified CAP2/
actin contains both ATP and ADP, with ATP being ~65% of the
total (SI Appendix, Fig. S2B). Interestingly, the “mock” exchange
reaction, in which CAP2/actin is incubated with buffer containing
0.2 mM ATP, causes the ATP:ADP ratio to increase, suggesting
nucleotide exchange on the bound actin. Exchange with either
WT- or K50Q-actin results in a similar increase in ATP:ADP ratio
(SI Appendix, Fig. S2C).

We assessed the effects of exchanged CAP2/actin complexes on
actin polymerization by full-length INF2-nonCAAX in pyrene-actin
assays. At 1 pM CAP, the CAP/K50Q and CAP/K61Q complexes
display strong inhibition of INF2 activity (Fig. 34). In contrast,
the CAP/K328Q, CAP/WT, CAP/RSK, and CAP/293A complexes
display much less inhibition. Concentration curves show that CAP/
K50Q has an ICsy of 212 nM, while CAP/K61Q has an approxi-
mate ICsq of 770 nM and does not reach an inhibition plateau at
the highest concentration tested (Fig. 3B). The other constructs
display minimal inhibition at all concentrations tested (Fig. 3B).

We tested the specificity of this CAP/actin inhibition for full-
length INF2 in 2 ways. First, we examined the effects of the CAP/
actin complexes on polymerization of actin alone. At 1 pM CAP,
all complexes slightly accelerate actin polymerization (Fig. 3C),
similar to our past results on CAP/actin complexes (8). Next, we
examined the effects of CAP/actin complexes on actin polymeri-
zation acceleration by INF2-FFC, which lacks the N-terminal DID
(Fig. 14). At 1 pM CAP, none of the complexes affect INF2-FFC
activity (Fig. 3D).

PNAS | January 7,2020 | vol. 117 | no.1 | 441

CELL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914072117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914072117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914072117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914072117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914072117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914072117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914072117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914072117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914072117/-/DCSupplemental

A‘ B INF2-FL
3 .f
> 14 +CAP/RSKA
3 I +CAP/WT
3 12l +CAP/K328Q
S i +CAP/K61Q
3 10}
® i Actin alone
o 8l
@a I
<
S 6
[ L

4 ! L L L

0 400 800 1200 1600
Time (s)

18 CAPWT
= +
2 6f
= +CAP/RSKA
2 4L +CAP/K328Q
5 12| |+CAP/K61Q
£
8 10} _Actin alone
=
2 sf
[
g of
w

4 L L L L L
0 1000 2000 3000 4000 5000 6000
Time (s)

m

300 | FL

250

200

150

100

Fluorescence intensity (A.U.)

Actin
800 1200 1600 2000 2400
Time(s)

50

w

25 —
INF2-FL alone
20| s
2
Z 45| +CAP/RSKA
g +CAP/WT
2 +CAP/K328Q
& 10F +CAP/K61Q
[T
4
)
Actin

0 ' ! ! L ! i
-200 0 200 400 600 800 1000
CAP concentration (nM)

5 INF2-FL
J20 +CAP/328Q
2 +CAP/K61Q
216 +CAP/WT
2 & +CAP/RSKA
® 7 '
e 128 Actin alone
[} | |
2 |F
o gl#
g | ]
2 |
4 |1 L L
0 500 1000 1500 2000
Time (s)
120 - @ INF2-FL 1
100 | g
2
2 80| i
|8
@
i. 60 |- i
N
L 40} i
z
20 | g

20 0 20 40 60 80 100
K50Q percentage

Fig. 3. p-actin mutants K50Q and K61Q, when bound to CAP2, inhibit INF2-mediated actin polymerization in biochemical assays. (A) Pyrene-actin poly-
merization assays (2 pM RSK-actin, 5% pyrene-labeled) containing 20 nM INF2-FL and 1 uM of the indicated CAP/actin complex. (B) Concentration curves of
CAP/actin inhibition of INF2-FL polymerization activity, from assays similar to panel A. Polymerization activity of actin alone (black) and with INF2-FL (brown)
shown to left of the curves. (C) Pyrene-actin polymerization assays of actin alone (2 pM RSK-actin, 5% pyrene-labeled) or in the presence of 1 uM of the
indicated CAP/actin complex. (D) Pyrene-actin polymerization assays (2 uM RSK-actin, 5% pyrene-labeled) with 20 nM INF2-FFC and 1 uM of the indicated CAP/
actin complex. (E) Pyrene-actin polymerization assays similar to those in D, in which varying ratios of K50Q:WT-p-actin were exchanged onto CAP2, then
assayed for inhibition of INF2-FL. The percentages listed represent the percentage of K50Q-actin in the exchange reaction. Concentrations in pyrene-actin
assays: 2 pM RSK-actin (5% pyrene), 20 nM INF2-FL, and 1 pM CAP/actin. (F) Graph of INF2-FL activity in the presence of 1 uM CAP/actin as a function of percent
K50Q-actin in exchange reactions, from data similar to those in E. A.U., arbitrary units.

Finally, we asked whether increasing the percentage of K50Q-
actin to WT-actin in the CAP/actin complex caused a progres-
sive change in INF2 inhibition, by altering the K50Q:WT ratio in
exchange reactions. Increasing the KS0Q:WT percentage causes
a progressive increase in INF2 inhibition (Fig. 3 E and F). Since
the amount of actin bound to CAP is not different between K50Q-
and WT-actin exchanged CAP (SI Appendix, Fig. S2A), this sug-
gests that an increased proportion of Ac-actin bound to CAP in-
creases inhibitory potency.

These results suggest that the K50Q and K61Q actin mutants,
when complexed with CAP2, act as potent inhibitors of INF2
activity, presumably by acting as acetylation mimics. This inhibition
requires INF2’s DID, suggesting that the CAP/actin complexes aid
INF2 autoinhibition. In contrast, the K328Q mutant is a poor actin
inhibitor.

We also attempted to load a previously described C-terminal
construct of CAP1 (15), containing the WH2 motif and the CARP
domain, with ATP-actin. Interestingly, while full-length CAP2 can
remain stably bound to ATP-actin, we obtain only ~15% binding
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of ATP-actin to CAP1-Cterm for RSK-actin, WT-, or K50Q-
B-actin (SI Appendix, Fig. S2D). This result agrees with previous
studies showing low affinity of this construct for ATP-actin (15).

Acetyl-Mimetic Actin Mutants Inhibit INF2-Mediated Actin Polymerization
in Cells. To test the effect of K-to-Q mutant actins in cells, we
constructed a bis-cistronic vector coexpressing untagged p-actin
along with mCherry (Fig. 44). We transiently transfected this
actin/mCherry vector into U20S cells, along with a vector
expressing GFP-F-tractin, an actin filament probe. We then
assessed cytosolic actin filament levels induced by ionomycin
stimulation, which we and others have previously shown to be
INF2-dependent (38-41). We imaged the cells in a medial
z-section, to avoid abundant basal actin structures. In control
cells without the actin/mCherry vector or expressing mCherry
alone, ionomycin causes a transient increase in cytoplasmic
actin filaments, as detected by an increase in filamentous GFP-
F-tractin (SI Appendix, Fig. S3 A and B). Cells expressing WT-
or K328Q-actin display a similar ionomycin-induced actin burst

Aetal.
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Fig. 4. B-actin K50Q and K61Q mutants inhibit the calcium-induced actin burst
in U20S cells. (A) Schematic of mammalian expression construct coexpressing
B-actin (untagged) and mCherry. (B) Micrographs of calcium-induced actin burst
for cells expressing 4 p-actin constructs: WT, K61Q, K50Q, and K328Q. U20S
cells were cotransfected with the p-actin/mCherry expression plasmid along
with a plasmid containing GFP-F-tractin (to label actin filaments). Live cells were
imaged for GFP and mCherry before and during stimulation with ionomycin
(4 uM in serum-containing medium). The micrographs at left are full-field views
of GFP and mCherry, and those in the center are zoom-in views of GFP-F-tractin
at 3 time points of ionomycin stimulation (0, 1, and 5 min) for 2 cells in the field:
an mCherry-expressing cell (Top) and a cell not expressing detectable mCherry
(Bottom). At the right is a differential heat map showing the ratio of the actin
signal at 1 min to the signal at 0 min (red/yellow colors denote a higher 1 min:0 min
ratio). (Scale bars: 25 pm at left and 10 um in the zoom-in views). (C)
Quantification of the ionomycin-induced actin burst for cells expressing WT
B-actin, K50Q p-actin, K61Q p-actin, and K328Q p-actin, compared with cells not
expressing an actin/mCherry construct (untransfected). Results are from 3 ex-
periments, with a total of 17 untransfected, 38 WT, 42 K61Q, 29 K50Q, and 34
K328Q cells analyzed. (D) Quantification of the CCCP-induced actin burst for
cells transfected with the mCherry vector with no actin (vector/CCCP, black, 61
cells), the mCherry/WT-actin vector (WT-actin/CCCP, green, 71 cells), or the
mCherry/K50Q-actin vector (K50Q-actin/CCCP, red, 72 cells). Mock-stimulation
of mCherry/no actin-transfected cells (Vector/DMSO, blue, 40 cells) shown for
comparison. Results are from 3 independent experiments.

(Fig. 4 B and C). In contrast, cells expressing the K50Q or
K61Q mutants display greatly reduced responses to ionomycin
(Fig. 4 B and C). These results suggest that acetylation at K50
or K61 is sufficient for potent INF2 inhibition in cells.

Aetal.

To test whether the actin mutants affect other types of stimulus-
induced actin polymerization, we examined U20S response to
the mitochondrial uncoupler CCCP, which induces a rapid and
transient actin polymerization burst around mitochondria that
is INF2-independent (42). Expression of either WT-actin or
K50Q-actin construct in U20S cells does not affect the CCCP-
induced actin burst (Fig. 4D and SI Appendix, Fig. S3C). This
result suggests that the effect of the KS0Q mutant on ionomycin-
induced actin polymerization is INF2-specific, not an effect on
actin polymerization in general.

We conducted additional experiments to test the validity of
the actin expression system. To test the effect of exogenous actin
expression on overall actin protein levels, we sorted transfected
cells for low and high mCherry expression by flow cytometry and
then conducted Western blot analysis for actin, mCherry, and
calnexin (loading control). None of the actin/mCherry vectors
causes an increase in the actin:calnexin ratio in either the low- or
high-mCherry pools (SI Appendix, Fig. S4 A and B), suggesting
that the level of exogenous actin is well below that of the total
cellular actin pool.

We next assessed the possibility that expression of actin mutants
changes overall actin filament distribution, by analyzing fixed cells
stained with fluorescein isothiocyanate (FITC)-phalloidin. Visual
examination of either the basal region or a medial region shows
no major differences in FITC staining between transfected and
untransfected cells for any of the constructs (SI Appendix, Fig.
S4C). We also examined the levels of GFP-F-tractin and mCherry
expressed in the cells used for live-cell analysis of ionomycin re-
sponse. None of the constructs displayed aberrantly high expres-
sion of F-tractin or mCherry (SI Appendix, Fig. S4 D and E),
suggesting that effects of the K50Q and K61Q constructs are
not due to overexpression of these constructs. In fact, mCherry
expression levels are consistently lower in the K50Q mutant-
expressing cells compared with the other samples. Finally, we
examined the effect of F-tractin expression level on the ionomycin-
induced actin burst response and found a linear relationship be-
tween initial F-tractin intensity and peak ionomycin-induced
F-tractin intensity (SI Appendix, Fig. S4F). Since F-tractin levels
are similar among the constructs tested, this result shows that the
system is not saturated for F-tractin.

Our overall conclusion is that 2 actin mutants, K50Q and
K61Q, significantly compromise INF2 activation in U20S cells.
In contrast, K328Q has little effect on INF2 activation.

Direct-Binding Studies Suggest That the CAP-WH2 Domain Binds INF2-
DID and CAP/Ac-Actin Binds INF2-DAD. We used fluorescence an-
isotropy to examine binding between the WH2 motifs of CAP1 or
CAP2 (SI Appendix, Fig. S5A) with both WT and K50Q p-actin
monomers, as well as with INF2’s DID-containing N-terminal re-
gion. In parallel, we conducted similar binding studies for INF2’s
DAD-containing C-terminal region. A schematic of the interac-
tions tested here is provided in Fig. 54.

Similar to previous results using muscle actin (6, 7), INF2-Cterm
binds both WT-actin and K50Q-actin with K4*PP values of 78 nM
and 63 nM, respectively (Fig. 5B). In contrast, neither CAP1-WH2
nor CAP2-WH?2 binds RSK-actin or WT-actin with sufficient af-
finity to determine an accurate dissociation constant, with estimated
KPP values of 10, 16, 25, and 22 pM, respectively (Fig. 5C and S/
Appendix, Fig. S5B). Interestingly, the WH2 motifs from both CAP
proteins display no detectable binding to K50Q-actin (Fig. 5C and
SI Appendix, Fig. S5B).

We previously showed that INF2-Cterm displays moderate
affinity for CAP/actin (8). To test whether actin acetylation
affects this interaction, we conducted anisotropy experiments
for INF2-Cterm with either CAP/WT-actin or CAP/K50Q-actin.
Interestingly, the affinity increases by ~5-fold with K50Q-actin
(Fig. 5D; K4P of 1,066 nM for CAP/WT-actin and 211 nM for
CAP/K50Q-actin).
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Fig. 5. CAP’s WH2 binds INF2 DID, while INF2’s DAD binds CAP/KAc-actin. (A) Schematic of binding interactions measured in B-F, showing bars for INF2 (top
bar) and CAP (bottom bars) and a purple square for actin. (B—F) Fluorescence anisotropy measurements using TAMRA-INF2-Cterm (50 nM) or FITC-CAP2-WH?2
(100 nM). (B) Interaction between INF2-Cterm and WT-B-actin (black) or K50Q-p-actin (blue). (C) Interaction between CAP2-WH2 and RSK-actin (green), WT-
p-actin (black) or K50Q-p-actin (blue). CAP1-WH2 results are presented in S/ Appendix, Fig. S5B. (D) Interaction between INF2-Cterm and CAP/WT-B-actin
(black) or CAP/K50Q-p-actin (blue) complex. (E) Interaction between CAP2-WH2 and INF2-Nterm (black) or INF2-A149D-Nterm (blue). CAP1-WH2 results are
presented in S/ Appendix, Fig. S5C. (F) Interaction between INF2-Cterm (right) and INF2-Nterm (black) or INF2-A149D-Nterm (blue). All anisotropy values are in

milli-anisotropy units.

Finally, we tested the possibility that CAP-WH2 might interact
with INF2-DID. Interestingly, both CAP1-WH2 and CAP2-WH2
display significant affinity for the N-terminal region of INF2 (Fig.
SE and SI Appendix, Fig. S5C), with K4*"P of 480 nM and 390 nM,
respectively. We have previously shown that the A149D mutation
in INF2-DID, which is analogous to a mutant that disrupts DID/
DAD binding in mDial, causes constitutive activation of INF2 in
cells (6, 8). Interestingly, both CAP1-WH2 and CAP2-WH2 display
reduced affinity for A149D-mutant INF2-DID (K4 of 1,723 nM
and 1,148 nM, respectively). In contrast, INF2-Cterm displays low
affinity for both WT- and A419D-INF2-Nterm (estimated K4*"P of
22 and 18 pM respectively; Fig. 5F), similar to previous findings (3).

CAP1 and CAP2 Are Present in Excess Over INF2 in U20S Cells. We
used quantitative Western blot analysis to determine levels of CAP1,
CAP2, and INF2 in U20S cells (SI Appendix, Fig. S6). We first
raised polyclonal antibodies against bacterially expressed human
CAP1 and CAP2 and then determined the specificity of the anti-
bodies against their respective CAP-GFP purified from HEK293
cells. Anti-CAP2 displays no observable cross-reactivity to CAP1 at
the protein amounts tested, whereas anti-CAP1 displays weak CAP2
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cross-reactivity, ~30-fold less than that of CAP1 from band densi-
ties. Interestingly, the band of untagged CAP in both the CAP1-
GFP and CAP2-GFP preparations appears to be predominately
CAP1, since it is detected by anti-CAP1 but not by anti-CAP2.
We determined a linear range of detection for purified CAP1-
GFP, CAP2-GFP, and GFP-INF2-nonCAAX using anti-INF2
raised previously (35) in the presence of fixed concentrations of
U20S cell extract. We then used U20S extracts of well-defined
cell and protein concentrations to analyze CAP1, CAP2, and INF2
signal intensity in the linear detection range. Both CAP1-GFP and
CAP2-GFP display doublet bands on Western blot analysis, and
we used both bands for quantification. From extracts, CAP2 runs
as a doublet, and we used the lower band for guantlﬁcatlon
U20S cells contain 7.95 x 10°% 4.44 x 10°, and 8.79 x 10*
molecules/cell of CAP1, CAP2, and INF2, respectwely (Table 1).
From the same extract, the total actin concentration is 1.96 x 10°
molecules/cell (Table 1), similar to that determined previously
(43). To estimate cytoplasmic concentrations, we used cell and
organelle volumes determined from an in-depth lattice light
sheet study of Cos7 cells (44), with the resulting cytoplasmic
volume (3.14 pL) approximating that determined for NIH 3T3
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cells (2.26 pL) using different methods (45). These estimates are
provided in Table 1. Overall, CAP1 and CAP2 are ~90-fold and
5-fold more abundant, respectively, than INF2 in U20S cells.

Discussion

This study makes several advances in understanding the mecha-
nism of INF2 regulation by CAP/KAc-actin. First, we show that
acetyl-mimetic mutants of 2 residues, K50 and K61, confer in-
hibitory activity to f-actin when coupled to CAP both in bio-
chemical assays and in cells. Second, we provide evidence that the
DID of INF2 does not engage in an autoinhibitory interaction with
its DAD but binds the WH2 of CAP, while INF2-DAD binds at
another site on the CAP/KAc-actin complex in a manner influ-
enced by actin acetylation. These findings support a bridge model
for INF2 inhibition (Fig. 1D).

We purified recombinant p-actin as well as 3 mutants—K50Q,
K61Q, and K328Q—for biochemical assays. The positions of these
3 residues suggest that the mutations do not affect the basic po-
lymerization properties of actin. Indeed, the critical concentrations
of all p-actins made here appear similar to those of RSK-actin,
while there are minor differences in polymerization kinetics. Most
importantly, all of the mutant actins are efficiently polymerized
by INF2, suggesting that acetylated actin alone is not an INF2
inhibitor.

When in complex with CAP2, 2 acetyl-mimetic mutants, KS0Q
and K61Q, inhibit INF2 with significantly higher potency than
WrT-actin. The inhibition potency of CAP2/K50Q-actin (ICsq of
212 nM) is comparable to that of the inhibitory CAP/actin com-
plexes that we identified previously, CAP2/brain actin and CAP2/
chicken muscle actin, with ICsq values of 54 nM and 254 nM, re-
spectively. CAP2/K61Q-actin is not as potent, with an estimated
ICs¢ of 772 nM. In contrast, CAP2/K328Q-actin displays negligible
INF2 inhibitory activity.

These results suggest that acetylation in subdomain 2 of the
actin monomer is key to INF2 inhibition. K50 is in the “D-loop”,
which is unstructured in many actin structures, whereas K61 is
in a helical region. Both residues face away from CAP in the
CARP/actin crystal structure (Fig. 1C). Intriguingly, this region
of subdomain 2 gets pulled back toward CARP (12), further
exposing these residues (Fig. 1C).

This study represents an initial mechanistic evaluation of actin
acetylation effects and, as such, raises interesting questions.
First, might dual acetylation of K50 and K61 increase INF2 in-
hibition, as suggested for K326 and K328 acetylation in Dro-
sophila flight muscle (26)? Second, how does actin acetylation
interface with other actin posttranslational modifications? In-
terestingly, K50 and K61 reside near M44 and M47, which are
substrates for MICAL-mediated oxidation (46). Third, do
other acetylated lysines play roles in INF2 regulation? We have
previously identified several other acetylated lysines (8), and a
number of additional acetylation sites have been identified in
proteomic screens (24).

As an aside, both INF2 full-length and INF2-FFC do increase
the apparent critical concentration slightly for all actins tested.
This change might reflect INF2’s severing/depolymerization ability

Table 1. Concentrations of CAP1, CAP2, INF2, and actin in
U20S cells
Molecules/cell, x10°, Cytoplasmic

Protein mean + SD concentration, pM N
CAP1 7.95 + 1.23 4.21 8
CAP2 0.444 + 0.089 0.24 6
INF2 0.0879 + 0.0105 0.05 6
Actin 196 + 12 104.00 6

Concentrations reflect CAP and INF2 monomers.

Aetal.

(7, 36, 37) or the relative effects of the FH2 on on-rate and off-rate
at the barbed end, which vary between formins (47-50). We have
previously found that INF2-FFC slows barbed end elongation by
~60% (37).

Actin binding by full-length CAP reveals several interesting
features. First, full-length CAP2 can bind ATP-actin with high
affinity, since significant ATP-actin remains on CAP after exten-
sive purification in nucleotide-free buffer. Given that previous
results have shown the CARP domain to have much higher affinity
for ADP-actin than for ATP-actin (11-13), this result is surprising
and suggests that the full-length protein varies somewhat. The
WH?2 motif is not the major ATP-actin binder, since it has low
affinity for ATP-actin (Fig. 5). However, the situation might be
different in the context of the full-length CAP. Second, full-length
CAP2 can allow nucleotide exchange on the bound actin without
causing its release. Third, ATP-actin can replace bound actin on
CAP2. In view of the fact that the “mock” exchange reactions do
not result in loss of actin from CAP2, this result raises interesting
questions as to how this exchange takes place.

The present work also provides insight into the relevant inter-
actions regulating INF2 activity. Two pieces of evidence suggest
that INF2-DAD binds primarily to actin in the CAP/actin complex
in a manner enhanced by actin acetylation. First, INF2-Cterm
binds actin monomers with much higher affinity than it binds
INF2-DID. While INF2’s DID/DAD interaction would be signif-
icantly enhanced by their presence in the same polypeptide, the
high affinity of INF2-DAD for actin disfavors DID/DAD inter-
action even in the full-length protein (6). Second, INF2-Cterm
binds CAP/K50Q-actin with 5-fold higher affinity than CAP/WT-
actin. We propose that INF2-DAD binds actin in an analogous
manner to established WH2/actin interactions (5). We also
hypothesize that the acetylated actin residues are not part of
the binding interface, but that their acetylation results in confor-
mational changes that enhance WH2 binding. Given their relative
affinities for DAD, free actin monomers would be expected to
outcompete CAP/K50Q-actin; however, the high concentration of
profilin in mammalian cells reduces free actin levels substantially.

Our data also suggest that the relevant interaction of INF2-DID
is with CAP-WH2, based on the following data. First, both CAP1-
WH2 and CAP2-WH?2 bind the DID-containing INF2-Nterm with
submicromolar affinity, which is appreciably tighter than INF2’s
own DID/DAD interaction. Second, neither WH2 motif binds
actin monomers with appreciable affinity, and binding to K50Q-
actin is undetectable. While it has been shown that actin monomer
binding by the WH2 motif might be relevant for CAP’s other
biochemical functions (11-13), the lack of binding to K50Q-actin
makes it unlikely to interact with actin in INF2 regulation.

Based on these results, we propose that CAP/KAc-actin inhibits
INF2 by serving as a bridge between INF2-DID and INF2-DAD/
WH2 (Fig. 1D), rather than as a facilitator of INF2’s DID/DAD
interaction. KAc-actin is likely bound to CAP’s CARP domain,
since the HFD appears to bind only cofilin-bound actin monomers
(15-18). One interesting structural feature is that CAP’s CARP
forms a back-to-back dimer with actins on the outer surfaces (12),
so that a 2:2 complex of CARP with KAc-actin might inhibit 1
INF2 dimer (8). Another interesting feature is that the N-terminal
region of CAP has been shown to hexamerize (9, 10). Our previous
studies (8) suggested that both purified human CAP1 and CAP2
form hexameric complexes, raising the possibility that 3 INF2 di-
mers could be inhibited by 1 CAP hexamer bound to 6 acetylated
actins. However, our fractionation results from mouse brain sug-
gest that smaller CAP-containing complexes might also exist
(8), so the stoichiometry of the inhibitory complex in cells re-
mains to be determined.

In our model, INF2 activation would occur through HDAC6-
mediated deacetylation of lysines in subdomain 2, which would
weaken the affinity of INF2-DAD for actin in the CAP/actin
complex. Our proposal that the acetylated lysines do not form
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part of the DAD-binding interface would allow for HDAC6
access to the acetylated groups, resulting in the rapid stimulus-
induced INF2 activation that we observe in cells (8, 41). The fate
of the CAP/actin complex after deacetylation is interesting to
consider. The complex could remain bound to INF2-DID and
influence INF2’s activity on actin in a positive manner, possibly
by directing ATP-bound actin monomers to FH1-bound profilin.

Our work here focuses on the INF2-nonCAAX splice variant,
which is predominantly cytosolic. It is likely, however, that the ER-
bound INF2-CAAX variant is subject to similar regulation because
it is strongly inhibited in cells, similar to INF2-nonCAAX (6, 38,
40, 41). In addition, HDACS6 inhibition blocks the mitochondrial
calcium increase that occurs downstream of both histamine and
ionomycin stimulation in U20S cells (8), an effect dependent on
INF2-CAAX (41).

Finally, we show that the cellular concentrations of CAP1 and
CAP2 are in excess to that of INF2. These results suggest that
CAP is in sufficient excess to inhibit INF2, in addition to its other
cellular roles (14). CAP1 is nearly 20-fold more abundant than
CAP2 in U20S cells, so is likely the primary regulator of INF2 in
this cell type. One question is how CAP’s role in INF2 regulation is
balanced with its other cellular roles. In addition, it will be im-
portant to determine the differential roles of CAP1 and CAP2
in INF2 regulation, as well as their own regulatory mechanisms.
CAP1 has known phosphorylation sites just N-terminal to the
CARP domain (51) that have been shown to influence its cel-
lular effects, and CAP2 has sites that are possibly analogous. It
is interesting that CAP2 consistently runs as a doublet both
from cell lysates and as the purified protein, possibly due to
posttranslational modification.

Materials and Methods

Plasmids. Human INF2 full-length nonCAAX and CAP2 constructs have been
described previously (8). For the actin purification construct, the entire hu-
man WT p-actin-thymosin p4-6xHis tag cDNA (including stop codon 3’ to
6xHis) was PCR-amplified from an expression plasmid designed for insect
cells (a gift from Kathy Trybus) and subcloned into Xho1/EcoR1 sites of the
eGFP-N1 vector (Clontech). For bis-cistronic p-actin expression plasmid, hu-
man WT B-actin alone was PCR- amplified from the Trybus f-actin expression
plasmid and cloned into Xho1/EcoR1 sites of PICherryNeo (Addgene; 52119).
For bacterial expression, CAP1 and CAP2 WH2 motifs (amino acids 247 to 292
and 254 to 297, respectively) were PCR-amplified from human CAP1 and
CAP2 ¢cDNA (NovoPro; 710829-5 [NM-006367] and 710470-11 [NM-006366])
and subcloned into BamH1/EcoR1 sites of pGEX-KT (52) with the HRV3C
protease site introduced between the GST tag and WH2 motif. Human INF2-
CAAX C-term (amino acids 941 to 1,249) and DID-containing construct
(amino acids 1 to 420) described previously (6). GFP-F-tractin plasmid has
been described previously (41).

Protein Expression, Purification, and Labeling. Rabbit skeletal muscle actin
was purified from acetone powder (53) and labeled with pyrenyliodoacetamide
(54). Both labeled and unlabeled actin gel-filtered on Superdex 75 16/60 col-
umns (GE Healthcare) and stored in G buffer (2 mM Tris-HCI pH 8, 0.5 mM DTT,
0.2 mM ATP, 0.1 mM CacCl,, and 0.01% wt/vol sodium azide) at 4 °C. Ex-
pression and purification of INF2-FL non-CAAX, CAP1-GFP, and CAP2-GFP
in Expi293-F cells (Thermo Fisher Scientific; A14527) was described pre-
viously (8) and is described in detail in S/ Appendix. For recombinant
B-actin expression and purification in Expi293-F cells, previously described
methods (30, 31) were adapted, as described in detail in S/ Appendix.
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Protein expression and purification of INF2-Nterm, INF2 C-term, and the
GST-fusion of human CAP1-Cterm from Escherichia coli have been described
previously (6, 12). Labeling of INF2-Cterm with tetramethylrhodamine-
succinimide (Molecular Probes; C1171) as described previously (6). Label-
ing of CAP1-WH2 and CAP2-WH2 with FITC-maleimide (Thermo Fisher
Scientific; 62245) is described in S/ Appendix.

Antibodies. CAP1 and CAP2 rabbit polyclonal against GST-human CAP1 and
GST-human CAP2 were produced by Cocalico Biologicals. Antibodies were
affinity-purified using the GST-fusion proteins attached to SulfoLink (Thermo
Fisher Scientific; 20404) in the presence of 10 mg/mL GST, eluted in 200 mM
glycine-HCI pH 1.9, then dialyzed into PBS. Anti-actin (mouse monoclonal,
clone C4; EMD Millipore; MAB1501), anti-calnexin (rabbit monoclonal; Cell
Signaling; 2679), anti-mCherry (rat monoclonal; Invitrogen; M11217). Anti-
INF2 rabbit polyclonal has been described previously (35). Secondary anti-
bodies were IRDye 680RD goat anti-mouse (LiCor; 926-68070), and IRDye
800CW goat anti-rabbit (LiCor; 926-32211).

Actin Biochemical Assays. Pyrene actin polymerization assay and high-speed
sedimentation assay are described in detail in S/ Appendix. Actin exchange
onto CAP was described previously (8) and in S/ Appendix. Fluorescence
anisotropy measurements have been described previously (6) and in detail in
SI Appendix. The units reported here are milli-anisotropy units. For CAP/actin
nucleotide content analysis, CAP2/293A was loaded on Strep-Tactin beads
and then incubated in G-buffer alone (containing 0.2 mM ATP) or in G-buffer
containing the indicated actin overnight at 4 °C with end-over-end rotation.
Beads were washed with 20 CV of G-buffer and then 20 CV of K50MEHD
(10 mM Hepes pH 7.4, 50 mM KCl, 1 mM MgCl,, 1 mM EGTA, and 1 mM DTT),
followed by elution with KSOMEHD containing 2.5 mM dethiobiotin. Samples
were balanced for CAP2 protein mass by Coomassie-stained SDS/PAGE gel and
then boiled for 7 min. Protein was removed by centrifugation at 13,000 x g for
5 min, after which supernatant was loaded onto 1 mL of SourceQ, followed by
salt gradient (0-150 mM NaCl, 10 mM Tris pH 8.0) elution. Unexchanged
samples were in KSOMEHD and were never exposed to ATP during purification
or mock exchange.

Cellular Assays. Live-cell and fixed-cell imaging methods have been described
in detail previously (41, 42) and are explained in S/ Appendix. Flow cytometry
and quantification of CAP1, CAP2, INF2, and actin levels from U20S cell
extracts are described in detail in S/ Appendix. Cytosolic concentrations were
estimated using a cytoplasmic volume calculated for Cos7 cells obtained
from (44) except for the nuclear volume, which was provided by Sarah
Cohen (University of North Carolina at Chapel Hill).

Statistical Analysis. Errors (as SEM, except for Table 1, in which they are SD)
were calculated using Microsoft Excel, version 2007 or 2010. Binding curves
were fit and dissociation constants (Kq4) were calculated using KaleidaGraph
4.5.3. Linear standard curves were fit using Microsoft Excel, version 2007
or 2010.

Data Availability. All data are available in the manuscript and SI Appendix.
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