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Lecture 13: Molecular Devices

Last time: biological strategies for inorganic templating by organic materials
Biomimetic organic template materials
Biomimesis of bone

Today: molecular devices

Reading: V. Vogel, ‘Reverse engineering: Learning from proteins how to enhance the performance
of synthetic nanosystems,” MRS Bull. Dec. 972-978 (2002)

Overview to date

Current Road Map of the course:

= Started with degradable synthetic polymers — structural and controlled release materials

= Discussed modifying degradable materials for biological recognition

= Moved to controlled release devices fabricated from degradable polymers

= Next, hydrogel materials for drug delivery, tissue engineering, and lab-on-a-chip applications
o Structure, what are they made of
o Theory of gel swelling for neutral and ionic gels

= Biomineralization: approaches used by biology and how we are trying to mimic them
o Future materials for hard tissue engineering

= So far, largely looking at ‘macroscopic’ materials
o Materials from which micron-sized or larger scaffolds, drug delivery devices and gels are fabricated

= Moving to smaller length scales: molecules and aggregates of molecules, we come to some new applications
o Performing molecular-level functions
o Delivering molecular cargos to cells (labeling or treating cells)

Application areas we’ll focus on:

= Molecular devices

o (Length scale of one or a few molecules)

o Single-molecule switches

o Molecular motors
= Nano- to micro-scale drug carriers and detection reagents

o (Length scale of supramolecular aggregates to many-molecule aggregates)
= Drug targeting

Molecular Devices

Current Approaches to Molecular Devices based on Protein-polymer hybrids

= 3 examples we'll discuss:
1. Use synthetic polymers to control ‘on’ and ‘off state of a protein
2. Use engineered surfaces to direct the function of proteins
3. Use engineered proteins to build nano-motorized devices on surfaces
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Single-molecule switches

*  Using LCST polymers as the basis of a molecular switch'’
o LCST polymers show sharp volume change at the transition temperature as they transform from swollen

coil to globule

Poly(N-isopropylacrylamide)
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(Wu and Wang, 1998)

o Chime animation of streptavidin with biotin bound to tetrameric pockets:
http://www.chem.uwec.edu/Webpapers2001/barkacs/Pages/Steptavidin.html

Poly(N,N-diethylacrylamide): ~(CHy-CH)y-
dehydrates with increasing temperature- analogous to PEG- C=0
PPO-PEG triblock copolymers

Hydrodynamic |
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(Ding et al. 2001)

o Blockade of access to biotin-binding pocket is dependent on the size of the biotinylated target:
= Small protein G is not sterically blocked by the hydrated PDEAAmM chain
= Large biotinylated IgG can’t access pocket even when PDEAAm chain is collapsed
o Varying the length of the thermally-responsive chain allows the degree of binding blockade to be tuned

(Figure 4)
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Figure 1 Shielding of biotinylated protein binding to E51K/N118K-PDEAAm conjugates.
The binding of biotinylated BSA (B-BSA) to the ES1K/N118K-PDEAAM-12.8k conjugate
0 } (filed circles) rises significantly as the temperature rises through the LCST (~23 °C),
whereas the binding of B-BSA  unconjugated E5TK/MN1 18K streptavidin (filied squares)
is efficient at all temperatures studied. The much smaller B-protein G binds to the
ES1K/N118K-PDEAAM-12.8k conjugate (open circles) efficiently over the whole
temperature range investigated, while the binding of the large protein B-IgG to the
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= Also the basis for triggered release switches

o Expose biotin-loaded conjugates to successive cycles of T < T cst through T > T\ st
= 4 cycles ‘kick out’ all bound biotin

All bound biotin released by 4 temperature cycles:

1200
100 B =iiscoF
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37iC

Ticst = 24iC

a7 o4 37 4 37 4 37 4
4| C Temperature (*C)

Figure 8. Cumulative release of bound biotin from immobilized
E116C and E116C-pP. The data presented are an average of
duplicate experiments. Magnetic beads (Dynal M-280) im-
mobilized with 5.4 x 1071 mal of E116C-pP were used for the
assay. Sodium phosphate buffer, pH 7.4, 100 mM was used as
the medium.

Cumutlative release of biotin (%)

(Ding et al., 1999)

= Mechanisms for controlling access by large or small ligands
o Small ligands have access to binding pocket next to immobilized chain blocked when chain is collapsed,

but can access the pocket when the chain is hydrated
= Conversely, if biotin binds in the pocket, collapse of the chain can eject the bound small ligand
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o Larger protein ligands are always prevented from accessing the pocket next to the immobilized chain
= Selective access occurs for the second binding pocket 20 A away- when the chain is collapsed it
does not prevent access to the second pocket, but when hydrated, long chains can prevent
access to the neighboring pocket and block protein binding

- Smart
Blotln polymer
Streptav idin

!; é! T - LCST l;iél T“» LCST i;ié!

Blocked Accessible Triggered
release

Mechanisms of
switch operation:

Biotinylated

H [ ]
protein ?. L

T LCST I;El Tr LCST i;i;!

Accessible No release

larger hiutmy\ated protein, the conjugated polymer always blocks binding to the site where
the polymer is conjugated, whether the polymer is collapsed or extended. The nearby

Blocked

Figure 5 Schematic model of different shielding mechanisms. The model ilustrates the

shielding effects of a conjugated smart polymer on the binding of a small ligand (biotin}
and alarge ligand {a bioti protein) to in. The polymer is
in both cases conjugated fo one binding site on the exposed face of an immobilized

streptavidin molecule. {Only one polymer chain may be conjugated per binding face, due

binding site is exposed and accessible for binding of a biotinylated protein only when the
polymer is collapsed, and providad the protein ie emall enough. Reversal of the stimulug
can lead to release (depletion) of the biotin from the binding stte where the polymer is

conjugated™” but there is no reversal expected for the bictinylated protein because the

tosteric hindrance). In the case of biotin association, the collapsed polymer blocks biotin
access tothe same site where the polymer is conjugated, but permits association at that
site when the polymer is rehydrated and extended away from the site. In the case of the

polymer is conjugated to the subunit 204 away from the binding site.

=  Fabrication of capture and release devices®®
o Conjugation to magnetic micro- or nano-spheres
= Affinity purification

Conjugation to magnetic microspheres/nanospheres
) - @
B

O .
o

Applications:

« Affinity purification
« Cell-surface labeling
*Responsive drug release

=  Generality of concept
o Switch temperature can be tuned by copolymerizing with more hydrophilic monomers such as
hydroxyethyl methacrylate
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o Other temperature-responsive polymers that could be used:

= Poly(N-isopropylacrylamide)
o pH-responsive switches

= copolymers of PNIPAAmM and AAc

Copolymerization allows switch
temperature to be varied:

Switches can also be synthesized for
light or pH triggering:
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Figure 6. Proposed conformations of the polymer chain coils

of poly(NIPAAmM co-AAc) conjugated to mutant streptavidin
(SAv) at various pHs at 4 and 37 °C.
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Molecular Motors®

= Engineering principles on which macroscopic engines/motors are based fail at the nano-scale
= How to miniaturize controlled force-generating devices cell-manipulating devices, nanobots, etc.?
o Molecular motors driven by single-molecule fuels, photons, etc.

Protein motors used by nature for force generation and motion’

= Motor proteins convert chemical energy into mechanical force via conformational changes
o Generation of protein motion along guide-wires: protein filaments
o Driven by energy released on hydrolysis of adenosine 5'-triphosphate
o Myosin and kinesin are two examples of ubiquitous motor proteins found in eukaryotic cells
= Kinesin
o Motor protein translates along 25nm-diameter rigid rods (microtubules, up to 100 ym in length possible in
vitro)
o Transport of molecular cargos through cells
»= Small membrane organelles or protein complexes
= E.g. encapsulated neurotransmitters from nerve cell nucleus to the synapse to excite neighboring
cells
o Coordination of two heads allows continuous ‘walking’ along microtubules with 80 A steps
= Efficient processive motion allows long-range transport by one or a few motor proteins
=  Motion is directional toward ‘plus’ end of microtubule
= Myosins
o Motor protein moves along actin filaments
o Enables contractile cell functions such as cell motility and muscle contraction
= Operates in a large array of motors to produce large-scale motions/forces
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o ~100 A per ATP hydrolysis step
o Two heads act independently of one another- single stroke then release from actin polymer
= Can’t continuously march along polymer by itself

Myosin Kinesin
Muscle motor protein, transport along transport along microtubules
actin fibers

Limitations for use in bioengineering applications:
Munidirectional motion
YControlling orientation of @ableGand ©®ar®
(Vale and Milligan, 2000)
= Energy source for these molecular motors

o ATP hydrolysis cycle linked to conformational change cycle
o Energy gained by binding ATP moves kinesin neck linker from rearward-facing position forward to dock
against catalytic core of head
= Motion of one neck pulls other free from previous microtubule binding site and throws it forward to
the next site (~80 A)

o Origin or directionality: myosin goes opposite direction from kinesin
= Directionality comes from conformation matching of head to polymers in one direction combined
with time sequence of head release from polymer
= Both motors have an upstroke on binding ATP, downstroke on hydrolysis
e Kinesin neck docks onto head on upstroke
e Myosin: tight binding of head to polymer in ATP-free state
o Forward motion on upstroke when head releases from polymer
¢ Kinesin: tight binding in ATP-bound state
o Reverse motion on downstroke when head releases from polymer
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SHOW SCHEMATICALLY ON BOARD:

Fig. 4. A model for the "power strokes” of
myosin and kinesin motors complexed with

their polymer tracks. In myosin, a —100 A ADp_pi\’?
motion of the lever arm domain is generated
when the motor undergoes a transition from an "l\'
ADP-Pi-bound state to an ADP/nucleotide-free l
conformation (78). This figure was generated

by superimposing the structures of smooth 100 A

muscle myosin (ADP-AIF,~] and the nucleotide-
free chicken skeletal myosin. Shown are the
converter/lever arm positions in ADP-Pi (yel-
low) and nucleotide-free (red) states, the sim-
ilar catalytic cores (blue), and the actin fila-
ment (gray; "pointed end” toward the top). In
the motility cycle of a kinesin dimer (only one ADP / nucleotide-frae
head shown here) along a microtubule (a single
protofilament is shown in gray; "plus end" to-

ward the top), the neck linker swings from a Kinesin
rearward-pointing position (ADP/nucleotide-

free; red) to a forward-pointing position (ATP/

ADP-Pi; yellow). The "ATP/ADP-Pi" state is rat
conventional kinesin, whereas the "ADP/nucle-

otide-free” position of the neck linker was

modeled on the basis of cryo-electron micros- 80 A

copy from Rice et al. (26). Myasin and kinesin

structures were superimposed using their P-
loops, showing that they bind in similar orien-
tations to their tracks. (Note: The actin fila- ADP /nuclectidefree
ment runs parallel to the plane of the image,
but the microtubule is tilted —20° with respect
to the plane of the image.) Although the me-
chanical elements are similarly positioned in kinesin and myosin, the power strokes occur in
opposite directions (arrows) because of the different polymer binding cycles of the two motors (see
text for details). Scale bar, 80 A

Myosin

Microtubule v
protofilament

Some of Matt Lang’s work?
Engineering devices for nanoscale assembly using nature’s motors (Hess et al. 2001)

= Question: How can we manipulate, move, and assemble objects with nanoscale sizes? E.g. individual proteins,
nanocrystals, etc.
o AFM probe tip- one by one- too slow to be really useful in biosensors, lab-on-a-chip or other materials
applications
o Alternatives?

= Surfaces with microtubule nano-cargo carriers (Hiratsuka et al.?)
o Discovered that kinesin molecules adsorbed to a surface could be used to drive random motion of
microtubules in 2D
= Researchers sought to use photolithographically patterned surfaces to gain control over motion
and develop nano-carriers with directed motion
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(1) Resist deposition
< SAL601 (~1um)
< Glass Substrate

l UV Irradiation
(2) Photolithography

{ Development

(3) Absorption of motor molecules
onto substrate

< Protein solution
[ — [ |
I

FIGURE 1 Process for the patterning of motor molecules onto litho-
graphic surfaces. (1) Spin-coat the resist SAL601 on coverslips to approx-
imately 1 pm in thickness. (2) Photolithography: Irradiate with UV light
(wavelength 254 nm) passing through a photomask. (3) Treat the processed
coverslips with a solution of kinesin. Under our conditions, kinesin was
‘more efficiently absorbed onto expased glass surfaces than to the surfaces
of the resist

(Hiratsuka et al, 2001)

o Simple approach: tracks etched in a photoresist, exposing glass
= Kinesin motors adsorbed randomly onto exposed glass under conditions where adsorption to

resist was minimal (high ionic strength and 0.1% tween surfactant present during adsorption)
= Circular tracks:
e Tracks confine motion of microtubules approximately linearly forward or backward
e No arrowheads: microtubules walk in both directions around circles
o With arrowheads: microtubules on inside track move counter-clockwise, microtubules on
outer track move clockwise
o Arrowheads act as directional rectifiers, moving against direction of arrow, high
probability of microtubule striking wall and reversing direction as it jumps to new
set of kinesin molecules
o Steady motion observed up to 2 hrs in the presence of ATP

FIGURE 4 Active transport between two pools of micrometer scales. 4,

t graph; B, f image of rhodamine-labeled
microtubules taken before ATP addition; and €, taken at 18 min after
the ATP addition. Scale bar, 30 wm. A movie of this movement can be seen
at our web site (hitp://unit.aist.gojp/} motility/biophysj/movied].
html).
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Mierotubule
(fluorescently labeled)
X

Casein Kinesin motor (fueled by ATP)

Figure 5. Engineering a cargo-transport system at the nanoscale: a molecular shuttle macde
from motor proteins moving on engineered tracks. {a) Schematic illustration of the principle.
A phaotolabeled microtubule is propelled in open microfabricated channels [seen as dark
stripes in ()] by surface-bound kinesins (motor proteins). The space between the kinesins

is filed with the milk protain casein fo prevent nonspecific surace adsarption of the
microtubules. The microtubule can be functionalized with molecular linkers (e.g., biotin) to
hoaok up carga. (b) As a microtubule collides with a steep wall, it bends to align itself parallel
to the wall or, altematively, it loses contact with the surface. (¢) Micrograph of photolabeled
microtubules moving in channels on polyurethane; channels are 2 pm wide. The dofted lines

indicate the paths of individual microtubules.
(Vogel, 2002)

= We don'’t yet understand the physicochemical principles controlling molecular motor speed, unloading/loading of
cargo

A molecular rotor built from ATPase

= Question: how do we create engines to provide piconewton forces for nanodevices?
o One answer: engineered materials based on protein motor-based en1gines
= Work of the group of Carlo Montemagno at UCLA (Dept. of Bioengineering)®
= F, fragment of adenosine triphosphate synthase (F{-ATPase)
o Role of this protein in cell
o Rotary motion during ATP hydrolysis as y subunit transitions between 3 equidistant positions around the
ATPase complex
* No-load rotational velocity of ~17 revolutions per second
o Generates > 80 pNenm work
Approximately 100% efficient!
o ~10 nm diameter

o
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F, fragment of adenosine triphophate synthase (F,-ATPase)

purified ATP Figure 14-26 An experiment
purified Tpithisy demonstrating that the ATP synthase
hacteriorodopsin
D is driven by proton fow, By
. + datergent & combining a light-driven bacterial

proton pump (bacteriorhodopsin), an
ATP synthase purified from ox heart
ADO PHOSPHOLIPIDS AND mitochondria. and phosphalipids,
REMOVE DETERGENT vesleles were produced that
synthesized ATP in response (o light.

Figure 14-25 ATP synthase. As
indicated, the FiATPase portion is
formed from multiple subunits (Greek
letters), as is the transmembrane H*

carrier.
membrane
Figues AThum. T bt FRR——
transmembrane Ton e s o s e, e e kL~ G e e T P ——
H* carrier orm a gy racciad b vt it g FOTE P

= Montemagno’s group prepared mutants of this protein to use as ATP-fueled molecular motors for nanodevices

750-1400 nm
— >

Biotinylated cysteine @xleCof the motor

@eet(hind Ni-capped posts

P - Histidine tags

80 nm

@eetGor immobilization of motor
Fluorescent (Soong et al., 2000)
microsphere

»

Hybrld ATPase Fi 1. Sch g :
rgure 1. Schematic diagram (A) and CCD photomicrograph (B)
of fluorescent microspheres attached to the ¥ subunit of individual (BaChand etal., 2000)
F,-ATPase molecules immobilized on nickel dot arrays that were
created using electron beam lithography.
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ATP-driv
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Fig. 2. Image sequence [viewed left to right) of nanopropellers being rotated anticlockwise at 8.3
rps (A) and 7.7 rps (B) by the F,-ATPase biornolecular motor. Observations were made using 100
oil immersion or 60 water immersion and were captured with a CCD video camera (frame rate
30 Hz). The rotational velocity ranged from —~0.8 to 8.3 rps, depending on propeller length. Data
were recorded for up to 30 min; however, propellers rotated for almost 2.5 hours while ATP was
maintained in the flow cell. These sequences can be viewed as movies at the Nanoscale Biological
Engineering and Transport Group Web site {httpy//falcon.aben.cornelledu/News2 htm).

= Creating motors with a chemical on/off switch'
o Mutated ATP binding face of ATPase to contain a 3-amino acid Zinc ion binding domain (3 histidines)
o Mutant protein binds zinc and zinc blocks action of motor
= Classical allosteric enzyme inhibition
o Chelation of zinc returns motor to active state

a o a
Ll 1
wIIL"n " o 4 08 T
- e . wy e 2
Zn** sensitivity of £ w \ R T A
.- =
motor: I S TR N 2w | | -
. £ § 1|
0 1 o 0z | | !
L} (] °
o £ 1 10 w0 0.0 0 0.0 an ! 0 o w w 8 1w
Figure 2 Steady arp TF, enzymes. a The éftect of 2 ity of wild i rutant
......... ! For (EMIET 7o 19 yth BDK = 1 Gl by Cacke sladu-datls
Kingtics of DEMHZ ATP in the I 2rf i ircles, O i, Slled circles, 5 M squares, 200 M. ¢, Two cycles of successive
adinions of 100 M I and 150 pM 1. 10-phenanthroling (0F).
2000
Turning nanorotors
on and off by
addition of Zn** and ; e
a Zn** chelator: -
|
0 M m « M w PR
e
Figured sl ol rotaton ndcantol , . a3z Thcstonangi asahoon
800 1M 2050, (bl arrow,
‘We addad 1,10-phenanthrobne (500 pM) to the stopped Alaments (red amow), restarting the mabor motion. about 35 after
The diatafor all The 2n : addntin
and after 7 (1) hetors 217 * alfter I 0 97 mtations 5 (2061, 061 (3 0.36 0 32
(#0.27,0.45.Th bers ineach ithi it Znaddsion, The kengths of il -4 are 1. T5pem, 2 Opum, 225 pum

and 2 25um, respeciively.

= Assembling these hybrid proteins into molecular devices
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o Key need for device design: controlled placement of motors on surfaces

Combining the hybrid Fluoresc

microspl

molecular motor with \-“ -.\
engineered materials as a
step toward nanodevices P
A,
/—--

Figure 1. Schematic diagram (A) and CCD photomicrograph (B)
of fluoreseent microspheres attached to the 3 subunit of individual
F,-ATPase molecules immobilized on nickel dot armays that were
created using electron beam lithography.

Hybrid ATPase

Figure 3. Optical lithography was used to create the nancimprint-
ing mald (A), which subssquently was used to create large arrays
of nickel dots (B). Dots were 50—250 nm diameter and 5—15 nm

high.

(Bachand et al., 2000)
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