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Fascin and a-actinin form higher-ordered actin bundles that mediate numer-
ous cellular processes including cell morphogenesis and movement. While it is
understood crosslinked bundle formation occurs in crowded cytoplasm, how
crowding affects the bundling activities of the two crosslinking proteins is not
known. Here, we demonstrate how solution crowding modulates the organiza-
tion and mechanical properties of fascin- and a-actinin-induced bundles, uti-
lizing total internal reflection fluorescence and atomic force microscopy
imaging. Molecular dynamics simulations support the inference that crowding
reduces binding interaction between actin filaments and fascin or the calponin
homology 1 domain of a-actinin evidenced by interaction energy and hydro-
gen bonding analysis. Based on our findings, we suggest a mechanism of
crosslinked actin bundle assembly and mechanics in crowded intracellular
environments.

Keywords: actin—crosslinking  proteins; bending  stiffness;  binding
interaction; bundle organization; macromolecular crowding

Dynamic assembly of actin into higher order structures
plays critical roles in intracellular transport, cell shape
changes, cell division, movement, and mechanosensing
[1-8]. Actin bundles constitute an essential cytoskeletal
component present in filopodia [9-12], stress fibers
[5,13,14], stereocilia [15], and sensory bristles [15-17].
The mechanical properties of actin bundles largely
depend on their architecture, which in turn influence
numerous cell functions as well as physiology [8,18].

In living cells, a large number of actin—crosslinking
proteins mediate bundle formation with diverse
mechanical and  structural properties [19-22].

Abbreviations

Furthermore, the geometries of crosslinkers have been
shown to impact bundle organizations [23,24]. Fascin
is a monomeric actin—crosslinking protein (MW =
55 kDa) consisting of two actin-binding sites ~ 5 nm
apart [25]. Fascin induces closely packed bundles of
parallel filaments modulating cell protrusion and
motility [25-29]. Fascin is specifically localized along
filopodia [28], thin finger-like structures that play a
key role in guided cell movement [30]. Fascin-induced
bundles are stiffer than single actin filaments (F-actin),
supporting their important role in filopodia extension
and force generation [20,31]. Meanwhile, o-actinin is a

AFM, atomic force microscopy; APTES, (3-aminopropyl)triethoxysilane; ATP, adenosine triphosphate; CH, calponin homology; cryo-EM, cryo-
electron microscopy; D, diameter; Eg , Young's modulus; EGTA, ethylene glycol-bis(B-aminoethylether)-N,N,N',N-tetraacetic acid; FF, force
field; FWHM, full width at half maximum; L, length; L, , persistence length; MD, molecular dynamics; MW, molecular weight; PDB, Protein
Data Bank; PEG, polyethylene glycol; R, , radius of gyration; RMSD, root-mean-square displacement; TIRF, total internal reflection fluores-

cence; VMD, visual molecular dynamics; kg, bending stiffness.
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highly conserved actin—crosslinking protein (MW =
200 kDa, for dimer) containing an antiparallel
homodimer, about ~ 36 nm in size, with actin-binding
domains at their amino-terminal [32,33]. a«-actinin is
localized to lamellipodia as well as the base of filopo-
dia [10,34]. a-actinin can form either tight or loose
bundles, entangled isotropic networks, or combina-
tions of the two by crosslinking filaments with variable
angles [24,35-37]. Bundles crosslinked by «-actinin
have a similar shear stiffness compared to fascin—actin
bundles [20] and show elastic response to mechanical
deformations [38].

Both fascin- and a-actinin-induced actin bundle for-
mation take place within the cytoplasm crowded with
high concentrations of macromolecules. The total con-
centration of macromolecules within the eukaryotic
cells has been estimated to be in the range of ~ 50—
400 mg-mL~" [39]. Macromolecular crowding has been
shown to affect the polymerization kinetics of actin
and nucleotide-dependent actin filament stability
[40-45]. Moreover, depletion forces raised by macro-
molecular crowding can result in the formation of actin
bundles [46,47] or networks [48] without crosslinkers.
Although many studies have explored the effects of
crowding on actin, the way crowding affects interac-
tions between actin-binding proteins (ABPs) and actin
filaments is not well understood. Castaneda et al. [49]
recently demonstrated that crowding modulates fila-
ment bending mechanics and conformational changes,
including helical twists of filaments. We hypothesize
that these changes in filament mechanics and confor-
mations by crowded environments may also potentially
affect fascin or a-actinin binding to filaments and sub-
sequent bundling activities. However, the interplay
between the two crosslinking proteins and solution
crowding in terms of bundling is unknown.

Here, we investigate how macromolecular crowding
modulates the organization and mechanical properties
of actin bundles crosslinked by fascin and a-actinin.
Utilizing total internal reflection fluorescence (TIRF)
and atomic force microscopy (AFM) imaging, we
show that macromolecular crowding affects the pack-
ing of both fascin- and «-actinin bundles and has a
stronger impact on fascin bundle stiffness than on o-
actinin bundle mechanics. All-atom molecular dynam-
ics (MD) simulations indicate that crowding affects
interaction energy and interhydrogen bonds between
actin—crosslinking proteins and filaments. The findings
suggest a mechanism associated with actin bundle
assembly and mechanics controlled by crosslinking
proteins in the presence of crowding, which deepens
the understanding of cytoskeletal organization in
crowded cellular environments.

Crosslinked actin bundles in crowded environments

Materials and methods

Proteins and sample preparations

Actin was purified from rabbit skeletal muscle acetone
powder (Pel-Freez Biologicals Inc., Rogers, AR, USA) and
gel-filtered over Sephacryl S-300 equilibrated in buffer A
(2 mm Tris/HCI, 0.2 mm CaCl,, 1 mm NaNj, 0.2 mm ATP,
0.5 mm DTT, pH 8.0) as described in Ref. [49]. Rhodamine
rabbit skeletal muscle actin (> 99% purity) was purchased
from Cytoskeleton, Inc. (Denver, CO, USA). Ca’*-actin
monomers were converted into Mg>*-actin monomers by
the addition of 0.2 mm EGTA and MgCl,, equal to the ini-
tial concentration of G-actin plus 10 pm for 5 min; then, 1/
10th volume of 10x polymerization buffer (500 mm KCl,
20 mm MgCl,, 100 mm imidazole, pH 7.0, 10 mm ATP,
and 10 mm DTT) was added and incubated at room tem-
perature (T ~ 22 °C) for 1 h, as described in Ref. [49]. Bun-
dle formation was induced by adding human recombinant
protein fascin with a His-tag (Novus Biologicals, Littleton,
CO, USA) or rabbit skeletal muscle a-actinin (Cytoskele-
ton, Inc.) in the polymerization buffer containing crowding
agents: polyethylene glycol (PEG) (MW = 8000 Da)
(Fisher, Waltham MA, USA), sucrose (MW = 342 Da)
(Sigma, Saint Louis, MO, USA), or Ficoll 70 (MW =
70000 Da) (GE Healthcare, Chicago, IL, USA) at varying
concentrations. Crowder concentrations were 1% w/w, 3%
wiw, and 5% w/w (~ 10-50 mg-mL~") for PEG, 10% w/w,
30% w/w, and 50% w/w (~ 100-600 mg~mL_1) for sucrose,
and 5% wiw, 10% w/w, and 20% w/w (~ 50-200 mg-mL~")
for Ficoll. The concentrations of crowding agents were cho-
sen to emulate the estimated concentrations of macro-
molecules within the cytoplasm. In particular, we chose the
concentrations for PEG and sucrose based on our recent
study [49], which demonstrated the effect of crowding on
actin filament mechanics and structure. The concentrations
of Ficoll were selected following a previous study [41] that
showed how macromolecular crowding affects actin poly-
merization kinetics. We chose the concentrations of crow-
ders ‘below’ a threshold concentration that would start
forming bundles (PEG < 5% w/w [46], sucrose < 50% w/w,
and Ficoll < 20% w/w (Fig. S1)), in order to separate
effects of crosslinking proteins from depletion-induced
bundling.

Low-speed cosedimentation assay

To evaluate the bundling activity of actin—crosslinking pro-
teins, a low-speed co-sedimentation assay was performed
using a modified protocol as previously described in Ref.
[25]. Actin monomers were polymerized into filaments for
1 h at room temperature before being equilibrated in the
presence of crowders for 1 h. As control samples, 5 pm of
F-actin alone, 2.5 pM fascin alone, and 1 pm a-actinin alone
were incubated in dilute polymerization buffer or crowded
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buffers containing PEG (1%, 3%, or 5% w/w), sucrose
(10%, 30%, or 50% w/w), or Ficoll 70 (5%, 10%, or 20%
w/w) for 1 h at room temperature. For co-sedimentation
assays, 5 pM of F-actin was incubated with 2.5 pm fascin or
1 pMm a-actinin for 1 h at room temperature in the presence
of PEG (1%, 3%, or 5% w/w), sucrose (10%, 30%, or
50% w/w), or Ficoll 70 (5%, 10%, or 20% w/w). The
molar ratios of actin to fascin or a-actinin used for these
sedimentation assays were chosen for effective actin bundle
formation as shown in previous studies [31,50]. Crosslink-
ing protein-induced bundles were spun at 8644 g for 1 h at
4 °C using a Sorvall MTX 150 (Thermo Fisher Scientific,
Waltham, MA, USA). Due to the high viscosity of solution
containing crowding agents, the top 20% supernatant and
bottom 20% pellets were collected, transferred to separate
tubes, and resuspended with polymerization buffer. The
supernatants and pellets for each condition were separated
by SDS/PAGE using 12% resolving gel at 80 V for 2 h.
The gels were stained by Coomassie blue staining and
imaged with ChemiDoc (Bio-Rad, Hercules, CA, USA).
The relative amounts of protein bands were analyzed by M-
AGE LAB software (Bio-Rad) as described in Ref. [51].

TIRF microscopy imaging and mechanics data
analysis

Actin bundles (50% rhodamine-labeled, 1 pm) induced by
fascin or a-actinin (0.5 pm) were equilibrated for 1 h in the
presence of crowding agents at room temperature prior to
TIRF imaging. Bundle samples were diluted in optical imag-
ing buffer (10 mm imidazole pH 7.0, 50 mm KCl, 2 mm
MgCl,, I mm ATP, 1 mm DTT, 0.15 m glucose, 1 mg-mL’1
catalase, and 0.1 mg-mL™" glucose oxidase) [49,52]. Actin—
crosslinking protein-induced bundles were immobilized on
coverslips coated with 0.01% v/v poly-L-lysine (Sigma-
Aldrich, St. Louis, MO, USA) which produces a weak elec-
trostatic force to adhere biopolymers to glass surfaces while
maintaining the fluctuation of bundle as the previous studies
used [52]. Bundle images were acquired at room temperature
using a Nikon Eclipse Ti TIRF microscope equipped with a
Hamamatsu ImagEM X2 CCD camera, 100X oil immersion
objective (numerical aperture 1.49), and Nikon LU-N4 laser
(Nikon Instruments Inc., Melville, NY, USA). NIKON IMAG-
ING SOFTWARE (NIS)-ELEMENTS (ver. 5.02) was used to capture
images (pixel size = 0.16 pm-pixel™") (Nikon Instruments
Inc., Melville, NY, USA).

The number of filaments per each bundle was estimated
from the sum of fluorescence intensities across the bundle
divided by that of one filament using NIS-ELEMENTS
Advanced Research software (ver. 5.02) [52,53]. Actin bun-
dle length (L) and bending persistence length (L) were
analyzed using IMAGEJ, Persistence [54], and ORIGINLAB 8.5
(OriginLab Corp, Northampton, MA, USA). Bundle L,
was calculated from the two-dimensional average cosine
correlation (<C(s)>) of the tangent angle (0) along the
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segment length (s) of a bundle by fitting to Eqn (1) (where
A is a scaling factor) as described in Ref. [52,54].

<C(s)>=<cos[0(s) —0(0)|>=A-e . (1)

The flexural rigidity of the bundle (k) was calculated
following Eqn (2), in which L, is the persistence length and
kgT is the thermal energy [52,54].

kp = LykpT. 2

The longitudinal Young modulus of fascin bundles (Eg)
was estimated following Eqn (3), where I denotes the sec-
ond moment of inertia of bundles, respectively [55,56].

K_B _ kaBT

Ep =
BT )i

3)

The second moment of inertia (/) was calculated follow-
ing Eqn (4) with the assumption that fascin-induced bun-
dles are rod-like structures [57] with radius (r) measured
from AFM images shown below.

== )

Atomic force microscopy imaging

Mica substrates were freshly cleaved and coated with
30 uL  of 0.1% v/v  (3-aminopropyl) triethoxysilane
(APTES) for 10 min to obtain a positively charged surface
and improve adherence of fascin- or «-actinin-induced
bundles [58,59]. The APTES-coated mica substrates were
then rinsed with deionized water and dried with a gentle
stream of compressed air [58,59]. Five microlitre of fascin-
or a-actinin-induced actin bundles ([actin] = 5 pM, molar
ratio of actin to fascin or o-actinin 2:1 or 5:1) was
deposited onto the APTES-coated mica and allowed to
bind for 3 min [59]. The substrate was rinsed gently with
compressed air and dried.

To observe the morphology of actin bundles, height and
amplitude images were collected using a Nanoscope IIIA
MultiMode AFM System (Bruker, Santa Barbara, CA,
USA). Imaging was conducted in ambient conditions and
performed in tapping mode using aluminum-coated silicon
AFM cantilever tips with a nominal spring constant of
~27Nm™' and nominal resonant frequency of
~ 60-100 kHz (HQ:XSC11/Al BS; Mikromasch, Wilsonville,
OR, USA). All images consisted of 512 points X 512 points.
Scan sizes varied from 0.5 to 10 um. Height, length, and
FWHM of bundles were quantified by Gwyddion [60].

Statistical analysis

Statistical significance of the numbers of filaments per bun-
dle, bundle persistence lengths, and bundle diameters was
determined using ORIGINLAB 8.5 softwareby conducting
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multiple analysis of variance (ANOVA) with post hoc
Tukey’s test. Notation for probability (P-value): n.s., not
significant (P > 0.05); *, P <0.05; **, P <0.01; ***
P < 0.001.

Molecular modeling for actin/cross-linking
protein complex in the presence of crowders

To investigate the effects of crowding on the interactions
between F-actin and crosslinking proteins, we employed the
molecular system of an F-actin using a recent filament
model revealed by high-resolution cryo-electron microscopy
(cryo-EM) (PDB ID: 3J8I) [61]. The filament was con-
structed using four actin subunits [62]. For actin—crosslink-
ing proteins, we used full-length fascin (PDB ID: 3P53) [25]
and the calponin homology (CH) 1 domain of a-actinin,
adapted from a filament decorated with CH1 domain of a-
actinin (residues from 26 to 146) (PDB ID: 3LUE) [63].
Fascin was bound to the filament using Z-dock web server
[64] based on the known binding sites of fascin to F-actin
[25,65]. Subsequently, we selected the lowest potential
energy upon 10 000 times of energy minimization among
the outcomes of Z-dock molecular docking simulation. To
bind the CH1 domain of a-actinin to F-actin, we followed
the structural composition of actin/a-actinin complex from
the Galkin model [66]. Then, to evaluate the interaction of
fascin or CH1 domain of a-actinin near the binding inter-
face, we set an initial distance of 15 A between the filament
and each crosslinking protein.

Three crowders including PEG (Mw = 385.25 g-mol™),
sucrose (My = 389.52 g-mol™"), and Ficoll 400 (My =
432.8 g-mol™") were considered. Of note, Ficoll 400 was
chosen for molecular modeling because the structure of
Ficoll 70 is not available. We performed 1000 times of
energy minimization and 10 ns of equilibration simulations
for each crowder. Subsequently, we solvated PEG
(n = 20), sucrose (n = 40), and Ficoll (n = 20) near the fil-
ament—crosslinking protein complex with a minimal dis-
tance of 5 A using PACKMOL [67]. In the case of sucrose,
the number of molecules was twice as much as PEG or
Ficoll in order to produce similar crowding concentrations
considering its smaller size compared to the other two
polymeric crowders. The simulated crowding concentra-
tions were chosen to mimic the highest concentration of
experimental crowding conditions when considering the
size of crowders. The concentration of crowders in the simu-
lation (C) is converted as follows; Cpgg, with fascin  ~3-6 MM,

CS“CFOSS> with fascin ~6.17 mM, Cl—‘icoll, with fascin ~3.11 mM,
CPEG, with a-actinin ~5 mwm, Csucrose, with a-actinin ~7.5 mMm,
CFicoll, with a-actinin ~ ~3.39 mM. The explicit models of

filament—crosslinking protein complexes with molecular
crowders were built using the TIP3P water model with a
conditional 15 A of water padding. To neutralize the
system and mimic experimental conditions, 2 mm MgCl,
was solvated near the complexes.

Crosslinked actin bundles in crowded environments

Molecular dynamics simulations and analysis of
interactions between filament and crosslinking
proteins

After energy minimization, we performed 20-ns equilibrium
MD simulations on each actin bundle complex in the
absence or presence of crowders using NAMD 2.12 package
[68]. CHARMM27 force field (FF) with CMAP corrections
for proteins, CHARMMS35 ether FF for PEG [69],
CHARMM CGenFF for Ficoll 400 [70], and CHARMM?36
carboxyl FF for sucrose were used [71]. Equilibrium MD
simulations were carried out with consideration of the NPT
ensemble (constant number of atoms, P =1 bar and
T = 300 K) and time step of 2 fs. Upon completion of the
MD simulations, we analyzed the radius of gyration (Ry)
and root-mean-square deviation (RMSD) of crosslinking
proteins as well as F-actin with crosslinking proteins using
visual molecular dynamics (VMD) [72]. To assess the
degree of binding interactions and characteristics near the
filament and unbound crosslinking protein interface, we
calculated the inter-hydrogen bond and interaction energy.
The number of inter-hydrogen bonds between filament and
crosslinking proteins was obtained using the hydrogen plu-
gin of VMD with a distance inferior to 3.5 A and angle
superior to 120° [72]. Using the same approach, interaction
energy was calculated using the NAMD energy plugin of
VMD 1.9.1.

Results and Discussion

Macromolecular crowding modulates fascin-
induced bundle organization and mechanics

We first evaluated how crowding affects the bundling
activities of fascin using a low-speed co-sedimentation
assay (at the average centrifugation speed of 8,644 g)
[25,31]. As an assay control, F-actin alone ([actin] =
5 pM) in the absence or presence of crowding agents
(PEG, sucrose, and Ficoll) was assessed (Fig. S1). The
amount of F-actin in the supernatant significantly
increased in sucrose and Ficoll (% F-actin is > 80%)
(Fig. Sla,b). In the presence of PEG, the amount of
actin in the supernatant showed a slight decrease com-
pared to the control of up to 17%. Filament formation
for F-actin control with crowders was confirmed by
TIRF microscopy imaging (Fig. Slc). Next, low-speed
co-sedimentation assays were performed after prepoly-
merized F-actin was incubated with fascin at a 2:1
(actin to fascin) molar ratio. Most of the F-actin was
found in the pellet and around 50-60% fascin was co-
sedimented with F-actin, confirming fascin formed
actin bundles (Fig. S2). We observed a slight decrease
in the percent of fascin as well as actin in the pellet at
50% w/w sucrose (Fig. S2c¢).
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To investigate how crowding affected bundle organi-
zation and mechanical properties, we directly visualized
fascin-induced bundles (50% rhodamine-labeled, molar
ratio of actin to fascin = 2 : 1) in the presence of varying
concentrations of crowders by TIRF microscopy (Fig. 1
A). We analyzed the cross-sectional fluorescence intensi-
ties of bundles to estimate the number of filaments per
bundle [52,53,73]. Overall, the number of filaments per
bundle increased with a rise in crowder concentrations
by approximately 1.7-fold at the highest concentration of
crowder (Fig. 1B). The average bundle length (L) did not
change significantly in the presence of crowding agents
[Leontrol = 2.55 £ 1.32 pm (mean + SD), LPEG,S% wiw =
2.33 £ 1.14 pm, Lgucrose, 50% wiw = 2.77 £ 1.41 pm,
LEicoll, 20% wiw = 2.68 & 1.43 pm].

We also compared the bending persistence length
(Lp,) of fascin-induced bundles, with or without crowd-
ing agents, obtained from the two-dimensional cosine
correlation [52,54] (Fig. 1C). For our experiments,
glass slides were passivated by poly-L-lysine allowing
for weak electrostatic interactions to enable visualiza-
tion and mechanical analysis of bundles [74]. Of note,
the thermal fluctuation of bundles [31] was performed
and no observable difference was quantified between
the methods of analysis (£10%). Fascin induced stiff
bundles (L, =46.81 £ 3.71 pm) at the 2:1 molar
ratio of actin to fascin in the absence of crowders.
This value is much lower than the reported value (L,
up to 166 pm) at the same molar ratio analyzed from
the path of bundles propelled by surface-adhered myo-
sin in a previous study [31]. This discrepancy may be
attributed to thicker bundles observed in the study [31]
with higher number of filaments per bundle
(n =18 4+ 4), compared to our estimation for fascin-
crosslinked bundles (n=6.0 £2.2). Meanwhile,
average bending L, significantly reduced with PEG
concentrations of 3% and 5%, L, pEG, 3% wiw =
29.62 £ 5.31 pm corresponding to a 37% reduction, and
Ly, pEG, 5% wiw = 25.32 & 1.12 pm  corresponding to a
46% reduction with respect to the control (Fig. 1C).
Sucrose did not induce stiffer bundles compared to the
control (Fig. 1C). In the case of Ficoll, the average bend-
ing L, of fascin bundles peaked at 10% w/w (L, Ficoll, 10%
w/w = 9594 £ 12.96 pm) (Fig. 1C). Using L, values,
we estimated the bending stiffness (kg) of fascin bundles
at room temperature. kg varied in the presence of crowd-
ing agents compared to control (kg, control = 2.0 X
107 N'mz), with values of «p pgg=1.0 —-1.9 x
1072 N'm?, &g, sucrose = 1.5-2.0 x 107> N-m?,  and
KB, Ficonl = 2.3-3.9 X 1072 N-m?. These changes are sim-
ilar to those observed in the case of divalent cation-in-
duced bundles [52], although the bundles are less rigid
than comparable crosslinking protein-induced bundles

J. Park et al.
reported in Ref. [20], representing Kg, control =
2.0 x 107 N-m?.

PEG and Ficoll showed different effects on
mechanics of fascin-induced bundles. PEG 8000

(MW = 8 kDa) is a linear polymeric crowder with a
hydrodynamic radius of ~ 24.5 A [75], whereas Ficoll
70 (MW =70 kDa) is a highly branched polymer
with a hydrodynamic radius of ~ 40 A [75]. Recent
studies have described how crowder structure affects
DNA packing and dynamics [76] as well as persis-
tence length of other worm-like chain polymers [77].
Furthermore, changes in the fascin-induced bundle
packing and stiffness can be attributed to the differ-
ent sizes and conformations of crowding agents. For
example, in a recently resolved high-resolution struc-
ture, Jansen et al. [25] showed how a PEG molecule
tightly binds to the cleft formed between the two
actin-binding sites of fascin. This suggests that crow-
ders present near fascin or filaments can reduce their
binding interactions.

Macromolecular crowding influences the
organization of a-actinin-induced bundle/
networks, while weakly affecting a-actinin
bundle mechanics

Bundling activities of a-actinin were evaluated using low-
speed co-sedimentation assay in the same way as fascin
bundles described above (Fig. S3). Prepolymerized
F-actin was incubated with a-actinin at a molar ratio of
5:1 (actin to a-actinin) without or with crowders and
centrifuged at 8644 g. The amount of a-actinin and actin
in the pellet slightly increased with increasing PEG and
Ficoll concentrations, except 20% w/w Ficoll (Fig. S3c.,d).
However, increasing concentrations of sucrose drasti-
cally reduced the amount of a-actinin and actin in the
pellet, indicating the bundling activity of a-actinin was
decreased in the presence of sucrose.

TIRF images showed crowding altered the morphol-
ogy of a-actinin-induced bundles/networks, depending
on the specific crowding agent (Fig. 2). Overall, poly-
meric crowders (PEG and Ficoll) induced well-defined
bundles, whereas the monomeric crowder (sucrose)
instead formed mesh-like networks (Fig. 2A). Depend-
ing on the molar ratio of a-actinin to F-actin, a-ac-
tinin has been shown to form either bundles or
networks [36,37,78]. Here, when maintaining the same
molar ratio of actin to a-actinin, o«-actinin induced
either bundles or mixtures of bundles/networks
depending on the type of crowders (Fig.2). The
different bundle/network formations of a-actinin
might be explained through the binding behavior of
a-actinin [24]. a-actinin can crosslink two single actin
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Fig. 1. Effects of crowding on fascin-induced bundles. (A) Representative TIRF microscopy images of fascin-induced bundles (the molar
ratio of actin to fascin =2 : 1). 1 pm of actin filaments (50% rhodamine-labeled) and 0.5 pm of fascin were incubated in dilute polymerization
buffer (10 mm imidazole, pH 7.0, 50 mm KCI, 2 mm MgCly, 1 mm ATP, and 1T mm DTT) or buffers containing crowding agents (1-5%w/w
PEG, 10-50% wi/w sucrose, or 5-20% w/w Ficoll) for 1 h at room temperature prior to imaging (scale bar, 10 um). The insets are zoom-ins
of each TIRF image (scale bar, 5 pm). (B) The number of filaments per bundle analyzed from cross-sectional fluorescence intensities without
or with crowders. The box represents the 25-75% of data, whiskers indicate standard deviation (SD), and the middle square is the mean.
(C) Bending persistence length (L) of fascin bundles without or with crowders. Sample size: Ngontrol = 291, Nigwm Pec = 222, N3gwin PEG =
241, NB%W/W PEG = 240, N1O%vv/vv sucrose — 323, N3O%W/W sucrose — 299, N50%W/VV sucrose — 357, NB%W/W Ficoll = 389, N10%w/w Ficol = 414,
Noogswiw Ficol = 502. P values were determined with one-way ANOVA and post hoc Tukey's test. (n.s., not significant; *P < 0.05; **P < 0.01;
*H¥P < 0.001).
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filaments when they are positioned within a wide range
of angles between them (16-165°) [24]. In addition, a-ac-
tinin network/bundle formation is highly affected by the
mobility of actin filaments [50]; therefore, it is possible
that filament stiffening and overtwisting caused by
crowding [49] may affect the binding of a-actinin. Fal-
zone et al. [50] revealed that the bundling assembly rate
of a-actinin-induced bundle is highly affected by solution
viscosity. As the viscoelasticity of microenvironment
became from viscous to viscoelastic fluid, highly mobile
actin filaments form bundles faster, but as the micro-
environment reaches to the elastic solid, the bundle
formation rate decreased [50]. A highly elastic micro-
environment due to crowding reduces filament mobility
and affects the length of filament where it does not
overcome the threshold distance between two
F-actins to form a-actinin-induced bundle, thereby
impeding crosslink-mediated bundle formation.

The number of filaments per a-actinin-induced bundle
decreased with increasing concentrations of crowding
agents (Fig. 2B). PEG induced well-defined a-actinin—
actin bundles, where bundle length (L) decreased
with increasing PEG  concentrations  (Lcontrol =
8.41 + 3.53 pm, LPEG, 1% wiw = 8.49 + 5.27 pm,
LpEG, 3% wiw = 4.14 £ 2.80 pm, and  Lpgg, 5% wiw =
3.09 + 1.91 pm). We noted that o-actinin induced longer
bundles in the presence of Ficoll (Leontol = 8.41 +
3.53 pm, Lricolt, 5% wiv = 12.10 £ 6.50 pm, Liicon, 10% wiv =
11.15 £+ 6.89 pm, Lricon, 20% wiw = 12.01 £ 6.67 pm).
Sucrose induced shorter a-actinin bundles within mesh-like
networks in a concentration-dependent manner (Lcongol =
8.41 + 3.53 pum, Lsycrose, 10%ww = 8.89 £ 0.88 pm,
Lsucrose, 30% wiw = 2.96 £ 0.31 pm). At 50% w/w sucrose,
a-actinin did not induce bundles, but rather formed mesh-
like networks. Only few bundles with short lengths were
observed; however, they were all embedded in the mesh-
like networks, as shown in the representative TIRF
image (Fig. 2A). For this reason, the number of filaments
per bundle and persistence length could not be analyzed.
In contrast to fascin bundles, crowding weakly influ-
enced the bending L, of a-actinin-induced bundles,
resulting in rather flexible bundles across all conditions
(Lp, average = 948 ym) (Fig. 2C). The average bending
stiffness (kg) of a-actinin-induced bundle was 4.55 x
107 N-m” for control, 2.70-5.30 x 107° N-m” for PEG,
2.20-3.97 x 1072° N-m? for sucrose, and 3.56-4.52 X
1072¢ N-m? for Ficoll.

Macromolecular crowding modulates the
structure of crosslinked actin bundles

To further analyze how crowding affected the structure
of fascin- and a-actinin-induced actin bundles at the
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molecular scale, we conducted AFM imaging of cross-
linked bundles in the absence and presence of crowders
(Fig. 3A). In the case of sucrose, the lowest concentra-
tion (10% w/w) was selected due to a high density of
bundles being attached to the APTES-coated surface,
which made it difficult to characterize individual bun-
dles at higher concentrations.

Our results demonstrate that macromolecular crowd-
ing reduces the thickness of both fascin and a-actinin-in-
duced bundles (Fig. 3A). The diameter of bundles was
calculated from FWHM. As shown in Fig. 3B, the aver-
age diameter (D) of control fascin bundles was
230.04 £ 39.19 nm but decreased in the presence of
crowding agents (Dpysein, pEg = 108.21 &+ 32.14 nm,
Dfascin, sucrose — 123.85 £+ 31.15 nm, Dfascin, Ficoll =
173.47 £+ 27.18 nm) (Fig. 3B). The diameter distribu-
tion of fascin bundles demonstrated macromolecular
crowding reduces bundle dimensions (Fig. S4a). Con-
sidering the number of filaments per fascin bundle
increased with crowding (Fig. 1B), it can be concluded
that fascin forms densely packed bundles in crowded
environments. The morphology of a-actinin bundles
revealed by AFM exhibited distinct organization, con-
sistent with TIRF results (Fig. 2). a-actinin within the
bundle (white dots on bundle) are distinguishable
throughout all samples (Fig. 3A), appearing as globular
foci, similar to Ref. [79]. The average diameter of
control a-actinin bundle was 264.66 £+ 53.3 nm, which
is then shown to decrease in the presence of crowding
(Da—actinin, peg = 130.24 £ 37.62 nm, D(x—actinin“ Ficoll =
97.36 + 36.44 nm). Sucrose reduced the diameter of
a-actinin bundles (Dy-actinin, sucrose = 92.20 £ 18.15 nm)
the most (Fig. S4b). A previous report [80] has shown
the processes that are present during initial nucleation
phase can affect the distribution of bundle thicknesses,
along with the distribution of steady-state thickness for
fascin—actin bundles, which can be best-fit by exponen-
tial function with a distinct peak. The changes in bundle
diameter distribution observed here occurring in the
presence of crowding suggest the possibility of an
altered nucleation due to crowding.

The longitudinal Young modulus of fascin bundles
(Eg) can be estimated based on bending stiffness (kp)
calculated from L, (Fig. 1) and bundle diameters mea-
sured by AFM [56] (Fig. 3). The Young modulus
depends not only on kg but also on bundle geometry
[57], which can be assumed to be a rod-like structure
for fascin bundles [80]. Interestingly, the longitudinal
Eg of fascin—actin bundles increased by 12-fold in the
presence of PEG and sucrose, and threefold with
Ficoll (EB, control = 1.22 + 0.37 kPa, EB, PEG =14.79
+ 2.29 kPa, Eg_ sycrose = 14.38 £ 2.81 kPa, Ep Ficon =
4.14 £+ 1.39 kPa) (Fig. S5). Both TIRF and AFM
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Fig. 2. Effects of crowding on a-actinin-induced bundles. (A) Representative TIRF microscopy images of a-actinin-induced bundles (the
molar ratio of actin to a-actinin =2 :1). 1 pm of actin filaments (50% rhodamine-labeled) and 0.5 pv of a-actinin were incubated in dilute
polymerization buffer (10 mm imidazole, pH 7.0, 50 mm KCI, 2 mm MgCl,, 1 mm ATP, and 1 mm DTT) or buffers containing crowding agents
(1-5%w/w PEG, 10-50% w/w sucrose, or 5-20% w/w Ficoll) for 1 h at room temperature prior to imaging (scale bars, 10 um). The insets
are zoom-ins of each TIRF image (scale bar, 5 pm). (B) The number of filaments per bundle without and with crowders. The box represents
the 25-75% of data, whiskers indicate SD, and the middle square is the mean. (C) Bending persistence length (L,) of a-actinin-crosslinked
bundles without and with crowders. The dashed line represents the average L, (9.47 pm) of all the analyzed bundles. Sample size:
Neontrol = 84, Niowwiw PEG = 155, Naoowuw peG = 143, Nsoownw pEG = 126, Niowwsw sucrose = 146, Naos%wnw sucrose = 97, Nsoswiw sucrose = 28,
Nsopwiw Ficol = 152, Nigosewiw Ficol = 100, Nogoowsw Ficoll = 121. p values were determined with one-way ANOVA and post hoc Tukey's test
(n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001).
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Fig. 3. The structure of fascin- and
a-actinin-induced bundles in crowded
environments. (A) AFM height images of
fascin- and a-actinin-induced bundles with
various crowding conditions. The molar
ratio of unlabeled actin to crosslinking
proteins was 2 : 1 except for control of
a-actinin-induced bundle (5 : 1)
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images of the o-actinin-crosslinked bundles showed
that bundles were heterogeneous in thickness, in par-
ticular for the control sample, which was evident from
bundle thickness distribution (Fig. S4b). Given this
nonuniform thickness, the assumption of rod-like
structure would not be appropriate to estimate the Eg
of a-actinin-crosslinked bundles.

Macromolecular crowding reduces binding
interactions between crosslinking proteins and
filaments

To evaluate binding interactions between actin filaments
and fascin or a-actinin in crowded environments, we
performed equilibrium all-atom MD simulations
(Fig. 4). In the case of a-actinin, the CH1 domain (resi-
dues from 26 to 146) that contains main actin-binding
sites [62] was used for the simulations. We first analyzed
the R, and RMSD of crosslinking proteins (fascin or
CHI domain of a-actinin) and F-actin—crosslinking pro-
tein complexes in order to evaluate their conformational
changes associated with crowding. The overall R, and

square is the mean. P values were
determined with one-way ANOVA and
post hoc Tukey's test (n.s., not significant;
*P < 0.05; ¥*P < 0.01; ***P < 0.001).

RMSD of both crosslinkers and F-actin—crosslinking
protein complexes in the presence of crowders were sim-
ilar to control (Figs S6 and S7), supporting that crowd-
ing did not significantly affect the conformations of
crosslinking proteins, nor those of F-actin—crosslinker
complexes.

To determine the bundling interactions, we analyzed
the interaction energy, which is the combined electro-
static energy and van der Waals (vdW) energy,
between the actin and actin bundling protein complex.
During the 20-ns MD simulations, crowding increased
the interaction energy between filament and fascin or
CHI1 domain of a-actinin (Fig. S8). Furthermore, the
average interaction energy during the last 10 ns
increased and became less negative with sucrose and
Ficoll. In the presence of PEG, the interaction energy
values were similar to the control sample (Fig. 5A,
Table 1). In addition, crowding decreased the overall
number of hydrogen bonds at the binding interface
between filaments and fascin or CHI domain of a-ac-
tinin (Fig. 5B, Table 2). Both interaction energy and
hydrogen bonding analysis indicated that crowders
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Fig. 4. Conformations of actin filament (F-actin) with fascin or CH1 domain of a-actinin without or with crowders.

destabilized the interaction between F-actin and fascin
or CHI domain of a-actinin. Changes in bundle pack-
ing and crosslinked actin bundle mechanics discussed
above may be related to this reduced binding raised by
macromolecular crowding.

Proposed mechanism and future outlook

Our experimental and computational results enable
the formulation of a mechanism for fascin and a-ac-
tinin-induced bundle formation under crowded condi-
tions (Fig. 6). Altered stiffness and helical twist of
filaments in the presence of crowding [49] potentially
modulate binding interactions offascin and a-actinin,
resulting in different organizations and mechanics of
crosslinked bundles. In the case of fascin, solution
crowding results in densely packed bundles and dis-
rupts binding of fascin to actin filaments (Fig. 6A)
based on the increased interaction energy and

o

-100
Fig. 5. Interaction energy and

interhydrogen bond analysis. (A) Average
interaction energy (+=SD) and (B) the
number of hydrogen bonds (+SD)

-200

-300

Interaction E (kcal/mol) 3>

decreased number of hydrogen bonds between fascin
and F-actin (Fig. 5A,B). In the case of a-actinin
(Fig. 6B), polymeric crowders induce shorter, thinner,
and disconnected bundles, whereas monomeric crow-
ders induce embedded bundles in networks rather
than individual bundles, while circumventing signifi-
cant changes in mechanics. The size of crosslinkers
(fascin: ~ 5 nm; a-actinin: ~ 35 nm) may affect inter-
filament distance leading to the energetic cost for
bending [20]. In addition, crowders influence the
binding behavior of fascin and a-actinin within bun-
dles, potentially leading to different mechanical prop-
ertiecs of crosslinked bundles. Viscoelasticity,
depending on the crowding solution concentration,
may also affect the a-actinin-induced bundle forma-
tion by modulating the bundling assembly rate of
a-actinin-induced bundle [50].

Crowding may cause various effects in the inter-
actions between actin and crosslinking proteins

B 12
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I Sucrose
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Number of hydrogen bonds
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) ) -400 4l
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dynamics (MD) simulations.
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Table 1. The average interaction energy (+SD) between actin
filament and fascin or CH1 domain of a-actinin in the absence or
presence of crowders for the last 10 ns of the 20-ns MD
simulations.

CH1 domain of

Crowder Fascin (kcal-mol™")  a-actinin (kcal-mol™")

Control (no crowder) —424.51 (+65.65) —254.66 (+97.28)

PEG —482.19 (£103.69) —265.61 (+£44.70)
Sucrose —330.83 (+£50.99) —83.99 (£37.41)
Ficoll —315.29 (+40.94) —72.85 (+58.63)

Table 2. The average number of hydrogen bonds (+SD) formed
between actin filament and fascin or CH1 domain of a-actinin
without or with crowders for the last 10 ns of the 20-ns MD
simulations.

Crowder Fascin CH1 domain of a-actinin
Control (no crowder) 6.96 (+2.01) 3.31 (£1.93)
PEG 8.32 (+£2.92) 2.63 (+1.17)
Sucrose 5.93 (+£2.11) 1.06 (£1.16)
Ficoll 7.57 (+£2.36) 0.95 (+£0.92)
A D
Top-down Y
view
Side
view
B

without crowders

pEmamps» Actin filament (3==9 a-Actinin

@® Fascin

with crowders

Crowding agents
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depending on the distinct structures of crowders.
The extent of packing configurations is different
with a linear polymeric crowder such as PEG or
with a branched polymeric crowder such as Ficoll
[76]. Of note, sucrose induces less osmotic pressure
than Ficoll [81]. The differing hydrodynamic
dimensions of crowding agents may affect the for-
mation of bundles. For example, Gagarskaia et al.
[82] showed PEG 8k of hydrodynamic radius
(24.5 Ao) [75] is similar to globular actin and has a
greater stabilization effect on the actin structure
than Dextran 70k. Furthermore, a recent study
supported a theoretical prediction that the crowd-
ing effects can be dependent on the shape of pro-
teins [83]. This is in line with our observations
given that fascin functions as a monomer while
a-actinin associates in dimers.

Excluded volume effects raised by crowding have
been shown to lead to microviscosity, which can affect
the rates of actin polymerization as well as protein dif-
fusion [42,43,84]. Consequently, macromolecular
crowding may shift the equilibria for actin polymeriza-
tion and modulate the rates of bundle assembly. Then,

with crowders

Fig. 6. Proposed scheme of bundling
behavior of fascin and a-actinin in crowded
condition. (A) Crowding induces densely
packed fascin-induced bundles with
increased number of filaments per bundle
and decreased bundle diameter (D).
Binding of fascin to actin filaments is
reduced in crowded conditions. (B)
Crowding reduces the binding of a-actinin
to actin filaments, potentially leading to
the formation of short and thin bundles.
The diameter (D) and the number of
filaments per bundle of a-actinin-
crosslinked bundles decrease in the
presence of crowders. Crowded
conditions may decrease the angle
between a-actinin and filaments.

D
—
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how would changes in actin polymerization kinetics
play a role in modulating bundle organization? Fal-
zone et al. [50] demonstrated production of alpha-ac-
tinin-induced bundle formation was possible through
the presence of a fluid-like environment. The dilute
solution enables F-actin to be highly mobile and thus
able to dramatically increase the rate of bundle and
network formation. When the distance between actin
filaments is shorter than the filament length, the
impaired filaments can result in a viscoelastic microen-
vironment upon crosslinking [50]. Changes of actin fil-
ament lengths modulate the elasticity of crosslinked
actin networks [85]. Macromolecular crowding reduces
average filament lengths [49] and enhances the elastic
modulus of bundles and networks [86]. Therefore, the
depletion forces induced by crowding may result in
reductions in filament lengths and distance between fil-
aments that can tune bundle thickness, along with
modulations in elastic properties of cross-linked bun-
dles and networks.

It is important to understand how fascin or a-ac-
tinin and depletion forces, either cooperatively or com-
petitively, modulate actin bundle formation and
mechanics, because crowding effects exist by default
inside the cytoplasm. Depletion forces can bundle fila-
ments without any crosslinkers by overcoming the
electrostatic repulsion between filaments that are nega-
tively charged [46]. On the other hand, bundles formed
by crosslinking proteins depend on their binding affin-
ity and on- and off-rates [24,47]. Reduced binding of
fascin and a-actinin to actin filaments in the presence
of crowding suggests that crowders can function as
competitive agents for crosslinking proteins in actin
bundle formation. This study motivates future experi-
ments that examine the effects of crowding on bund-
ling activities at varying concentrations of crosslinking
proteins. Based on our data, we expect that the onset
concentration of crosslinking proteins for bundling
may shift (increase) with increasing concentration of
crowders. Our findings also suggest that it is important
to carefully evaluate possible changes in ABPs’ activi-
ties and/or binding interactions with actin filaments
when working with crowding agents in vitro. This
work proposes the mechanisms of how the organiza-
tion and mechanics of crosslinked actin bundles are
modulated in crowded intracellular environments,
which can advance our understanding of regulatory
protein-induced bundling in vivo.
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