Single-molecule imaging of IQGAP1 regulating

actin filament dynamics
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ABSTRACT IQGAP is a conserved family of actin-binding proteins with essential roles in cell
motility, cytokinesis, and cell adhesion, yet there remains a limited understanding of how
IQGAP proteins directly influence actin filament dynamics. To close this gap, we used single-
molecule and single-filament total internal reflection fluorescence microscopy to observe
IQGAP regulating actin dynamics in real time. To our knowledge, this is the first study to do
so. Our results demonstrate that full-length human IQGAP1 forms dimers that stably bind to
actin filament sides and transiently cap barbed ends. These interactions organize filaments
into thin bundles, suppress barbed end growth, and inhibit filament disassembly. Surprisingly,
each activity depends on distinct combinations of IQGAP1 domains and/or dimerization, sug-
gesting that different mechanisms underlie each functional effect on actin. These observa-
tions have important implications for how IQGAP functions as an actin regulator in vivo and
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how it may be regulated in different biological settings.

INTRODUCTION

IQGAP is a large multidomain actin-binding protein that is con-
served across the animal and fungal kingdoms (Shannon, 2012) and
plays crucial roles in cytokinesis, cell migration, phagocytosis, and
cell adhesion (Kuroda et al., 1996; Epp and Chant, 1997; Mataraza
et al., 2003; Wu et al., 2003). The founding member of this protein
family, human IQGAP1, was identified in 1994 and named based on
its sequence similarity to GTPase-activating protein (GAP) proteins
(Weissbach et al., 1994). Subsequently, IQGAP1 was shown to inter-
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act with Cdc42 and Rac1 but was found to lack GAP activity. Instead,
IQGAP1 stabilizes Cdc42 in its active GTP-bound form (Hart et al.,
1996; Kuroda et al., 1996). Mammals have three IQGAP genes
(IQGAP1-3), with IQGAP1 being the best characterized (Hedman
et al., 2015). IQGAP1 functions directly downstream of Cdc42 and
Rac1 at the leading edge and is required for polarized cell migration
and proper lamellipodial protrusion dynamics (Hart et al., 1996;
Kuroda et al., 1996). Up-regulated IQGAP1 expression promotes
motility (Mataraza et al., 2003) and is associated with aggressive
cancers and tumorigenesis (Dong et al., 2006; Jadeski et al., 2008;
White et al., 2009).

IQGAP1 is often referred to and/or depicted as a “scaffold” pro-
tein because it associates with a number of different cytoskeletal
regulatory proteins, including N-WASP, adenomatous polyposis coli
(APC), CLIP-170, CLASP, and the formin Dial (Figure 1A) (Fukata
et al., 2002; Watanabe et al., 2004; Brandt et al., 2007; Le Clainche
et al., 2007). However, IQGAP1 also directly binds to actin filaments
(Bashour et al., 1997; Fukata et al., 1997; Pelikan-Conchaudron
et al., 2011). Thus, a key step in understanding how IQGAP1 func-
tions in vivo is to precisely define the kinetics of its associations with
actin filaments and its direct regulatory effects on actin filament dy-
namics. To date, only a single study has investigated the in vitro ef-
fects of an IQGAP protein on actin filament dynamics, in which bulk
pyrene-actin assembly assays were used to show that IQGAP1 slows
barbed end growth and stabilizes filaments (Pelikan-Conchaudron
et al., 2011). This has left many open questions about IQGAP’s ac-
tivities and mechanism, which can be difficult to answer using bulk
assays due to their inherent limitations. While bulk assays have been
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used extensively to quantify the effects of actin-binding proteins,
they are sometimes not as effective as direct observation in distin-
guishing between effects on filament nucleation versus elongation,
or between effects from severing versus depolymerization in fila-
ment disassembly assays. Further, bulk assays report on the collec-
tive behavior of the entire filament population, averaged, and thus
are unable to resolve two or more simultaneous, distinct effects on
actin. For instance, the VCA domain of WAVE1 enhances Arp2/3
complex-dependent actin nucleation activity but also reduces the
barbed end elongation rate (independently of its interactions with
Arp2/3 complex), and these two effects offset each other in bulk
assays but are readily distinguishable in total internal reflection fluo-
rescence (TIRF) assays (Sweeney et al., 2015).

Here, we have overcome these limitations by using TIRF micros-
copy to observe the effects of human IQGAP1 on the dynamics of
individual actin filaments and to monitor single molecules of
IQGAP1 interacting with filaments in real time (Smith et al., 2014;
Shekhar and Carlier, 2016). Our results show that full-length IQGAP1
forms dimers that tightly associate with filament sides and 1) tran-
siently cap barbed ends to pause filament growth, 2) organize fila-
ments into thin bundles, and 3) stabilize filaments against depoly-
merization. Further, we assign roles for the N- and C-terminal
actin-binding halves of IQGAP1 in these activities and provide ad-
ditional evidence for distinct mechanisms underlying each regula-
tory effect on actin. Overall, our results confirm the major conclu-
sions from previous bulk studies but also provide a number of new
mechanistic insights into how IQGAP family proteins directly influ-
ence actin filament dynamics and spatial organization, with impor-
tant implications for IQGAP in vivo functions and regulation.

RESULTS

IQGAP1 transiently caps barbed ends of actin filaments

We initiated our investigation by directly observing the effects of
purified human IQGAP1 on actin filament barbed end growth using
conventional open-flow TIRF assays. Oregon green (OG)-labeled
actin filaments were polymerized in open-flow TIRF chambers and
sparsely tethered by incorporation of a low percentage of biotin-
actin subunits (Figure 1B). Monitoring polymerization allowed us to
identify the fast-growing barbed ends and measure their rate of
growth. In control reactions, barbed ends grew at 7.4 + 1.8 subunits
s uM-" (Figure 1C), consistent with previous studies (Breitsprecher
et al., 2012; Alioto et al., 2016). The addition of nanomolar concen-
trations of full-length IQGAP1 led to fewer and shorter filaments in
the fields of view (FOVs) (Figure 1B and Supplemental Video 1), ex-
hibiting a concentration-dependent reduction in barbed end growth
rate (Figure 1C). These effects were potent, as 80 nM IQGAP1 was
sufficient to strongly inhibit elongation (1.0 + 0.7 subunit s uM-").
We attribute the reduced number of actin filaments per FOV to the
inhibitory effects of IQGAP1 on elongation because it offers the sim-
plest explanation. Alternatively, IQGAP1 could suppress spontane-
ous actin nucleation, but this seems less likely given that there is no
evidence for IQGAP1 binding G-actin.

To better understand the mechanism of barbed end inhibition,
we generated traces of filament length over time, focusing on reac-
tions containing 20 nM IQGAP1, which exhibited an intermediate
level of inhibition (Figure 1D and Supplemental Figure S1A). Our
reasoning was that these reactions would give us the best chance of
detecting potential pauses in growth (capping events). This analysis
revealed alternating phases of growth and no growth at filament
barbed ends, suggesting that IQGAP1 transiently blocks barbed
end growth rather than persistently slowing growth. Consistent with
this hypothesis, the barbed end growth rate that occurred between
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pauses was the same as the growth rate throughout control reac-
tions lacking IQGAP1 (Supplemental Figure S1B). Direct observa-
tion of filaments in real time was essential to uncovering the tran-
sient capping activity.

To determine the off rate of IQGAP1 from barbed ends, we mea-
sured the durations of the pauses in growth induced by IQGAP1 (ex-
ample blue traces, Figure 1D). Control reactions showed much
shorter interruptions (86.3% were <10's; average 5.1 s), which are due
to the inherent noise in the assay (see Materials and Methods) (ex-
ample control traces in gray, Figure 1D). Therefore, we excluded in-
terruptions of <10 s in our analysis of pauses induced by IQGAP1.
This analysis yielded an off rate of 0.039 s, corresponding to an av-
erage pause time of ~26 s (Figure 1E). As expected, at a lower con-
centration of IQGAP1 (1.4 nM) the average pause time was similar
(~21 s; off rate 0.048 s7") (Supplemental Figure S1C) while the fre-
quency of pausing was greatly reduced (Supplemental Figure S1D).
We could not measure the on rate from these data because the elon-
gation times between pauses were not differentiable from control
(Supplemental Figure S1E). Instead, we determined the on rate by
first calculating the affinity (Ky) of IQGAP1’s interaction with barbed
ends, which was achieved by plotting the fraction of free growing
ends versus IQGAP1 concentration, Ky = 25 nM (inset, Figure 1C).
Then, using the experimentally determined Ky and off rate, we calcu-
lated the on rate, which was 1.56 x 10¢ s" M~ (Figure 1E).

To determine whether the concentrations of IQGAP1 required to
inhibit barbed end growth in vitro are physiologically relevant, we
used quantitative Western blotting to define the concentration of
IQGAP1 in U20S osteosarcoma cells (Figure 1F). The average from
three experiments was 405 nM + 112 (mean and SD), which is well
above the in vitro concentrations that strongly inhibited barbed end
growth in our TIRF experiments. These values were also similar to
the reported IQGAP1 concentration in MTD-1A epithelial cells
(~300 nM) (Fukata et al., 1997). Importantly, F-actin levels in mam-
malian cell lines are estimated to be >200 pM (Pollard et al., 2000;
Koestler et al., 2009), suggesting that only a small percentage of the
F-actin in cells could possibly be decorated by IQGAP1. This idea is
also consistent with the specificity of IQGAP1 localization to actin
networks at the leading edge (Hart et al., 1996; Kuroda et al., 1996;
Bashour et al., 1997). Further, the concentration of IQGAP1 is suffi-
ciently high in cells to efficiently cap barbed ends where it localizes,
and we suggest that this capping activity may help promote the
assembly of actin networks by suppressing their disassembly (see
the Discussion).

Full-length IQGAP1 and its N-terminal half tightly bind to
actin filament sides

To define the kinetics of IQGAP1 interactions with actin filaments,
we purified and fluorescently labeled SNAP-tagged full-length
IQGAP1 (649-SNAP-IQGAP1). Importantly, the addition of the tag
and the dye did not alter IQGAP1 suppression of barbed end
growth (Supplemental Figure S2A). We first analyzed the oligomeric
state of our protein. Previous structural studies have suggested the
presence of a strong dimerization activity in the W-IQ region (763-
863) and a weaker dimerization activity in the N-terminus adjacent
to the calponin homology (CH) domain (Fukata et al., 1997; Ren
et al., 2005; LeCour et al., 2016; Liu et al., 2016). The presence of
multiple dimerization domains in IQGAP1 has left it unclear whether
the full-length protein exists in higher-order oligomerization states
beyond dimers. On the other hand, equilibrium sedimentation anal-
ysis has suggested that full-length IQGAP1 forms dimers (Bashour
et al., 1997). Therefore, as an independent test of the oligomeriza-
tion state, we performed step-photobleaching analysis on labeled
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events). The mean barbed end pause time in the control reactions (lacking IQGAP1) was 5.1 s and in the presence of 20
nM IQGAP1 was 25.8 s. Fits were calculated from a single exponential equation. Inset: table listing IQGAP1 binding
affinity, on rate, and off rate for the barbed end. (F) Representative quantitative Western blot (one of three independent
trials) used to determine the concentration of endogenous IQGAP1 in U20S cells. Blot was probed with anti-IQGAP1
antibody to compare the signal for endogenous IQGAP1 in the cell lysate lane to known quantities of purified 6His-
IQGAP1. A standard curve was generated from the signals on the blot. The average cellular concentration of IQGAP1
(405 nM + 112) was calculated from values obtained in three independent trials (482, 276, and 458 nM).
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full-length IQGAP1 molecules. Our results show that full-length
IQGAP1 (with or without an N-terminal GST-tag) forms stable dimers
(Figure 2, A and B, and Supplemental Figure S2B, left panel), with
little evidence of higher-order oligomerization, agreeing with the
above sedimentation study. Further, labeled full-length IQGAP1 had
the same oligomerization state (dimeric) when bound to actin fila-
ment sides (Supplemental Figure S2B, right panel).

We attempted to monitor 649-SNAP-IQGAP1 molecules inter-
acting with filament sides using open-flow TIRF microscopy, where
filaments were first assembled and tethered and then a low concen-
tration (2 nM) of 649-SNAP-IQGAP1 was flowed in. Under these
conditions, we could readily detect binding of 649-SNAP-IQGAP1
molecules to filament sides early in the reactions. However, binding
was very stable, which meant that filaments steadily accumulated
IQGAP1 on their sides, making it difficult to detect dissociation
events (Figure 2C). For this reason, we turned to using microfluidics-
assisted TIRF (mf-TIRF), which allows new ingredients to be flowed
in and out of the chambers and aligns and straightens filaments
under flow, providing more accurate measurements of filament
length (Jegou et al., 2011a,b; Shekhar, 2017). In these assays, we
anchored filaments at their pointed ends to grow them by barbed
end polymerization. We next briefly flowed in 649-SNAP-IQGAP1
(without actin monomers) to allow binding and then washed free
molecules out in order to monitor dissociation events in the absence
of new binding events (Figure 2D). The average lifetime of
649-SNAP-IQGAP1 binding on filament sides was 16.8 min, corre-
sponding to an off rate of 0.001 s (Figure 2E). To control for photo-
bleaching effects, we repeated the analysis at a reduced frequency
of image capture and obtained an off rate that was not statistically
different (Supplemental Figure S2C). Thus, full-length IQGAP1 inter-
acts with filament sides very stably, consistent with a high-affinity
interaction.

In addition, we attempted to analyze 649-SNAP-IQGAP1 inter-
actions with the barbed ends of filaments. However, this was ex-
tremely challenging due to the much stronger side-binding affinity
compared with end-binding affinity. Moreover, at low concentra-
tions of labeled IQGAP1 when we observed a single-molecule bind-
ing near the barbed end, the limited resolution of light microscopy

precluded us from knowing whether the molecule was capping the
barbed end or instead binding one of the ~80 side-binding sites
located within 200 nm of the barbed end.

To better understand which domains in IQGAP1 are responsible
for its dimerization and interactions with actin filament sides, we pu-
rified and labeled a SNAP-tagged N-terminal fragment of IQGAP1
(1-522), with and without a GST tag (Figure 1A). On the basis of
previous studies, we expected that the non-GST-tagged N-IQGAP1
polypeptide would be monomeric because it lacks the dimerizing
W-IQ region (Ren et al., 2005) (Supplemental Figure S3A), which we
confirmed by step-photobleaching analysis (Supplemental Figure
S3B). Further, the GST-tagged 549-SNAP-N-IQGAP1 polypeptide
was dimeric (Supplemental Figure S3C). Similar results were ob-
tained for nontagged and GST-tagged SNAP-N-IQGAP1 molecules
bound to filament sides (Supplemental Figure S3, D and E).

Using mf-TIRF assays as above for full-length IQGAP1, we found
that monomeric 549-SNAP-N-IQGAP1 molecules stably interacted
with filament sides with an average dwell time of 2.8 min, corre-
sponding to an off rate of 0.006 s™" (Figure 2F). Dimeric GST-tagged
549-SNAP-N-IQGAP1 molecules had an average dwell time of 6.8
min, corresponding to an off rate of 0.0025 s (Figure 2G). Together,
our data show that the monomeric N-terminal half of IQGAP1 (1-
522) is sufficient to stably bind actin filament sides and suggest that
the C-terminal half of IQGAP1 makes only a modest contribution to
filament side binding.

We also purified a SNAP-tagged C-terminal fragment of IQGAP1
(675-1657), 649-SNAP-C-IQGAP1, in an attempt to analyze its as-
sociation with filaments. However, it did not bind to filament sides
(Supplemental Figure S4A), and it failed to suppress barbed end
growth (Supplemental Figure S4B), suggesting that the SNAP tag
may interfere with actin binding. Moreover, we swapped the posi-
tion of the SNAP tag to the C-terminal end of the polypeptide, but
this fusion protein was insoluble.

Inhibition of barbed end growth by the N- and C-terminal
halves of IQGAP1

Next, we asked whether the inhibitory effects of IQGAP1 on barbed
end growth are mediated by its N- and/or C-terminal halves. Using

FIGURE 2: IQGAP1 dimers bind stably to the sides of actin filaments. (A) Representative step photobleaching traces
from single molecules of full-length 649-SNAP-IQGAP1. Plot shows fluorescence intensity over time. Inset shows
montage of images for one of the molecules shown in the plot (molecule 1, magenta). (B) Fraction of 649-SNAP-IQGAP1
molecules (n = 157) that photobleached in one, two, or three steps (>3 photobleaching steps was never observed) from
analysis as in A. Error bars, SEM. Observed fraction of photobleaching events (black) is compared with the predicted
fraction of photobleaching events (based on SNAP-labeling efficiency [Breitsprecher et al., 2012]) for different
oligomeric states (color-coded symbols). (C) Representative time-lapse images and kymograph from TIRF reaction
containing 2 nM 649-SNAP-IQGAP1, showing molecules (magenta) binding to an actin filament (cyan). Scale bar, 2 pm.
Kymograph shows that 649-SNAP-IQGAP1 decoration is distributed along the filament over time. (D) Schematic
showing experimental strategy to monitor 649-SNAP-IQGAP1 dissociation from filaments by mf-TIRF. Actin filaments
with free barbed ends were polymerized from coverslip-anchored spectrin-actin seeds in the presence of 1 M G-actin
(15% Alexa-488-labeled) and 5 uM profilin and then capped at their barbed ends by flowing in 100 nM mouse capping
protein (CP) for 1 min to prevent subsequent disassembly. Next, 0.5 nM 649-SNAP-IQGAP1 (without actin) was flowed
in for 1 min to allow binding to filament sides, then buffer was flowed in (to remove free 649-SNAP-IQGAP1), and
dissociation of 649-SNAP-IQGAP1 molecules was monitored over time. PE, pointed end; BE, barbed end.

(E) Representative image and kymograph of 649-SNAP-IQGAP1 molecules (magenta) bound to an actin filament (cyan).
Scale bar, 2 pm. Observed dwell times (n = 142 binding events) were plotted (dotted line), and an exponential fit (black
line) was used to calculate the average dwell time of 16.8 min. (F) Observed dwell times of 549-SNAP-N-IQGAP1
molecules (n = 72 binding events) were plotted (dotted line), and an exponential fit (black line) was used to calculate the
average dwell time of 2.8 min. (G) Observed dwell times of GST-549-SNAP-N-IQGAP1 molecules (n = 203 binding
events) were plotted (dotted line), and an exponential fit (black line) was used to calculate the average dwell time of

6.8 min.
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open-flow TIRF microscopy, we compared
the activities of different concentrations of
N-IQGAP1 and C-IQGAP1 (Figure 3). In-
creasing concentrations of either fragment
resulted in fewer and shorter filaments
(Figure 3A), and each fragment alone
caused a concentration-dependent de-
crease in barbed end growth rate (Figure 3,
B and C). Interestingly, the inhibitory effects
of each fragment alone plateaued at ~50%
of the control rate of growth, whereas full-
length IQGAP1 almost completely sup-
pressed growth (Figure 3D). Furthermore,
adding both halves (N-IQGAP1 and C-
IQGAP1) in trans failed to improve the in-
hibitory effects beyond those of each frag-
ment alone (Figure 3C; also see arrow in
Figure 3D), suggesting that full inhibition
requires both halves to be physically linked.
It is unclear why neither half of IQGAP1
alone completely inhibits barbed end
growth, but it is possible that each half
alone only partially obstructs monomer ad-
dition at barbed ends. It is also interesting
that the two halves of the protein in trans do
not reconstitute the full inhibitory effects of
the intact protein, which future structural
studies may help resolve.

Similar to full-length IQGAP1, N-IQGAP1
and C-IQGAP1 fragments induced pauses
in barbed end growth (example traces in
Supplemental Figure S5). Average pause
times and off rates were analyzed as above
for full-length IQGAP1: N-IQGAP1 (18.4 s,
0.055 s7' off rate) and C-IQGAP1 (14.7 s,
0.068 s off rate) (Figure 3E). To estimate
the on rates of each fragment (for binding
the barbed end), we calculated their equi-
librium constants (Kg) by plotting the frac-
tion of free growing ends versus N-IQGAP1
and C-IQGAP1 concentrations (N-IQGAP1
Kyq~17 nM; C-IQGAP Ky ~24 nM). Using the
experimentally determined affinities (Ky)
and off rates, we estimated the on rates for
N-IQGAP1 (3.2 x 10 s~ M~") and C-IQGAP1
(2.8 x 106 s M),

Finally, while our C-IQGAP1675-1657
construct only partially suppressed actin as-
sembly in TIRF assays, a shorter construct,

highlights the combined effects of N-IQGAP1
and C-IQGAP1 (100 nM each). (E) Duration of
pauses in barbed end growth for 50 nM
N-IQGAP1 (red histogram, blue curve, n=10
filaments and 139 pause events) and 50 nM
C-IQGAP1 (green histogram, yellow curve, n
=10 filaments and 166 pause events)
compared with control reactions (gray
histogram, black curve, n =10 filaments and
174 pause events). Fits were calculated from
a single exponential equation.
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C-IQGAP1744-1657 'was previously reported to more fully inhibit actin
assembly in bulk assays (Pelikan-Conchaudron et al., 2011). This ap-
parent discrepancy prompted us to purify and directly compare the
effects of C-IQGAP167>1%57 and C-IQGAP1744-1657 (GST tags re-
moved) in both bulk assays and open-flow TIRF assays (Supplemen-
tal Figure Sé). In the study of Pelikan-Conchaudron et al. (2011),
330 nM C-IQGAP1744-1657 was sufficient to completely inhibit barbed
end assembly. However, we found that even higher concentrations
(400 and 500 nM) of C-IQGAP1¢7>1657 and C-IQGAP 17441657 only
partially suppressed assembly in both assays. These data are also
consistentwith our observationsusing GST-tagged C-IQGAP 16751657,
where the capping effects leveled off at ~50% (Figure 3D). Thus, all
of our data from three different constructs in two different assays
support the view that the C-terminal half of IQGAP1 only partially
blocks barbed end growth.

Dimerization of the N-terminal half of IQGAP1 promotes
actin filament bundling

Using open-flow TIRF microscopy, we examined how IQGAP1 af-
fects the spatial organization of actin filaments. 649-SNAP-IQGAP1
was flowed into TIRF chambers containing preassembled (nonan-
chored) actin filaments (5-10 pm long), and over time the filament
sides became increasingly decorated by IQGAP1 and grew thicker,
that is, formed bundles (Figure 4A and Supplemental Video 2). To
understand which domain(s) of IQGAP1 mediate bundling, we com-
pared the effects of 10 nM full-length IQGAP1, N-IQGAP1, and C-
IQGAP1 on preassembled (nonanchored) filaments (Figure 4B). N-
IQGAP1 induced weak bundling compared with full-length IQGAP1,
and C-IQGAP1 lacked significant bundling activity (Figure 4, B and
C). The thickness of the bundles was assessed by two methods: 1)
measuring fluorescence intensity along the length of the bundles
and calculating fluorescence density per micron of bundle length
(Figure 4C); 2) measuring fluorescence intensity of a fixed-width line
segment drawn perpendicular to the bundle (Figure 4D). By both
methods, full-length IQGAP1 approximately tripled the fluores-
cence/thickness of filaments, suggesting formation of bundles ap-
proximately three filaments thick. In contrast, N-IQGAP1 increased
the fluorescence/thickness of filaments only ~1.5-fold, indicating a
reduced bundling activity compared with full-length IQGAP1. Thus,
bundling effects are substantially reduced by loss of the C-terminal
half of IQGAP1. We considered whether the C-terminus, which con-
tains the dimerization domain, is important for bundling because it
dimerizes the N-terminus. To test this idea, we compared the bun-
dling activities of 10 nM monomeric N-IQGAP1 and GST-dimerized
N-IQGAP1 (Figure 4E). GST-tagged N-IQGAP1 organized filaments
into bundles of thickness similar to those organized by full-length
IQGAP1. These data suggest that dimerization is required for effi-
cient bundling and that while the N-terminal half provides the F-
actin side binding, the C-terminal half of IQGAP1 provides
dimerization.

The monomeric N-terminal half of IQGAP1 stabilizes
filaments against depolymerization

IQGAP1 suppresses dilution-induced F-actin disassembly in bulk as-
says (Pelikan-Conchaudron et al., 2011). Given that filaments depo-
lymerize more rapidly from their barbed ends than from their
pointed ends in the absence of actin monomers (Pollard, 1986), we
used mf-TIRF assays to monitor the effects of IQGAP1 on barbed
end depolymerization of individual filaments in real time. Filaments
anchored at their pointed ends were first polymerized, and then dif-
ferent concentrations of full-length IQGAP1 (without actin mono-
mers) were flowed in and depolymerization at the barbed end was
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monitored (Figure 5, A and B, and Supplemental Video 3). At 1 nM
IQGAP1, the depolymerization rate was reduced by ~90% (0.6 sub-
unit s+ 0.9, vs. 6.0 subunits s + 2.9 in control reactions), and in
the presence of 10 nM IQGAP1 depolymerization was almost unde-
tectable (0.1 subunit s £ 0.1) (Figure 5B). The concentration of full-
length IQGAP1 required for half-maximal change in depolymeriza-
tion rate (ICsg) was only 0.1 nM (Figure 5C).

Additional analysis by mf-TIRF revealed that N-IQGAP1 potently
stabilizes filaments against depolymerization at their barbed ends,
nearly as well as full-length IQGAP1 (Figure 5, B and C). In contrast,
C-IQGAP1 was >100-fold less potent than full-length IQGAP1 in sta-
bilizing filaments. These observations suggest that monomeric N-
IQGAP1 plays the dominant role in stabilizing filaments. This obser-
vation was somewhat unexpected, given the importance of
C-IQGAP1 in inhibiting filament growth at barbed ends, and sug-
gests that these two regulatory effects (inhibition of barbed end
growth and stabilization of filaments against depolymerization) have
distinct underlying mechanisms.

To provide additional insights into how IQGAP1 stabilizes fila-
ments, we performed single-molecule mf-TIRF experiments in which
we monitored barbed end depolymerization on filaments sparsely
decorated with single molecules of 649-SNAP-IQGAP1. We ob-
served that depolymerization proceeded at the control rate until it
reached a 649-SNAP-IQGAP1 molecule on the filament side, where
it abruptly halted for minutes (Figure 5D). Depolymerization never
proceeded while the 649-SNAP-IQGAP1 molecule was bound to
the filament side (18 out of 18 events). These observations indicate
that a single molecule of IQGAP1 on the side of a filament is suffi-
cient to halt depolymerization. To our knowledge, such effects have
not been described for any other actin filament side-binding pro-
tein. Given the potency of these stabilization effects, combined with
the very slow dissociation rate of IQGAP1 from filament sides, even
sparse decoration by IQGAP1 in vivo may be sufficient to dramati-
cally suppress the dynamics of cellular actin networks.

DISCUSSION

In a wide range of organisms IQGAP family proteins perform critical
roles in controlling cellular actin dynamics, and yet there have been
few in vitro studies to date investigating the nature of IQGAP's direct
regulatory influence on actin filament dynamics. Our analysis using
TIRF microscopy helps close this gap by providing the first direct
visualization of an IQGAP family protein interacting with actin fila-
ments and regulating their dynamics and spatial organization in real
time. Below we discuss each of our key observations and their rele-
vance to understanding IQGAP’s in vivo roles as an actin regulator.

Kinetics of IQGAP1 interactions with actin filaments

Previous studies using cosedimentation assays hinted that IQGAP1
binds to actin filaments with high affinity but did not quantify the
interaction (Bashour et al., 1997). Using single-molecule analysis, we
have directly observed and quantified the interactions of full-length
human IQGAP1 molecules with the sides of filaments (dwell time
~17 min; off rate 0.001 s7). Given that full-length IQGAP1 dimerizes,
we considered the possibility that its high affinity binding might
stem from having two separate CH domains, because dissociation
of IQGAP1 would then require simultaneous unbinding of both CH
domains. However, we discovered that monomeric N-IQGAP1 is
sufficient to bind filament sides with relatively high affinity (dwell
time ~2.8 min; off rate 0.006 s'). Thus, our results suggest that a
single CH domain (possibly with contributions from flanking se-
quences) is sufficient to mediate a stable association with filament
sides.

IQGAP1 regulation of actin dynamics | 7
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Dimerization of N-IQGAP1 promotes actin filament bundling. (A) Representative time-lapse images from
open-flow TIRF microscopy reactions containing 2 pM F-actin (10% Oregon green-labeled) and 2 nM 649-SNAP-
IQGAP1. Scale bar, 10 pm. (B) Representative time-lapse images from TIRF microscopy reactions containing 2 pM
F-actin (10% Oregon green-labeled) grown to 5-10 pm and then 10 nM IQGAP1, N-IQGAP1, or C-IQGAP1 was flowed
into the reaction chamber. Scale bar, 10 um. IQGAP1 (or control buffer) was flowed in 300 s after initiation of actin
assembly, when filaments had grown to lengths of 5-10 pm. (C) Change in bundle thickness over time for reactions as in
B, determined by measuring the fluorescence intensity along a bundle and calculating the fluorescence density per unit
length. Student'’s t test was used to determine the statistical significance of the increase in fluorescence observed after
time zero (* p < 0.05). (D) Bundle thickness was also assessed by measuring fluorescence intensity at FWHM of line
segments drawn perpendicular to the bundle. The fluorescence intensity values were normalized to control (2 uM
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One in vivo implication of IQGAP family proteins having such a
high affinity for actin filaments is that they may competitively block
the binding of other CH domain family proteins, for example, fim-
brin, filamin, calponin/transgelin, a-actinin, and MICAL (Korenbaum
and Rivero, 2002). Indeed, the cytokinetic actin ring (CAR) in fission
yeast is heavily decorated by IQGAP (also called Rng2) and less so
by a-actinin and fimbrin (Wu and Pollard, 2005). The CH domain is
also crucial for the essential function of Saccharomyces cerevisiae
IQGAP in cytokinesis (Shannon and Li, 1999), consistent with its im-
portance in binding to actin filaments. The high-affinity actin-bind-
ing interactions of IQGAP proteins further suggests that this associa-
tionmay require tightregulationinvivo, forexample, posttranslational
modifications on IQGAP1 that reduce its actin-binding affinity
(Grohmanova et al., 2004) and/or allosteric inhibition by ligands
such as calmodulin (Ho et al., 1999; Mateer et al., 2002).

Inhibition of barbed end growth

Using TIRF microscopy, we directly observed IQGAP1 inhibiting
barbed end elongation. Further, by analyzing the change in filament
length over time, we determined that IQGAP1 transiently caps
barbed ends (dwell time ~26 s; off rate 0.039 s7'; Ky = 25 nM). For
comparison, conventional capping protein associates with barbed
ends for tens of minutes (Wear et al., 2003; Johnston et al., 2018).
Thus, IQGAP1 appears to be a transient capper.

Earlier bulk studies concluded that IQGAP1’s inhibitory effects
on filament growth are mediated by the C-terminal half of the pro-
tein (Pelikan-Conchaudron et al., 2011). However, we found that full
inhibition of elongation requires both halves of IQGAP1. Whereas
full-length IQGAP1 almost completely blocked barbed end growth,
either half alone (N-IQGAP1 and C-IQGAP1) led to only ~50% inhi-
bition. Thus, our analysis reveals an important role for the N-termi-
nal half in facilitating inhibition of barbed end growth. We consid-
ered whether the C-terminal half, which contains the dimerization
domain (763-863) (Ren et al., 2005), enhances capping simply by
dimerizing the otherwise monomeric N-IQGAP1. However, C-
IQGAP1 alone was sufficient to inhibit barbed end growth equally
well as N-IQGAP1. Thus, N-IQGAP1 and C-IQGAP1 make separate
and complementary contributions to the inhibition of barbed end
growth. Future structural studies are required to determine the pre-
cise underlying mechanisms. However, it is possible that binding of
the CH domain of N-IQGAP1 to filament sides slows the addition of
new subunits via allosteric effects, consistent with a study showing
that binding of the N-terminus of Schizosaccharomyces pombe
IQGAP (Rng?2) alters the structure of the actin filament (Hayakawa
et al., 2020). Although the actin-binding domain of C-IQGAP1 is not
as well characterized as the CH domain, this half of the protein is
required for full inhibition, and our data suggest that it must be
physically linked to N-IQGAP1 to do so (Figure 3D). This suggests
that close coordination between the two actin-binding domains of
IQGAP1 is required for full inhibition (see model, Figure 6).

How might transient barbed end capping by IQGAP1 contribute
to its in vivo functions? IQGAP1 accumulates at the leading edge of
cells and is required for normal lamellipodia protrusion velocity and
frequency (Hart et al., 1996; Kuroda et al., 1996; Bashour et al.,
1997; Mataraza et al., 2003). Furthermore, IQGAP1 is thought to

promote actin assembly at the leading edge through interactions
with N-WASP (Bensenor et al., 2007; Le Clainche et al., 2007) and
Dial (Brandt et al., 2007). How would transient capping help pro-
mote actin network assembly? Although capping suppresses the
growth of individual actin filaments in a purified system, in a cellular
context capping is not synonymous with “negative regulation.” This
is because capping in vivo focuses actin monomer addition to the
newly nucleated barbed ends via a “funneling” effect (Loisel et al.,
1999:; Shekhar and Carlier, 2017) and elevates actin monomer con-
centrations to help promote nucleation (Akin and Mullins, 2008).
Thus, under cellular conditions capping can play an important role
in promoting actin network assembly.

Actin filament bundling

Earlier studies using electron microscopy and falling ball viscosity
assays demonstrated that IQGAP1 cross-links actin filaments and
that this activity is mediated by N-terminal CH domain-containing
fragments of the protein (1-216) (Fukata et al., 1997). Fukata et al.
(1997) found that the minimal construct (1-863) that cross-links fila-
ments included both the CH domain and the suggested dimeriza-
tion domain (763-863) Ren et al. (2005). In TIRF assays, we found
that IQGAP1 potently bundles actin filaments (10 nM was sufficient
to bundle 2 uM F-actin). Further, we measured bundle thickness and
found that full-length IQGAP1 organizes filaments into thin bundles,
only a few filaments thick. In agreement with Fukata et al. (1997). we
observed that bundling requires dimerization of the N-terminal half
of IQGAP1, by either a GST tag or inclusion of the C-terminal half,
which contains the dimerization domain (see model, Figure 6). Bun-
dling by IQGAP1 may be important for its role in promoting cell
motility, cell adhesion, and cytokinesis. Further, bundling by IQGAP1
may be regulated in vivo, and indeed calmodulin binding inhibits
IQGAP1’s bundling effects (Mateer et al., 2002). In addition, Cdc42
and Rac1 binding to the GRD region of IQGAP1 may lead to its
higher-order oligomerization (Fukata et al., 1997), potentially ex-
panding or transforming its filament cross-linking capabilities.

Stabilization of actin filaments

We found that IQGAP1 potently stabilizes actin filaments against
depolymerization in TIRF assays (Figure 5B). Interestingly, mono-
meric N-IQGAP1 and dimeric full-length IQGAP1 had similar half-
maximal inhibitory concentrations (ICsgs) (0.1 and 0.3 nM, respec-
tively). These results validate earlier observations from bulk assays
(Pelikan-Conchaudron et al., 2011) and extend our understanding of
the mechanism by showing that the monomeric N-terminal half is
sufficient for these effects. In addition, our results show that IQGAP1
stabilizes filaments independent of bundling. Many CH domain-
containing proteins cross-link filaments as well as stabilizing them
against depolymerization, for example, calponin, fimbrin, and
IQGAP1 (Goodman et al., 2003; Pelikan-Conchaudron et al., 2011).
This has suggested that the cross-linking and stabilization activities
of CH domain family proteins may be coupled. However, we directly
tested this model by monitoring IQGAP1 stabilization of single
(nonbundled) actin filaments in mf-TIRF assays. In this manner, we
uncoupled stabilization from bundling, which is not possible to do
using bulk assays. It is interesting to note that while monomeric

F-actin). Student’s t test was used to determine the statistical significance of differences between conditions (* p < 0.05).
(E) Comparing monomeric vs dimeric N-IQGAP1 fragments bundling actin filaments by measuring fluorescence intensity
at FWHM of a line segment drawn perpendicular to the bundle. The fluorescence intensity values were normalized to
control (2 pM F-actin). Student’s t test was used to determine the statistical significance of differences between

conditions (* p < 0.05).
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Working model for IQGAP1 regulatory activities on actin filament dynamics and
spatial organization. Top panel shows domain layout of full-length IQGAP1. Bottom panel shows
working model for how IQGAP1 dimers directly control actin filament growth, bundling, and
stabilization, with each activity highlighted in red. The N-terminal half of IQGAP1 binds tightly to
filament sides using its CH domain and plays a central role in stabilizing filaments. Dimerization
of the N-terminal half is mediated by the W-1Q region of IQGAP1, which is required for bundling
but not stabilization. C-terminal domains in IQGAP1 transiently cap the barbed end, attenuating
filament elongation. Importantly, the C-terminal domains work in close coordination with the
N-terminal side-binding half of IQGAP1 to achieve full inhibition of elongation. The C-terminal
(CT) domain of IQGAP1 binds to the formin Dia1, as well as CLIP-170 and adenomatous
polyposis coli (APC), which directly collaborate with Dia1 to promote actin assembly (Fukata
et al., 2002; Watanabe et al., 2004; Brandt et al., 2007; Lewkowicz et al., 2008; Okada et al.,
2010; Breitsprecher et al., 2012; Henty-Ridilla et al., 2016). Thus, IQGAP1 may have additional
regulatory roles in controlling formin- and APC-mediated actin assembly, but it is not clear how
these suggested roles of the C-terminal half are coordinated with its transient capping effects
on the barbed end.

that while the CH domain appears to be re-
quired for both stabilization and bundling,
bundling additionally requires dimerization
(Figure 6). This has important implications
for IQGAP1 functions in vivo, as it suggests
that IQGAP1’s bundling effects could be
regulated independently of its stabilization
effects on actin networks.

Concluding remarks

In this study, we have used direct observa-
tion by TIRF microscopy to 1) define the ki-
netics of IQGAP1 single-molecule interac-
tions with actin filament sides and barbed
ends, 2) define IQGAP1’s regulatory effects
on actin filament dynamics and spatial orga-
nization, and 3) determine the contributions
of each half of IQGAP1 to these activities.
Our results show that IQGAP1 is a high-af-
finity actin-binding protein that potently sta-
bilizes filaments against depolymerization
and suppresses barbed end elongation. As
discussed above, these activities help to ex-
plain the in vivo roles of IQGAP family pro-
teins in promoting actin assembly to facili-
tate such processes as cell migration, cell
adhesion, and cytokinesis. Interestingly, an-
other recent study found that IQGAP pro-
teins tethered to lipid membranes generate
highly curved actin filament structures, for
example, arcs and rings (Palani et al., 2021).
Together with our studly, this provides an im-
portant mechanistic framework for future
investigations aimed at understanding how
IQGAP works with in vivo binding partners
(e.g., calmodulin, Cdc42, Dial, APC, and
CLIP-170) to govern actin dynamics at the
leading edge (Hart et al., 1996; Bashour

N-IQGAP1 is sufficient to potently stabilize filaments, it has minimal
bundling activity (Figure 4E). Taken together, these observations
suggest that stabilization can occur independently of bundling and

et al., 1997, Grohmanova et al., 2004; Roy et al., 2004; Watanabe
et al., 2004; Brandt et al., 2007; Le Clainche et al., 2007). Several of
these ligands bind to a C-terminal domain in IQGAP1, suggesting

The monomeric N-terminal half of IQGAP1 strongly suppresses depolymerization at barbed ends.
(A) Representative time-lapse images and kymographs of fluorescently labeled actin filaments (10% Oregon green—
labeled actin) in mf-TIRF reactions, comparing depolymerization from barbed ends in the presence of 10 nM IQGAP1,
N-IQGAP1, C-IQGAP1, or control buffer. Filaments anchored at their pointed ends were polymerized, and then
IQGAP1, N-IQGAP1, or C-IQGAP1 (without actin monomers) was flowed in at time zero and depolymerization was
monitored over time. Scale bar, 5 pm. (B) Barbed end depolymerization rates measured in the presence of different
concentrations of IQGAP1, N-IQGAP1, and C-IQGAP1. Data pooled from three independent trials (number of filaments
analyzed for each condition, left to right: 160, 93, 75, 68, 160, 315, 74, 221, 160, 59, 249, 107, and 103). Mean and SD.
Student’s t test was used to determine the statistical significance of differences between conditions (* p < 0.05).
(C) Graphs showing fraction of free depolymerizing barbed ends vs. concentration of IQGAP1, N-IQGAP1, or
C-IQGAP1, in which a hyperbolic binding curve was fitted to the data to determine the equilibrium binding constant
(Kg). Error bars, SEM. Note that N-IQGAP1 is nearly as potent as full-length IQGAP1 in suppressing depolymerization,
whereas C-IQGAP1 is ~300-fold weaker. (D) mf-TIRF experiment (and representative kymograph) showing arrest of
barbed end depolymerization where a 649-SNAP-IQGAP1 molecule is bound to the side of a filament. Left panel shows
experimental scheme. Actin filaments with free barbed ends were first polymerized from coverslip-anchored spectrin-
actin seeds in the presence of 1 pM G-actin (15% Alexa-488-labeled) and 5 pM profilin. Next, 0.4 nM 649-SNAP-
IQGAP1 (without actin) was flowed in for 4 min to allow binding to filament sides, then buffer alone was flowed in, and
depolymerization was monitored. PE, pointed end; BE, barbed end. The example kymograph shows depolymerization
halting (white arrow) where the 649-SNAP-IQGAP1 molecule is bound to the filament side. Select time points from the
merged kymograph (t =0, 3, 4, 10 min) highlight barbed end depolymerization (cyan arrowhead) halting at 649-SNAP-
IQGAP1 molecule (magenta arrowhead). Scale bar = 2 pm.
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that their activities may be coordinated with the transient capping
activity of IQGAP1 to control actin assembly (Figure 6).

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plasmid construction

Plasmids for Escherichia coli expression and purification of human
full-length 6His-IQGAP1 (1-1657), 6His-N-IQGAP1 (1-522), and
GST-C-IQGAP1 (675-1657) were generously provided by Marie-
France Carlier (CNRS, Paris). The resulting tagged proteins are re-
ferred to as IQGAP1, N-IQGAP1, and C-IQGAP1 throughout this
study; the GST tag (on C-IQGAP1) was removed only where specifi-
cally indicated. To generate plasmids for E. coli expression and pu-
rification of the same three IQGAP1 polypeptides with SNAP tags,
coding regions from the above plasmids were PCR amplified and
subcloned into the GST-pp-SNAP-pGEX-6p-1 vector (Breitsprecher
et al., 2012), which introduces an N-terminal GST tag, PreScission
Protease site (pp), and SNAP tag, and a C-terminal 6His tag. SNAP-
IQGAP1 proteins used in this study include all of these tags, except
where it is noted that the GST tag was removed.

Protein purification

Rabbit skeletal muscle actin (RMA) was purified from acetone pow-
der (Spudich and Watt, 1971) generated from frozen ground hind
leg muscle tissue of young rabbits (Pel-Freez Biologicals, Rogers,
AR). Lyophilized acetone powder stored at -80°C was mechanically
sheared in a coffee grinder, resuspended in G-buffer (5 mM Tris-HCl,
pH 8.0, 0.2 mM ATP, 0.5 mM dithiothreitol [DTT], 0.1 mM CaCly),
and then cleared by centrifugation for 20 min at 50,000 x g, 4°C).
The supernatant was filtered through Grade 1 Whatman paper and
then the actin was polymerized by the addition of 2 mM MgCl, and
50 mM NaCl to the filtrate and overnight incubation at 4°C with
slow stirring. The next morning, NaCl powder was added to a final
0.6 M, and stirring was continued for another 30 min at 4°C. F-actin
was pelleted by centrifugation for 150 min at 120,000 x g, 4°C. The
pellet was solubilized by dounce homogenization and dialyzed
against 1 | of G-buffer at 4°C (three consecutive times at 12-18 h
intervals). Monomeric actin was then precleared for 30 min at
435,000 x g, 4°C, and loaded onto a 5200 (16/60) gel-filtration col-
umn (GE Healthcare; Marlborough, MA). Peak fractions containing
actin were stored at 4°C.

For preparing biotinylated actin used in open-flow cell TIRF mi-
croscopy assays, the F-actin pellet above was dounce homogenized
and dialyzed against G-buffer lacking DTT. Monomeric actin was
then polymerized by the addition of an equal volume of 2x labeling
buffer (50 mM imidazole, pH 7.5, 200 mM KCI, 0.3 mM ATP, and 4
mM MgCly). After 5 min, the actin was mixed with a fivefold molar
excess of NHS-XX-Biotin (Merck KGaA, Darmstadt, Germany) and
incubated for 15 h at 4°C. The F-actin was pelleted as above, and
the pellet was rinsed with G-buffer, then homogenized with a
dounce, and dialyzed against G-buffer for 48 h at 4°C. Biotinylated
monomeric actin was purified further on an S200 (16/60) gel-filtra-
tion column as above. Aliquots of biotin actin were snap frozen in
liquid N3 and stored at —80°C.

For the fluorescently labeled actin used in open-flow cell TIRF
microscopy assays, actin was labeled on cysteine 374 as previously
described (Kuhn and Pollard, 2005). Briefly, the F-actin pellet de-
scribed above was dounce homogenized and dialyzed against G-
buffer lacking DTT. Monomeric actin was then polymerized by add-
ing an equal volume of 2x labeling buffer (50 mM imidazole pH 7.5,
200 mM KCl, 0.3 mM ATP, 4 mM MgCl,). After 5 min, the actin was
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mixed with a fivefold molar excess of Oregon green (OG)-488 iodo-
acetamide (Life Technologies, Carlsbad, CA), resuspended in anhy-
drous dimethylformamide, and incubated in the dark for 15 h at
4°C. Labeled F-actin was pelleted as above, and the pellet was
rinsed briefly with G-buffer, then depolymerized by dounce homog-
enization, and dialyzed against G-buffer for 2 d at 4°C. Labeled,
monomeric actin was purified further on a 16/60 S200 gel-filtration
column as above. OG-488-actin was dialyzed for 15 h against G-
buffer with 50% glycerol and stored at —20°C. The concentration
and labeling efficiency were determined by measuring the absor-
bance at 280 and 496 nm, using these molar extinction coefficients:
€g0 actin = 45,840 M~ cm™, g494 OG-488 = 76,000 M~' cm™', and
OG-488 correction factor at 280 = 0.12.

For the fluorescently labeled actin used in mf-TIRF assays, actin
was labeled on surface-exposed primary amines as previously de-
scribed (Shekhar, 2017). Briefly, G-actin was polymerized by dialyz-
ing overnight against modified F-buffer (20 mM PIPES, pH 6.9, 0.2
mM CaCly, 0.2 mM ATP, 100 mM KCI). Then the F-actin was incu-
bated for 2 h at room temperature with a fivefold molar excess of
Alexa-488 NHS ester dye (Life Technologies). F-actin was then pel-
leted by centrifugation at 450,000 x g for 40 min at room tempera-
ture. The pellet was resuspended in G-buffer, homogenized with a
dounce, and incubated on ice for 2 h to depolymerize filaments.
Actin was then repolymerized on ice for 1 h after adding KCI and
MgCl; (final concentrations of 100 and 1 mM, respectively). F-actin
was pelleted by centrifugation for 40 min at 450,000 x g at 4°C. The
pellet was homogenized with a dounce and dialyzed overnight at
4°C against 1 | of G-buffer. Next, the solution was centrifuged for 40
min at 450,000 x g at 4°C, and the supernatant was collected. The
concentration and labeling efficiency were determined by measur-
ing the absorbance at 280 and 495 nm, using these molar extinction
coefficients: €59 actin = 45,840 M~ cm™, g495 Alexa-488 = 71,000
M- ecm™, and eyg9 AF488 = 7810 M~ cm™.

Human profilin-1 was expressed in E. coli BL21 DE3 by growing
cells to log phase at 37°C in Terrific Broth (TB) media and inducing
expression with 1 mM isopropyl B-b-1-thiogalactopyranoside PMSF:
phenylmethylsulfonyl fluoride (IPTG) at 37°C for 3 h. Cells were har-
vested by centrifugation, and pellets were stored at —80°C. Cell pel-
lets were resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0, T mM
EDTA, 0.2% Triton X-100, lysozyme, 1 mM PMSF, and protease in-
hibitor cocktail: 0.5 pM each of pepstatin A, antipain, leupeptin,
aprotinin, and chymostatin) and kept on ice for 30 min. Lysates were
cleared for 30 min at 272,000 x g at 4°C, and the supernatant was
collected and fractionated on a HiTrap Q column (GE Healthcare,
Chicago, IL) equilibrated in 20 mM Tris, pH 8.0, and 50 mM NaCl
and eluted with a salt gradient (0-1 M NaCl and 20 mM Tris, pH 8.0).
Peak fractions were concentrated and then purified further on a Su-
perdex 75 column equilibrated in 20 mM Tris-HCI, pH 8.0, and
50 mM NaCl. Peak fractions were pooled, snap frozen in aliquots,
and stored at —80°C.

Mouse nonmuscle capping protein (CPa1b2 or CP) was purified
as described (Graziano et al., 2014). Briefly, the expression vector
(Soeno et al., 1998) was expressed in E. coli BL21 plysS by growing
cells to log phase at 37°C in Lauryl Broth media and inducing ex-
pression with 0.4 mM IPTG at 37°C for 3 h. Cells were harvested by
centrifugation, and pellets were stored at —80°C. Cell pellets were
resuspended in lysis buffer (20 mM Tris, pH 8.0, 1 mM EDTA, 0.1%
Triton X-100, lysozyme, a standard mixture of protease inhibitors)
and kept on ice for 30 min. Lysates were cleared for 30 min at 12,500
x g at 4°C, and the supernatant was collected and fractionated on a
1 ml Q-HiTrap column (GE Healthcare) equilibrated in 20 mM Tris,
pH 8.0, and 50 mM NaCl and eluted with a salt gradient (0-0.5 M
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NaCl and 20 mM Tris, pH 8.0). Peak fractions were concentrated
and then purified further on a Superdex 75 gel filtration column
(GE Healthcare) equilibrated in 50 mM KCI, 20 mM Tris, pH 8.0.
Peak fractions were pooled, dialyzed overnight at 4°C into HEK buf-
fer (20 mM HEPES, pH 7.4, 1 mM EDTA, 50 mM KClI), aliquoted,
snap frozen in liquid Ny, and stored at —80°C.

IQGAP1 polypeptides (6His-IQGAP1, éHis-N-IQGAP1, GST-C-
IQGAP1) were expressed in E. coli BL21(DE3) pRARE by growing
cells to log phase in TB and inducing expression with 1 mM IPTG
overnight at 16°C. Cells were harvested by centrifugation and pel-
lets stored at—80°C. Cell pellets were resuspended in lysis buffer (50
mM potassium phosphate, pH 8.0, 50 mM imidazole, 500 mM KCl,
1 mM EDTA, pH 8.0, 1 mM DTT, 1% Triton X-100, 20 pg/ml DNase,
lysozyme, 1 mM PMSF, and a standard mixture of protease inhibi-
tors), kept on ice for 30 min to allow digestion, and then sonicated.
Lysates were cleared for 30 min at 65,000 x g. For 6His-IQGAP1 and
6His-N-IQGAP1, precleared lysates were mixed with 1 ml Ni-NTA-
agarose beads (Qiagen, Hilden, Germany) and incubated for 1 h
rotating at 4°C. Beads were then washed three times with Ni-NTA
wash buffer (20 mM Tris, pH 8.0, 50 mM imidazole, 500 mM KCl,
and 0.3% glycerol). Proteins were eluted in Ni-NTA elution buffer
(Ni-NTA wash buffer plus for 500 mM imidazole). For GST-C-
IQGAP1, the precleared lysate was mixed with 1 ml of glutathione-
agarose beads (Thermo Fisher Scientific, Waltham, MA) and incu-
bated for 1 h rotating at 4°C. Beads were then washed three times
with GST wash buffer (20 mM Tris, pH 8.0, 500 mM KClI, and 5%
glycerol) and eluted in GST elution buffer (GST wash buffer supple-
mented with 20 mM Reduced Glutathione [Sigma; St. Louis, MO]).
Al eluates were concentrated, cleared by low-speed centrifugation,
and gel filtered on a Superose 12 10/300 GL column (GE Health-
care) equilibrated in HEKGs buffer (20 mM HEPES, pH 7.4, 1 mM
EDTA, 50 mM KClI, and 5% glycerol). Peak fractions were pooled,
concentrated, snap frozen, and stored at —80°C.

SNAP-tagged IQGAP1 polypeptides (GST-SNAP-IQGAP1-6His,
GST-SNAP-N-IQGAP1-6His, and GST-SNAP-C-IQGAP1-6His) were
purified as above for C-IQGAP1 and fluorescently labeled while still
bound to the glutathione-agarose beads. For labeling, 5 pM SNAP-
surface549 or SNAP-surface649 (New England Biolabs, Ipswich,
MA) was incubated with the beads rotating overnight at 4°C. The
next day, the beads were washed with five column volumes of GST
wash buffer to remove excess dye, and then proteins were eluted
with GST elution buffer. Eluates were concentrated, cleared by low-
speed centrifugation, and gel filtered on a Superose 12 10/300 GL
column (GE Healthcare) equilibrated in HEKG5 buffer. Peak fractions
were pooled, concentrated, snap frozen, and stored at —80°C. For
the photobleaching experiments in Supplemental Figure S2B, to
control for possible GST effects on the oligomerization state of full-
length IQGAP1, the GST tag was removed from 549-SNAP-IQGAP1
by digestion with PreScission Protease during the above labeling
step. The percent labeling of polypeptides with SNAP-surface 549
was determined by measuring fluorophore absorbance at €560, us-
ing the extinction coefficient 140,300 M~" cm™. The percent label-
ing with SNAP-surface 649 was determined by absorbance at €655,
using the extinction coefficient 250,000 M~" cm™". Labeling efficien-
cies were consistently 55%-60%.

Spectrin-actin seeds, for mf-TIRF, were purified from blood as
described in Casella et al. (1986) and Shekhar (2017). Briefly, packed
human red blood cells (20 ml) (Novaseek Research, Cambridge, MA)
were washed three times with 25 ml of ice-cold buffer A (5 mM so-
dium phosphate, pH 7.7, 150 mM NaCl, and 1 mM EDTA), each
time centrifuging for 15 min at 2000 x g at 4°C, and discarding the
supernatant. To lyse cells, the cell pellet was resuspended in 700 ml
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(approximately 10 times the volume of washed cells) of ice-cold lysis
buffer (5 mM sodium phosphate, pH 7.7, and 1 mM PMSF) and in-
cubated for 40 min while stirring at 4°C. The lysate was centrifuged
for 15 min at 45,000 x g at 4°C. The cloudy and viscous pellets were
resuspended in wash buffer B (5 mM sodium phosphate, pH 7.7,
and 0.1 mM PMSF), final volume 360 ml, and homogenized by pi-
petting. Next, the mixture was centrifuged for 15 min at 45,000 x g
at 4°C. The pellets were resuspended in a total volume of 180 ml of
wash buffer B, homogenized as above, and then centrifuged as
above. This process was repeated once more. Pellets are translucent
at this stage. Next, the spectrin-actin was extracted by resuspend-
ing each pellet in 5 ml of extraction buffer (0.3 mM sodium phos-
phate, pH 7.6, and 0.1 mM PMSF), combining the contents into one
tube, adjusting the volume to 60 ml with the same buffer, and cen-
trifuging for 30 min at 60,000 x g at 4°C, repeated once. The final
pellet was resuspended in an equal volume of extraction buffer and
gently vortexed and then incubated for 40 min in a water bath at
37°C while manually inverting the tubes every ~10 min. Finally, the
sample was precleared for 30 min at 450,000 x g at 4°C. DTT (2 mM
final) and protease inhibitors were added to the cleared superna-
tant, and an equal volume of cold glycerol (50% final concentration)
was mixed into the solution. Spectrin-actin seeds were aliquoted
and stored at —-20°C.

Open-flow TIRF microscopy

Glass coverslips (60 x 24 mm; Thermo Fisher Scientific) were first
cleaned by sonication in detergent for 60 min, followed by succes-
sive sonications in T M KOH and 1 M HCI for 20 min each and in
ethanol for 60 min. Coverslips were then washed extensively with
H,O and dried in an N stream. The cleaned coverslips were coated
with 2 mg/ml methoxy-polyethylene glycol (PEG)-silane MW 2000
and 2 pg/ml biotin-PEG-silane MW 3400 (Laysan Bio, Arab, AL) in
80% ethanol, pH 2.0, and incubated overnight at 70°C. Flow cells
were assembled by rinsing PEG-coated coverslips with water, drying
with Ny, and adhering to p-Slide VI0.1 (0.1 x 17 x 1 mm) flow cham-
bers (Ibidi, Fitchburg, WI) with double-sided tape (2.5 cm x 2 mm x
120 pm) and 5-min epoxy resin (Devcon, Danvers, MA). Before each
reaction, the flow cell was incubated for 1 min with 4 ug/ml strepta-
vidin in HEKGs buffer (20 mM HEPES, pH 7.4, 1 mM EDTA, 50 mM
KCI, and 5% glycerol), followed by 1 min with 1% bovine serum al-
bumin (BSA) in HEKGs buffer, and then equilibrated with TIRF buffer
(10 mM imidazole, pH 7.4, 50 mM KCI, T mM MgCl,, 1 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA),
0.2 mM ATP, 10 mM DTT, 15 mM glucose, 20 pg/ml catalase,
100 pg/ml glucose oxidase) plus 0.5% methylcellulose (4000 cP).
Finally, actin and other proteins were flowed in, as specified in the
figure captions.

mf-TIRF microscopy

Actin filaments were first assembled in flow cells (Shekhar, 2017). To
do this, coverslips were cleaned as above (see Open-flow TIRF mi-
croscopy) and then coated with an 80% ethanol solution containing
2 mg/ml methoxy-PEG-silane MW 2000 (adjusted to pH 2.0 with
HCI) and incubated overnight at 70°C. A 40-um-high polydimethyl-
siloxane (PDMS) mold with three inlets and one outlet was mechani-
cally clamped onto a PEG-silane—coated coverslip. The chamber was
then connected to a Maesflo microfluidic flow-control system (Flui-
gent, Chelmsford, MA), rinsed with TIRF buffer, and incubated for 5
min with 1% BSA and 10 pg/ml streptavidin in TIRF buffer. Spectrin-
actin seeds in TIRF buffer were passively absorbed to the coverslip
for 10 min and then washed with TIRF buffer. Next, 1 pM G-actin
(15% Alexa-488 labeled) and 5 pM profilin in TIRF buffer were
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introduced in order to polymerize actin filaments (with free barbed
ends) from the spectrin-actin seeds. Once filaments were polymer-
ized to a desired length (3-10 um unless otherwise specified), spe-
cific proteins were flowed in, as described in the figure captions.

Image acquisition and analysis

Single-wavelength time-lapse TIRF imaging was performed on a
Nikon-Ti2000 inverted microscope equipped with a 150-mW argon
laser (Melles Griot), a 60x TIRF objective with a numerical aperture
of 1.49 (Nikon Instruments), and an electron-multiplying charge-
coupled device (EMCCD) camera (Andor Ixon, Belfast, Ireland). One
pixel was equivalent to 143 x 143 nm. Focus was maintained by the
Perfect Focus system (Nikon Instruments). Open-flow TIRF micros-
copy images were acquired every 5 s and exposed for 100 ms using
imaging software Elements (Nikon Instruments, New York, NY). mf-
TIRF microscopy images were exposed every 10 s (or 30 s where
noted) and exposed for 100 ms using imaging software Elements
(Nikon Instruments).

Images were analyzed in FIJI version 2.0.0-rc-68/1.52e (National
Institutes of Health, Bethesda, MD). Background subtraction was
conducted using the rolling ball background subtraction algorithm
(ball radius, 5 pixels). For open-flow TIRF assays, polymerization
rates were determined by plotting the filament length every 25 s
and measuring the slope. For mf-TIRF assays, the depolymerization
rates were determined by generating kymographs (FIJI kymograph
plug-in) from individual filaments. The kymograph slope was used
to calculate barbed end depolymerization rates. (Rate measure-
ments assumed one actin subunit contributes 2.7 nm to filament
length.) The fraction of growing free barbed ends (not capped by
IQGAP1) is plotted in the Figure 1C inset and was calculated by di-
viding the mean actin filament elongation rate for each condition
(IQGAP1 concentration) by the control rate. The resulting binding
curves were fitted with the following hyperbolic equation (manually
entered into Graphpad Prism 8.0 [San Diego, CA]):

(Pmax_PO)C
K+C

where Pis the polymerization or depolymerization rate, Py is the rate
in the absence of IQGAP1 polypeptides, P, is the rate of polym-
erization at saturating conditions, Kis the IQGAP1 polypeptide con-
centration at half-saturation, and C is the IQGAP1 polypeptide
concentration.

Pauses in barbed end growth were determined from traces of
actin filament length versus time (Figure 1D and Supplemental
Figure S5). The pause times were plotted in histograms, and distri-
butions were fitted to a one-phase exponential decay equation
(Graphpad Prism 8.0) (Figures 1E and 3E and Supplemental Figure
S1C). In control reactions (without IQGAP1), the appearance of short
interruptions in barbed end growth (average 5.1 s) were due to lim-
ited spatiotemporal resolution in the assay, that is, a fast acquisition
rate relative to change in filament length over time. At our image
acquisition rate (1 frame per 5 s), the mean interruption time (5.1 s)
fell within the first two frames acquired. Therefore, we excluded in-
terruptions of <10 s from the analysis of what we consider authentic
pausing by IQGAP1. We also note that the longest distance across
a 143 nm x 143 nm square pixel is ~200 nm (its diagonal). At the
control actin elongation rate (1 pM G-actin) of ~8 subunits s (or ~22
nm s7), it takes ~9 s to detect a change in filament length, which
further supports exclusion of pauses of <10 s from the analysis.

For calculating the dwell times of GST-649-SNAP-IQGAP1,
549-SNAP-IQGAP1 (without GST tag), GST-549-SNAP-N-IQGAPT,
and 549-SNAP-N-IQGAP1T molecules on actin filament sides, a ky-

P=P0+
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mograph was generated (using the FIJI kymograph plug-in) from
individual sparsely decorated filaments. The lifetime measurements
of the molecules were plotted, fitted to a one-phase exponential
association equation, and used to calculate dwell times (Graphpad
Prism 8.0).

For the single-molecule step-photobleaching experiments to
determine the oligomerization state, either 2 nM 649-SNAP-
IQGAP1T or 2 nM 549-SNAP/Biotin-IQGAP1 in TIRF buffer without
glucose oxidase and catalase was transferred into a flow cell as
above, and the immobilized spots (either passively absorbed,
649-SNAP-IQGAP1, or anchored by streptavidin-biotin-PEG linkage
to the slide surface, 549-SNAP/Biotin-IQGAP1) were subjected to
continuous laser exposure with no delay acquisition at 100% laser
power. For step-photobleaching experiments in the presence of ac-
tin filaments, SNAP-IQGAP1 polypeptides were flowed into an
open-flow TIRF chamber with actin filaments already grown to 5-10
pm. Background fluorescence was conducted using the rolling ball
background subtraction algorithm (ball radius, 5 pixels). Fluores-
cence intensities of individual spots were obtained by measuring
the mean signal of a 6 x 6 pixel box (~1.5 pm?) encompassing each
spot. Stepwise reductions in the integrated fluorescence intensity
time records of individual spots were identified and counted. The
oligomeric states of GST-649-SNAP-IQGAP1 (55%-57% labeling ef-
ficiency), 549-SNAP-IQGAP1 (without GST tag) (55%-57% labeling
efficiency), GST-549-SNAP-N-IQGAP1 (58%-60% labeling effi-
ciency), and 549-SNAP-N-IQGAP1 (58%-60% labeling efficiency)
molecules were determined by comparing distributions of the num-
ber of photobleaching events to the probability distribution p(i) of
the number of fluorescent subunits i predicted for a protein oligo-
mer consisting of n monomers, as calculated from the binomial dis-
tribution based on the measured subunit labeling stoichiometry s,
as (Breitsprecher et al., 2012)

n!

RGN

pli)

This approach is expected to be valid because SNAP-tagged
protein monomers have only a single site for the benzylguanine-dye
adduct.

For actin filament bundling assays, 2 pM monomeric actin (10%
Oregon green-labeled) was first polymerized in the TIRF chamber
for 5 min at room temperature in TIRF-buffer. After the actin fila-
ments (nonanchored) were grown to 5-10 pm, IQGAP1 polypep-
tides were flowed in and bundling was monitored for 15 min, ac-
quiring every 5 or 10 s. Upon flowing in IQGAP1, filaments in the
TIRF chamber often would move around but did not get flushed
out because of the crowding agent (methylcellulose) in the TIRF
buffer. Actin filament bundling was measured by subtracting back-
ground fluorescence using the rolling ball background subtraction
algorithm (ball radius, 50 pixels). The segmented line tool was
used to trace all actin filaments/bundles in the FOV. All line seg-
ment intensities were then normalized to the length of the mea-
sured segment (AU/pm). The intensity measurements were plot-
ted for each time point (every 200 s). Intersections of actin
filaments/bundles were excluded from segment measurements as
we could not determine whether the intersection was a part of the
bundle. To measure the actin bundle thickness, the segmented
line tool was used to draw a line perpendicular to actin filaments/
bundles in the FOV. The intensity of the line segment was plotted
and fitted to a two-dimensional Gaussian in FIJI. The intensity at
full-width half-max (FWHM) in for each line trace was measured
and recorded 1000 s after flowing in IQGAP1 polypeptides. The
thickness of the bundles in the presence of IQGAP1 polypeptides

Molecular Biology of the Cell



was calculated by normalizing the FWHM intensity to the control
reactions.

For mf-TIRF filament disassembly assays, kymographs of indi-
vidual filaments were generated using the kymograph plug-in in
ImagelJ. Then the slope from the kymograph was used to calculate
the barbed end depolymerization rate of each individual filament
(assuming 370 actin subunits per micron). In these experiments, fila-
ments were aged for 10 min (in the absence of actin monomers)
before depolymerization was monitored, the kymographs gener-
ated show an acceleration of depolymerization at the beginning
(Figure 5A). This results from having a mostly ADP-P; actin at the
barbed end (slower depolymerization) and ADP actin (aged actin)
farther back from the barbed end (faster polymerization). Therefore,
the slopes were measured from the last 2 min of the kymograph.

Quantitative Western blotting

Western blotting was used to determine endogenous IQGAP1 pro-
tein levels in U20S cells (American Type Culture Collection, Manas-
sas, VA). Cells were pelleted and resuspended in lysis buffer (150
mM NaCl, 1.0% NP-40, 1.0% sodium deoxycholate, 1% SDS, 50
mM Tris, pH 7.5, 2 mM EDTA, 0.2 mM sodium orthovanadate, 20
mM B-glycerophosphate, 50 mM sodium fluoride, 1 mM PMSF, 1
mM DTT, and 1x Roche complete protease inhibitor mixture) and
incubated at 4°C for 30 min with vortexing every 10 min. Lysates
were precleared by centrifugation at 15,300 x g for 30 min at 4°C,
and the concentration of the soluble protein fraction was deter-
mined by Bradford assay (Biorad, Hercules, CA). Known amounts of
purified 6His-IQGAP1 were run on gels alongside U20S cell lysates
and blotted with a 1:1000 dilution of rabbit anti-IQGAP1 (ab133490;
Abcam, Cambridge, MA). Blots were washed, probed with a
1:10,000 dilution of secondary goat anti-rabbit horseradish peroxi-
dase antibody (Thermo Fisher Scientific), washed again, and then
incubated for 1 min with Thermo Scientific SuperSignal West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Scientific). Bands
were detected on a BioRad Chemidoc MP imaging system and
quantified by densitometry using Imaging Lab version 6.0.1 soft-
ware (Biorad). A standard curve for the purified protein was gener-
ated, and the amount of IQGAP1 protein in the loaded cell lysates
was determined by comparison to the standard curve. Values were
averaged from three independent blots. For calculations of cellular
concentrations of IQGAP1, the concentration of total protein in the
cytoplasm was assumed to be 100 mg/ml (Spudich and Watt, 1971).
The amount (in grams) of IQGAP1 in 5 pg of lysate was determined,
and then the molar concentration of each protein was calculated
based on its known molecular weight.

Pyrene-actin assembly assays

Bulk pyrene-actin assays were used to test the effects of purified C-
IQGAP1675-1657 and C-IQGAP174-1¢57 polypeptides on actin polym-
erization. Gel-filtered monomeric actin in G-buffer was cleared by
ultracentrifugation for 1 h at 4°C at 350,000 x g in a TLA-100 rotor
(Beckman Coulter), and the upper ~70% of the supernatant was
carefully recovered and used for assembly assays. All reactions (60
pl) contained 2 uM G-actin (5% pyrene labeled), which was con-
verted to Mg?*-ATP-actin 2 min before use. Then, 42 pl of Mg?*-ATP-
G-actin was mixed rapidly with 15 pl of proteins or control buffer and
3 pl of 20x initiation mix (40 mM MgCl,, 10 mM ATP, and 1 M KClI)
with or without 0.15 mg/ml spectrin-actin seeds to initiate the reac-
tions. Pyrene-actin fluorescence was monitored at an excitation of
365 nm and emission of 407 nm at room temperature for 1500 s in
a fluorimeter (Photon Technology International). All assembly traces
were normalized to the control curve, which was set to zero.
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Data availability

The processed image data for this article have been deposited to
Zenodo. In addition, all raw data have been uploaded to a Google
Drive and are available upon request to the lead contact (Bruce
Goode).
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