Distribution Agreement

In presenting this thesis as a partial fulfillment of the requirements for a degree from Emory
University, | hereby grant to Emory University and its agents the non-exclusive license to archive,
make accessible, and display my thesis in whole or in part in all forms of media, now or hereafter
now, including display on the World Wide Web. | understand that | may select some access
restrictions as part of the online submission of this thesis. | retain all ownership rights to the copyright
of the thesis. | also retain the right to use in future works (such as articles or books) all or part of this
thesis.

Reddy, Vishal April 10, 2024



Multicomponent Uncapping of Actin Filaments by Twinfilin and Formin

By

Reddy, Vishal

Shekhar, Shashank

Advisor

Physics

Shashank, Shekhar

Advisor

Bing, Tom

Committee Member

Warncke, Kurt

Committee Member

2024



Multicomponent Uncapping of Actin Filaments by Twinfilin and Formin

By

Reddy, Vishal

Shekhar, Shashank

Advisor

An abstract of
a thesis submitted to the Faculty of Emory College of Arts and Sciences
of Emory University in partial fulfillment
of the requirements of the degree of

Bachelor of Science with Honors

Physics

2024



Abstract

Multicomponent Uncapping of Actin Filaments by Twinfilin and Formin

By Vishal Reddy

The actin cytoskeleton plays a major role in determining cell shape, polarity, and flexibility as well as
driving various cellular processes. Capping Protein (CP) arrests growing actin filament barbed ends
by halting both polymerization and depolymerization. However, until CP is removed, the barbed end
cannot be accessed by other actin-binding proteins, thus the intermediate step of uncapping must
occur to dissociate CP. Though this process occurs rapidly in cells, laboratory experiments have
revealed a relatively longer dwell time for CP on barbed ends. The disparity between observed rates
in vivo and in vitro is thought to be due to the action of a class of actin-binding proteins known as
uncappers. The effects of twinfilin (mTwinfilin-1) and formin (mDia1) on uncapping rates was tested
using microfluidics-assisted Total Internal Reflection Microscopy (mf-TIRF). The effects of filament
nucleotide state, a commonly understood influencer of actin filament biochemistry, were also
accounted for. We found that twinfilin increased uncapping rates of both ADP and ADP-P; state
filaments by 8-fold and 3-fold respectively, saturating at a concentration of 5 uyM twinfilin. We
observed formin’s effects on ADP and ADP-P; filaments uncapping as a linear increase in uncapping
rate with a maximum observed increase of 37-fold and 5-fold respectively at 200 nM formin. ADP and
ADP-P; filaments also appeared to possess different CP dissociation rates in absence of other
proteins as well, with ADP filaments generally dissociating CP 3-fold faster than ADP-P.. When
present together, twinfilin and formin displayed a synergistic effect on uncapping rates for ADP and
ADP-P; filaments, and we observed a rate increase by about 270-fold and 8-fold respectively, for 5 uM

twinfilin and 200 nM formin. Taken together, these results suggest that actin filament barbed ends in



the ADP state are more prone to uncapping than barbed ends in the ADP-P; state due to a
combination of weaker CP binding and increased susceptibility to the action of uncappers such as

twinfilin and formin.
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Introduction

The dynamic regulation of the actin cytoskeleton is vital for various cellular processes including cell
migration’, endocytosis’, lamellipodial formation?, cytokinesis®, and maintaining cell shape™. To
sustain these processes, actin filaments experience rapid assembly and disassembly, processes
that are governed by a multitude of actin-binding proteins within the cell. Three main divisions of
actin-binding proteins that regulate actin dynamics within Eukaryotes are polymerases,

depolymerases, and cappers.

Within cells, actin can exist as either monomeric G-actin or filamentous F-actin. When in its G-actin
state, actin is bound to either ATP or ADP, the former of which facilitates polymerization to F-actin'®.
F-actin consists of long double-helical strands of actin monomers which are added to either the
barbed (+) end or pointed (-) end of actin filaments. Upon polymerization, newly added monomers
hydrolyze their bound ATP to ADP-P; (t1,2 ~ 2 sec)'®. This is followed by P; release which transforms the
monomer from ADP-P; to ADP (t1» ~ 350 sec)". The change in overall nucleotide state over time is
commonly referred to as the aging of actin filaments. The ATP hydrolysis and release of P; from F-
actin subunits have been shown to drastically alter the interactions between actin and the various

actin-binding proteins.

Rapid polymerization of actin filaments provides the force against cell membranes to drive
processes of cell motion and division™. Filament nucleation and polymerization are directly
proportional to the number of polymerizable monomers within the cell®®. A protein known as profilin
serves to maintain this pool of monomers by sequestering G-actin®'. A class of proteins known as
polymerases function to increase rates of actin polymerization within cells. One such protein,
formin, attaches to the barbed ends of F-actin and accelerates polymerization by capturing nearby

profilin-bound monomers with its long poly-proline regions®. Formins tend to be found within the



inner surface of the cell membrane and thus directly contribute to the intracellular force generation

of actin filaments®2.

As actin filaments grow in length, the efficiency of their force generation decreases. This is due in
partto the depletion of the active pool of monomers as well as the increased susceptibility of longer
filaments to buckling*, the bending of filaments. To alleviate this issue, cells must rapidly
depolymerize the older, longer filaments and divert monomers to newer, shorter force-generating
filaments. The depolymerization process is catalyzed by depolymerases such as twinfilin. Twinfilin,
a member of the actin depolymerization factor homology family is a depolymerase of actin filaments
in mammals’. At low concentrations of actin, twinfilin has been shown to outcompete free
monomers for barbed end binding* 3. Thus, twinfilin is a depolymerase that can function even in the

presence of growth-promoting conditions.

Between the stages of polymerization and depolymerization exists a transient period in which actin
filaments are arrested in a stable state. Capping Protein (CP) arrests growing filament barbed ends
by halting both polymerization and depolymerization. This stabilization by CP allows for the funneling
of free actin monomers away from older, longer filaments to shorter force-generating filaments?. By
stabilizing the faster-growing barbed end, CP prevents monomers from accessing the barbed end.
While capped, filaments are still able to depolymerize from the slower-growing pointed end. These
actions in tandem work to funnel monomers from capped filaments to growing filaments. However,
to continue polymerization or initiate depolymerization from the barbed end, CP must first
dissociate, a relatively slow process as determined in vitro (ti» ~ 30min)®. Despite CP’s high binding
affinity and slow dissociation kinetics in vitro, CP experiences rapid turnover in cells®. This finding is
hypothesized to be the result of the action of various Capping Protein Interaction (CPI) motif proteins
such as the CARMILs? and V1/myotrophin?® and Actin Depolymerizing Factor Homology (ADF-H)

proteins such as Twinfilin 1* and ADF/cofilins?'.



Previous work regarding capping protein dynamics has shown that mouse twinfilin 1, a protein
composed of two ADF-H domains and a CPl-motif-containing tail, can accelerate filament
uncapping sixfold in vitro*. Furthermore, adding V1, a protein known to sequester CP, led to nearly a
48-fold increase in uncapping rate compared to buffer alone®. However, even this increase in
dissociation rate (ti2~ 40s)'? is dwarfed by the rapid rates of CP turnover in vivo (ti2~ 1.7 s)'?, an
increase by three orders of magnitude from in vitro controls. By a separate process, the formin mDia1
has been shown to form a complex on the barbed end by simultaneously binding with CP® . This
barbed-end-formin-capping-protein (BFC) complex exists for a brief period before resolving to either
a capped or formin-bound barbed end®. Furthermore, recent work from our lab showed that twinfilin
can join formin and CP at the barbed end to form a tripartite complex'. Considering these
discoveries, we investigated how formin and twinfilin might together influence uncapping rates of
filaments in both ADP and ADP-P; states and observed the effects of the concentration of twinfilin
and formin on these rates. We found that twinfilin and formin both accelerate CP dynamics
individually and synergize to dramatically increase rates together. The maximum observed rate
increase of this synergy far surpassed previous in vitro studies, falling within a single order of
magnitude of in vivo rates. Twinfilin on its own appears to be a rather inefficient uncapper compared
to formin. Additionally, uncapping rates depend on the concentrations of twinfilin and formin as well
as the nucleotide state of the filaments’ barbed ends. Overall, ADP-P; barbed ends appear to
dissociate CP far slower than ADP barbed ends and are more resistant to the effects of uncappers

such as twinfilin and formin.

These observations reveal a previously unknown synergy in the multicomponent process of filament
uncapping which can achieve rapid CP turnover similar to in vivo rates. Furthermore, the isolation of

nucleotide state in the experiments overturn the understanding that CP has stronger affinity for ADP



filaments illustrating the gaps in our understanding of actin aging in relation to other cellular

processes.



Experimental Techniques

1. Microfluidics-assisted TIRF microscopy

The main technique that we used to address the questions described above is called microfluidics-
assisted TIRF (mf-TIRF) microscopy®* %*. This approach has two parts: microfluidics and TIRF. Total
Internal Reflection Fluorescence microscopy (TIRF) uses an evanescent wave to selectively
illuminate and excite fluorophores in a very shallow region immediately above the coverslip, i.e.,
around the depth of 100 nm near the surface. It not only reduces background fluorescence but also
allows visualization of fluorescently labeled individual actin filaments and single protein molecules

interacting with these filaments.

The working principle underlying TIRF microscopy is illustrated in figure 1. A laser beam traveling at
a high incidence angle through a glass slide reaches the interface of the two media with different
refractive indices, it either gets refracted into the second medium or reflected at the interface
depending on the difference in the refractive indices of the two media and the incidence angle. At an

angle greater than the critical angle, the incident light reflects entirely into the first medium.

Although light no longer travels into the second medium when the angle of incidence is greater than
the critical angle, the reflected light generates a highly restricted electromagnetic field (called the
evanescent field) adjacent to the interface, in the lower refractive index medium. The evanescent
field decays exponentially in intensity with the distance from the interface. The field extends at most
up to 200 nm thickness. Fluorophores located in the vicinity of the glass-liquid surface can be excited
by the evanescent field. However, because of the exponential decay of the evanescent field
intensity, the excitation of fluorophores is restricted to a region that is typically less than 200 nm in

thickness. The objects farther than 200 nm from the interface do not get illuminated which leads to



the reduction of the background fluorescence. This enables a higher signal-to-noise ratio as

compared to conventional wide-field fluorescence microscopy.

Although this technique allows observation of fluorescently labeled actin filaments, the data
analysis is complicated by the free diffusion of actin filaments in the plane of the image. Therefore,
we used a modified version of the traditional TIRF technique by combining it with microfluidics. We
made a flow cell using a polydimethylsiloxane (PDMS) chamber which has three inlets and one outlet
and placed it on the top of the coverslip. In addition to its moldability, the PDMS chamber has the
benefits of being inert and hydrophobic, not allowing interactions with our proteins nor swelling
when exposed to aqueous solutions. Actin filaments in the chamber can then be exposed to
solutions with different biochemical conditions by connecting the protein reservoirs to the
chamber’s inlets. The computer-controlled regulator allows fast and reliable control of pressures
and flow rates in various ranges. Therefore, we can vary the flows in the flow cell in real-time. The
flow helps align the filaments parallel to the coverslip. Since the filaments are alighed parallel to the
coverslip, a single attachment point at the barbed end, or the pointed end is sufficient to keep the
filament in the evanescent field. The flow also aligns the filament in a nearly straight line which
makes the measurement of filament length and determining the location of filament ends

straightforward and accurate.

Another advantage that microfluidics offers is the ability to rapidly change the biochemical
conditions to which filaments are being exposed at a given time. This is achieved by rapidly changing
the specific flow being flowed into a chamber through different inlets. The continuous flow of fresh
solutions helps maintain constant protein concentration throughout the flow cell and allows for the

acquisition of more accurate data.



The field of view contains hundreds of filaments aligned parallel to the flow which have been exposed
to the same conditions and have the same history. This makes data collection straightforward and
high throughput. The drag force of flowing fluid in microfluidics can also be used as an experimental
tool. The flowing fluid exerts a viscous drag along the contour of the filament which is maximum at
the anchoring point and decreases along the filament length. This force applies a mechanical
tension (piconewton range) on the filaments at their point of anchoring and can be used as a tool to
analyze how force affects the activity of actin-binding proteins. The ability to apply force on hundreds
of filaments in parallel provides a huge advantage as compared to optical tweezers where tensile

forces can be applied on only one filament at a time.

Taken together this system has several advantages. It allows us to change biochemical conditions
rapidly with no time delay as well as enables high throughput acquisition of 100’s of filaments at the
same time. Lastly, the flow helps align the filaments which makes the analysis of mf-TIRF data much

simpler as compared to the conventional TIRF data.

1. Materials and Methods

Passivation of glass coverslips

Glass coverslips will first be cleaned by sonication in detergent for 20 minutes, followed by
successive sonicationsin 1 M KOH and 1 M HCL for 20 minutes each and then in ethanol for another
20 minutes. The cleaned coverslips will then be dried under an N, stream and coated with a solution
containing 2 mg/ml Biotin and 10 mg/ml PEG-silane dissolved in 80% ethanol adjusted to pH 2. The

coated coverslips will then be left overnight in the oven at 70° C.

PDMS chamber set-up



A PDMS (Polydimethylsiloxane) chamber with three inlets and one outlet will be clamped onto a
Biotin-PEG-silane coated coverslip, to form a microfluidic flow cell as shown in figure 2. The
assembled flow cell will then be placed on the microscope stage. The chamber is connected to the
microfluidics flow control system and the tubes from the microfluidics system will be connected to
the inlets and the outlets of chamber making sure there is no bubble while flowing mf-TIRF buffer (10
mM imidazole pH 7.4, 50 mM KCl, 1 mM MgCl,, 1 mM EGTA, 0.2 mM ATP, 25 mM DTT and 1 mM
DABCO). The flow rate in the chamber will be monitored and controlled using the MAESLFO system.
For experiments where pointed ends are free, biotinylated capping protein will be anchored on the
streptavidin-coated coverslip surface and preformed actin filaments will be flowed in whose barbed
ends are captured by surface-bound capping protein while their pointed ends will remain free. An
example viewing frame is shown in figure 3. Actin filaments can be polymerized in KME buffer (100

mM KCL, 1 mM MgCl; 0.2 mM EGTA).

Image acquisition and analysis

Single-wavelength time-lapse TIRF imaging will be performed on a Nikon microscope in the Shekhar
lab equipped with a 20-mW Argon laser, a 60x TIRF-objective, and an EMCCD camera. The focus will
be maintained by the Perfect Focus System. The images will be acquired using the imaging software
Elements. The acquired data will be analyzed in Fiji and the kymograph plugins will be used to draw
kymographs of individual filaments. The kymograph allows rapid measurement of the point of

uncapping for filaments as shown in figure 4.



Results

Twinfilin uncaps both ADP and ADP-P; filament barbed ends

Previous studies have reported that twinfilin regulates CP dynamics by uncapping aged barbed
ends”. To determine how the uncapping activity of twinfilin is influenced by the nucleotide state of
actin filaments, we performed uncapping experiments using mf-TIRF. Preformed actin filaments (in
ADP or ADP-P; state) were introduced into the mf-TIRF chamber and captured at their barbed ends by
coverslip-anchored CP. The dissociation of filaments from coverslip-bound CP caused the
immediate disappearance of filaments from the field of view. We recorded the disappearance of
actin filaments in the field of view over time. A cartoon of the experimental setup is shown in figure
5. Changes in the time-dependent survival fraction of CP-bound filaments were then used to

determine the dissociation rate of CP from the barbed end.

To determine the effect of twinfilin on the uncapping of ADP-actin filaments, we exposed CP-
anchored ADP filaments to TIRF buffer containing a range of twinfilin concentrations and measured
the resulting barbed-end uncapping rates. We found that the barbed end uncapping rate increased
with twinfilin concentration. Compared to the control, 5 yM mTwinfilin-1 increased the rate of CP’s
dissociation from ADP barbed ends by about 8-fold. Next, we investigated how twinfilin affects
uncapping ADP-P; filaments. Actin filaments were maintained in the ADP-P; state by conducting the
entire experiment in the presence of TIRF buffer supplemented with 50mM Pi. We found that similar
to ADP filaments, the rate of uncapping of ADP-P; filaments also increased with twinfilin
concentration. Compared to the control, 5 pM mTwinfilin-1 increased the rate of CP’s dissociation

from ADP-P; barbed ends by about 3-fold.

Comparing the uncapping rates of ADP and ADP-P; barbed ends in the absence of twinfilin, we found

that ADP filament barbed ends uncap faster (figures 6 & 7). This suggests that capping protein binds
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more strongly to ADP-P; barbed ends. Similarly in the presence of twinfilin, ADP filament barbed ends
uncapped 4-fold faster compared to ADP-P;filaments. Taken together, our data suggests that capping

protein has a higher affinity for ADP-P; barbed ends and twinfilin uncaps ADP filaments faster.

Formin uncaps both ADP and ADP-P; filament barbed ends

Prior studies have suggested that the mechanism by which formin uncaps filament barbed ends
involves its ability to form complexes with capped filament barbed ends®. These barbed-end-formin-
capping-protein (BFC) complexes can further resolve into capped barbed ends and formin-bound
barbed ends. A cartoon of this mechanism is shown in figure 8. However, the efficacy of formin as an
uncapper on both ADP and ADP-P; filaments remains unclear. We once again used mf-TIRF
microscopy to determine how formin affects uncapping rates. We first tested formin’s effects on ADP
filament uncapping. The ADP filaments were formed in KME buffer and left on the bench for 30
minutes to polymerize and age (allow P; release). These filaments were then captured from their
barbed ends using capping protein anchored on the surface and exposed to a solution containing
formin (mDia1). We systematically changed the concentration of formin and measured the barbed
end uncapping rates (figures 9 & 10). We found that the rates of barbed end uncapping increased
linearly with a maximum rate of 0.01016 s™ at 200 nM formin, a 37-fold increase from buffer alone.
We then sought to answer how formin affects ADP-P; filament uncapping. The ADP-P; filaments were
formed in TIRF buffer supplemented with 50 mM P;and incubated for 30 minutes to polymerize. These
filaments were then captured using capping protein anchored on the surface and exposed to a
solution containing formin. Filaments were maintained in the ADP-P; state by supplementing TIRF
buffer with 50 mM Pi.. The uncapping rates were measured with increasing concentrations of formin.
Interestingly, unlike the ADP filaments, the ADP-P; uncapping rate appears to saturate around 100 nM
formin with a maximum measured rate of 0.00065 s at 200 nM formin, a nearly 5-fold increase from

buffer alone. Overall, we were able to show that formin can accelerate uncapping rates of ADP
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filaments and ADP-P; filaments, however, the trends with increasing concentrations of formin differ
between the two nucleotide states. Furthermore, the slower rate of uncapping for ADP-P; filaments
remains consistent with the findings for twinfilin. This supports the possibility that capping protein
has a higher affinity for ADP-P; barbed ends over ADP barbed ends. The data also seem to suggest
that the nucleotide state of barbed ends not only affects capping protein affinity but also formin

affinity as well, with ADP filaments having a greater affinity for formin than ADP-P; filaments.

Twinfilin and Formin synergize to accelerate uncapping for both ADP and ADP-P; filament
barbed ends

Recent studies involving the so-called BFC complexes have shown that twinfilin, with its ability to
accelerate capping protein dissociation from filament barbed ends, can bias the BFC complex
towards the formin-bound state’. We sought to elaborate on this finding by investigating the
uncapping rates of ADP and ADP-P; filaments in the presence of twinfilin and formin. We once again
used mf-TIRF to measure these rates. The ADP filaments were formed in KME buffer and left on the
bench for 30 minutes to polymerize and age (allow P; release). These filaments were then captured
from their barbed ends using capping protein anchored on the surface and exposed to a solution
containing formin and twinfilin. We maintained the amount of twinfilin at the saturating
concentration of 5 pM, systematically changed the formin concentration, and measured the rates
(figures 11, 12). We found that the uncapping rates increased drastically from twinfilin and formin in
isolation with a maximum measured rate of 0.07204 s at 200 nM formin and 5 pM twinfilin, nearly a
270-fold increase from buffer alone. We then tested the effect of the twinfilin/formin combination on
ADP-P; uncapping rates. The ADP-P; filaments were formed in TIRF buffer supplemented with 50 mM
Pi and incubated for 30 minutes to polymerize. These filaments were then captured using capping
protein anchored on the surface and exposed to a solution containing formin and twinfilin. Filaments

were maintained in the ADP-P; state by supplementing TIRF buffer with 50mM P;. The uncapping rates
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were measured with a constant 5 pM twinfilin and increasing concentrations of formin (figures 11,
12). We found that the uncapping rates for ADP-P; filaments in the presence of both twinfilin and
formin increased from twinfilin and formin in isolation, though not to the same extent as for ADP
filaments (figure 13). We measured a maximum rate of .00105s™ at 5 yM twinfilin and 200 nM formin,

nearly an 8-fold increase from buffer alone.
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Discussion

The regulation of CP dynamics involves the action of various families of actin-binding proteins.
Though once thought to depend primarily on CPI-motif proteins such as CARMILs, recent discoveries
suggest that competition for the barbed end is a more potent driver of CP dissociation than direct
interaction with CP*. Though on its own twinfilin appears to be a rather inefficient uncapper,
saturating around 5 pM for an 8-fold increase in uncapping rate, in tandem with cofactors such as
formins and myotrophins, its uncapping ability improves significantly. Compared to the fastest
previously observed 180-fold increase for CARMIL (mMCAH3)%, twinfilin (mTwinfilin-1) aided by formin

(mDia1) displayed a dramatic 270-fold increase for ADP filaments with no sign of saturation.

Despite its classification as a depolymerase, twinfilin displays unique stabilization abilities similar
to cappers?. Twinfilin has been shown to increase barbed end depolymerization of ADP-Pi filaments
while slowing barbed depolymerization of ADP filaments'3. The observed disparity between twinfilin
uncapping rates between ADP and ADP-P; filaments would suggest that twinfilin uncapping is more
common for filaments that have been capped long enough to have ADP actin subunits at their barbed
ends. These older filaments, no longer contributing force to the membrane, would need to be quickly
uncapped and depolymerized to continue funneling monomers to free barbed ends. Twinfilin could
aid in uncapping, supported by V1/myotrophin, to allow other depolymerization agents, such as

cofilins and SRV2/CAP, access to the barbed end.

Though formin serves as an effective polymerase, due to both its location on the membrane and its
high polymerization rate, it remains a poor nucleator of actin filaments?. Thus, it has been
hypothesized that formin requires pre-nucleated filaments to achieve maximal efficiency. One such
method by which formin could acquire pre-nucleated barbed ends would be via forming BFC

complexes with capped filaments. Since filament capping in cells is a stochastic process?,



14

filaments of any length and location in the cell are equally likely to be capped. Such events could
prove detrimental to force generation when smaller filaments near the membrane are capped
prematurely. Thus, the mechanism of formin uncapping could provide such filaments with a route to
be rescued from their capped state. The role of twinfilin in this tripartite uncapping system would
increase the likelihood that BFC complexes resolve to a formin-bound state’ and as a result are able

to continue rapid polymerization at leading edges.

The data also suggests that in addition to binding with higher affinity to CP, ADP-P; actin filaments are
also less susceptible to the action of uncappers in vitro. This finding conflicts with previous work
showing a much lower affinity for CP on ADP-P; barbed ends in vivo®, indicating the role of other
players in the regulation of filament capping and uncapping. Though the aging of actin filament
subunits is generally stochastic with a slow rate'® ", it has been shown that the rate of P; release is
faster at filament ends by 300-fold'. If capped filaments retain this rapid release rate, the

biochemical properties of capped barbed ends could be more variable than previously thought.

The assessment of the synergy of twinfilin and formin reveal the fastest recorded in vitro uncapping
rates, nearly doubling the previous highest rates observed by CARMILs. The individual contributions
by twinfilin and formin allow each protein to bridge the uncapping process directly to
depolymerization, to recycle of actin monomers, or polymerization, to continue force generation at
the cell membrane, respectively. Lastly, the slow process of actin aging appears as a rate limiting
step to uncapping. The acceleration of actin aging, whether by other actin binding proteins or

structural factors at the barbed end, could serve as the final factor in rapid CP dynamics in cells.
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Future Directions

Other actin-binding proteins have been shown to play arole in governing the mechanics of the barbed
end. In addition to CARMILs, cofilin and SRV2/CAP have been shown to accelerate filament
uncapping, while V1/myotrophin has been shown to sequester capping®. Cofilin’s mechanism
appears to differentiate from both formin and twinfilin in that the protein decorates the sides of

filaments prior to uncapping?'.

On the other hand, CAP’s uncapping effects are less well-documented. The C-terminal end appears
to be able to uncap but at a much lower rate than twinfilin. While its N-terminal end appears to aid in
twinfilin’s depolymerase activity?®, it does not appear to have any significant effect on uncapping

rates. Interestingly, N-CAP does not significantly increase twinfilin’s uncapping ability as well.

V1/Myotrophin’s sequestration effects also seem to provide a level of regulation against premature
capping of growing filaments. On its own, it has been shown to sequester capping protein without
directly displacing it from barbed ends?®®. In tandem with twinfilin, it has also been shown to
significantly increase uncapping rates*. V1’s involvement could potentially bring CP dissociation
observed by twinfilin and formin to even faster turnover rates. Interestingly, while CP remains highly

conserved in eukaryotes, V1 is notably absent from the plant and fungal kingdoms?.

Lastly, twinfilin 2b, an isoform found predominantly in skeletal muscle and the heart®, could be

tested for uncapping activity to observe tissue-specific differences in isoform activities.
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Figure 2: Schematic of PDMS flowcell setup. A PDMS microfluidics chamber and a
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Figure 3: Representative fields of view. A, Conventional TIRF. B, mf-TIRF (right)
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Figure 4: Example kymograph montage. Filaments are anchored by their barbed ends (BE) via
capping protein while the pointed ends (PE) are free. Analysis conducted by measuring the time
points of detachment of filaments with a minimum length of 5 um. Filaments that remain until the
end of the video are considered to have not been uncapped while those that detach are considered

to have uncapped.
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Figure 5: Cartoon of twinfilin uncapping experiment. First, preformed filaments are captured by
anchored capping protein. Next, the anchored filaments are exposed to solutions containing
various twinfilin concentrations. The uncapping rates are observed as the rate at which filaments

disappear from the viewing frame.



Figure 6: Twinfilin uncapping CDFs. A & B, Fraction of fillaments attached to CP as a function of
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time in presence of varying concentrations of twinfilin. Experimental data (symbols) are fitted to a

single-exponential function (lines) to determine CP dissociation rate. N = 60 filaments for all

experiments.
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Figure 7: Quantification of twinfilin uncapping rates. Uncapping CDFs were fitted to the function
y = e™to find k, the rate of uncapping. A, Uncapping rates for ADP and ADP-P; filaments at various
twinfilin concentrations is shown. B, Comparison of control rates for ADP and ADP-P; filaments,
TIRF 1X buffer and 1X P; buffer is shown.
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Figure 8: Cartoon of formin uncapping via BFC complex. First, pre-grown filaments anchored by
CP are exposed to formin. Formin then creates BFC complexes on these anchored filaments. BFC
complex resolves to either a barbed-end-formin (BF) state or barbed-end-capping-protein (BC)
state, the former of which is observed as uncapping.
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Figure 9: Formin uncapping CDFs. A & B, Fraction of fillaments attached to CP as a function of
time in presence of varying concentrations of formin. Experimental data (symbols) are fitted to a
single-exponential function (lines) to determine CP dissociation rate. N = 60 filaments for all
experiments.
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Figure 10: Quantification of formin uncapping rates. Uncapping CDFs were fitted to the function

y =e™to find A, the rate of uncapping. A, Uncapping rates for ADP filaments at various formin

concentrations is shown. B, Uncapping rates for ADP-P; filaments at various formin concentrations

is shown.
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Figure 11: Formin + twinfilin uncapping CDFs. A & B, Fraction of filaments attached to CP as a
function of time in presence of varying concentrations of formin. Twinfilin was kept constant at 5
pM. Experimental data (symbols) are fitted to a single-exponential function (lines) to determine CP
dissociation rate. N = 60 filaments for all experiments.
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the functiony = e*to find A, the rate of uncapping. A, Uncapping rates for ADP filaments at various

formin concentrations are shown. B, Uncapping rates for ADP-P; filaments at various formin

concentrations are shown.
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Figure 13: Comparison of uncapping rates: A & B, Side by side comparison of maximum observed
uncapping rates for each experimental condition for ADP and ADP-P; filaments separately. C, Side
by side comparison of maximum rates for all conditions with fold changes from buffer controls. The
maximum increase for twinfilin was at 5 pM twinfilin. The maximum increase for formin was 200 nM
formin. The maximum increase for twinfilin + formin was at 5 pM twinfilin + 200 nM formin.



29

References

. Pollard, T. D.; Cooper, J. A. (2009). Actin, a central player in cell shape and movement. Science,
326 (5957), 1208-1212. DOI: 10.1126/science.1175862

. Pollard, T. D.; Borisy, G. G. (2003). Cellular motility driven by assembly and disassembly of actin
filaments. Cell, 112 (4), 453-465. DOI: 10.1016/s0092-8674(03)00120-x

. Pelham, R. J.; Chang, F. (2002). Actin dynamics in the contractile ring during cytokinesis in fission
yeast. Nature, 419 (6902), 82-86. DOI: 10.1038/nature00999

. Hakala, M., Wioland, H., Tolonen, M. et al. (2021). Twinfilin uncaps filament barbed ends to
promote turnover of lamellipodial actin networks. Nature Cell Biology, 23, 147-159.
https://doi.org/10.1038/s41556-020-00629-y

. Schafer, D. A.; Jennings, P. B.; Cooper, J. A. (1996). Dynamics of capping protein and actin
assembly in vitro: uncapping barbed ends by polyphosphoinositides. Journal of Cell
Biology, 135 (1), 169-179. DOI: 10.1083/jcb.135.1.169

. Lai, F. P., Szczodrak, M., Block, J., Faix, J., Breitsprecher, D., Mannherz, H. G., Stradal, T. E.,
Dunn, G. A., Small, J. V., & Rottner, K. (2008). Arp2/3 complex interactions and actin
network turnover in lamellipodia. The EMBO Journal, 27(7), 982-992. DOI:
10.1038/emb0j.2008.34

. Poukkula, M., Kremneva, E., Serlachius, M., & Lappalainen, P. (2011). Actin-depolymerizing
factor homology domain: A conserved fold performing diverse roles in cytoskeletal
dynamics. Cytoskeleton (Hoboken), 68(9), 471-490. DOI: 10.1002/cm.20530

. Copeland, J. W., & Treisman, R. (2002). The diaphanous-related formin mDia1 controls serum
response factor activity through its effects on actin polymerization. Molecular Biology of the
Cell, 13(11), 4088-4099. DOI: 10.1091/mbc.02-06-0092

. Bombardier, J. P., Eskin, J. A., Jaiswal, R., Corréa, I. R., Jr., Xu, M. Q., Goode, B. L., & Gelles, J.
(2015). Single-molecule visualization of a formin-capping protein 'decision complex' at the
actin filament barbed end. Nature Communications, 6, 8707. DOI: 10.1038/ncomms9707

10. Shekhar, S., Kerleau, M., Kuhn, S., et al. (2015). Formin and capping protein together embrace

the actin filament in a ménage a trois. Nature Communications, 6, 8730.
https://doi.org/10.1038/ncomms9730

11. Ulrichs, H., Gaska, I., & Shekhar, S. (2023). Multicomponent regulation of actin barbed end

assembly by twinfilin, formin and capping protein. Nature Communications, 14, 3981. DOI:
10.1038/s41467-023-39655-3

12. Miyoshi, T., Tsuji, T., Higashida, C., Hertzog, M., Fujita, A., Narumiya, S., Scita, G., & Watanabe,

N. (2006). Actin turnover-dependent fast dissociation of capping protein in the dendritic



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

30

nucleation actin network: Evidence of frequent filament severing. Journal of Cell Biology,
175(6), 947-955. DOI: 10.1083/jcb.200604176

Shekhar, S., Hoeprich, G. J., Gelles, J., & Goode, B. L. (2021). Twinfilin bypasses assembly
conditions and actin filament aging to drive barbed end depolymerization. Journal of Cell
Biology, 220(1), €202006022. DOI: 10.1083/jcb.202006022

Fletcher, D. A., & Mullins, R. D. (2010). Cell mechanics and the cytoskeleton. Nature,
463(7280), 485-492. DOI: 10.1038/nature08908

Carlier, M. F. (1990). Actin polymerization and ATP hydrolysis. Advances in Biophysics, 26, 51-
73.DOI: 10.1016/0065-227x(90)90007-g

Blanchoin, L., & Pollard, T. D. (2002). Hydrolysis of ATP by polymerized actin depends on the
bound divalent cation but not profilin. Biochemistry, 41(2), 597-602. DOI:
10.1021/bi011214b

Carlier, M. F., & Pantaloni, D. (1988). Binding of phosphate to F-ADP-actin and role of F-ADP-Pi-
actin in ATP-actin polymerization. Journal of Biological Chemistry, 263(2), 817-825. PMID:
3335528

Pelham, R. J., & Chang, F. (2002). Actin dynamics in the contractile ring during cytokinesis in
fission yeast. Nature, 419(6902), 82-86. DOI: 10.1038/nature00999

Oosterheert, W., Blanc, F. E. C., Roy, A., et al. (2023). Molecular mechanisms of inorganic-
phosphate release from the core and barbed end of actin filaments. Nature Structural &
Molecular Biology, 30, 1774-1785. DOI: 10.1038/s41594-023-01101-9

Fujiwara, I., Remmert, K., & Hammer, J. A. 3rd. (2010). Direct observation of the uncapping of
capping protein-capped actin filaments by CARMIL homology domain 3. Journal of
Biological Chemistry, 285(4), 2707-2720. DOI: 10.1074/jbc.M109.031203

Wioland, H., Guichard, B., Senju, Y., Myram, S., Lappalainen, P., Jégou, A., & Romet-Lemonne,
G. (2017). ADF/Cofilin accelerates actin dynamics by severing filaments and promoting
their depolymerization at both ends. Current Biology, 27(13), 1956-1967.e7. DOI:
10.1016/j.cub.2017.05.048

Sinnar, S. A., Antoku, S., Saffin, J. M., Cooper, J. A., & Halpain, S. (2014). Capping protein is
essential for cell migration in vivo and for filopodial morphology and dynamics. Molecular
Biology of the Cell, 25(14), 2152-2160. DOI: 10.1091/mbc.E13-12-0749

Helfer, E., Nevalainen, E. M., Naumanen, P., Romero, S., Didry, D., Pantaloni, D., &
Lappalainen, P. (2006). Mammalian twinfilin sequesters ADP-G-actin and caps filament
barbed ends: Implications in motility. The EMBO Journal, 25(6), 1184-1195. DOI:
10.1038/sj.embo0j.7601019



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

31

Littlefield, R., Almenar-Queralt, A., & Fowler, V. M. (2001). Actin dynamics at pointed ends
regulates thin filament length in striated muscle. Nature Cell Biology, 3(6), 544-551. DOI:
10.1038/35078517

Bhattacharya, N., Ghosh, S., Sept, D., & Cooper, J. A. (2006). Binding of myotrophin/V-1 to
actin-capping protein: Implications for how capping protein binds to the filament barbed
end. Journal of Biological Chemistry, 281(41), 31021-31030. DOI: 10.1074/jbc.M606278200

Jung, G., Alexander, C. J., Wu, X. S., Piszczek, G., Chen, B.-C., Betzig, E., & Hammer, J. A.
(2016). V-1 regulates capping protein activity in vivo. Proceedings of the National Academy
of Sciences, 113(43), E6610-E6619. https://doi.org/10.1073/pnas.1605350113

Ono, S. (2013). The role of cyclase-associated protein in regulating actin filament dynamics -
More than a monomer-sequestration factor. Journal of Cell Science, 126(15), 3249-3258.
DOI: 10.1242/jcs.128231

Thompson, M. E., Heimsath, E. G., Gauvin, T. J., Higgs, H. N., & Kull, F. J. (2013). FMNL3 FH2-
actin structure gives insight into formin-mediated actin nucleation and elongation. Nature
Structural & Molecular Biology, 20(1), 111-U143. DOI: 10.1038/nsmb.2462

Nevalainen, E. M., Skwarek-Maruszewska, A., Braun, A., Moser, M., & Lappalainen, P. (2009).
Two biochemically distinct and tissue-specific twinfilin isoforms are generated from the
mouse Twf2 gene by alternative promoter usage. Biochemical Journal, 417(2), 593-600.
DOI: 10.1042/BJ20080608

Carlier, M. F., Pernier, J., Montaville, P., Shekhar, S., & Kuhn, S. (2015). Control of polarized
assembly of actin filaments in cell motility. Cellular and Molecular Life Sciences, 72(16),
3051-3067. DOI: 10.1007/s00018-015-1914-2

Pollard, T. D., & Cooper, J. A. (1984). Quantitative analysis of the effect of Acanthamoeba
profilin on actin filament nucleation and elongation. Biochemistry, 23(26), 6631-6641. DOI:
10.1021/bi00321a054

Romero, S., Le Clainche, C., Didry, D., Egile, C., Pantaloni, D., & Carlier, M.-F. (2004). Formin is
a processive motor that requires profilin to accelerate actin assembly and associated ATP
hydrolysis. Cell, 119, 419-429.

Seth, A., Otomo, C., & Rosen, M. K. (2006). Autoinhibition regulates cellular localization and
actin assembly activity of the diaphanous-related formins FRLalpha and mDia1. Journal of
Cell Biology, 174(5), 701-713. DOI: 10.1083/jcb.200605006

Berro, J., Michelot, A., Blanchoin, L., Kovar, D. R., & Martiel, J. L. (2007). Attachment conditions
control actin filament buckling and the production of forces. Biophysical Journal, 92(7),
2546-2558. DOI: 10.1529/biophysj.106.094672



32

35. Shekhar S. (2017). Microfluidics-Assisted TIRF Imaging to Study Single Actin Filament
Dynamics. Current protocols in cell biology, 77, 12.13.1-12.13.24.
https://doi.org/10.1002/cpcb.31

36. Jégou, A., Niedermayer, T., Orban, J., Didry, D., Lipowsky, R., Carlier, M. F., & Romet-Lemonne,
G. (2011). Individual actin filaments in a microfluidic flow reveal the mechanism of ATP
hydrolysis and give insight into the properties of profilin. PLoS biology, 9(9), e1001161.
https://doi.org/10.1371/journal.pbio.1001161


https://doi.org/10.1002/cpcb.31

