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ACTIN MOLECULE ORGANIZATION AND USES THEREOK

{8061} This application claims priority to U.S. Application Ser. No. 61/745,157 filed
on December 21, 2012, the contents of which is hereby incorporated by reference i its

entirety.

18662} All patents, patent applications and publications cited herein arc hereby
meorporated by reference in their entivety. The disclosures of these publications in their
entireties are hereby incorporated by reference into this application in ovder to more fully
describe the state of the art as known to those skilled therein as of the date of the invention

described and claimed herein

16663) This patent disclosure contains material that is subject to copyright protection,
The copyright owner has no objection to the facsimile reproduction by anyone of the patent
document or the patent disclosare as it appears in the U.S. Patent and Trademark Office

patent file or records, but otherwise reserves any and all copyright rights,

GOVERNMENT INTERESTS

{6604} The work described herein was supported in whole, or in part, by National
Institute of Health Grant No. GMO74739. The United States Government has certain rights

{o the invention.

BACKGROUND OF THE INVENTION
18665] Formins promote processive clongation of actin filaments for cytokinetic
contractile rings and other cellular structures. fn vivo these structures are exposed to tension,

but the effect of tension on these processes remains snknown.
SUMMARY OF THE INVENTION

[8806] Here stngle-molecule imaging was used to fovestigate the offects of tension on
formin-mediated actin filament polymerization. The experiments demonstrate that sub-
picoNewton forces on the filaments dramatically slow formin-mediated polymerization in the
absence of profilin, but result in faster polymerization in the presence of profilin. It s
proposed that force shifts the conformational equilibrium of the end of a filament associated

with formin FHZ domatns toward the closed state that prechudes polymerization, but that
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profilin-actin associated with formin FH1 domains roverses this effect. Thus physical forces

have an tmportant influcnce on actin assembly.

[8007] In one aspect, the invention provides an array comprising: a} a solid support; by a
fluid lipid bilayer disposed on the solid support; ¢) at least one protein filament; d) a filament
binding protein coupled to the protein filament; and ¢} a linkage for attaching the filament

binding protein to the lipid bilayer.

{6008} In another aspect, the invention provides an array comprising: a) a solid support,
wherein the sofid support comprises a barrier; b) a fluid lipid bilayer disposed on the solid
support; ¢} at least one protein filament; d) a filamont binding protein coupled to the protein
filament; and e) a linkage for attaching the filament binding protein to the Hipid bilayer. In
one embodiment, the barrier comprises a mechanical barrier, a chemical barrier, a protein

barrier, or a combination thereof

18669} In another aspect, the invention provides an array comprising: a} a solid support,
wherein the solid support comprises a protein barrier; b) & fluid lipid bilayer disposed on the
solid support; ¢} at least one protein filament; d) a filament binding protein coupled to the
protein filament; and ¢} a linkage for attaching the filament binding protein to the lipid

hilayer.

[66148] In one embodiment, the linkage is formed between neutravidin and biotin, or
streptavidin and biotin. In one cmbodiment, the protein filament is aligned along the barrier
through application of a hydrodynamic force, an electrophoretic force, or a combination
thereof. In one embodiment, ong end of the protein filament is attached by a linkage. In one
embodiment, the protein filament is reversibly attached to the lipid bilayer along the contour
of the Hpid bilaver. In one embodiment, both ends of the protein fllament are attached by a
Linkage. In one embodiment, the ends of the protein filament are each attached by different
linkages. In one crabodiment, the protein filament is an actin filament. In onc cmbodiment,
the protein filament is an intermediate filament. In one embodiment, the protein filaroent is a
microtubule protofilament. In one embodiment, the intermediate filament comprises lamin,
vimentin, negrofilament, or keratin, In one embodiment, the microtubule protofilament
comprises alpha tubulin, beta tubulin, or a combination thereofl In one embodimen, the

protein filament comprises at least 10 monomer units. In one embodiment, the filament

151
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binding protein comprises cross-linking proteins, motor proteins, branching proteins, severing
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proieins, polymerization proteins, capping proteins, depolymerizing proteins, end tracking
proteins, nucleators, moenomer binding proteins, stabilizers, sidebinders or membrane
anchors. In one embodiment, the filament binding protein comprises formin, or profilin. In
one embodiment, the protein filament is coupled to a label. In one embodiment, the label is a
fluorescent label. In onc embodiment, the solid support comprises Si0Z2. in onc embodimen,

the hipid bilayer comprises zwitterionic lipids.

18611} In one embodiment, the protein filament binding protein comprises alpha-
actinin, fascin, spectrin, transgelin, fimbrin, seruin, villin, espin, myosins, Arp2/3,
WASP/SCAR/WAVE, gelsolin, fragmin, capping protein (cap?), formin, tensin,
ropomodulin, Cap(, ADF/cofilin, AIPL, N-WASP, WASP, profilin, thymosius, twinfilin,
Srv2/CAP, verprohin/ WP, adducin, caldesmon, calponin, nebulins, tropomyosin, IQGAP,
Abpl, cortactin, coronin, drebrin, ENA/VASP, annexin 1l alpha-catenin, BPAG, dystrophin,

ERM proteins, plectin, spectrin, S$la2 (HIPIR), talin, tensin, utrophin, or vinculin,

{8612} In another aspect, the invention provides a microflaidic floweell comprising an
array comprising: a) a solid support; b) a fluid lipid bilayer disposed on the solid support; ¢)
at least one protein filament; d) a filament binding protein coupled to the protein flament;
and ¢} a linkage for attaching the filament binding protein to the lipid bilayer. Thone
embodiment, the protein filament is aligned along the barrier through application of 2
hydrodynamic force, an electrophoretic force, or a combination thereof. Tn one embodiment,
the bydrodynamic force is tangential, perpendicular, or a combination thereof. In one

embodiment, the electrophoretic force is tangential, perpendicular, or a combination thercof.

{8813 In another aspect, the Invention provides a microthiidic flowceell comprising an
array comprising: a) a solid sapport, wherein the solid support comprises a barrier; b) a fhad
tipid bilayer disposed on the solid support; ¢} at least one protein filament; d) a filament
binding protein coupled to the protein filament; and ¢} a linkage for attaching the filament
binding protemn to the hipid bilayer. In one embodiment, the protein filament 15 aligned along
the barricr through application of a hydrodynamic force, an clectrophorctic force, or 8
combination thereof. In one cmbodiment, the hydrodynamic force is tangential,
perpendicular, or 4 combination thercof. In one embodiment, the electrophoretic foree s

tangential, perpendicular, or a combination thereof.
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8014} in another aspect, the invention provides a microfhuidic flowceell comprising an
array comprising: a) a solid support, wherein the solid sapport comprises a protein barrier; b)
a fluid lipid bilayer disposed on the solid support; ¢) at least one protein filament; d) a
filament binding protein coupled to the protein filament; and e} a hinkage for attaching the
filament binding protein to the lipid bilayer. In one embodiment, the protein filament is
aligned along the barrier through application of a hyvdrodynamic force, an electrophoretic
force, or a combination thereof. In one embodiment, the hydrodynamic force 1s tangential,
perpendicalar, or a combination thereof. In one embodiment, the electrophoretic foree is

tangential, perpendicular, or a combination thercof.

[8015] In another aspect, the invention provides a method for analyzing an interaction
between a protein filament and a polypeptide, the method comprising: a} providing an array,
wherein the attached protein filament is coupled to a fivst fluorcscent label that permits
visualization of the protein filament; b) contacting a polypeptide to the attached protein
filament, wherein the pelypeptide is coupled to a second fluorescent label that permits
visualization of the polypeptide; ¢) applying a hydrodynamic force or an electrophoretic force
tangential to the surface of the sapport to align the attached protein filament s in a desired
orientation; d) visualizing the protein filament and the polypeptide; and ¢) determining
whether the protein filament interacts with the polypeptide, wherein localization of the
polypeptide anywhere along the length of the protein filament i indicative of interaction. In
one embodiment, the determining comprises observing a static localization or dynamic
localization of the polypeptide along the protein filament. In one embodiment, the static
localization of the polypeptide along the protein filament indicates binding between the
protein filament and the polypeptide. In one embodiment, the dynamic localization of the
polypeptide along the protein filament indicates binding and movement of the polypeptide

along the protein filament.

8016} In one embodiment, the invention provides an array comprising: a) a solid
support; b} a fluid Hpid bilayer disposed on the solid support; ¢ at least one protein filament;
d} a filament binding protein coupled to the protein filament; and e} a linkage for attaching

the filament binding protein to the lipid bilayer.

{8817} In one embodiment, the vention provides an array comprising: a) a solid
support, wherein the solid support comprises a barrder; b} a fluid Hpid bilayer disposed on the

solid support; ¢) at least one protein filament; d) a filament binding protein coupled to the

4.
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protein filament; and ¢} a linkage for attaching the filament binding protein to the Hpid

hilayer.

[8018] In one embodiment, the invention provides an array comprising: a} a solid
support, wherein the solid support comprises a protein barrier; b) a fluid lipid bilayer
disposed on the solid support; ¢ at least one protein filament; d) a filament binding protein
coupled to the protein filament; and ¢) a linkage for attaching the filament binding protein to

the hipid bilayer.

{6619] In one embodiment, the steps are automated. In one embodiment, the method
optionally comprises applying continuously the hydrodynanic or electrophoretic force

tangential to the surface of the support.

18024] In another aspect, the invention provides a method for identifying a polypeptide
sequence or compound that disrupts an interaction between a protein filament and a
polypeptide, the method comprising: a) providing a first array, wherein the first amray
comprises a first population of identical protein filaments, and wherein the protein filaroends
are coupled to a first fluorescent label; b) providing a second array, wherein the second array
comprises a second population of identical protein filaments, wherein the protein filaments
arc coupled 1o the first fluorescent label, and wherein the second population of protein
filaments differ from the first population of protein filaments by at least one monomer unit; ¢)
contacting a polypeptide sequence or compound to the arrays, wherein the polypeptide
sequence or compound is coupled to a second fluorescent label that permits visualization of
the polypeptide sequence or compound; and d) determining whether the first population of
protein filaments and the second population of protein filaments interact with the polypeptide
sequence or compound, wherein localization of the polypeptide sequence or compound
anywhere along the length of the first population of protein filaments is indicative of an
mteraction between the first population and the polypeptide sequence or compeund, and
wherein an absence of localization of the polypeptide sequence or compound along the length
of the second population of protein filaments is indicative that the second population
comprises a polypeptide sequence or compound that distapts the interaction betwoen the first

protein Hilament and the polypeptide sequence or compound.

18621} In one embodiraent, the invention provides an array comprising: a} a solid

support; b} a fluid lipid bilayer disposed on the solid support; ¢} at least one protein filament;
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d) a filament binding protein coupled fo the protein filament; and ¢) a linkage for attaching

the fulament binding protein to the hipid bilayer.

{8022} In one embodiment, the invention provides an array comprising: a} a solid
support, wherein the solid support comprises a barrier; b) a fluid hipid bilayer disposed on the
solid support; ¢} at least one protein filament; d) a filament binding protein coupled to the
protein filament; and ¢} a linkage for attaching the filament binding protein to the Hpid

hilayer.

[8023] In one embodiment, the invention provides an array comprising: a} a solid
support, wherein the solid support compriscs a protein barrier; by a fluid lipid bilayer
disposed on the solid support; ¢) at least one protein filament; d) a filament binding protein
coupled to the protein filament; and ¢} a linkage for attaching the filament binding protein to

the hipid bilayer.

16624} In one embodiment, the steps are automated. In one embodiment, the method
optionally comprises applying continuously the hydrodynanic or electrophoretic force

tangential to the surface of the support.

18025) In another aspect, the invention provides a method for identifying a a polypeptide
sequence or compound that alters the stractore of a protein filament, the method comprising:
a} providing an array, wherein the protein filament is coupled o a first fluorescent label that
permits visualization of the protein filament; b) applying a hydrodynamic force or an
electrophoretic force tangential to the surface of the support to align the protein filament i 2
desired orieniation; ¢ visualizing the length of the protein filament; d) contacting a
polypeptide sequence or compound o the protein filament, wherein the polypeptide seguenece
or compound is optionally coupled to a second fluorcscent label that permits visualization of
the polypeptide sequence or compound; ¢) visualizing the length of the protein filament and,
optionally, visualizing the polypeptide sequence or compound; and {) determining whether
the protein filament changes length following the contacting step, whercin au focrease or a
decrease n the length of the protein filament is mdicative of a polypeptide sequence or

compouand that alters the structure of the protemn filament.

18026} In one embodiment, the mvention provides an array comprising: a} a solid

support; b} a fluid lipid bilayer disposed on the solid support; ¢} at least one protein filament;

-6 -
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d) a filament binding protein coupled fo the protein filament; and ¢) a linkage for attaching

the fulament binding protein to the hipid bilayer.

{8027} In one embodiment, the invention provides an array comprising: a} a solid
support, wherein the solid support comprises a barrier; b) a fluid hipid bilayer disposed on the
solid support; ¢} at least one protein filament; d) a filament binding protein coupled to the
protein filament; and ¢} a linkage for attaching the filament binding protein to the Hpid

hilayer.

[8028] In one embodiment, the invention provides an array comprising: a} a solid
support, wherein the solid support compriscs a protein barrier; by a fluid lipid bilayer
disposed on the solid support; ¢) at least one protein filament; d) a filament binding protein
coupled to the protein filament; and ¢} a linkage for attaching the filament binding protein to

the hipid bilayer.

16629} In one embodiment, the steps are automated. In one embodiment, the method
optionally comprises applying continuously the hydrodynanic or electrophoretic force

tangential to the surface of the support.

18034] In another aspect, the invention provides a method for identifying an agent that
disrupts the imteraction of a polypeptide and a protein filament, the method comprising: a)
providing an array, wherein the protein filament is coupled to a first fluorcscent label that
permits visualization of the pretein filament; b) contacting polypeptide to the protein
filament, wherein the polypeptide is capable of interacting with the protem filament, and
wherein the polypeptide is coupled to a second floorescent label that permits visualization of
the polypeptide; ¢) contacting an agent to the protein filament and the polypeptide; &)
applying a hydrodynamic force or an electrophoretic force tangential to the surface of the
support to align the attached protein filaments in 2 desired orientation; e) visualizing the
protein filament and the polypeptide; and ) determining whether the agent disrupts the
interaction between the protein filament and the polypeptide, wherein loss of localization of
the polypeptide anywhere along the length of the protein filament is indicative of an agent

that disrupts the interaction between the protein filament and the polypeptide.

18031} In one embodiment, the mvention provides an array comprising: a} a solid

support; b} a fluid lipid bilayer disposed on the solid support; ¢} at least one protein filament;

~3
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d) a filament binding protein coupled fo the protein filament; and ¢) a linkage for attaching

the fulament binding protein to the hipid bilayer.

{8032} In one embodiment, the invention provides an array comprising: a} a solid
support, wherein the solid support comprises a barrier; b) a fluid hipid bilayer disposed on the
solid support; ¢} at least one protein filament; d) a filament binding protein coupled to the
protein filament; and ¢} a linkage for attaching the filament binding protein to the Hpid

hilayer.

[8033] In one embodiment, the invention provides an array comprising: a} a solid
support, wherein the solid support compriscs a protein barrier; by a fluid lipid bilayer
disposed on the solid support; ¢) at least one protein filament; d) a filament binding protein
coupled to the protein filament; and ¢} a linkage for attaching the filament binding protein to

the hipid bilayer.

8034} In one embodiment, the agents are from a library. In one embodiment, the steps
are automated. In one embodiment, the method optionally comprises applying continuously

the hydrodynamie or electrophoretic force tangential to the surface of the support.

18035} In another aspect, the invention provides a method for identifying one or more
agents that disrupt the interactions between one or more polypeptides and a protein filament,
the method comprising: a) providing an array, wherein the array comprises a plurality of
identical protein filamernds, wherein the proten flamends are coupled to a first fluorescent
label that permits visualization of the protein filaments; b) contacting onc or move
polypeptides to the protein filaments, wherein the one or more polypeptides are each capable
of interacting with the protein filaments at different known locations, and wherein the one or
more pelypeptide are coupled to a second fluercscent iabel that permits visualization of the
polypeptides; ¢} applying a hvdrodynamic force or an electrophoretic force tangential to the
surface of the support to align the attached protein filaments in a desired orientation and
visualizing the protein filaments and the polypeptides; d) contacting a first agent to the array;
e) visualizing the protein filaments and the polypeptides; f) determining whether the first
agent disrupts the interaction between the protein filaments and one or more of the
polypeptides, whercin loss of localization of one or more of the polypeptides along the length

of the protein filamends is indicative of an agent that disrupts the interaction between the
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profein filaments and the one or more polypeptides; and g} optionally coniacting a second

agent to the array and repeating steps ¢ and ).

{8036} In one embodiment, the invention provides an array comprising: a} a solid
support; b} a fluid lipid bilayer disposed on the solid support; ¢) at least one protein filament;
d} a filament binding protein coapled to the protein filament; and ¢} a linkage for attaching

the filament binding protein to the lipid bilayer.

{8037} In one embodiment, the invention provides an array comprising: a} a solid
support, wherein the solid sopport comprises a barrier; b} a fluid lipid bilayer disposed on the
solid support; ¢) at least one protein filament; d) a filament binding protein coupled 1o the
protein filament; and ¢) a linkage for attaching the filament binding protein to the lipid

bilayver.

{6038} In one embodiment, the invention provides an array comprising: a} a solid
support, wherein the solid support comprises a protein barrier; b) a fhuid lipid bilayer
disposed on the solid support; ¢) at least one pretein filament; d) a filament binding protein
coupled to the protein filament; and ¢) a linkage for attaching the filament binding protein to

the hipid bilayer.

{8039} In one embodiment, the agents are from a library. In one embodiment, the steps
are agtomated. In onc embodiment, the method optionally comprises applying continuously

the hydrodynamic or electrophoretic foree tangendial to the surface of the support.
BRIEF DESCRIPTION OF THE FIGURES

8044} To conform to the requirements for PCT patent applications, many of the figures
presented herein are black and white represcntations of images oviginally created in color.
The original color versions of Figures 1-12 can be viewed in Courtemanche et af., (2013)
Proc Natl Acad Sci U S 4. 110(24):9752-37 (inchuding the accompanying Supplementary
Information available in the on-line version of the manuscript avaifable on the Proceedings of
the National Academy of Sciences of the United States of America web site). Forthe
purposes of the PCT, the contents of Courtemanche ef al., (2013} Proc Natl Acad Sci U § 4.
1160(245:9752-57, including the accompanying “Supplemeniary information,” are herein

incorporated by reference in their entirctics.
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8041} Figs. 1A-B. Formin-mediated actin filament polymerization in actin
curtains. (A) Cartoon summary of the reaction pathways for actin from the bulk phase and
profilin-actin associated with formin FHI domains to add 1o the barbed end of an actin
filament associated with a dimer of FH2 domains. FHZ dimers are shown in red for the
closed conformation and grecn for the open conformation. End-on views of the filament
iHustrate the hypothesis that the closed conformation corresponds to a 180° pitch of the
filament, while the open conformation has a 167° pitch. (B} Schematic of actin curtains.
Biotinylated Betl(FHIFHZ jp (formin) is anchored via streptavidin to a Hipid bilayer and
polymerizes actin filaments that are aligned along vanofabricated barriers by selvent flow,

allowing the filaments to be visualized by total mtemal reflection floorescence microscopy.

18047} Figs. 2A-D. Lipid-tethered forming polymerize actin filament curiains,
Buffer conditions: 1.5 uM actin {33% Oregon Green-actin} in microscopy buffer {10 mM
imidazole (pH 7.0}, 50 mM KCl, | mM MgCl, 1 mM EGTA, 50 mM DTT, 0.2 mM ATP,
6.02 mM CaCly, 15 mM glucose, 0.02 mg/od catalase, 0.1 mg/ml glucose oxidase). (A)
Image of an actin curtain with flow on. The dotied box highlights an individual actin
filament. “B” indicates the location of barriers. The bufter flow is from top to bottom.  {(B)
Kymograph showing alternating examples of extension and diffusion of a single actin
filament that result from applying and stopping buffer flow over the actin curiain shown in
(&), (C) Kymograph showing a single formin-anchored actin filament growing over time.
(1) Pulse-chase experiment demonstrating that polymer growth occurs only at the barbed end
of the filament associated with the formin anchored at the barrier. Polymerization was
mitiated with fluorescent actin monomers, followed by a pulse of unlabeled actin monomers
and finally chased with additional floorescent actin monomers. The dark section in the middle
of the actin filament at the right of the kymograph is due to the incorporation of the unlabeled

actin Mmonomers.

{6843} Figs. 3A-C, Force inhibits formin-mediated elongation of actin filaments in
the absence of prefiling. Buffor conditions: 1.5 uM actin (33% Oregon Green-acting in
microscopy buffer with (.25% methyleclivlose (15 ¢P at 2%:) to increase the viscosity to 1.88
* 107 Pass. (A) Time course of clongation of a single filament in the absence of profilin with
a bulk flow of 0.1 mL/min. The black Hne is the length. The red (grey in black and white
image} and blue {(dark grey in black and white image) dashed lines are tangents to the

beginning and the cod of the clongation curve to emphasize the decline in the rate of

- 16 -
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clongation as the filament grew longer. The hydrodynamic force applied to the filament (right
axis} is proportional to the length of the filament.  (B) Dependence of polymerization rate of
filaments growing with bulk flow rates of .05 (red circles {grey in black and white image)),
0.075 (orange circles (light grey in black and white image)) 0.1 (bhie cireles {dark grey in
black and white image)}, (.15 {(green circles {grey in black and white image)}, 0.2 (black
circles) and 0.5 (purple circles (ight grey in black and white tmage)) mL/min, which exert 4
drag force on each filament. Data were collected using 10 nm barriers (closed circles) or 25
nm barriers (open circles). Polymerization rates and drag forces {calculated according o
equation 3} were maeasured at intervals over the course of the elongation experiment. The
solid line represents data simulated using a thermodynamic model of formin-mediated
polymerization with a force-sensitive gating factor(7). () Cartoon depiction of the effect of
force on the equilibricm between the open (green (light grey in black and white image)) and
closed (red {grey in black and white tmage)) conformations of the flament (gray}-bound
fornyin in the absence of profilin. The FH1 domains are depicted m black and magenta ovals

and the streptavidin-bound biotin labels are shown 1n cyan cirlees.

{8044} Figs. 4A-D. Force increases the rate of formin-mediated polymerization in
the presence of profilin. Buffer conditions as in Figure 3 cxeept for the presence of profifin.
{A) Dependence of polymerization rates on the concentration of profilin and the flow rate:
open cyan square, no flow; red circles, 0.05 ml/min (grey in black and white image); orange
cireles, 0.075 mL/min (light grey in black and white image); blue circles, 0.1 mL/min (dark
grey in black and white tmage); green circles, $.15 ml/min (grey in black and whiic image);
black circles, 0.2 ml/min; purple circle, 0.5 ml/min {grey in black and white image). Error
bars are standard errors of the mean. (B) Elongation profiles of 10 filaments in the presence
of 2.5 uM profilin and .2 mb/min buik flow, aligned by length. Each filament is vepresenied
by different color, and overy third data point is shown. The red and blue dashed lines are
tangents to the oxtension curves of the shortest and longest filaments. () Dependence of
polymerization rates of filaments growing in the presence of 2.5 uM profilin with bulk flow
rates of .05 {red circles (grey in black and white image)), $.075 {orange circles (light grey in
black and white image)}, 0.1 (blue circles {dark grey in black and white image)), 0.15 (green
circles (groy in black and white tmage)), 0.2 (black circles) and 0.5 {purple circles (grey in
black and white image)} mL/min to produce drag force on each tilarsent. Data were collected
using 10 nm barriers (closed circles) and 25 mm barriers (open circles). Polymerization rates

and drag forces (Calcolated according to equation 3) were measured at various intervals over

11 -
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the course of the clongation experiment. The solid line represents data simulated using a
thermodynamic model of formin-mediated polymerization in the presence of 2.5 pM profilin
with the same forco-sensitive gating factor as in Figure 3B. (1) Cartoon dopiction of the
effect of force on the equilibriom between the open (green (light grey in black and white
image)} and closed (red {grey in black and white image)} conformations of the filament
(gray}-bound formin in the presence of profilin (dark blue). The FH1 domains are depicted in
black and magenta ovals, the streptavidin-bound biotin labels are shown in cyan outhined-

circles, and the incoming actin subumnit is shown in orange (grey in black and white image).

[B045] Fig. 8. Dependence of force per um of filament on the bulk flow rate in the

ghservation chamber.

18046} Figs. 6A-B. Effect of drag force on formin-mediated polymerization in the
presence of 5 uM profilin. Buffer conditions: 1.5 uM actin (33% UOregon Green-acting with
5 uM profilin in microscopy buffer with 0.25% methylceliulose (15 ¢P at 2%). Barrier height
was 25 nm. (A} Collection of elongation trajectorics of filaments in the presence of 0.2
mi/min bulk flow, aligned by length. Each filament is represented by different color and, for
clarity, every third data pomt is shown. Red (grey in black and white image) and blue {dark
grey in black and white image) lines are tangents to the elongation profiles of the shoriest and
fongest filaments. {B) Dependence of polymerization rates on the drag force excrted on
filaments at 0.05 (red circles (Yight grey in black and white image)}, 0.1 (blue circles (grey in
black and white image)) and 0.2 (black circles) mL/min bulk flow using 25 nm barviers.
Polymerization rates and drag forces (Calculated according to equation 3} were measured at

various intervals over the course of the elongation experiment.

{80471 Fig. 7. Comparision of experimental and simulated poelymerization rates in
the presence of 2.5 uM profilin. Fxperimental data: The points show the dependence of
measured polymerization rates on the drag force exerted on cach filament at bulk flow rates
of 0.05 (red circles {grey m black and white image}}, 0.075 (orange circles (Hght grey in
black and white image)} 0.1 {blue circles {(dark grey in black and white image)), 0.1 {green
circles (groy in black and white tmage)), 0.2 (black circles) and 0.5 {purple circles (grey in
black and white image)) ml./min. Data were coliected using 10 nun barriers (closed circles)
and 25 nm barriers {open circles). Simndarions: Lines show the dependence of sinudated
polymerization rates on drag force using a gating factor that declines lincarly from .75

without force to (0 at forces >0.2 pN. Table 3 lists ratc constants for the formation of
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ntermediate species (FH1-profilin, FHI-profilin-actin, FHI-profiliv-actin-barbed end, barbed
end-profilin and flamentous acting. The stmulations used with three different FH1 loop
closure rates: (solid line) 5000 s™ that reproduce the polymerization rates of filaments
associated with wild-type Bmil{FHIFH2)p in the absence of force; (long dashes) 25 times

faster than wild type; (short dashes) 125 times faster; and (dotted line) 625 times faster.

{8048} Figs. BA-B. Height profiles of chreminm barriers on fused silica slides. (A)
10 nm and (B) 25 mm barriers were scanned by atoric force microscopy n tapping mode at a

1H7 scanning rate.

18049] Figs. 9A-B show graphs depicting the impact of surface proximity on surface-
tethered filaments. (BA) Force estimates for 4 tethered actin filament. Black diamonds:
estimated force calculated from the Batchelor formula with no correction for filament height
from the surface (P1). Red cireles {grey in black and white image): estimated force-corrected
effects due to surface proximity over a range of distances from the surface. (Tnset) List of the
relevant parameters (bulk flow rate, filament radius, and solution viscosity). Representative
calcudations are shown for g 10-um actin filament, approximately the average length of the
filaments observed wn this study. These calculations illustrate that proximity to the surface has
a substantial effect on the force on filaments, but this effect diminishes rapidly with distance
from the surface and is less than threefold for filaments located >80 nm from the surface.
($B) Flow velocity profiles for (Upper) the entire cross-section of the chamber and (Lower)
the region close to the surface. Colored lines indicate the caleulated flow velocity profilc as a
function of distance from the sarface at different bulk flow rates, as indicated (Inset), The
lincar fiow velocities in the imaging plane were measured by tracking filaments broken from
anchored filaments {Table 2A), and these data were superimposed on the flow velocity
profiles to estimate the positions of the filaments relative to the surface. The open circles
ndicate mean velocitics of broken filaments plotted on the flow velocity profiles for cach
differcut flow rate; vertical and horizontal error bars correspond to SEM on the flow
measurcments and corresponding height calculations, respectively, based on the
experimentally measured Hnear flow velocities. At all bulk flow rates, the velocities of

broken filaments correspond to the flow rate at ~100-130 nm from the surface.

{B05G] Figs. 18A-~8 show graphs of filament elongation before and after spontaneous
filament breakage. Buffer conditions: 1.5 uM actin (33% Oregon Green-acting in microscopy

buffor with (1.25% methyicellulose (15 centipoise at 2%). Barrier height was 25 ann. (10A)
3 P ) g
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Evoluation of the length of a single filament in the absence of profilin with a bufk flow of .05
mi./min. The red Hue (grey in black and white image) corresponds to clongation that occurs
before a spontancous breakage event and the blae Hne corresponds to elongation that occurs
following the breakage event. The estimated hydrodynamic force applied to the filament is
shown on the right axis and is proportional to the length of the filament. (108) Filament
growth before (red hine {grey in black and white image)) and atter (blue Iine {dark grey in
black and white image)) the filament breakage event depicted imi8A. The filament break
nstantancously decreases the drag force (scen in 18A) and produces an increase o the

polymerization rate.

{8051} Figs. 11 A-B arc graphs showing the effect of tension on formin-mediated
polymerization in the presence of 5 uM profilin, Buffer conditions: 1.3 uM actin (33%
Oregon Green-acting with 5 pM profilin in microscopy butfer with 0.25% methyleellulose
(15 ¢P at 2%). Barrier height was 25 nm. (11A) Collection of elongation trajectories of
filaments o the presence of 0.2 ml./min bulk flow, aligned by length. Each filament is
represented by a different color and, for clarity, every third data point 1s shown. (118)
Dependence of polymerization rates on the drag force exerted on filaments at 0.05 (ved
circles (light grey in black and white image)), 0.1 (blue circles (dark grey in black and white
image)), and 0.2 (black circles) mL/min bulk flow. Polymerization rates and drag forces
(calculated according to Eq. 3) were measured at various intervals over the course of the

elongation experiment.

{6652} Fig. 12 is a frame from a a movie available at

bttp://'www.pnas.org/content/ 110/24/9752/suppl/DCSupplemental.  Lipid-tethered, formin-
bound actin filameunts extend upon introduction of buffer flow. Butfer conditions: 1.5 pM
actin {33% Oregon Green-actin} in microscopy buffer (10 mM imidazole, pH 7.0, 50 mM
KCL T mM MgCI2, 1 mM EGTA, S0 mM DTT, 0.2 mM ATP, 0.62 mM CaCl2, 1S mM
ghucose, 0.02 mg/ml catalase, 0.1 mg/mb glucose oxidase). Movie of formin-bound actin
curtains assembled at four barriers on the lipid-coated surface of a microfluidic chamber.
Flow is introdaced into the chamber and transiently paused. (Scale bar, 20 ym.) The elapsed

fime is indicated.

{8853} Fig. 13 is a schematic of an overview of a Total Internal Reflection Fluorescence

Microscope {TIRFM),
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16054] Figs. 14A-8 are designs for flowcelis,
DETAILED DESCRIPTION OF THE INVENTION

[B055] In vive, actin filaments are subject to tension, yet the influence of foree on
formin-mediated polymerization is unknown, and existing theovies predict different outcomes
1 the absence and presence of profilin, Kozlov & collcagues proposed that the elasticity of
the FH2 domain and the formin-barbed end binding energy govern the polymerization rate {8,
), and thetr simulations suggested that tension would increase the rate of polymerization by
both fowering the activation barrier for actin subunit addition and by energetically favoring
FH2 domain stepping onto the inconing actin subunit (¥}, In contrast, Vavylonis et ¢f (/0)
predicted that force-induced stretching of the FHI domains would reduce the rate of profilin-
actin transfer to the growing filament, thereby reducing the rate of polymerization for actin

filaments under teusion in the presence of profilin

8056} Two Formin Homelogy 2 {FHZ) domains form a donut-shaped head-to-tail
dimer that encircles the fast growing barbed end of actin filaments and promotes nucleation
and polymerization (7, 2). When an actin monomner binds to the barbed end of a filament, the
formin FH2 domain steps onto the new subunit, allowing the formin to remain attached to the
filament through thousands of cycies of subunit addition (Figure 1A} (3, 4). FHZ domains
slow barbed end clongation, a phenomenon termed “gating”, which retlects an equilibrium
between two conformations of a filament end associated with an FH2 dimer: a “closed”
conformation that cannot bind actin monomers, and an “open” conformation that can bind
actin monomers (Figure 143 (7, 5). In spite of gating, FH2 domaios can promote rapid
filament clongation when coupled to Formin Homology 1 (FH1) domains (8) , which are
located N-terminal to the FH2 domain (3). Maltiple polyproline tracks in FH1 domains bind
complexes of the protein profilin with actin monomers. Profilin-actin transfers rapidly from
the FH1 domaios to the FH2-bound barbed cnd of the growing actin filamend, presumably via

diffusion of the FHT domain (Figure 1A} (7).

{B057] The present invention is based in part on the discovery that protein filaments can
be disposed on a substrate and positionally aligned to allow analysis of individual protein
filaments. In particular, the methods and compositions described hercin include a sobstrate,

coating material, ¢.g., a lipid bilayer, and protein filaments coupled to filament binding
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proteins that are attached directly to the substrate, attached to the substrate via s linkage, or

attached to the lipid layer via a linkage.
[6058] Preparation of Substrate

[8859] Esseuntially, any conceivable substrate may be employed in the compositions and
methods described hercin. The substrate may be biological, nonbiological, organic, inorganic,
or a combination of any of these, existing, .g., as particles, strands, precipitates, gels, sheets,
tubing, spheres, containers, capiliaries, pads, slices, films, plates, or slides. The substrate may
have any convenicnt shape, such as, ¢.g., a disc, square, sphere or circle. The substrate and (s
surface can form a rigid support on which 1o carry out the reactions described hercin. The
substrate can be, ¢.g., 2 polymerized Langmuir Blodgett film, functionalized glass, 81, Ge,
GaAs, GaP, Si0», SiN,, modified silicon, or any one of a wide variety of gels or polymers
such as (polyitetrafiucrocthylene, {(polyvinylidencditluoride, polystyrene, polycarbouate, or
combinations thereof. Other substrate materials will be readily apparent to those of skillin is
the art upon review of this disclosure. In some embodiments, the substrate is a made of 510,

and 1s {lat.

18860} In some embodiments, the subsirate is coated with a hnker to which the filament
binding protein or the protein filament attaches. Such linkers can be, ¢.g., chemical or protein
linkers. For example, the substrate can be coated with a pretein such as neutravidin ov an
antibody. In one embodiment, proteins used to coat the substrate include, but are not bmited

to, avidin, streptavidin or neutravidin,

8861} In some embodiments, the substrate includes a diffusion barrier, e.g., a
mechanical, chemical or protein barricr. Diffusion barriers can be prepared by applying
barricr materials onto the substrate prior te deposition of the lipid bilayer; the bilayer then
forms around the barriers, A mechanical barrier can be, ¢.g., a scratch or etch on the

subsirate, which physically prevents lipid diffusion.

{8862} In the case of a chemical barrier, the chemical nature of the barrier, and not its
surface topography, is the primary factor in preventing lipid diffusion [313]. Barrier
materials can be made that arc similar to the thickness of the bilayer itself (e.g., 6-8 ), or
thinner than the bilayer. Protein barriers can be deposited onto substrates, e.g., 3i(
subsirates, by a variety of methods. For example, protein barriers can be deposited in well-

defined patterns by a process called microcontact printing [Q11, Q141 Microcordact printing
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uses a PDMS (poly[dimethyisiloxane]) tomplate as a stamp for gencrating specific patterns
on substrates. PDMS staraps can transfor proteins to a S0, substrate jn patierns with features
as small as 1pm, and thicknesses on the order of 5-10 nm [Q11, Q141 The PDMS stamps
ased for microcontact printing can be made, e.g., by soft-lithography as described in
freference 14]. Once made, the PDMS can be incubated with a solution of protein, dried, and
then placed into contact with the substrate, e.g., S0y, vesulting in transfer of the protein "ink”
from the PDMS stamp to the substrate and yielding a pattern defined by the stamp design.

For example, protein barriers can be made from fibronectin

[6863] To the substrate is then attached a layer of a material. In one embodiment, the
material is one that renders the substraie inert. For example, the material can be lipids,
forming, ¢.g., 2 lipid bilayer. In another embodiment, the layer is made of zwitterionic lipids.
A lipid bilayer can be deposited onto the substrate by applying liposomes to the substrate.
Liposomes can be produced by known methods from, e.g., 1,2-dioleovl-so-glycero-3-
phosphocholine (DOPC) or 0.5% biotin-phosphatidylethanolamine (biotin-PE) plus 99.5%
DOPC (Avanti Polar Lipids, Alabaster, Ala.). In some embodiments, the Hpid bilayer can
mchide polyethylene glycol (PEG). For example, in embodiments where quantum dots are
used to label polypeptides, PEG can be included in the lipid bilayer. PEG can also be

ncluded to make the surface of the bilayer inert to reagents added 1o the array.
{8864] Protein Filaments

18065} The terms "polypeptide”, "peptide” and "protein” are used interchangeably herein
te refer to a polymer of amino acid residues. The terras can apply to amino acid polymers in
which one or more amine acid residues is an artificial chemical analogue of a corresponding
naturally occurring amino acid, as well as to naturally oceurring amino acid polymers. A

polypeptide can include 3 filament binding protein,

[8666] The term “protein filament” includes, but is not limited to, actin filaments,

mtermediate filaments, or microtubule protofilaments.

18067} Actin filaments {(F-actin) arc Hncar polymers of the actin polypeptide (G-actin)
which 1s the monomeric subunit of actin filaments. Fach microflament is made up of two
helical interlaced strands of subunits. Microfilaments are polarized, with a barbed end and &
poirted end. ATP-bound G-actin is the normal substrate for filament formation and can

polymerize at the barbed end to formo ATP-condaining F-actin, F-actin 1s a slow AT Pase and

-1
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ATP coniaining F-actin is hydrolyzed to ADP-F-actin. ADP-F-actin is less stable than ADP
(-actin cnabling actin filamenis 1o be disassermbled as part of the actin recycling process in
cells. Actin filaments can be microfilaments or thin filaments. Actin filaments can further
assemble nto bundles or networks, which can be polarized (actin filament barbed ends all
pointing to onc end of the bundle) or non-polarized (actin filamont barbed ends pointing
towards both ends of the bundle). In one embodiment, the actin filament comprises at least
1{ monomer units. In another embodiment, the actin filament comprises at least 5, at least
10, at least 20, at least 30, at least 40, at least S0, at least 60, at least 70, at least 80, at least
90, at lcast 100, at fcast 250, at feast 500, at feast 750 or at feast 1000 monomer units.
Properties of actin filaments will be known to one of skill in the art and are described in
Kries, T. and Vale, R., 1999, Guidebook to the Cytoskeletal and Motor Proteins, 2™ Edition,
Oxford University Press, Oxford, UK. and Dominguez, R. and Holmes, K.C., 2011, Actin

Structure and Function, Anma. Rev, Biophys. 40: 169-186.

[6068] For example, the polypeptide sequence of chicken skeletal muscle actinis
depicted in SEQ ID NG: 1. The nucleotide sequence of chicken skeletal muscle actin is
shown in SEQ 1D NO: 2. Sequence information related to ACTAL, chicken skeletal muscle
actin is accessible in public databases by GenBank Accession mumbers NP 001026234.1

{proteiny and NM_001031063.1 (nucleic acid).

{8869 SEQ D NO: 1 is the amino acid sequence corresponding to chicken skeletal

muscle actin (residues 1-84):

I mcde i,ttal vedngsglvk agfagddapr avipsivgrp rhggvmvgmg gkdsyvgdea
61 gskrgiltlk ypiehgiitn wddmekiwhh _ﬁvnolLvap eeh pL“lLea plnpkanrek
121 mtgimfetfn vpamyvaiga vislilyasgrt 91"L sgdyg o iyveq yalphaimrl
181 dlagrdltdy im ’mrgrqv stvttaerei : taasssslek
241 svelpdggvi etligpsfig : > ':did irkdlyvannv
301 msggtimypg alapstmkik iiapperkys
361 kgeydeagps ivhrkct

18476} SEG I NO: 2 is the nucleotide sequence corresponding to chicken skeletal

muscle actin (residues 1-1134):

1 atgtghtgacy caccqgegete gtgtgogaca acggcetocgyg cctacgtgaay

&1 getggotiteg cgccceoccagy gocqgtgttoe cttocategt gogeocggoce
121 cgcecaccaag cctacgtaqq agatgaaget
181 cagasgcaaga aacacggcat catcacaaac
241 tgggacgaca atgagcectgeg tgtggecoet
301 gaggagcacso ccaaagotaa ccgtgaaaag
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381 atgacccaaa tcatgtttga gacctttaac ghtgeccgooa

421 gtgeotgtcoon tgtatgoctce

S
[s+}
A

acgtececcat ctatgaagygg tatgeoectge < catgegottyg

341 gatcetggetyg gecgegaccet ctgatgaaga gegtagetat
401 tecctttgtca ccacagcotga tcecgtgaca gcigtgetatr
68l gtggctctgg actttgagasa ccgetgect cttggagaay
741 agctatgage tgcctgatygg ccatcggca cegetgececa
781 ga=zmaccctct tcocagectto cttcattggt atggagtoog tgagacaact
841 tacaacagca tcatgaaatyg cgacattgac atcaggaagg caacaacgtc
901 atgtctoggg gtaccaccat gtacccaggt attgetgacce geatgcaaaa ggagatcaca
9¢1 gooetggeooo ccageacaat gaagatcaag atcattgece cacctgageg caagtactcot
1021 ghtctyg cttggecectcee ctgtccacct tecagcagat gtggatcaca
13881 aagc cggcccatee attgtocacce gtaaatgett ctaa
18071} Awn actin gene can also encouypass ortholog genes, which are genes counserved

among different biological species such as humans, dogs, cats, mice, and rats, that encode
proteins {for example, homologs (inclading splice variants), mustants, and derivatives) having
biclogically equivalont functions as the chicken-derived protein. Orthologs of actininclade
any mammalian ortholog inchusive of the ortholog in humans and other primates,
experimental mammals (such as mice, rats, hamsters and guinea pigs), mammals of
commercial significance (such as horses, cows, camels, pigs and sheep), and also companion
mammals (such as demestic animals, ¢.g., rabbits, ferrets, dogs, and cats), or any other
eukaryote (such as birds, S.cerevisiae, D.melanogaster, C.elegans, and D.discoideum). Actin
can comprise a protein encoded by a nucleic acid sequence homologous to the chicken
nucleic acid, wherein the nucleic acid is found in a different species and wherein that
horaolog encodes a protein similar to an actin profein. For example, sequence information
related to human ACTAT, (human skeletal muscle actin) is acecssible in public databases by

(GenBank Accession numbers NP (010911 {protein) and NM_001100.3 (nucieic acid).

{88731 Intermediate filaments are formed from two polypeptide monomers which interact
to form a coiled-coil dimer. The dimers can then associate in a staggered antiparallel
arrangement to form tetramers which assemble end to ond 1o protofilaments. Around cight
protofilaments wind around each other to form an intermediate filament. Dimers can be
homodimers or heterodimers of intermediate filaments polypeptide monomers that, include,
but is not hmited 1o keratin, desmin, glial fibrillary acidic protein (GFAP), peripherin,
vimentin, a-internexin, neurofilament, synemin, syncolin, lamin, nestin, filensin and
phakinin. In one embodiment, the intermediate filament comprises at least 1 monomer units.

In another embodiment, the intermediate filament comprises at least §, at least 10, at least 20,
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at lcast 30, at least 40, at least 50, at least 60, at feast 70, at least 80, at least 90, at least 100,
at least 250, at least 500, at least 750 or at least 1000 monomer units. Propertics of

mtermediate filaments will be known 10 one of skill in the art and are described in Kries, T.
and Vale, R., 1999, Guidebook to the Cytoskeletal and Motor Proteins, 2™ Edition, Oxford
University Press, Oxford, UK. and Cooper, G.M., 2000, The Cell: A Molecular Approach,

27 Edition, Smauer Associates, Sunderiand, MA.

18673} Microtubule protofilaments are holiow cylinders made up of polymerized dimers
of alpha tuibulin and bets wbuling Tubulm dimers polymerize end to end into protofilaments.
About thirteen profofilaments associate parallel to one another {o form a single microtubule.
Microtubules are polarized and tubulin polymerizes end to end, with the alpha subunits of
one tubulin dimer contacting the beta subunits of the next. In a protofilament, the end with
the alpha subumit exposed is known as the minus end, and the end with the beta subuonit
exposed is known as the plos end. GTP-bound beta tubulin is hydrolyzed to GDP-beta-
tbulin shortly after polymerization. GDP-beta tubulin has a lower binding affinity for the
adjacent tabulin molecules and favors depolymerization resulting in the dynamic behavior of
picrotubules. Properties of microtubules will be known to one of skill in the art and are
described in Kries, T, and Vale, R., 1999, Guidehook to the Cytoskeletal and Motor Proteins,
2™ Edition, Oxford University Press, Oxford, UK. and Cooper, G.M., 2000, The Cell: A

Molecular Approach, 2™ Edition, Sinauer Associates, Sunderland, MA.

18474} The torm “filamont binding protein” refers to any polypeptide that can bind to a
protein filament. Examples of actin filament binding proteins inchude, but are not limited to,
cross-linking proteins (c.g., alpha-actinin, fascin, spectrin, transgelin, fimbrin, scruin, villin,
cspin}, motor proteing {e.g., myosins), branching proteins (e.g., Arp2/3,
WASP/SCAR/WAVE), severing proteins (e.g., gelsolin, fragmin, villing, polymerization
proteins, capping proteins (e.g., capping protein (cap?), forming, tensin, fropomodulin,
CapG), depolymerizing proteins (e.g., ADF/cofilin, AIP1), end tracking proteins {c.g.
forming, VASP, N-WASP), mucleators {e.g., Arp?/3, WASP, foroun), monomer binding
proteins {e.g., profilin, thymosios, twinfilin, StvZ/CAP, WASP, verprolin/WIP) stabilizers
{e.g. adducing, caldesmon, calponin, nebulins, tropomyosin}, sidebinders (¢.g. IQGAP, Abpl,
cortacting, coronin, drebrin, ENA/VASP} and membrane anchors {c.g., alpha-actinin, annexin
{1, alpha-catenin, BPAG, dystrophin, ERM proteins, plectin, spectrin, Sla2 (HIP1R), talin,

tensin, otrophin, vincalin), Actin binding proteins will be known to one of skill in the art and
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¢ described in Dos Remedics, C.G. et al,, 2003, Actin Binding Proteins: Regulation of
Cytoskeletal Microfilaments. Physiol. Rev, 83: 433-473 and Winder 5.J. and Ayscough, K.R.
2005, Actin-Binding Proteins, J. Cell Sci. 118: 651-654. Examples of intermediate filament
binding proteins include, but are not timited to, BPAGI, IFAP 300, lamin-assiciated proteins
(c.g., LAPIL, LAPZ, LBR), filaggrin, plectin, plakoglobin, desmoplakin, desmogleins, and
desmocollins. Examples of microtubule binding proteins inchude, but are not hmited to, tau
proteins, microtubule-associated proteins (e.g., MAP-1A, MAP-1B, MAP-1C, MAP-2, MAP-

AAP-4, E-MAP-115), STOP, APC mapmoduhn MARK protein kincases, MARPs,

Opl ®/stathmin, radial spoke proteios, syncolin, Teal, tcktins, XMAPs, enscosin, plus-end
tracking proteins {c.g., EBI, EB2, ER3, piS0Glued, Dynamitin, List, CLIP170, CLIP11S,

LASPL, CLASP2), motor proteins (c.g., kinesin, dynein) and centrosomal proteins (¢
gamma-tubulin, centrosomin, CPISY/CPE0, Katanin, NuMA, pericentrin, yeast spindle pole

body proteing).

18075) For example, the polypeptide sequence of S.cerevisiae formin is depicted in SEQ
1D NO: 3. The nucleotide sequence of S.cerevisiae formin is shown in SEQ D NO: 4,
Sequence information related to Bnilyp, S.cerevisice formin 1s accessible in public databascs

by GenBank Accession nombers NP_(14128.2 {protein) and NM_(01183109.2 (nucleic

acid).
{8876} SEQ ID NO: 3 is the amino acid sequence corresponding to S.cerevisice formin

{residues 1-1953 )

I mi nskeshsnss spvgnevst
&1 3 inapsrstst tharshsm
121 SSuakalLL lisqq: empsdpy
181 ko sis siekkwlivk gdignel nttsssta
241 e iltanssls ssptstvysn slnh vgtstskgkk
301 iv Inniyrgga r 1 yvgrilac tsdemkdlwy
361 tli dafidhgghi keilekensf fkcfrvisml
421 sqg rimtdtvasd ekknksrfea viltsldkkir
481 19 fkkmpgyfsh vgasdefkng
541 gy qumvaﬁhl 11ldydkvidg
601 ie ckgtenekll vslvghliflis
a6l sskllcebqn m nmaigriyda magtdevarra
721 1¢cs1al k herdrilakn grvmgglea
781 leeld rgmnssinss ckanlqumq
841 1 : arglemtnfa efekdrle
a1 lh'k&pk”hk 7 kpg v ndirralaeil gmesndiskf
961 nekkslalkr ,Lutkvxq iEn mdspkkntgd veteedanya
1021 ldeinritdg ildigtgteh eigveedges dlsssssdde seeiygdasp J hse
1081 sgsgpgst agkygt gonvitasac gennngsgig plhskvektf wwrlrkstvs
1141 sapy tg kvnkvepyaqg nedegldkks Ipenstasaa dkaekdm rghvengkagy
1201 rvvnheedkt adfsavskln ntdgaedlst gssvlissgpp ppperepppvpe aklfgeslek
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2581 agaatgcaaa tggacaatat

2641 gaatttgaga aagatcgtet tgle‘CLCLa
2701 atgaaaaata aggataggaa acctttagitc
2761 aatgacciaa ggcgggcettt ggctea%o_b
28: t a

2881

2841 caaagaaaaa qggac
3001 Ltga;c ctaagacata 33a2ag
3061 jttagata ttcagactca aacac
21z o unagftb atgaa
3181 taaggagcy cagaqg
32431 Lauvtgaaad atatgghact
2301 at gagtattgga
3 tec caccqgtgtet
2421 aa atatgaacaa
3481 e ac aagtgcagct
3541 g a o agal tag aaagcaagyy
3601 “ggtaa a a a gog gc taaactgaat
3661 agatg g a 't c ta ACAGCCOCTA
27 tccte ¢ C tc ¢ gttggagaaa
3 C a ct WSl ot ctaoct
3% ce tg ggcaa aggga
29 qaaacaccac C: catctactga taggcgtcatt
3961 ccgccagete G cagehbgtaac atcaccatta
4021 cttcctcaat ¢ C cacacaagaa attasagcaa
4081 ctgcattggg a: t at goggtacagy taaacgctgay
4141 aagticgcag a gttottgety atttagaaaa ggootibgoo
4201 gctagggaaa t¢ cgcaaggaag atctgcagaa aattacattt
4281 ttatccagyg at atcaatttge atatgtattc atcactitcy
42 gttgccecgats tg < tgcgataggyg attt accygagt
4 gttgttgagt tt g a attgasagtit ctgttaattt agctaggaat
44 tacgceccecegt attegacaga agoaatce tcecgaagatge caagceeccect
45 gaagaagatc caaacgattt aattt atttgcaatt gatggttaat
45 ctagaatcat actggggtte cacag tggttacttc gtatgaaaga
4 gaatataaty agttattggygce ca aagcetgttag ccrg* -caa
48 gaatcagata actitgcgeaa at ’;g cagttggtaa LLLvaLgaac
4 gacact ta agcaggcacsa aaa cgtittate
43 aagga fa ccaatagceat ta ttaza
48681 tatcc ct tcsatgactt ag aa

4921 tarcatt agtt ttaa tgtaag :

4981 cgtd g aaat gtaa agegat ~caaagt ag

5041 ttg a cattgcecegt ccggaa gecagaaaaa gttag

5101 ga c tgactatcat ttitgaa agtctgatgce tgaagattct
5 fofe] t tigcazaaat ttettt asgaaatity aaatgaatac
5 aaas L aagegraaaa GgCCgoyg gaagaagaa tataaageat
3 aagaa g tggaaga aaaagy goacaaysq aaaagagaac
5 agcaa gc cttcecatc tgaa gaggatga goegoegehgtt
5 argy ac tattags aaat gcaggtc cccatcettee
54¢1 C & gagcecects aa tatcettt cgecteccacaa
5521 3 atttgga Jg tcetathce ga agoctatggac
5581 ~actgecyg atacagt 2a teacccac cttgceccac aaggggtgitt
5641 atgaatacct chgaagath a tccaagacat ctgcecgetgga agatcaagayg
5701 gaasattagtyg o 3 aaggagctaa gaggctctga cacaccagta
5781 aagcaasatt a gaaazaattga gggcc aa ggaaagatcc
58 ataggtgagy & agtttcaaat

18078} For example, the pefypeptide sequence of S.cerevisiae profilin is depicted in SEQ
1D NO: 5. The nucleotide sequence of S.cerevisiae profilin is shown in SEQ 1D NO: 6.

Sequence information related to Pfylp, S.cerevisiae profilin is accessible in public databases

2
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by GenBank Accession numbers NP_014763.3 (protein) and NM_001183541.3 {nucleic

acid).

{86791 SEQ ID NGO § is the amino acid sequence corresponding to S.cerevisiae profilin

(vesidues 1-126):

I mswgaytdnl igtgkvdkav iysragdavw atsgglslg
61 ihiqggqgkfml lraddrsiyg rhdasgvvcv rtkgtviis

T myrer
LL1gvygy

P neigeivqy
h ypptvgag

18086] SEQ 1D NO: 6 1s the nucleotide soquence corresponding 1o S.cerevisiae profilin

{residaes 1-381):

1 atgtettgyge aagcatacac tgataactta ataggaaccyg gtaaagtcga caaagetgt
&1 atctactecga gagcaggtga cgctgtitgg gectacttctg gtggec
121 aacgaaattyg J
181 ttgcatattc aag
241 agacatgatg ctgagggtgt tgtttgtgta agaactaage aaaccogttat t
0L tatccaccaa cegtacaage cgotgaggoe accaagattg teogageaatt gaco

ttecaatacta a

{8081} A protein filament monomer or protein filament binding protein can also
encompass ortholog gencs, which are genes conserved among differcnt biological species
such as homans, dogs, cats, mice, and rats, that encode proteins (for example, homologs
{inchuding splice variants), mutants, and derivatives) having biologically equivalent functions
as the human-derived protein. Orthologs of protein filament monomer or protein filament
binding protein inchide any eukaryotic ovtholog inclusive of the ortholog in humans and other
primates, experimental marmmals (such as mice, rats, hamsters and guinea pigs), mammals of
commercial significance {such as horses, cows, camels, pigs and sheep}, and also companion
mammals (such as domestic antmals, e.g., rabbits, forrets, dogs, and cats) or any other
eukaryote {such as birds, S.cerevisice, Domelanogaster, C.elegans, and D.discoideum). A
protein filament monomer or protein filament binding protein can comprise a protein encoded
by a nucleic acid sequence homologous to the human nucleic acid, wherein the nueleic acid is
found in a different species and wherein that homolog encodes a protein similar to a protein
filament monomer or protein filament binding protein. For example, sequence information
related to human formin, is accessible in public databases by GenBank Accession numbers
NP_001264242.1 (protetisoform a), NP_0010966354.1 {protein isoform b), or
MNP 0012642431 (protein isoform ¢} and NM_001277313.1 (nucleic acid iseform a),
NM 001103184.3 (nucleic acid isoform b, or NM_001277314.1 (muecleic acid isoform ¢).

-4 -
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For example, sequence information related to human profilin is accessibie in public databases

P

by GenBank Accession nuraghers NP_005013.1 (protein) and NM_005022.3 (aucleic acid).

{6682} The imvention vtilizes conventional molecular biclogy, microbiclogy, and
recombinant DNA techniques available to one of ordinary skill in the art. Such technigues
are well known to the skilled worker and are explained fully in the Hiterature. See, e.g.,

Maniatis, Fritsch & Sambrook, "DNA Cloning: A Practical Approach,” Volumes | and H (D,

ucleic Acid

M. Glover, ed., 1985); "Oligonucleotide Synthesis™ (M. J. Gait, ed., 1984); "MNucleic Acid

Hybridization” (8. D. Hames & 8. [, Higgins, eds., 1985); "Transcription and Translation”
(B. D. Hames & S. J. Higgins, eds., 1984); "Antmal Cell Culture” (R 1. Freshney, ed., 1986);

"Imnobilized Cells and Envymes” (RL Press, 1986} B, Perbal, "A Practical Guide to

Molecular Cloning” (1984), and Sambrook, et al., "Molecular Cloning: a Laboratory Manual”

(2001).

18083] One skilied in the art can obtain a protein filament monomer or protein filament
binding protein, {e.g., actin, formin, profilin} in several ways, which include, but are not
timited to, isolating the protein via bicchemical means or expressing a nucleotide sequence

encoding the protein of interest by genetic enginecring methods.

8084} The invention provides for a protein filament monomer or profein filament
binding protein that are encoded by nucleotide sequences. The protein filament monomer or
protein filament binding protein can be a polypeptide encoded by a mucleic acid (including
genomic DNA, complementary DNA (cDNA), syothetic DNA, as well as any form of
corresponding RNA). For example, a protein filament monomer or profein filament binding
protein can be encoded by & recombinant nucleic acid encoding a human or chicken protein
filament monomer or protein fillament binding protein, or fragment thereof. The protein
filament monomers or protein filament binding proteins of the invention can be obtained
from various sources and can be produced according 1o various techniques known in the art.
For example, a nucleic acid that encodes a protein filament monomer or protein filament
binding protein can be obtained by screening DNA librarics, or by amplification from a
natural source. The protein filament monomer or protein filament binding protein of the
mvention can be produced via recombinant DNA technology and such recombinant nucleie
acids can be prepared by conventional techniques, including chemical synthesis, genetic
engincering, cuzymatic techuiques, or a combination thercof. A protein filament monomer or

protein filament binding protein of this invention can also encompasses variants of the

S35
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profein filament monomers or protein filament binding proteins. The variants can comprise
naturally-occurring vartanis due to allelic variations between individuals (e.g.,

solymorphisms), mutated alleles, or alternative splicing forms.
o A 3

[{BO8S] In one embodiment, a fragment of a nucleic acid sequence that comprises a
protein filament monomer or protein filament binding protein (such as, e.g., actin, formin, or
profiling can encompass any portion of at least about 8 consecutive nucleotides of SEQ ID
MNO: 2,4, or 6. In one embodiment, the fragment can comprise at least about 10 nucleotides,
at least about 15 nucleotides, at least about 20 nucleotides, or at least about 30 nucleotides of
SEQ IDNGO: 2, 4, or 6. Fragments include all possible nucleotide lengths between about 8
and about 100 nucleotides, for exampie, lengths between about 15 and about 100 nucleotides,

or between about 20 and about 100 nucleotides,

18086} A protein filament monomer or protein filament binding protein, can be a
fragment of a protein filament monomer or protein filament binding protein, such as, e.g.,
actin, formin, or profilin. For example, the protein filament monomer or protein filament
binding protein fragment can cncompass any portion of at least about 8 consecutive amine
acids of SEQ D NO: 1, 3, or 5. The fragment can coraprise at least about 10 consecutive
annno acids, at feast about 20 consecutive aming acids, at least about 30 consecutive amino
acids, at least about 40 consecutive amino acids, a least about 50 consecutive amino acids, at
icast about 60 consecuiive aming acids, at least about 70 consecutive amino acids, at least
about 80 consccutive amuno acids, at least about 90 consecutive amino acids, at lcast about
100 consecutive amino acids, at least about 110 consecutive amino acids, or at least about
120 consecutive amino acids of SEQ IDNOS: 1, 3, or 5. Fragments inchude all pogsible
amino acid longths between about 8 and 80 about amino acids, for example, lengths between
about 10 and about 8% aminoe acids, between about 15 and about 80 amino acids, between
about 2{ and about 80 amino acids, between about 35 and about 80 amine acids, between
about 40 and about 80 amino acids, between about 50 and about R0 amino acids, or betwee

about 70 and about 80 aminoe acids.
{8087} Tethering Protein Filaments and Fillament Binding Proteins

{B088] As described herein, the protein filamenis can be coupled to a filament binding
protein which can be attached to the substrate, to the lipid bilayer, or to the diffusion bamicer,

to form an array. In another embodiment, the protein filament can be attached to the

236 -
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substrate, to the lipid bilayer, or to the diffusion barrier, to form an array. The protein
filaments can be attached by @ linkage or by coupling to a filament binding protein cither at
one end of the protein filament or at both ends. For example, when a protein is coated on the
substrate prior to the deposition of the lipid bilayer, the protein filament or filament binding
protein can be linked to a cognate protein that binds o the protein coated on the subsirate. In
one emnbodiment, the substrate is coated with neutravidin and the protein filament or filament
binding protein linker is biotin, Linkers can be added to the protein filament or filament
binding protein using standard molecular biology techniques known to those of ordinary skill

i the art,

{8089} Alternatively, the protein filament or filament binding protein can be linked to the
ipid bilayer. In one embodiment, the lipid bilayer is deposited onto the substrate and a
protein, ¢.g., neutravidin or streptavidin, is hinked to the bpid bead groups. Biotinylated
protein filaments or filament binding proteins are then introduced, linking the protein
filament or filament binding protein io the lipid bilayer. In onc embodiment, biotinylayed
ipids are bound to streptavidin which links to a biotinylayed filament binding protein, such

as, biotinylated formin,

[{8096] In other embodiments, the protein filament or filament binding protein can be
tinked to the diffusion barriers. In one embodiment, the diffusion barrier is a protein, e.g.,
biotinylated bovine serum albumin (BSA), deposited on the substrate. Neutravidin is then
hound directly to the biotinylated BSA protein barriers, and biotinylated protein filaments or

filament binding proteins are linked to the biotinylated BSA protein barriers.

{8091 Other known protein-cognate protein pairs can be used in the methods described
herein. For example, antibodies, ¢.g., anti-digoxigenin antibodies, can be used as protein
barriers and the cognale antigen, ¢.g., digoxigenin, linked to the protein filaments or filament

binding proteins.
{8092} Labeling of Polypeptides

8093} in another embodiment, the attached protein filament or filament binding protein
and/or the mtoracting polypeptides arc visualized by detecting one or more labels attached 1o
the polypeptides. The labels may be fncorporated by any of a number of means well known to

those of skill in the art.

o]
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[B494] Detectable labels suitable for use in the methods and compositions described
herein jnclude any composition detectable by spectroscopic, photochenical, biochemical,
immumnochemical, elecirical, optical or chemical means. Useful labels in include biotm for
statning with labeled streptavidin conjugate, magnetic beads {(e.g., Dynabeads. TM.),
fluorescent dyes {(¢.2., fluorescein, Texas red, rthodamine, green fluorescent proiein, and the
like, see, e.g., Molecular Probes, Fugene, Oreg.), radiolabels {(e.g., .sup.3H, sup. 1251,
sup. 35S, sup H4C, or sop 32P), enzymes {e.g., horse radish peroxidase, alkaline
phosphatasc and others commonly used in an ELISA}, and colorimetric labels such as
colloidal gold (o.g., gold particies in the 40-80 nm diameter size range scatior green light with
high etficiency) or colored glass or plastic {e.g., polystyrene, polypropyiene, latex, etc.)
beads. Patents teaching the ase of such labels include UK, Pat. Nos. 3,817,837, 3,850,752;

3.939.350; 3,996,345: 4,277,437; 4,275,149; and 4,366,241

18895] In some embodiments, floorescent labels are used. The protein filament or
filament binding protein can all be labeled with a single label, e.g., a single tluorescent label.
Alternatively, different protein filament or filament binding protein can have different labels.
For example, one protein filament or filament binding protein can have a green fhiorescent
label and a second protein filament or filament binding protein can have a red fluorescent

fabel.

[8896] Suitable chromogens which can be employed include those molecules and
compounds that absorh light in a distinctive range of wavelengths so that a color can be
observed or, alternatively, which emit Hght when frradiated with radiation of a particular

wave iength or wave length range, ¢.g., fluorescers.

{84971 A wide variety of suitable dyes are available, being primary chosen to provide an
intense color with minimal absorption by their surroundings. [Hustrative dye types include
guinoline dyes, triaryimethane dyes, acridine dyes, alizarine dycs, phtbaleins, inscct dyes, azo

dyes, anthraquinoid dyes, cyanine dyes, phenazathionium dyes, and phenazoxonium dyes.

[6098] A wide variety of fluorescers can be employed either by alone or, alternatively, in
conjunction with quencher molecules. Fluorescers of interest fall into a variety of categories
having certain primary functionalities. These primary fonctionalities inclode 1- and 2-
aminonaphthalene, p,p'-diaminostilbenes, pyrenes, quaternary phenanthridine salts, 9-

aminoacridines, p,p'-diaminchenzophenone imines, anthracenes. oxacarbocyanine,

- 28 -
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marocyaning, 3-aminocquilenin, perylene, bisbenzoxazole, bis-p-oxazolyl benzene, 1,2-
henzophenazin, retinol, bis-3-aminopyridinium salis, hellebrigenin, tetracychine, sterophened,
benzimidzaolylphenylamine, 2-oxo-3-chromen, indole, xanthen, 7-hydroxycoumarin,
phenoxazine, salicylate, strophanthidin, porphyrins, triaryhnethanes and flavin. Individuoal
fluorescent compounds that have functionalities for Hnking or that can be modified to
meorporate such fimetionalities include, e.g., dansyl chloride; fluoresceins such as 3,6-
dihydroxy-9-phenybianthhydrol; rhodamineisothiocyanate; N-pheny! f-amino-§-
sulfonatonaphthalenc; N-—phenyi Z-amino-6-sulfonatonaphthaicne: 4-acetamido-4-
sothiocyanato-stilbene-2,2'-disulfonic acid; pyrene-3-sulfonic acid; 2-toluidinonaphthalene-
6-sulfonate; N-phenyl, N- mcthyi -aminoaphthalenc-6-sulfonate; ethidiom bromide; stebrine;
avromine-(3,2-(Y-anthroyDpalmitate; dansyl phosphatidylethanolamine; N N'-dioctadecyl
oxacarbocyanine; N, N'-dihexyl oxacarbocyanine; merccyaning, 43'pyrenyDbutyrate; d-3-
amin@dcsoxy—equi!cnin; 12-{9'anthroylstearate; 2-methylanthracene; 9-vinylanthracene;

2 2 (vinylene-p-phenvlencbisbenzoxazole; p-bis[2-(4-methyl-5-phenvi-oxazolylybenzene; 6-
dimethylamino-1,2-benzophenazin; retinol; bis(3-aminopyridiniam) 1,10-decandiyl diiodide;
sulfonaphthyvihvdrazone of hellibrienin; chiorotetracycling; N{7-dimethylamino-4-methyi-2
oxo-3-chromenyDmaleimide; N-[p-(2-benzimidarolyi}-phenylimaleimide; N-(4-
fluoranthylimaletmide; bisthomovanillic acid); resazarin; 4-chloro-7-nitre-2,1,3-
benzooxadiazole;, merocyanine 540; resorufin; rose bengal; and 2,4-dipbenyi-3 (2H)-

furanone.

[6499] The label may be a "direct label”, i.e., a detectable label that is directly attached to
or incorporated into the protein filament or filament binding protein. Alternatively, the label
may be an "indirect label”, 1.¢., 8 label joined to the protein filament or filament binding
protein after attachment {o the substrate. The indivect label can be attached to a binding
moiety that has been attached to the protein filament or filament binding protein prior to

attachment to the substrate.

1981808]  Polypeptides can be visualized by coupling them 1o, e.g., fluorcscent labels
described herein, using known methods. Alternatively, other labels, such as Quantum dots
{Invitrogen) can be used, as described hergin. In one embodiment, actin monomers can be
labeled with the fluorescent dye Oregon green. In another embodiment, actin-binding
proteins can be labeled with quantum dots ov other fluorescent probes would permit

visualization of interactions. In one embodiment, polypeptides can be labeled with

- 3G
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fluorescent proteins by cloning of a protein filament monomer or filament binding protein

wmte vectors encoding fluorescent proteins.
[80181] Purified polypeptides

{88182}  Onc skilied in the art understands that polypeptides (for example, monomers of
protein filaments {e.g., actin monomers, alpha fubulin, beta twbulin, lamin, vimentin,
neurofilament, keratiny and filament binding proteins {e.g. profilin, formin)) can be obtaine
in several ways, which include but are not limited to, expressing 2 nucleotide sequence

encoding the protein of interest, or fragment thereof, by genctic enginecring methods.

861831  In one embodiment, the nucleic acid is expressed in an expression cassette, for
example, to achicve overexpression in a cell. The nucleic acids of the invention can be an
RNA, ¢DNA, cDNA-like, or a DNA of interest in an expressible format, such as an
expression cassette, which can be expressed from the natural promoter or an emtirely
heterologous promoter. The nucleie acid of interest can encode a protein, and may or may
not inclade introns. Any recombinant expression system can be used, including, but not

Hmited to, bacterial, mammalian, yeast, insect, or plant cell expression systems,

[66184]  Host cells transformed with a nocleic acid sequence encoding a protein filament
monomer or filament binding protein (e.g., actin monomers, alpha tubulin, beta tubuldin,
lamin, vimentin, neurofilament, keratin, profilin, formin) can be cultured under conditions
suitable for the expression and recovery of the protein from cell culture. The pelypeptide
produced by a transformed cell can be secreted or contained intracellularly depending on the
sequence and/or the vector used. Expression vectors containing a nucleic acid sequence
encoding a protein filament monomer or filament binding protein can be designed to contain
signal sequences which direct seeretion of soluble polypeptide molecules encoded by a
protein filament monomer or filament binding protein {e.g., actin monomers, alpha tubulin,
cta tubulin, lamin, vimentin, neurofilament, keratin, profilin, forming, through a prokaryotic

or eukaryotic cell membrane.

{88185} Nucleic acid sequences comprising a protein filament monomer or filament
binding protein {e.g., actin monomers, alpha tubulin, beta tubuliv, lavyin, vimentin,
neurefilament, keratin, profilin, formin) that encode a polypeptide can be synthesized, n
whole or in part, using chemical methods known in the art. Alternatively, a protein filament

monomer or filament binding protein can be produced using chemical methods to synthesize



WO 2014/100822 PCT/US2013/077583

iis amino acid sequence, such as by direct peptide synthesis using solid-phase technigues.
Protein synthesis can cither be performed using manual techniques or by automation.
Automated synthesis can be achioved, for example, using Applied Biosystems 431A Peptide
Synthesizer {Perkin Elmer). Optionally, fragments of a protein filament monomer or filament
binding protein can be separately synthesized and combined using chemical methods to

produce a full-length molecule.

[98186] A synthetic peptide can be substantially purified via high performance higuid
chromatography (HPLC). The composition of a synthetic protein filament movnomer or
filament binding protein can be confirmed by amine acid analysis or sequencing.
Additionally, any portion of an amino acid sequence comprising a proiein encoded by a
protein filarent monomer or flament binding protein (e.g., actin monomers, alpha fubulin,
beta tubulin, famin, vimentin, neurofilament, keratin, profilin, formin) can be altered during
direct synthesis and/or combined using chemical methods with sequences from other proteins

o produce a variant polypeptide or a fusion protein.

1861877 The mvention further cncompasses methods for using a protein or polypeptide
encoded by a nucleic acid sequence of a protein filamend aonomer or flament binding
protein, such as the sequences shown in SEQ 1D NOS: 1, 3, or S, In another embodiment, the
polypeptide can be modified, such as by glycosylations and/or acetylations and/or chemical
reaction of coupling, and can contain one or several non-natural or synthetic amino acids. An
example of 4 protein filament mogomer or filament binding protein has the amino acid
sequence shown in either SEQ ID NO: 1, 3, or S, In certain embodiments, the invention
encompasses variants of a human protein encoded by a protein filament monomer or filament
binding protein (o.g., actin monomers, alpha tubulin, beta tubulin, lamin, vimentin,

neurofiiament, keratin, profilin, formin).

180188]  In onc embodiment, chicken skeletal muscle actin can be purified form an acctone
powder of chicken breast muscle by one cyele of polymerization and depolymerization
followed by gel filtration. In another embodiment, a fraction of the actin can be labeled at a
cysteine residue with Oregon green 488 iodoacetarnide, followed by depolymerization and
purification by ion exchange and gel filiration. In one embodiment, the cysteine residue is
cysteine 374, In one embodiment, the fraction of actin labeled with Oregon green is at Jeast
33%. In another cmbodiment, the fraction of actin labeled with Gregon green is at least §%,

at least 10%, at least 15%, at least 20%, at feast 23%, at least 30%, at least 40%, at least 50%,
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af Icast 55%, at loast 6096, at least 65%, at feast 70%, at least 75%, at lcast 80%, at loast 85%,

at least B0%, or at least 93%.

[60189] In one embodiment, 8. cerevisiae formin Bnilp can be cloned into a vector
using primers that encode an N-terminal biotinylation sequence. In one embodiment, &.
cerevisiae profilin can be cloned into a veetor. In one embodiment, the vector is pQE70. In
another embodiment, the vector is pMW172-SpPRF. In another embodiment, the construct
can also contained a C-terounal 6-His tag. In one embodiment, the constract can be
transtormed inte a bactenial expression system. [n one embodiment, the bacterial expression
system i1s BL21 DE3 RP Codon Plus cells. In one embodiment, expression can be induced
overnight at 16°C with IPTG. In snother embodiment, expression can be induced in the

presence of biotin.

180118 In one embodiment, polypeptides {¢.g., formm, profitin} can be purified by
lysing cells and purifying by affinity chromatography. In onc embodiment, the affinity
chromatography is carried out using Ni-NTA resin and imidazole. In one embodiment, the
affinity chromatography is carried out using a poly-L-proline-agarose columup and orea. In
one erabodiment, the biotinylated can be incubated with avidin resin and eluted with biotin.
In one embodiment, cluted protein can be concentrated using spin-columns followed by

dialysis and flash-freezing.
{88111} Expression Systems

{80112  Bacterial Expression Systems. One skilled in the art understands that expression

of destred protein products in prokaryotes is most often carried out in £, coli with vectors that
contain constitetive or inducible promoters. Some non-limiting examples of bactertal cells
for transtormation include the bacterial cell line £, cofi strains DHSa, MC1061/p3
{Tnvitrogen Corp., San Diego, Calif.}, and BL21 DE3 RP Codon Plus cells, which can be
ransformed using standard procedures practiced in the art, and colonies can then be screencd
for the appropriate plasmid expression. fn bacterial systems, a nursber of expression vectors
can be selected. Non-limiting examples of such vectors inclade multifunctional E. codi
cloning and expression vectors such as BLUESCRIPT (Stratagence), pQE7G and pMW172-
SpPRF. Some E. coli expression vectors (also known in the art as fusion-vectors) are
designed to add a number of amino acid residues, usually to the N-terminus of the expressed

recombinant protein. Such fusion vectors can serve three fumetions: 1) to increase the
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solubility of the desired recombinant protein; 2) to increase expression of the recombinant
protein of interest; and 3} to aid in recombinant protein purification by acting as a ligand in
affinity purification. In some instances, vectors, which direct the expression of high levels of
fusion protein products that are readily purified, may also be used. Some non-limiting
cxamyples of fusion cxpression vectors include pGEX, which fuse glutathione S-tranferase
((G5T) to desired proteing peDNA 3.1/VS-His A B & C (Invitrogen Corp, Carlsbad, CA)
which fuse 6x-His to the recombinant proteins of interest; pMAL (New England Biolabs,
MA which fuse maltose E binding protein to the target recombinant protein; the £. col
expression vector pUR27S (Ruther ot al, (1983) FAMB0 12:1791), wherein the coding
sequence may be Hgated mdividually into the vector in frame with the lac Z coding region in
order to generate a fusion protein; and pIN vectors (Inouye et al., (198S) Nucleic Acids Res.
13:3101-3109; Van Hecke et al., (1989) J. Riol. Chem. 24:5503-5509. Fusion proteins
generated by the likes of the above-mentioned vectors are generally soluble and can be
purified easily from lysed cells via adsorption and binding of the fusion protein to an affinity
matrix. For example, fusion proteins can be purified from lysed cells via adsorption and
binding to a matrix of glutathione agarose beads subscquently followed by ehation inthe
presence of free glutathione. For example, the pGEX vectors are designed to include
thrombin or factor Xa protease cleavage sites so that the cloned target can be released from

the GRT moigty.

861131 Plant Insect, and Yeast Expression Svstems. Other suitable cell lings, in addition

to microorganisms such as bacteria {c.g., £. cofli and B. subiifis) transformed with
recorabinant bacteriopbage DNA, plasmid DNA or cosmid DNA expression vectors
containing coding sequences for a protein filament monomer or filament binding protein may
aliernatively be used to produce the molecule of interest. A non-limiting example inciudes
plant cell systems infected with recombinant viras expression vectors (for example, tobacco
mosaic virus, TMV; cauliflower mosaic virus, CaMV) or transformed with recombinant
plasmid expression vectors {¢.g., Ti plasmid) containing coding seqaences for a protein
filament monomer or filament binding pr. If plant cxpression vectors arc used, the expression
of sequences encoding a protein filament monomer or filament binding protein can be driven
by any of a number of promoters. For exanple, viral promoters such as the 358 and [958
promoters of CaMV can be used alone or in combination with the omega leader sequence

from tobacco mosaic virus TMVY. Alternatively, plant promoters such as the small subunit of
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RUBISCO or heat shock promoters, can be used. These constructs can be introduced into

plant cells by direct DNA transformation or by pathogen-mediated transfection.

80114}  In another embodiment, an insect system also can be used to express encoding a
protein filament monomer or filament binding protein. For example, in one such system
Autographa californica nuclear polvhedrosis virus (AcNPV) is used as a vecior to express
foreign genes in Spodopiera frugiperda cells or in Trichoplusia larvae. Sequences encoding
a protein filament monomer or filament binding protein can be cloned into a non-essential
region of the virus, such as the polyhedrin gene, and placed under control of the polyhedrin
promoter. Successtul insertion of the nucleic acid sequences of a protein filament monomer
or filament binding protein will render the polyhedrin gene inactive and produce recombinant
virus lacking coat protein. The recombinant viruses can then be used 1o infect 5. frugiperda
cells or Trichoplusia larvae 1n which a protein filament monomer or filament binding protein

can be expressed.

[80115] In another embodiment, a yeast (for example, Saccharomyees sp., Pichia sp.)
system also can be used o express a protein filament monomer or filament binding protein.
Yeast can be transformed with recombinant yeast expression vectors containing coding

sequences for a protein filament monomer or filament binding protein.

{86116} Mammalian Expression Systems. Mammalbian cells (such as BHK eells, VERO

cells, CHO cells and the hike) can alse contain an expression vector {for example, one that
harbors 8 nucleotide scquence encoding a protein filament monomer or filament binding
proteiny for expression of a desived product.  Expression vectors containing such a nucleic
acid sequence hinked to at least one regulatory sequence n a manner that allows expression of
the nucleotide sequence in a host cell can be introdoced via methods known in the art. A
number of viral-based expression systems can be used to express a protein filament monomer
or filamerd binding protein in mammalian host cells. The vector can be a recombinant DNA
or RMNA vector, and includes DNA plasmids or viral vectors. For example, if an adenovirus
is used as an cxpression veetor, sequences encoding a protein filament monoemer or filament
binding protein can be ligated into an adenovirus transcription/translation complex
comprising the late promoter and tripartite leader sequence. Insertion into a non-gssential E1
or £3 region of the viral genome can be used to obtain a viable virus which is capable of
expressing a protein filament monomer or filament binding protein in infected host cells.

Transcription enhancers, such as the Rous sarcoma virus {RSV) enhancer, can also be used to
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ncrease expression in mammalian bost cells. In addition, viral vectors can be constructed
based on, but not limited to, adeno-associated virus, retrovirus, adenovirus, lentivirus or

aiphavirus,

{81171 Regulatory sequences are well known in the art, and can be selected to divect the
expression of a protein or polypeptide of mterest (such as a protein filament monomer or
filament binding protein) in an appropriate host cell as described in Goeddel, Gene

Expression Technology: Methods in Enzyvmelogy 185, Academic Press, San Diego, Calif.

(1994). Non-hmiting examples of regulatory sequences include: polyadenylation signals,
promoters (such as CMV, ASV, SV40, or other viral promoters such as those derived from
bovine papilioma, polyoma, and Adenovirus 2 viruses (Fiers, et al,, 1973, Nature 273:113;
Hager GL, et al., Curr Opin Genet Dev, 2002, 12(2):137-41) cohancers, and other expression
control elements. Practitioners in the art understand that designing an expression vector can
depend on factors, such as the choice of host cell to be transfected and/or the type and/or

amount of desired protein to be expressed.

{80118} Enhancer regions, which are those sequences found upstream or downstream of
the promoter region in non-coding DNA regions, arc also known wn the art to be fmportant in
optimizing expression. f needed, origing of replication from viral sources can be employed,
such as if a prokaryotic host is utilized for introduction of plasmid DNA. However, in

cukaryotic organisms, chromosome integration is a common mechanism for DNA replication.

{80119} For stable transfection of mammalian cells, a small fraction of cells can inicgrate
mtroduced DNA into their genomes. The expression vector and transfection mothod utilized
can be factors that contribute to a successtul integration event. For stable amplification and
expression of a desired protein, a vector containing DNA encoding a protein of interest (for
example, a protein filament monomer or filament binding protein) is stably integrated into the
genome of cukaryotic celis (for example mammalian cells, such as HEK 293 cells), resulting
i the stable expression of transfected genes. An exogenous nucleie acid sequence can be
imtroduced into a cell {such as a mamumalian cell, either a primary or secondary cell) by
homologous recombination as disclosed in ULS. Patert 5,641,670, the contents of which are

herein incorporated by reference.

[90128] A gene that encodes a selectable marker (for exarple, resistance to antibictics or

drugs, such as ampicillin, neomycin, G418, and hygromycin} can be mtroduced into host

oy O
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cells along with the geoe of imterest in order to identify and select clones that stably cxpress a
gene encoding a protein of interest, The geoe encoding a selectable marker can be indroduced
mto a host cell on the same plasmid as the gene of interest or can be introduced on 4 separate
plasmid. Cells containing the gene of interest can be identified by drug selection wherein
cells that have incorporated the selectable marker gene will survive in the presence of the
drug. Cells that have not incorporated the gene for the selectable marker dic. Surviving cells
can then be screened for the production of the desired protein molecule (for example, a

profein filament monomer or filament binding protein).

188121} A host cell strain can be chosen for its ability to modulate the expression of the
imseried sequences or to process the expressed a protein filament monomer or filament
binding protein in the desired fashion. Such modifications of the polypeptide include, but are
not Hmited to, acetylation, carboxylation, glycosylation, phosphorylation, lipidation, and
acylation. Post-translational processing which cleaves a “prepro”™ form of the polypeptide
also can be used to facilitate correct insertion, folding and/or function. Different host cells
which have specific celinlar machinery and characteristic mechanisms for post-transiational
activities {e.g., CHO, Hela, MDCK, HEK293, and WI38), are available from the American
Type Cultore Collection {ATCC; 10801 University Boulevard, Manassas, Va. 20118-2209)

and can be chosen to ensure the correct modification and processing of the foreign protein

1801221  An exogenous nucleic acid can be introduced into a ceolf via a varicty of
techniques known fo the art, such as lipotection, microingection, calcium phosphate or
calcium chloride precipitation, DEAE-dextrin-mediated transfection, or electroporation.
Electroporation is carried out at approximate voliage and capacitance to result in eniry of the
DNA constract(s) jnto cells of interest. Other methods used to transfect cells can alse include
maodified caleium phosphate precipitation, polybrene precipitation, liposome fusion, and

receptor-mediated gene delivery.

1661231 Animal or mammalian host cells capable of harboring, expressing, and secreting
large quantitics of a protein filament monomer or filament binding protein of nterest into the
culture medinm for subsequent isolation snd/or purification include, but are not limitted to,
Human Embryonic Kidney 293 cells (HEK-293) (ATCC CRL-1573); Chinese hamster ovary
cells (CHO), such as CHO-K 1 (ATCC CCL-61), DG44 (Chasin et al., (1986) Som. Cell
Molec. Genet, 12:555-556; Kolkekar et al., (1997 Biochemisiry, 36:10901-10909; and WO
(1/92337 A2}, dibydrofolate reductase negative CHO cells (CHO/dhfr-, Urlaub ot al., (1980)
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Proc, Natl Acad. Sci. US A, 77:4216), and dp12.CHO cells (U.S. Pat. Ne. 5,721,121);
monkey kiduey CV1 cells transformed by SV40 (COS cells, COS-7, ATCC CRL-1651);
human embryonic kidney cells {e.g., 293 cells, or 293 cells subcloned for growth in
suspension culture, Graham et al, (1977} J. Gen. Virol, 36:59); baby hamster kidney cells
{BHK, ATCC CCL-~18); monkey kidney cells (CV1, ATCC CCL-70); African green monkey
kidney cells (VERG-76, ATCC CRL-1587; VERQ, ATCC CCL-31); mouse sertoli colls
(TM4; Mather (1980) Biol. Reprod., 23:243-251); haman cervical carcinoma cells (HELA,
ATCC CCL-2); caning kidney cells (MDCK, ATCC CCL-34}; human long cells (W138,
ATCC CCL-75); human hepatoma cells (HEP-G2, HB 8065); mouse mammary tumor cells
(MMT 060562, ATCC CCL-51); buffalo rat hiver cells (BRL 3A, ATCC CRIL-1442); TRY
cells (Mather (1982) dnnals NY Acad. Sci., 383:44-68); MCR 5 cells; F34 cells. A cell line
ransformed to produce a protein filament monomer or filament binding protein can also be
an tomortalized mammalian cell line of lympheid origin, which include but are vot Hinted
to, a myeloma, hybridoma, trioma or quadroma cell line. The cell hine can also comprise a
normal lymphoid cell, such as a B cell, which has been immortalized by transformation with

a virus, such as the Epstein Barr vitus (such as a myeloma cell line or a derivative thereof).

801241 A host cell strain, which modulates the expression of the inserted sequences, or
madifics and processes the sucleic actd in a specific tashion desired also may be chosen.
Such modifications (for example, biotinylation, glvcosylation and other post-transiational
modifications) and processing (for example, cleavage) of protein products may be tmportant
for the function of the protein. Different bost celi strains bave characteristic and specific
mechanisms for the post-translational processing and modification of proteins and gene
products. As sach, appropriate host systems or cell lines can be chosen to ensure the correct
maodification and processing of the foreign protein expressed, such as a protein filament
monomer or filament binding protein. Thus, cukaryotic host cells possessing the colinlar
machinery for proper processing of the primary transcript, biotinylation, glycosylation, and
phosphorylation of the gene product may be used. Non-limiting examples of mammalian
host cells include HEK-203, 3T3, W138, BT4R83, Hs5787T, CHQO, VERY, BHK, Hela, COS,
BT20, T47D, NSO (a mourine myeloroa cell line that docs not endogenously produce any

immumnoglobulin chans), CRL7030, MDCK, 293, HTB2, and HsS78Bst cells.

[88125]  Various culturing parameters can be used with respect to the host cell being

cultured. Appropriate culture conditions for mammalian cells are well known in the arnt
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(Cleveland WL, et al,, J immuno!l Methods, 1983, 56(2}: 221-234) or can be determined by
the skilled artisan (see, for exarnple, Anugal Cell Culture: A Practical Approach 2nd Ed.,

Rickwood, D. and Hames, B. D, eds. (Oxford University Press: New York, 1992)). Cell

culturing conditions can vary according to the type of host cell selected. Commercially

available medium can be utilized.

180126]  Cells suitable for culturing can contain introduced expression vectors, such as
plasmds or viruses. The expression vector constructs can be indreduced via transformation,
microinjection, transfection, ipofection, electroporation, or infection. The expression vectors
can contain coding sequences, or portions thereof, encoding the proteins for expression and
production. Expression vectors containing sequences encoding the produced proteins and
polypeptides, as well as the appropriate transcriptional and translational control clements, can
be generated using methods well known to and practiced by those skilled inthe art. These
methods include synthetic techniques, i vifre recombinant DNA techniques, and in vivo

genetic recombination which are described in J. Sambrook ot al., 2001, Molecular Cloning, A

Laboratory Manual, Cold Spring Harbor Press, Cold Spring Harbor, N.Y. and in F. M.

Ausubel et al., 1989, Cwrrent Protocols in Molecular Biology, John Wiley & Sons, New

York, N.Y.

861271 Purification of recombinant proteins

[88128] A protein filament monomer or filament binding protein can be purified from any
human or non-human cell which expresses the polypeptide, including those which have been
transfected with expression constructs that express a protein filament monomer or flamerd
binding protein. A purified protein filament monomer or filament binding protein can be
separated from other compounds which normally associate with the protein filament
monomers or filament binding proteins, in the cell, such as certain proteins, carbohydrates, or
lipids, using methods practiced in the art. For protein recovery, iselation and/or purification,
the cell culture medium ov cell tysate is centrifuged to remove particulate cells and cell
debris, The desired polypeptide molecule (for example, a protein filament monomer or
filament binding protein} is isolated or purified away from contaminating soluble proteins
and polypeptides by suitable purification technigues. Non-Hmiting purification methods for
proteins include: size exclosion chromatography; affinity chromatography; ion exchange
chromatography; cthanol precipitation; reverse phase HPLC; chromatography on a resin,

such as silica, or cation exchange resin, ¢.g., DEAE; chromatofocusing; SDS-PAGE;
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ammonium sulfate precipitation; gel filtration using, ¢.g., Sephadex G-75, Sepharose; proiein
A sepharose chromatography for removal of immunoeglobulin condaminants; and the like.
Other additives, sach as protease inhibitors (e.g., PMSF or proteinase K) can be used to
inhibit proteolytic degradation during purification. Purification procedures that can select for
carbohydrates can also be used, ¢.g., ton-exchange soft gel chromatography, or HPLC using

cation- or anon-exchange resins, in which the more acidic fraction(s) is/are collected.
168129]  Detecting Polypeptides

861387  As discussed above, the use of a fluorescent label is an embodiment of the
mvention. Standard procedures are used to determine the positions of the protein filaments or
filament binding proteins and/ov a target, e.g., a second protein filament or filament binding
protein or a polypeptide. For example, the position of a protein filament or filament binding
protein on an array described hercin can be detected by the signal emitted by the label. In
other examples, when a protein filament or filament binding protein on the array and a target
polypeptide are labeled, the locations of both the protein filament or filament binding protein
on the array and the target will exhibit significant signal. To addition to using a label, other
methods may be used to scan the matrix o determine where an interaction, ¢.g., between a
protein filament or filament binding protein on an array described herein and a target, takes
place. The spectrum of interactions can, of course, be determined in a temporal manmer by
repeated scans of interactions that occur at cach of a multiplicity of conditions. However,
mstead of testing cach individual interaction separately, a multiplicity of interactions can be

simultancously determined on an array, e.g., an array described herein.

{88131} In certam embodiments, the array is excited with a light source at the excitation
wavelength of the particular fluorescent abel and the resulting flugrescence at the emission
wavciength is detected. In certain embodiments, the excitation light source is a laser

appropriate for the excitation of the fluorescent label.

1881327 Detection of the fluorescence signal can utilize a microscope, ¢.g., a fluorescent
microscope. The microscope may be equipped with a phototransducer {e.g., a
photomultiphier, a solid state array, or a cod camera) attached to an antomated data
acquisition system to automatically record the flusrescence signal produced by the protein
filaments or filament binding proteins and/or targets on the array. Such automated systems

are known in the art. Use of laser illumination in conjunction with automated contocal
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microscopy for signal detection permits detection at a resolution of betier than about 100 pm,

hetter than about 50 po, and better than about 25 pm.

{86133} The detection method can also incorporate some signal processing to determine
whether the signal at a particular position on the array is a trae positive or may be a spurious

signal. For example, a signal from a region that has actual positive signal may tend to spread
over and provide a positive signal in an adjacent region that actually should not have one.
This may occur, ¢.g., where the scanning system is not properly discriminating with
sufficiently high resolation n its pixel density to separate the two regions. Thus, the signal
over the spatial region may be evaluated pixel by pixel to determine the locations and the
actual extont of positive signal. A true positive signal should, in theory, show a uniform
signal at cach pixel location. Thus, processing by plotting number of pixels with actual signal
miensity should have a clearly uniform signal intensity. Regions where the signal intensities
show a fairly wide dispersion, may be particularly suspect and the scanning system may be

programmed fo more carctully scan those positions.
186134} TTotal Internal Reflection Fluorescence Microscopy

[B86135]  Total internal reflection fluorescence microscopy {TIRFM) is used to detect the
protein filaments or filament binding proteins and polypeptides described berein. For TIRFM,
a laser beam 1s directed through a microscope shide and reflected off the interface between the
shide and a buffer containing the fhuorescent sample. I the angle of incidence is greater than
the critical angle [0, = sin"](ng/n;}; where nnl and n2 are the refractive indexes of the slide and
agueous samples, respectively], then all of the incident light is reflected away from the
mierface. However, an ithininated area 1s present on the sample side of the shide. This is
called the evanescent wave, and its intensity decays exponentially away from the surface [N2,
N3], For most applications the evanescent wave penetrates approximately 100 om into the
aqueous medium. This geometry reduces the background signal by several orders of
magnitude compared to conventional fluorescence microscopy and readily allows the
etection of single fluorescent molecules, bocause contaminants and bulk molecules in
soluation are not illuminated and do not contribuie to the detected signal. [N3]. By using total
miernal reflection fluorescence microscopy to visualize the amvays described herein, it s
possible to simultaneously monitor hendreds of aligned protein filaments within a single

ficld-of-view.
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{80136] The methods described herein use microfluidic flowceells composed of substrates
that are rendered inert by deposition of a lipid bilayer as described herein, By applying a
hydrodynamic force to the arvays described herein, the attached protein filaments are aligned

in a desired orientation that is optimal for detection by, e.g., TIRFM,

8831371 A microthidic flowcell that can be used in the methods described herein is
depicted io Figures 14A-B. Generally, a substrate described herein is overlaid with a
covership, ¢.g., a glass coverslip, to form = samaple chamber, and the substrate contains an
miet port and an outlet port, through which a hydrodynamic force is applied. The
hydrodynamic force can be mediated by, ¢.g., a buffer sclution that flows over the lipid
bifayer described herein, An exemplary microfluidic flowceell can be constructed from 76.2 x
25.4 x 1 mm (L. x W x H) fused silica slides (ESCO Products, Oak Ridge, N.J.). Inlet and
outlet holes can be drilled through the shides using, e.g., a diamond-coated bit (1.4 om O.D;
Eurotool, Grandview, Mo.}. A sample chamber can be prepared from a borosilicate glass
covership (Fisher Scientific, USA) and, ¢.g., double-sided tape (~25 pm thick, 3M, USA) ora
polyethyiene gasket. Tnlet and outlet ports can be attached using preformed adhesive rings
{Upchurch Scientific, Qak Harbor, Wash.), and cared at 120°C. under vacooum for 2 hours.
The dimensions of the exemplary sample chamber are 3.5 x 0.45 x 0.0025 cm (L. x W x H).
The total volume of the exemplary flowcell is ~4 pl. A syringe puoyp (Kd Scientific,
Holliston, Mass.} 1s used to control buffer delivery to the sample chamber. This exemplary
apparatus is not meant to be hmiting, and one of skill in the art would appreciate

modifications that could be made.

{86138} A total internal reflection fluorescence microscope is depicted in Fig. 13, An
exemplary microscope is a modified Nikon TE2000U inverted microscope. IN10] A 488 nim
laser (Coherent Inc., Santa Clara, Calif) and a 532 mm laser (Crystalaser, Reno, Nev.) were
focused through a pinhole (10 pm) using an achromatic objective fens (25X; Melles Griot,
Marlow Heights, Md.), then collimated with another achromatic lens (=200 muy. The beam
was directed to g focusing lens (=500 mm) and passed through & custom-made fused silica
prism (LR, Cumberiand, In¢) placed on top of the Hlowceell, Fluorescence images were
collected through an objective lens (100X Plan Apo, NA 1.4, Nikon), passed through a notch
filter (Semarock, Rochester, N.Y.}), and captured with a back-thinned EMCCTD (Cascade 5128,
Photometrics, Tucson, Ariz.). Image acquisition and data analysis were performed with

Metamorph software (Universal Imaging Corp., Downington, Pa.). All protein filament
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length measurements were performed by calculating the difference in y-coordinates from the
begirming to the end of the fluorescent molecules. Diffusion estimates for the lipid-tethered
protein filaments were performed by manually tracking the tethered ends of four different
filaments, and diffusion coefficients were calculated using: D=MSD/4t; where MSD (the
mean square displacement) is the square of the average step size measured over time mterval

t{0.124 sec) [NIR]
166139  Metheds for Visualizing Polypeptides

1801461 The arrays described herein can be used to detect individual protein filaments or
filament binding proteins, e.g., protoin filaments coupled to a label, For example, an array can
be constructed as part of a microfhndic flowcell described herein. The protein filaments or
filament binding proteins, e.g., labeled protein filaments can be coupled to a filament binding
protein which can be attached to a substrate, 10 a lipid bilayer, or to a diffusion barrier, as
described herein. Upon the application of hydrodynamic force, e.g., infroduction of a buffer
as described herein, the protein filaments are aligned in direction of the hydrodynamic foree,
with the nonattached ends of the protein filaments extending in the direction of the flow of
the hydrodynamic force. Individual protein filaments on the array can be visualized betore
and/or after the application of the hydrodynamic force using, e.g., TIRFM as described

herein.

88141}  In some embodiments, the interactions of protein filaments on the arrays with
target polypeptides are determined. The proiein filaments can be visuslized before and/or
atter the application of a hydrodynaumic force, as described herein. To visualize the
micractions with target polypeptides, the polypeptides can be coupled to a label and
mtroduced into the array, ¢.g., a microfhudic cell inchuding the array, as a component of the
buffer that mediates the hydrodynamic force. Individual protein filaments and individual
target polypeptides can be visualized, e.g., by TIRFM as described herein, and interactions
can be determined by colocalization of the signals from the nucleic acid melecules and the
polypeptides. Such imteractions can be further analyzed by collecting signals over a period of
time. Such methods can be used to visualize, ¢.g., the movement of polypeptides along the
length of mdividual protein filaments, or the binding and unbinding of polypeptides to

mdividual protein filaments, as described herein.

1801421 Methods for High~-Throughput Sereening of Compounds
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{80143} The methods and compositions described herein can be used to screen for
compounds, e.g., drug compounds, that affect, e.g., disrupt, the interactions between protein
filaments and filament binding proteins, between protein filaments and polypeptides and
between protein filament subunits. For example, an array can be constructed as part of a
microfluidic flowceell described herein. The protein filaments or filament binding proteins,
e.g., labeled protein filaments, can be coupled to 4 filament binding protein which can be
attached to a substrate, to a hipid bilayer, or to a diffusion barrier, as deseribed herein. To
visualize the interactions with target polypeptides, the polypeptides can be coupled to a label
and introduced into the array, ¢.g., & microfluidic cell including the array, as a comaponent of
the butfer that mediates the hydrodynamic force. In some embodiments, the polypeptides are
known to interact with the protein filaments, and the interactions are visualized as described
herein. For example, the polypeptides can be proteins involved in cell siructure maintainance
and motility. Candidate compounds can then be added to the array, e.g., as a coraponent of
the buffer that mediates the hydrodynamic force, and the effect of the compound on the
mteractions between individual protein filaments and the polypeptides or between protein
filament subuniis can be visualized. Compounds that disrupt the interactions can be visually

identified. Such methods can be automated.

[80144] For cxample, the methods described herein can be used to screen for therapeutic
compounds to treat cancer, e.g., cancer of the breast, prostate, lung, bronchus, colon, rectum,
wrinary badder, kidney, pancreas, oral cavity, pharyax, ovary, skin, thyroid, stomach, brain,
esophagus, liver, corvix, larynx, soft tissue, testis, small intestine, anus, anal canal,
anorectum, vulva, balibladder, bones, joints, hypopharyax, eve, nose, nasal cavity, ureter,
gastrointestinal tract; non-Hodgkin lymphoma, Multiple Myecloma, Acute Myeloid Leukemia,
Chronic Lymphocytic Leukemia, Hodgkin Lyrophoma, Chronic Myeloid Lenkemia and

Acute Lymiphocytic Leukeria,

1801458]  In one embodiment, agents that bind to protein filamenis can be used, which
mclude, but are not limited to, taxanes (e.g., paclitaxel, taxol, docetaxel), epothilones (o.g.,
Ixabepilone), nocodazole, vineristine, colchicing, erubulin, cvtochalasin I3, phalloiding,

latrunculin A, and jasplakinclide.

168146} Unless otherwise defined, all technical and scientific terms used herein have the
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same meaning as commonly understood by one of ordinary skill in the art to which this
mvention belongs. Exemplary methods and materials are described below, although methods
and materials similar or equivalent to those described herein can also be used i the practice

or testing of the present mnvention.

{80147} All publications and other references mentioned herein are incorporated by
reference in their entirety, as if each individual publication or refercnce were specifically and
mdividually indicated to be incorporated by reference. Publications and references cited

herein are not admitted to be prior art.
EXAMPLES

1607148] Examples are provided below to facilitate a more complete understanding of the
mvention. The following examples illastrate the exemplary modes of making and practicing
the invention. However, the scope of the invention is not limited to specific embodiments
disclosed in these Examples, which are for purposes of illustration only, since alternative

methods can be utilized to obtain similar results.

[80149] Exampile 1: Sub-picoNewton forces modulate actin filament polymerization

mediated by formin FHET and FHZ domains

180154 To assess the effects of tension on actin filament polymerization mediated by
fornins, the surface of a microfhiidic chamber was coated with a lipid bilayer that was
disrupted by nanofabricated metallic barrier patterns made by electron beam lthography
(Figure 1B} 17-715). Formin dimers for experiments consisted of the FHI and FH2 domains
(residues 1228-1766) of & cerevisiae Bnilp fused to an N-terminal tag that was biotinylated
during expression in £, ¢off (Figure 1A}, Streptavidin anchored formins to biotinylated lipids
in the bilayer coating the surface of the chamber. In the presence of actin monomers (1.5 uM,
33% labeled with the fluorescent dye Uregon green) the formins initiated and clongated
filaments. Application of hydrodynamic force aligned the lipid-tethered, formin-bound actin
filaments nto “actin cortaing” along the leading edges of the nanofabricated barriers, which
could then be visualized by total internal reflection fluorescence microscopy (TIRFM;

Figures 1B and 2A).

180151 Application of hydrodynamic force extended the actin filaments paralicl to the

surface, confining them within the detection volume defined by the penetration depth of the
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evanescent field, thus allowing for direct visualization of the growing filaments (Figure ZA).
The actin filaments disappeared from view when buffer flow stopped, confirraing that they
were Hinked to the bilayer only through the biotinylated formin (Figure 24, 2B). Fluorescent
actin filaments increased in length over time at an initial rate of ~12 subumits/s in buffer
lacking methyicellulose and always grew in the direction of buffer flow (Figures 2C), and
pulse-chase experiments, mvolving alternate injections of fluorescent and unlabeled actin,
confirmed that polymerization occurred only at formin-bound barbed ends (Figure 2B,
Tethered actin filaments could grow for >1 h without dissociating from formin, reaching
lengths >40 pm, corresponding to > 16,000 actin subumnits. Subsequent experiments utilized
buffer containing 0.25% methyleelulose (viscosity of 1.88 * 107 Pass) to maivtain sufficient
drag force on the filaments such that they remained extended and within the evanescent field

at moderate t0 low flow rates.

[86152] In the absence of profilin, formin-mediated actin filament assembly oceurred at
approximately the same initial rates for actin curtains aligned on the bilayer-coated surfaces
{13.2=0.9 subunits/s when exposed to 0.05 ml/mio bulk flow) compared to those anchored to
myosin-coated shides (13.641.8 subunits/s without bulk flow) (Figure 3A and Table 1).
Under the same buffer conditions, free actin filament barbed ends clongated on myosin-
coated shides at a rate of 17.6 £ 0.67 subunits/s 1o the absence of formin, The ratic of
polymerization rates observed in the presence and absence of formin corresponds to a gating
factor of ~0.75. At higher viscosity (1.0 Pass, achicved using 0.5% methylcellnlose, 4,000 cP)
on myosin-coated shides, formin-bound actin filaments elongated at 6.2 subumnits/s with a
gating factor of 0.5, as has previcuosly been reported for Builp (5, 6). These findings indicate
that this new experimental platform accurately reflects the expected atiributes of formin-

mediated actin filament polymerization.
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Table 1, Summary of Bnil (FHIFH2 p-mediated polymerization rates

Flow rate {mi/min)

Profilin, 0.6 0.05 0.075 0.1 0.15 0.2 0.5
b
¢ 13.6 133409 127420 168% 15 108+067 44+£06 23102
1.6
i 171219 181+£86 209+23 200+£19% 20220
25 205116 213x26 2524216 253438 258126
5 192422 192+£24 20117 1991424 209+1%8
16 125831 148%£19 156413 153+£16 154117

*Polymerization rates are in subunits/s. Errors arve standard error of the mean from the
analysis of 10-30 filaments.

The hydrodynamic force exerted upon the surface-tethered formin will vary in
proportion o the length of the actin filament, the flow rate and the solution viscosity
(16); thercfore as the filamenis grow longer, the formins anchored o the surface will
experience increasing amourds of force. To detormine the force experienced by the
anchored formuns, the Hnear flow rates were first determined within the evanescent
field based upon the velocities of broken filaments that passed through the ficld-of-

view {Tabie 2).
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Table 2. Summary of flow rates, volume explored by diffusion and drag ferce

froposed at each buik flow rate

Linecar flow rate
Bulk flow rate Drag force per pm filament®
A\
at height of barrier”

0.05 mi/min 3.6 £0.3 uovs 0.009 £ 0.001 pN

0.075 mL/min 5.6 £0.6 uo/s 0.012 £0.0015 pN
(.10 mL/min 6.5 + 1.0 um/s 0.016 £0.0024 pN
0.15 mL/min 8.8+ 1.9 um/s 0.022 + (.0046 pN
0.20 mL/min 112227 /s (0.027 £ 4.0066 pN

*Flow rates at the height of the barrier were measured by tracking the trajectories of bits
of filaments that broke off filaments within the actin curtains and flowed out of the
sample chamber by TIRFM. Errors are standard errors of the mean from the analysis of
10 broken filaments.

bl’)rag force on a 20 mm-long actin filament was calculated for each flow rate using the

following equation:

where #7 is the solvent viscosity {0.001875 Paxs), L 1s the length of the filament, vis the

i

linear flow rate at the height of the barrier and v is the radius of the filament {8 nm).

Table 2A. Flow rates and drag foree imposed at each bulk flow rate.

Bulk flowy rate, Linear flow Drag force per pra Height from the
rabimin rate,™ pmA filament,” Pl surface,’ nm
305 36 £ 053 .00% £ 0.001 1300 1 11.0
3.075 58x06 3.013 £ 0.0015 12000 2 14.5
.10 6.5 x 1.0 G017 £ 0.0024 117.0 1 180
312 88+ 18 4.024 + 0.0048 108.8 2 23.0
.20 1.2 £ 27 $.030 £ 0.0068 1635 3 250

*Flow rates within the obrenation plane were measured by tracking the rajectories of broken actin filaments
that passed through the observation volume, Errors are SEMs from the anaivss of 10 broken filaments,
Towag force per micron of filament was estimated from a height-corrected form of the Batchelor egustion.

{88153}  1The height of the filaments from the surface was estimated by comparing the

lincar fiow rates with the calculated flow velocity profiles. (Fig, 9B).

-4

~



WO 2014/100822 PCT/US2013/077583

{86154 The Batchelor formula was then used for a force on a cylinder (76) io estimate

the drag foree to be ~0.13 pN/pm per mL/min of bulk flow (Figure 8 and Table 2). The

forces accessible in these experimends are sufficient to Umit thermal fluctuations of actin

filaments as expected from their stiffuess (approximately 44 pN/Anm for a 1 um filament)

({73, allowing them to be viewed by TIRFM, but are insufficient to deform the filaments (75}
A

or mechanically unfold typical proteins (79, 20) ensuring the experiments remain within a

biclogically relevant force regime.

[38185] In the absence of profilin, the FHZ domain alone mediates actin monomer
addition, allowing determination of whether FH2-mediated polymerization is sensitive to
force. Under these conditions, the elongation rates of individual filaments dechined over time
as the drag increased with the length of the filament (Figoare 3A). The clongation rate
decreased Hnearly from ~13 subunits/s in the absence of force to ~ 2 subunits/s at forces =20.2
pN when using 25 nm chromium barriers (Figuores 3A and 3B and 44; Table 13, To avoid
possible artifacts resulting from filaments draping over high barriers, experiments were
performed using 10 nm barriers, which are expected to be short enough to allow the entire
FHZ-bound filameut to lay paralicl to the surface of the slide. In this case, the cffect of force
is even more dramatic and polymerization halted altogether at forces >0.2 pN (Figure 3B,
closed circles), suggesting that the taller barriers might slightly insolate the formins from the
effects of force. It is concluded that, in the absence of profilin, FHZ2-mediated filament
assembly 15 highly seunsitive to sub-picoNewton forces, suggesting that some aspects of
gating, actin monomer binding, and/or processive stepping of the FH2 onto the new actin

subunit were inhibited under tension.

188156} (Given the hypothesis that force would speed FH2 stepping and FH2-mediated
polymerization (, 9}, the results suggest that another aspect of the process, such as the
equilibrivm between the “open” and “closed” conformations, is also seositive to sub-
picoNewton forces and becomes vate Bmiting. This hypothesis is consistent with a
thermodynamic model for formin-mediated polymerization (7, 27, 22), and corresponding
simulations performed using a force-sensitive gating mechanism accurately reproduce the
effect of force on the FH2-mediated actin polymerization rate in the absence of protilin
(Figure 3B). Taken together, this data saggest that even if force were to increase the rate at
which the FH2 domain sieps onto the newly added actin sebunit, as predicied (8), any

potential benefit of this increased stepping rate may be offset by force shifting the
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conformation of the formin on the end of the filament towards the closed state that preclodes

elongation of the filamend (Figure 3C).

186157} How might force reduce the gating factor to favor the closed state? In a crystal
stracture the actin subunits bound 1o the FH2 domain of Bniip were oriented at 180° along
the filament short-pitch helix (7), a conformation where an incoming actin subunit could not
bind to both terminal subunits as it may in the 167° orientation of actin subunits in free

filaments. One proposal (5} is that filanent ends associated with FHZ dimers undergo a rapid
equilibrium between a “closed” state with a conformation simlar to the 180° orientation and
the 167° “open” state (Figure 1A). At any woment in time a popolation of filaments
associated with Bnilp FH2 would have a mixture of open and closed conformations
corresponding 1o the gating factor of 0.5 to 0.75 and thus clongate slower than free ends. A
simple extension of this gating hypothesis 1s that application of force shifts the equilibriom
towards the closed 180° conformation, thus lowering the gating factor of Bmilp to ~0 (Figure
3C). Although the extent of perturbation of the cquilibriurs remains constant at forces up fo

0.8 pN, 1t 18 Hkely that much higher forces would unfold the proteins.

801581 Profilin-stinulated elongation of actin filament barbed ends associated with
fornyins having FH1 and FH2 domains displays a chavacteristic profile, with maximum rates
at intermediate profilin concentrations, and slower rates at high profilin concentrations
(Figure 4A). This effect of profilin on formin-mediated polymerization ariscs from two
competing reactions: (1) profilin binds and delivers actin monomers 1o the polyprohine tracks
of the FHI domain, while (i1} free profilin competes with profilin-actin for binding to these
same polyproline tracks (5-7}. As a consequence of this competition for FHI polyproline
tracks, the formin-mediated polymerization rate increases with profilin concentration up to a
maximum around the Ky of profilin-actin (~2.9 uM for S. cerevisige profilin and chicken
muscle actin (23)), but s lower at higher profilin concentrations where free profilin saturates

the FH1 polyprohine tracks (5-7}.

{80159 The data shows that FH1 domaing are capable of binding and delivering
profilin-actin to the barbed end of a filament even with the N-terminus of one or both FHI
domaains constrained through the biotin-streptavidin-mediated attachment to the hipid bilayer,
Thus this assay faithfully recapitulates kmown effects of profilin on formin-mediated actin

filament polymerization.
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80166 Next it was investigated if formin-mediated actin polymerization is sensitive o
tension in the presence of profilin. Small drag forces moederately increased the rates of
formin-mediated actin filament clongation at all tested concentrations of profilin, such that
long filaments elongated more rapidly than short filaments in the presence of both 25 and 10
pm barriers (Figure 4B and Figure 6}. The resistance of formin-mediaied polymerization to
mhibition by force in the presence of profilin was striking in contrast with the strong negative
effect of force on polymerization in the absence of profilin. The range of drag forees iested
ncreased formin-mediated elongation rates by up to ~20% (Figure 4C) at various profilin
concentrations (Figure 6). The effect of force on the clongation rate depended on the
concentration of profilin, with the largest increase in average polymerization rates at 2.5 pM
profilin (Figures 4A). Consistent with the opposite effect of force without profilin, the
differences in polymerization rates at the various flow rates were less pronounced at high
protilin concentrations where saturation of the FH1 polyproline tracks with free profilin
reduced the contribution of the FH1 domain to polymerization. The positive effect of force
on clongation in the presence of profilin was unexpected, both becanse of the furce-induced
wmhibition of polymerization obscrved in the absence of profilin, and alsc because it was
reasonable to predict (79) that force would stretch the natively disovdered FHI domain and

compromise delivery of profilin-actin to the barbed end of the filament.

{80161} Force might have a positive effect on elongation in the presence of profilin if
force increased the rate of trapsfer of profilin-actin from the FHI domains to the end of the
filament. However, simulations of actin filament clongation using the force-sensitive FH2
gating mechanism (as in Figore 30) showed that even extremely fast transfer of profilin-
actin from the FH1I domain to the FH2 domains cannot overcome the negative effect of force
on the gating factor (Figure 4C, Figure 7), arguing that the cffect of profilin cannot be
simply explained as force-enbanced delivery of profilin-actin to the growing end of the
filaments. An alternative hypothesis is that profilin-actin bound 1o the FH1 domain directly
mfluences the mechanism of FH2 domain gating. The biphasic effect of profilin
concentration argues that the effcct of force on clongation depends on binding of profilin-
actin (rather than profilin alone) to the FH1 domains. These findings suggest a model in
which the binding of profilin-actin to the formin FH1 domains promotes a shift in the FH2
conformational equilibrium towards the open configuration that allows actin polymerization

(Figure 4D).
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[38162] The minimal force exerted on formin-bound actin filaments present in the
contractile ring during cytokinesis is estimated to be on the order of ~6 pN ({9). Tmportantly,
contractile ring formation fails in 8. pombe cells with 8 temperature-sensitive variant of
profiling {24) or in cells harboring profilin mustations that reduce affinity for cither actin or
polyproling (25). Taken together with the resuits, these findings reveal a previously
vnrecognized role for profilin in promoting formmm-mediated actin polymerization under
physiologically relevant levels of tension. This work highlights that even small forces have

dramatic and vnanticipated cffects on biological reactions.

[80163] Pausing buffer flow. The behavior of the tethered actin filaments illstrated in
Figure 2A is identical to PNA molecules anchored at one end (o the lipid bilayer, which
strefch paralie] to the sanple chamber surface with the application of buffer flow, but diffuse
out of the TIR excitation volume in the absence of flow (//, 712). This response of anchored
DNA molecudes to buffer flow is a standard control to confirm that the DNA molecules
(along with any associated proteins) are anchored to the bilayer ouly by the biotin-
streptavidin linkage, and also rules out any nonspecific interactions with either the bilayer or
the underlying sarface (77, 72}, and also demonstrated that the actin polymers did not interact

nonspecifically with the bilayer despite their close proximity to the surface.

[B8164] Influence of the buffer viscosity on actin polymerization. Initial experiments
illustrated in Figure 2 used a low viscosity polymerization buffer (107 Pass), which required
bulk flow rates of 0.3 mbi/min to confine the filaments within the evanescent fickd and
straighten them for length measurements. This reqoired large volumes of fluorescent actin for
continuous monitoring. Fortunately, a methylcellulose polymerization buffer with a viscosity
of 18R * 107 Pass with 15 ¢P (at 2% methylccilulose) maintained sufficient bydrodynamic
drag on the filaments at flow rates as low as of 0.05 mL/min to confine the filaments within
the evanescent ficld, thereby reducing the amount of protein required for experiments

(Figure 3A).

180165} Applications of the actin curtain method., 1t was demonstrated that actin
filaments can be tethored to lpid-bound bictinylated Bril{(FHIFH2)p, and that applying tflow
aligns the formin-anchored barbed ends at nano-fabricated diffusion barriers resulting in the
formation of actin curtains. Several groups have utilized buffer flow to apply force to surface-
tethered molecules (27, 28). However, the actin curiain approach facilitates data collection

and analysis by greatly increasing the number of siomltancously imaged, forrain-bound

- 51 -

o



WO 2014/100822 PCT/US2013/077583

filaments and climinating unbound filaments altogether. In addition, individual actin
filaments are all aligned in the divection of the applied hydrodynamic force, minimizing
filament overlap. The lipid bilayer also presents a more biologically relevant medium for

polymerization than a glass surface.

[B8166] This technique is best suited for application of small, sub-picoNewton drag
forces to filaments, owing both to the large uncertaintics when caleulating drag forces
produced at high flow rates (Figure 8), and also filament breakage over time. However,
certain simple modifications can be made to increase the magnitude of the forces prodaced on
the filaments. One potential sohution would be to add beads to the ends of the filaments, and
cither perform the experiments as described herein or apply larger forces more accurately

using an optical trap.

180167} This technigue will be especially valuable to investigate formin-mediated
clongation of actin filaments but will also be usetul to study other proteins. By varving the
actin monomer concentration and reaction time one can grow filaments more than 40 pm
long, for other purposes. For example, tagging actin-binding proteins with quantum dots or
other flacrescent probes would permit visualization of interactions with many parallel actin
filaments by two-color TIRFM. Because actin filaments can be physically aligned with one
another into defined patterns using the nanofabricated barriers, experiments with actin
binding proteins such as « -actinin, Arp2/3 complex or myosins might produce actin fifament

bundles or assemblies similar 1o the highly oreanized sarcomeres of striated muscles.
Lo R o

[88168] Materials and Methods.

1607169] Buffers. Lipid bufter (10 mM Tris-HCH (pH 7.8}, 106 oM NaCl) was used for
lipid bilayer deposition on the shde surface, and BSA buffer (40 mM Tris-HCl (pH 8.0}, S0
mM NaCl, T mM MgCh, 20% (w/v) BSA) was used for the surface passivation (blocking
surfaces). Monomeric actin was stored in G-buffer (2 mM Tris-HCI (pH 8.0}, 0.2 mM ATP,
6.5 oM DTT, 6.1 mM CaCly, 1 ;M sodivm azide). Formin construct Bri FHIFH?)p and 5.
cerevisige profilin were stored in KMEI buffer (S0 mM KCL 1 wM MgCh, I mM EGTA,

10 M imidazole (pH 7.0)). Polymerization conditions were 10 mM imidazole (pH 7.0), 50
mM KCi, T M MgCl, 1 mM EGTA, 50 oM DTT, 0.2 mM ATP, 0.02 oM CaCly, 15 ;M
glucose, 0.02 mg/ml catalase, 0.1 mg/mi glucose oxidase with or without

$.25% methyleelulose (15 ¢P at 2%).
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180176} Purification of actin, formin and profiling. Chicken skeletal muscle actin was
purified from an acetone powder of chicken breast muscle by one cycle of polymerization
and depolymerization followed by gel filtration (5). A fraction of the actin was labeled at
cysteine 374 with Oregon green 488 1odoacetamide, followed by depolymerization and

purification by ion cxchange and gel filiration (26).

186171} Residues 1228-1766 of the 8. cerevisiae formin Bnilp were cloned into a
pQE70 vector using primers that encoded an N-terminal biotinylation sequence (22), This
constroct, which also contained a C-terminal 6-His tag, was transformed mto BL21 DE3 RP
Codon Plus cclls. Expression was induced with 6.5 oM PTG in the presence of SO uM
biotin and overnight incubation at 16°C. Cells were lysed by sonication in SO0 mM NaCl,
50 wxM Tris-HCl (pH 8.0) and clarified. The formin was purified by affinity chromatography
on a 5 mi coluran of Ni-NTA resin (Qiagen, Valencia, CA) cluted with 250 oM imidazole
{pH 8.0} in lysis buffer. The protein was then incubated with rotation for 1 howr at 4°C with
2 ml avidin resin {(Promega, Madison, W1) in the elution boffer with 1 mM DTT. The resin
was poured into a column, washed with lysis bufter, and biotinylated Brnd1(FHIFH2)p was
cluted with § M biotin n lysis butffer. Eluted protein was concentrated using spin-columns
(Millipore, Billerica, MA) and dialyzed into KMEI with | mM DTT. The protein was flash-

frozen in dialysis buffer and stored at -80°C.

186172} S. cerevisige profilin was expressed from plasmnd pMW172-SpPRF in BL21
DE3 celis and induced with 0.4 oM IPTG at 37°C for 4 hours (5, 23). Cells were suspended
m 150 mM KCL 20 mM Tris-HCHH (pH 7.5) and lysed by sonication. After spinning the lysate,
the supernatant was applied to a poly-L-proline-agarose column, washed with 2 M urea in
tysis buffer and ehited with 7 M urea in bysis buffer (5). Afier dialyzing into KME], chuted

protein was concentrated using spin coluoms and stored at 4°C.

186173} Nanofabrication of diffusion barrier siides. Nanometer-scale diffusion barriers
were fabricated on fused-silica slides (Finkenbeiner) ({2-74). Two holes were drilled in the
fused-silica slides. The shdes were cleaned in Nano-Strip solution {Cyantek), then rinsed with
aceione and isopropanol (IPA) and dried with Ny A double layer of polymethyimethacrylate
(PMMA) (MicroChem) was spin-coated on the shides: first 3% PMMA of 25K {molecular
weight) fn anisole and then 1.5% PMMA 0f 495 K in amisole. A conducting polymer,
AquaSAVE (Mitsubishi Rayon), was coated on the PMMA layer. Each layer was spun at

4000 rpm for 45 s with 300 rpov's acceleration. Barrier patterns were drawn using electron-
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beam lithography. Afier the AquaSAVE was removed with a water wash, the patterns were
developed using a 3:1 solution of IPA to methylisobutylketone (MIBK) (MicroChem) for |
min with bath sonication at 4 °C. Chromium (Cr) was deposited to either 20~40 or ~{0 nm on
the slide using an electron-beam evaporator. Barrier height was verified by tapping mode
atomic force microscopy (Veeco Dimension Icon) (Figure 8). PMMA layers and Cr except
patterned regions were peeled off by heating and sonicating the shide in acetone for 30 min at
65 °C and for S min at room temperature, respectively. Then only Cr barriers were left on the

slide surface.

188174} Flow cell preparation. Shides were cleaned by successive treatments with 99%

acctone, 2% Hellmanex detergent (Hellma Analytics, Mullheim, Germany), 99% ethanol, 1
M NaOH and water. Sample chambers with velumes of about 10 pl. were formed using
double-side tape (3M) between the diffusion barrier slide and a 50 wn x 22 mym covership
(12-548-5E, FisherSci). Nanoports (Upchureh Scientific) were glued on each hole and
connected to 1/16-inch tubing (Upchurch Scientific) for injection of schutions from 1 or 3 ml

Luer lock syringes.

188175] The following solutions were injected into the sample chamber by manually
pushing the syringe at room teraperature: The chamber was rinsed with 3 mi of water
followed by 3 mL of lipid boffer. Biotinylated liposome solution, comprised of 10 mg/ml
DOPC (1,2-dioleoyl-sn-glycerophosphocholine), 8.8 mg/ml mPEG 2000-DOPE (1,2-
dioleoyl-sn-glycero-3-phosphocthanolamine-N- [roethoxy{polyethylene glveol)-20007) and
(.05 mg/ml biotinylated-DPPE (1,2-dipalmitoyl-snglycero-3-phosphocthanolamine-N-{cap
biotinyl}}, was prepared in lipid buffer (1 7-73). The liposome solution was diluted 25-fold in
Hipid bufter, and 1 mil was introduced ioto the sample chamber and incubated for 15 om.
Excess lipids were washed out with 3 mL of lipid buffer and the chamber was incubated for
20 min to allow vesicle fusion and bilayer formation on the slide surface. Then | mL of BSA
buffor was injected to block exposed surfaces. One millititer of 25 ug/mi streptavidin in BSA
buffer was added to bind biotinylated lipids in the bilayer. After free streptavidin was flushed
out with 3 ml of BSA buffer, I mL of .5 t0 S nM biotinylated Bni l{FH2FHDp in KMET
was injected and incubated for less than 10 min o avoid loss of formin activity. Unbound
formin was washed out with 1 mb of BSA buifer. Flow cells were connected to the flow
system and placed on a microscope for TIRF imaging. Actin monomers (1.5 gM, 33%

Oregon Green-labeled) and other solutions were introduced into the sample chamber with a
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syringe pump (KD Scientific) at flow rates specified in cach figure caption.

188176} Measurement of flow rate at the height of the barriers. Given laminar flow in
the chamber, the velocity of the buffer depends on the distance from the wall. To caleulate
the velocity at the height of the barriers, TIRFM was used to monitor trajectories of bits of
actin {ilaments as they broke off filaments from within actin curtains and were washed out in
the direction of the flow. Using this method, it was determined that the flow rates at the

height of the barriers over a range of bulk flow rates (Table 2).

180177} Caleulation of drag force. The Batchelor formula for a cylinder (16 relates the

drag force (£ on a filament of length L to the flow velocity (v

2aly )
£y = ey, (3)
P
In| —1i
\r/

where 77 is the solotion viscosity and » is the radius of the filament (8 nm for an actin
filament). Using this equation and buffer velocity at the height of the barriers in the actin
curtain experiments {Table 2) the drag force was calculated to be (1.009, 0.012, 0.016, 0.022
and 0.027 pN per um filament at bulk flow rates of 0.05, 0.075, 0.1, 0.15 and 0.2 ml/min
{(Figure §).

8817381 TIRFM & Date analysis. The TIRFM was built around an mverted microscope
(TE-2000U; Nikon) and used a 488 nm solid-state laser {Sapphire 488 CDHR, Coberent) for
tHumination. The flow cell was placed on a motorized microscope stage (Ludl Electronic
Products Lid), to control the x-y-z position of the flow cell on the microscope. The laser was
directed through a dove prism (ZCMIEI25012, ESCQO) to generate an evanescent ficld on the
sample side of the slide. Fluorescence was collected by a water-immersion objective lens
{PlanApo, 60X, NA 1.2; Nikon) and tmaged by an EM-CCD (Cascade 5128; Photometrics)
after passing through a noteh filter (NFO1-4381-25, Semrock) to block the 488 nm excitation
faser. Exposure times were 200 ms unfess otherwise specified. Time-lapse movies of actin
curtains were digitized using commercial software (NiS-Elements, Nikon) and analyzed
using Iaged software (http://rsh.info.nth.govAy/). Elongation was typically measured over a
span of 300 s. Individual filament lengths were measured over time using Image I software
and the “Measure Smooth Length” phugin (Pollard 1ab plougin). Polymerization rates were
determined by applying Huear fits to short spans of clongation data (30-60 s}, therchy

yielding multiple pelymerization rates for each filament as its length increased.
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Polymerization rates were determined for 10-40 filamenis at cach profilin concentration and

flow rate,

186179} Simulations of formin-mediated polymerization. A model was adapted using
Virtual Cell sottware (National Resource for Cell Analysis and Modeling and the National
Center for Rescarch Resources; http/mrcam.uche.edu/) to simalate the effects of force-
sensitive gating on formin-mediated polymerization in the absence and presence of profilin
(7, 21, 22). This model counsiders profilin, actin, FH2-associated barbed ends and FHI
domains as distinct species and the minimal components required for polymerization. Table
3 surmarizes the rate constants for the formation of intermediate species (FHE-profilin, FHI-

profilin-actin, FH1-profilin-actin-barbed end, barbed end-profilin and filamenious actin).

Table 3. Rate constanis used in model of FHIFHZ-mediated polymerization

A. FHI-independent actin subunit addition

FH2 domain conformational changes

Gating factor” ko/(kotke)
kq (1000*gating factor) s’
k. (1000-k) s~

Actin hinding fo FH2-bound barbed end
ka™ "ILe uMT!

ko "t.457

-

Profilin-actin binding to FH2-bound barbed end

kea™" ‘10 pM"]s"‘

Kea™ 1405 (DB
Frofilin binding 1o FH2-bound barbed end

ke 10 uMs !

ke 2500 5"
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B. Assembly of profilin-actin onto the FHI domain

Profilin-aciin binding to FH1 domain**
i g -1 -1
kpa “7 uM's

kea 140 5™ (DB)

Frofilin binding 1o FHI domain**
k' 200 pM s

e 4000 5™

Actin binding to FHI-bound profilin

ko' 0 an g™
kn' 90 5™

. FHI domain loop closure®**

Closure of FHI domain loop

o %625 x 10° ¢!
w 1.25 % 106%™ (DB)

Closure of profilin-bound FHI domain loop

e 5000 57!
. By me 6 -1
Yop 125 107 s

Closure of profilin-actin-bound FH1 domain loop
1+ i Ay ot
TPAT 3 OO(J’ S

TpAr 50,000 57 (DB)

* DB indicates rate constants determined from detatled balance calculations, as described in

references (7, 22),
** These rate constants were varied to produce the trends in Figure 48,D.

*#% Rate constants for loop closure were varied in combination with rates for profilin and

~
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profilin-actin association with FH1 to produce the elongation rates for pPBig, pPCis and
pPDis (Figure 4DY

*The gating factor is the fraction of time that the barbed end-bound FH2 domain remains in
the open, actin binding-competent conformation without profilin, This value is close 1o that
measured experimentally (6).

* From measurements of elongation of free barbed ends with purified ATP-actin monomers
(29}

“From Vavylonis ef al. {7}

? This value was optimized to fit the experimental data as in Paul and Pollard (22).

* Measured rate of bovine spleen profilin binding to polyproline (30}

"From Paul and Pollard (22). To account for the reduced mobility of profilin when bound to
the FH1 domain, this value is smaller than the experimentally measured association rate
constant for profilin to actin

& This rate is the product of the Ky for profilin-actin and the profilin-actin association rate.
Although the K¢ for 8. cerevisiae profilin and skeletal muscle actin has been experimentally
measured to be 3uM, it was found that a K4 of 1.5 uM best fit the experimental data.

"From Paul and Pollard {22}, sssuming that loop closure is faster for unbound FHU than for
profilin- or profilin-acting-bound FH1, and that profilin binding to FH1 does not affect the

atfinity of profilin for the barbed end.

£
2}

"This value was varied to fit experimental data, as in Paul and Pollard (22).

[60188] To calculate the effect of force on the gating factor, a Hinear fit was apphied to
the polymerization data for drag forces <0.2 pN in figure 3C, and divided the polymerization
ratcs at cach drag force by the polymerization rate of froe (not formin-bound) filaments
{measured in the absence of force 1o be 17.6 subunits/s). The relationship between drag force
and gating factor was used in the simulations of formin-mediated polymerization in the

absence and presence of 2.5 uM profiling.

{88181} Lipid-tethered, formin-bound actin filaments extend upon introduction of
buffer flow. Under baffer conditions: 1.5 pM actin {33% Oregon Green-acting in

microscopy buffer (10 mM imudazole (pH 7.0}, S0 mM KCL, | mM MgCh, 1 mM EGTA, 59
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mM DTT, .2 mM ATP, 0.02 mM CaCly, 15 oM glucose, 0.02 mg/ml catalage, 0.1 mg/mi
glocose oxidase)} a movie of formin-bound actin curtains assembled at four barriers oo the
hipid-coated surface of a microfhsidic chamber was recorded. Flow was introduced into the

chamber and transiently paused.
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EQUIVALENTS
{86183} Those skilled in the art will recognize, or be able to ascertain, using no more
than routine cxperimentation, numerous equivalents to the specific substances and procedures

described herein. Such cquivalents are considered to be within the scope of this jnvention.
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X7

2

3.

9.

1.

CLAIMS

An array comprising: a) a solid support; b) a fluid lipid bilayer disposed on the solid
support; ¢} at least one protein filament; d) a filament binding protein coupled to the
protein filament; and ¢) a linkage for attaching the filament binding protein to the lipid

bilaver.

An array comprising: a} a solid support, wherein the solid support comprises a barrier; b}
a fluid hipid hilayer disposed on the solid support; ¢} at least one protein filament; d) a
filament binding protein coupled to the protein filament; and ¢} a linkage for attaching the

filament binding protein to the lipid bilayer.

The array of claim 2, wherein the barrier compriscs a mechanical barrier, a chomical

barrier, a protein barrier, or a combination thereof.
The array of claim 1, wherein the solid support further comprises a barrier.

The array of claim 4, whercin the barrier comprises a mechanical barrier, a chemical

barricr, a protein barrier, or a combination thereof.
The array of claim 2 or 4, wherein the barrier is a scratch on the solid support.

The array of claim 2 or 4, wherein the barrier comprises a metal, 8 metal oxide, or a

combination thereof,

The array of claim 7, wherein the metal comprises chrominm, aluminum, gold, or

titanium.

The array of claim 7, wherein the metal oxide comprises chromium oxide, alunminum

oxide, or titanium oxide.

An array comprising: a} a solid support, wherein the solid sapport comprises a protein
barrier; b) a fluid lipid bilayer disposed on the solid support; ¢) at least one protein
filament; d) a Hlament binding protein coupled to the protein filament; and ¢) a linkage

tor attaching the filament binding protein to the lipid bilayer.
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t1.

14,

is.

6.

7.

18,

The array of claim |, 2, or 10, wherein the linkage is formed between neutravidin and

biotin, or streptavidin and biotin

. The array of claim |, 2, or 10, wherein the protein filament is aligned along the barrier

through application of a hydrodynamic foree, an clectrophoretic force, or a combination

thereot

. The array of claim 1, 2, or 10, wherein one end of the protein filament is attached by a

linkage.

The array of claim 1, 2, or 10, wherein the protein filament is reversibly attached to the

lipid bilayer along the contour of the lipid bilayer.

The array of claim 1, 2, or 10, whercin both ends of the protein filament are attached by

a linkage.

The array of claim 15, wherein the ends of the protein filament are cach attached by

different linkages.
The array of claim 1, 2, or 10, wherein the protein filament is an actin filament.

The array of claim 1, 2, or 10, wherein the protein filament is an intermediate filament.

. The array of claim |, 2, or 10, wherein the protein filament is a microtubule

protofilament.

. The array of claim 18, wherein the intermediate filarnent comprises lamin, vimentin,

neurofilament, or keratin,

. The array of claim |9, whercin the microtubule protofilament comprises alpha tubulin,

beta tubulin, or a combination thereof,

2. The array of claim 17, 18, or 19, wherein the protein filament cormprisces at least 10

monomer units,
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3L

33.

. The array of claim |, 2, or 10, wherein the filament binding protein compriscs ¢ross-

linking proteins, motor 31’0%&118“, branching proteins, severin }l‘OtCil’iS, clymerization
& > k = >

}rutcins,, capping proteins, depolymerizing I‘OtCiﬂSH end tracking }rutcins,, nuclcamrs.,
(=3 > kL

monomer binding proteins, stabilizers, sidebinders or membrance anchors,

. The array of claim 23, whercin the filament binding protein comprises formin, or profilin.
. The array of claim 1, 2, or 10, wherein the protein filament s coupled to a label.

. The array of claim 25, wherein the label is a fluorescent label.

. The array of claim 1, 2, or 10, wherein the sohid support comprises Si(32,

. The array of claim 1, 2, or 10, wherein the hipid bilayer comprises zwitterionic lipids.

. A mierofluidic floweell comprising the array of claim 1, 2, or 10,

. The microfludic floweell of claim 29, wherein the protein filament of claim 1, 2, or 10 1

aligned along the barricr through application of a hydrodynarnic force, an electrophoretic

force, or a combination thereof,

The microfluidic flowcel of claim 30, wherein the hydrodynamic force is tangential,

perpendicular, or a combination thereof.

2. The microfluidic floweell of claim 30, wherein the electrophoretic force is tangential,

perpendicular, or a combination thereof.

A method for analyzing an interaction between a protein filament and a polypeptide, the
method comprising: a} providing the array of claim 1, 2, or 10, whercin the attached
protein filament 18 coupled to a first fluorescent label that permits visualization of the
protein filament; b) contacting a polypeptide to the attached protein filament, wherein the
polypeptide is coupled to a second fluorescent Jabe] that permits visualization of the
polypeptide; ¢} applying a hydrodynamic force or an electrophoretic force tangential to
the surface of the support to align the attached protein filament s in a desired orientation;

d) visnalizing the protein filament and the polypeptide; and ¢) determining whether the
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34.

2
n

~}

W

protein filament interacts with the polypeptide, wherein localization of the polypeptide

anywhere along the length of the protein filament is indicative of interaction.

The method of claim 33, wherein the detcrmining compriscs observing a static

localization or dynamic localization of the polypeptide along the protein filament.

. The method of claim 34, wherein the static localization of the polypeptide along the

protein filament indicates binding between the protein filament and the polypeptide.

5. The method of claim 34, wherein the dynamic localization of the polypeptide along the

protein filament indicates binding and movement of the polypeptide along the protein

filament.

. A method for identifying a polypeptide sequence or compound that disrupts an

interaction between a protein filament and a polypeptide, the method comprising: a)
providing a first array of claim 1, 2, or 10, whercin the first array comprises a first
population of identical protein filaments, and wherein the protein filaments are coupled to
a first fluorescent label; b} providing a sccond array of claim 1, 2, or 10, wherein the
sccond array comprises a second population of identical protein filaments, wherein the
protein filaments are coupled to the first fluorescent label, and wherein the sccond
population of protein filaments differ from the first population of protein filaments by at
least one monomer unit; ¢} contacting a polypeptide scquence or compound to the arrays,
wherein the polypeptide sequence or compound is coupled to a second fluorescent abel
that permits visualization of the polypeptide seguence or compound; and d) determining
whether the first population of protein filaments and the second population of protein
filaments interact with the polypeptide sequence or compound, wherein localization of
the polypeptide sequence or compound anywhere along the length of the first population
of protein filaments is indicative of an interaction between the first population and the
polypeptide sequence or compound, and wherein an absence of localization of the
polypeptide sequence or compound along the length of the second population of protein
filaments 18 indicative that the second population comprises a polypeptide sequence or
compound that disrupts the interaction between the first protein filament and the

polypeptide sequence or compound.

]
=
W

1
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38.

46,

A method for identifying a a polypeptide sequence or compound that alters the structure
of a protein filament, the method comprising: a) providing the array of claim 1, 2 or 10,
wherein the protein filament is coupled to a first fluorescent label that permits
visualization of the protein filament; b) applying a hydrodynamic force or an
clectrophoretic foree tangential to the surface of the support to align the protein filament
in a desired orientation; ¢) visualizing the length of the protein filament; d) contacting a
polypeptide sequence or compound to the protein filament, wherein the polypeptide
sequence or compound is optionally coupled to a second fluorescent Tabel that permits
vignalization of the polypeptide sequence or compound; ¢} visualizing the length of the
protein filament and, optionally, visualizing the polypeptide sequence or compound; and
3 determining whether the protein filament changes length following the contacting step,
wherein an increase or a decrease in the length of the protein filament is indicative of a

polypeptide sequence or compound that alters the structure of the protein filament.

. A method for identifving an agent that disrupts the interaction of a polypeptide and a

protein filament, the method comprising: a) providing the array of claim 1, 2, or 10,
wherein the protein filament is coupled to a first fluorcscent label that permits
visnalization of the protein filament; b} contacting polypeptide to the protein filament,
wherein the polypeptide is capable of interacting with the protein filament, and wherein
the polypeptide s coupled to a second fluorescent label that permits visualization of the
polypeptide; ¢} contacting an agent to the protein filament and the polypeptide; d)
applving a hydrodynamie force or an electrophoretic force tangential to the surface of the
support to align the attached protein filaments in a desired orientation; ¢} visualizing the
protein filament and the polypeptide; and f) determining whether the agent disrupts the
interaction between the protein filament and the polypeptide, wherein loss of localization
of the polypeptide anywhere along the length of the protein filament is indicative of an

agent that disrapts the interaction between the protein filament and the polypeptide.

A method for identifying one or more agents that disrupt the interactions between one or
more polypeptides and a protein filament, the method comprising: a) providing the array
of claim I, 2 or 18, wherein the array comprises a plurality of identical protein filaments,

wherein the protein filaments arc coupled to a first fluorescent label that permits
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visualization of the protein filaments; b} contacting one or more polypeptides to the
protein filaments, wherein the one or more polypeptides are ecach capable of interacting
with the protein filaments at different known locations, and wherein the one or more
polypeptide are coupled to a second fluorescent label that permits visualization of the
polypeptides; ¢) applying a hydrodynamic force or an electrophoretic force tangential to
the surface of the support to align the attached protein filaments in a desired orientation
and visualizing the protein filaments and the polypeptides; d) contacting a first agent to
the array; ¢) visualizing the protein filaments and the polypeptides; f) determining
whether the fivst agent disrapts the interaction between the protein filaments and one or

more of the polypeptides, wherein loss of localization of one or more of the polypeptides

7

along the length of the protein filaments is indicative of an agent that disrupts the
interaction between the protein filaments and the one or more polypeptides; and g)

optionally contacting a second agent to the array and repeating steps ¢} and £},

{. The method of claim 39 or claim 40, wherein the ageunts are from a library.
2. The method of claim 33, or 37-40, wherein the steps are automated.

. The method of claim 33, or 37-40 optionally comprising applying continuously the

hydrodynamic or electrophoretic force tangential to the surface of the support,
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

I D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

= ; 22,41-43
Z\ Claims Nos.: <<
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
-—-please go to Extra Sheet for continuation---——-—

1. I:] As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. E] As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the clalms it is covered by claims Nos.:
1-6, 11-17/(1,2), 23/(1,2), 27-32/(1,2)

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the

payment of a protest fee.

EI The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:] No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009)
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Box Il (Lack of Unity of Information)

This application contains the following inventions or groups of inventions which are not so linked as to form a single-general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group i+: Claims 1-21, 23-32, drawn to an array comprising: a) a solid support; b) a fluid lipid bilayer disposed on the solid support; ¢) at
least one protein filament; d) a filament binding protein coupled to the protein filament; and e) a linkage for attaching the filament binding
protein to the lipid bilayer. The first invention is restricted to an array, wherein the solid support comprises a barrier (claim 2) comprising
a mechanical barrier (first option in ctaim 3) comprising a scratch on the solid support (claim 6), wherein the protein filament is actin
(claim 17) and the filament binding protein comprises crosslinking protein, alpha-actinin (the first option in claim 23, see instant
specification para [0074]). Group I+ will be searched to the extent that it reads on above restriction, without fee. It is believed that claims
1-6, 11-17/(1,2), 23/(1,2), and 27-32/(1,2) read on this first named invention. Applicants must indicate, if applicable, which claims read on
the first named invention if different than what was indicated above for this group. Failure to clearly identify how any paid additional
invention fees are to be applied to the "+ group will result in only the first claimed invention to be examined. An exemplary election would
be a scratch on the solid support (claim 6) and the intermediate filament protein vimentin (claim 20) and filament binding cross-linking
protein spectrin (indicated in instant application para [0074]) (claims 1-6, 11-16/(1,2), 18/(1,2),, 20/(1,2), 23/(1,2), 25-32/(1,2)..

Group II: Claims 33-40, drawn to a method of using an array composition of Group I+.

The inventions listed as Groups I+-1l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Specific technical features .

The special technical feature of each invention of Group I+ is a unique array composition, not in any other invention in the Group I+.

Common technical features

Groups I+ and |l are related as a composition (Group 1+) and a method of using the composition (Group Il), and share the common
technical feature of (Group I+), an array comprising: a) a solid support comprising a protein barrier; b) a fluid lipid bilayer disposed on the
solid support; c) at least one protein filament; d) a filament binding protein coupled to the protein filament; and e) a linkage for attaching
the filament binding protein to the lipid bilayer. However, said common technical features do not represent a contribution over the prior
art, as being obvious over US 2004/0018601 A1 to Boxer et al. (hereinafter "Boxer"), in view of the publication titled "Arp2/3 controls the
motile behavior of N-WASP-functionalized GUVs and modulates N-WASP surface distribution by mediating transient links with actin
filaments” by Delatour et al. (hereinafter "Delatour”) [published June 2008 in Biophys J Vol 94 No 12 Pages 4890-4805.].

Boxer discloses an array comprising:
a) a solid support (para [0027]; "The terms “immobilized" or "supported” are used herein, for purposes of the specification and claims, to
mean adsorption, coating or bonding the biological membrane according to the present invention to a support surface or structure”; para
[0054); " The substrate materials may comprise polymeric materials, e.g., plastics, such as polymethylmethacrylate (PMMA), '
polycarbonate, polytetrafluoroethylene (TEFLON.TM.), polyvinylchloride (PVC), polydimethylsiloxane (PDMS), polysulfone, and the like;
para [0002]; " Supported lipid bilayers can be created by the self assembly of lipids into bilayers on solid supports, typically glass")
comprising a protein barrier (fibronectin barrier in the array (para [0067); " The flows impinge on a surface containing barriers of
fibronectin that define a series of rectangular, 400 mm2 regions that become "corrals” for assembly of lipid bilayer” sheet 1 fig 1C);
b) a fluid lipid bilayer disposed on the solid support (para [0050]; "Devices. For the purposes of this invention, a device may comprise a
supported lipid bilayer comprising pure populations of mobile membrane-associated biomolecules, e.g. in an information processing
system, and may comprise multiple supported membranes, e.g. an array lipid bilayer is supported on a surface, allowing for one or
more binding partners of the membrane to interact by specific binding with a mobile reactant").
Boxer does not specifically disclose c) at least one protein filament; d} a filament binding protein coupled to the protein filament; and e) a
linkage for attaching the filament binding protein to the lipid bilayer. However, Boxer does disclose a linkage for attaching a protein to the
lipid bilayer (para [0037]; "Specific high-affinity molecular interactions may also be employed to link selected compounds to a supported
bilayer. For example, a bilayer expanse may be formed to include biotinylated lipids (available from, e.g., Molecular Probes, Eugene, .
OR), and a compound linked or coupled to avidin or streptavidin may be linked to the bilayer via the biotin moieties” para [0032]; "A
variety of methods are available for preparing a conjugate composed of a molecule of interest and a vesicle forming lipid. For example,
water-soluble, amine-containing compounds can be covalently attached to lipids, such as phosphatidylethanclamine, by reacting the
amine-containing compound with a lipid that has been derivatized to contain an activated ester of N-hydroxysuccinimide”; [other
methods described in para [0033-0036])). In addition, Boxer teaches specific protein binding-pairs used in the supported lipid bilayer
(para [0039}; "Specific Binding pair. The term "specific binding member” as used herein refers to a member of a specific binding pair, i.e.
two molecules, usually.two different molecules, where one of the molecules through chemical or physical means specifically binds to the
other molecule, and where the binding of the members of the specific binding pair is at a substantially higher affinity than random

- complex formation. Generally, the binding affinity will be at least about Km>105 . The complementary members of a specific binding pair
are sometimes referred to as a ligand and receptor. Such binding pairs may include antigen and antibody specific binding pairs, peptide-
MHC antigen and T cell receptor pairs |...] peptide ligands and receptor; effector and receptor molecules; hormones and hormone
binding protein; enzyme cofactors and enzymes; enzyme inhibitors and enzymes; and the like").

—————mae. --continued on next sheet-----—----
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continuation of previous sheet

Additionally, Delatour teaches (N-WASP) [indicated in instant application para [0074] as actin monomer binding protein and branching
protein) mediates dynamic attachment between a' membrane bilayer and the growing ends of actin filaments (in complex with Arp2/3)

(pg 4907 fig 7 legend; "Relationship between the mobile states of N-WASP at the GUV surface and the elementary steps of filaments
branching. N-WASP is anchored to the lipid membrane and binds G-actin in rapid equilibrium. N-WASP also binds the Arp2/3 complex.
The ternary complex N-WASP actin-Arp2/3 associates with the barbed end of an actin filament, tethering it to the membrane. Once G-
actin and the Arp2/3 complex have detached from N-WASP, the branched junction allows the growth of a new branch in the actin
network. Elongating actin filaments push against the membrane”). Consequently, it would have been obvious to combine the array )
device taught by Boxer, with a binding pair of actin [protein filament] and N-WASP [filament binding protein], with the N-WASP linked to
the lipid bilayer array of Boxer using the method taught therein, because it would have enabled studying the cellular cytoskeleton in a
supported lipid bilayer array.

An additional common technical feature shared in Group I+ is a microfiuidic flowcell (claim 29). Although Boxer discloses a microfluidic
device as part of the lipid bilayer array (para [0020]; para [0055]), Boxer does not specifically disclose a microfluidic flow cell. However,
said microfluidic flowcell applicable to a lipid bilayer array was known in the art at the time of the invention, as exemplified by
US2011/0136676 A1 (Greene). Greene discloses a microfluidic flow cell comprising an array (para [0014]; In another aspect, the
invention features a cell, e.g., a flowcell, e.g., a microfluidic flowcell, that includes an array described herein. The flowcell can be
configured to allow a fluid to interact with the lipid bilayer, e.g., to flow over the lipid bilayer”; para [0015]-" molecules of the array are
positioned into a desired orientation by application of a hydrodynamic force, an electrophoretic force, or combination of either, to the
flowcell".). An artisan of ardinary skill in the art would have recognized the value of incorporating a microfluidic flow cell, as disclosed by
Greene, into the microfluidic device and lipid bilayer array taught by Boxer because it would have enabled monitoring polymerization of a
filament protein, or interaction of a filament proteln with a filament binding protein, measure the effect of a compound or polypeptide on
a protein interaction, etc.

Therefore, inventions of Groups |+ and Group |l lack unity of invention under PCT Rule 13.
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