
Cytoplasmic streaming 
in Drosophila Oocytes
Josh Deutsch, Matt Brunner Corey Monteith, Anthony 

Bielecki, Bill Saxton UCSC Physics and Biology

Wednesday, February 12, 14



Composition of Oocyte
Kinesin walks on microtubules with impellers attached

F-actin
cortex and cytoplasm

Microtubules
minus ends
at cortex
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Slow vs Fast streaming
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Theoretical Model

• Model microtubules as elastic rods 
anchored at minus ends.

• Net effect of kinesin is to apply force 
tangent to rod.

• Include hydrodynamic coupling.
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Analysis

• Exhibits a non-linear instability giving waves 
with time and length scales close to those 
found experimentally. 

• Hydrodynamic interactions depend on 
height above surface, viscosity, and 
separation of microtubules.
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Simulations with full hydrodynamic 
interations.

Shown here for microtubules at two heights above a 
planar surface (h=1 and h = 2)
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How do biological motors work? Myosin V

Dynamics of the unbound
head during myosin V
processive translocation
Alexander R Dunn & James A Spudich

Myosin V moves cargoes along actin filaments by walking
hand over hand. Although numerous studies support the basic
hand-over-hand model, little is known about the fleeting
intermediate that occurs when the rear head detaches from
the filament. Here we use submillisecond dark-field imaging of
gold nanoparticle–labeled myosin V to directly observe the free
head as it releases from the actin filament, diffuses forward
and rebinds. We find that the unbound head rotates freely
about the lever-arm junction, a trait that likely facilitates travel
through crowded actin meshworks.

Myosin V (M5) functions as a dimer and moves processively along
actin using a hand-over-hand mechanism1. In this mechanism, the
rear head must release the actin filament and travel forward before
rebinding. It is not known whether the temporarily free head is
constrained or is free to rotate, or how quickly it rebinds the actin
filament. Some models require the free head to remain very near the
actin filament and even interact with each actin monomer along one
protofilament2,3. In addition, the rate of free-head rebinding affects
processivity, and the degree of conformational freedom probably
affects the ease with which M5 switches between actin filaments.

To address unanswered mechanistic questions about M5, we sought
to track one of the two lever arms with millisecond or better time
resolution. Accordingly, we attached single gold nanoparticles to the
lever arm of dimeric M5 derived from chicken (Fig. 1a). Gold
nanoparticles scatter light efficiently, and under dark-field illumina-
tion they appear as bright spots against a dark background, analogous
to single fluorophores. Unlike fluorophores, the photon flux is not
limited by the excited state lifetime, bleaching or blinking. It is
therefore possible to track gold nanoparticles with submillisecond
time resolution4.

Dimeric M5 was expressed in the presence of calmodulin (M5cam)
or calmodulin plus the essential light chain LC1sa (M5elc) (Supple-
mentary Fig. 1 online). When present, LC1sa replaces calmodulin at
the lever-arm binding site closest to the catalytic domain. Unless
noted, data are reported for M5elc. M5 was labeled with biotinylated
calmodulin and conjugated to 40-nm-diameter streptavidin-coated
gold nanoparticles, unless otherwise noted (Supplementary Methods
online). The resulting M5-gold conjugates were imaged using

darkfield microscopy with frame rates up to 3,125 Hz. Single particles
moved directionally along surface-immobilized actin filaments
(Fig. 1b and Supplementary Video 1 online).

As with single-molecule fluorescence experiments5, we commonly
observed alternating steps of 74.7 ± 0.9 (s.e.m.) and 0 nm (Fig. 1b).
We also observed alternating steps of 53 and 21 nm (Supplementary
Fig. 2 online) or of 40 and 30 nm (data not shown), which result
from gold particles attached to calmodulins higher up on the lever
arm5. Both the size5 and rate6 of the 74-nm steps match previously
reported values, indicating that the attachment of the gold
particle does not perturb the behavior of the motor (Supplementary
Fig. 3 online).

Closer inspection of the 74-nm step reveals an intermediate (Fig. 1c
and Supplementary Fig. 4 online) that corresponds to a one-head-
bound state (Fig. 2). The intermediate breaks the step into 49- and
25-nm components, defined relative to the data points recorded
during the 16 ms before and after the step (Fig. 2a).
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Figure 1 Tracking the motion of the M5 lever arm with millisecond time
resolution. (a) A M5 dimer is labeled with a gold nanoparticle on one of its
lever arms through a biotin-streptavidin linkage. The M5-gold conjugate
walks along surface-immobilized actin. Light scattered by the gold particle
is collected by the objective. (b) Sample data trace; 40 nm gold, 3 mM ATP.
Frames were taken every 0.32 ms (blue); a 6.4-ms sliding average is shown
in red. (c) Sample 49-nm substeps; 3,125 Hz, 40 nm gold. The end of the
substep is indicated by an arrow. Each color corresponds to an individual
molecule. Note the increase in variance during the substep.
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To determine the extent of motion of the free head both along the
actin filament long axis (the x direction) and perpendicular to that
axis (the y direction), we measured the change in variance in both x
and y during the substep compared with that before or after the
substep. The standard deviation (s.d.) of the 49-nm substep shows a
radially symmetric increase (18 nm; Fig. 2b) relative to the s.d.
immediately before or after the substep (12 nm; Supplementary
Fig. 5 online), consistent with free diffusion of the detached head
about the junction between lever arms (Fig. 2c and Supplementary
Fig. 6 online). Calculations based on the simple model that the gold
particle sweeps out the surface of a sphere are consistent with the
particle being attached B20 nm from the lever arm junction, in
reasonable agreement with the anticipated length of the lever arm
(Supplementary Methods). Other models—for instance, rotation
solely in the xy plane—can in principle fit the data (Supplemental
Methods). However, no obvious physical model results in this
scenario, whereas free rotation requires only a short, unconstrained
peptide linker to act as a swivel. About half of the runs end in a 49-nm
step and an increased s.d., suggesting that these runs terminate when
the free head cannot rebind (Supplementary Methods).

In addition to the 49-nm displacement along the actin filament,
the intermediate shows a lateral (perpendicular) displacement of 4 to
8 nm to the left, defined relative to the myosin direction of travel
(Supplementary Fig. 7 online). This displacement is roughly consis-
tent with the lateral angular displacements reported previously7 and
may reflect an off-axis component of the power stroke, in keeping
with the observation that myosin V walks in a left-handed spiral8.

However, we cannot rule out the possibility that this observation is an
artifact resulting from the gold-myosin attachment.

Formation of the 49-nm substep is faster than our detection limit at
3,125 frames s–1 (Fig. 2d). The 49-nm substep is consistent with the
simultaneous release of B10 nm of intramolecular tension9, a 20-nm
power stroke10 and B20 nm of diffusion such that the new
average position of the bead corresponds to the lever-arm junction
(Fig. 3a–d). Our data apparently conflict with models containing a
millisecond or longer pause between the release of the rear head and
the lever-arm swing11, as well as models where the free head closely
tracks the actin filament2.

A cumulative lifetime plot for the one-head-bound state shows a
fast decay that is fit by a single exponential and a slower tail owing to
intermediates whose rebinding is slowed by local steric hindrance
(Fig. 2e and Supplementary Methods). Free-head rebinding is faster
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Figure 2 Characterization of the one-head-bound intermediate. (a) The
74-nm displacement consists of a 49 ± 1 nm (1st) followed by a 25 ±
1 nm (2nd) substep (n ¼ 182). (b) Contour plot in the x and y directions of
data points collected during the intermediate. The distribution can be fit by
a two-dimensional Gaussian function with 18 nm s.d. in x and y (data from
194 events). The fit is radially symmetric to within 5%. (c) In a simple
model, the gold particle follows the labeled calmodulin (red) as it rotates
freely in the x, y and z directions during the intermediate, resulting in the
observed s.d. increase. (d) Trace resulting from 231 aligned and averaged
steps. The rise to 49 nm is too fast to be resolved. (e) Distribution of
substep dwell times, plotted as the cumulative fraction for M5elc (n ¼ 194)
and M5cam (n ¼ 87).

Figure 3 A myosin V model mechanism. The gold nanoparticle follows the
labeled calmodulin (red). (a) The rear head binds ATP and detaches from
actin. (b–d) The 49-nm substep results from the release of intramolecular
tension (b), a lever-arm swing (c), and free diffusion of the unbound head
such that the average gold particle position reflects that of the lever-arm
junction (d). (e) The free head rebinds, resulting in a second 25-nm
substep. (f) The rear head releases ADP, binds ATP and steps forward,
resulting in a small translocation (e).
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Model of Myosin V

Periodic distribution of binding sites.

Heads bind to these sites at an angle.

Two rates: Rate end goes from sticky ! not sticky and vice
versa.

The chain is semiflexible
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As this simulation shows...
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There is little conceptual di↵erence between using light and
chemical energy (ATP) to drive this motion.

It is the unbinding of the head, by ATP, or by photon absorption,
that supplies the power to the motor.
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Simplified model of myosin 2

Now look at a biomotor doing work against a force, either being
powered by ATP or light.
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Prototype photomechanical device

Plate velocity v

h

Photon

force
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A semi-flexible polymer brush attached to a flat plate.

A parallel plate right above the brush.

The parallel plate contains an array of photoreactive

binding sites. It is crucial that these polymers bind with the
surface in an asymmetric way.

At least one of the plates is transparent. Light causes the
unbinding of polymer ends from the photoreactive binding
sites.

Binding catalyst. To control the rate at which binding
occurs, the binding of the end of the polymer to a binding site
can be facilitated by the use of a catalyst.
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Operation in sunlight

Assume

Solar Flux I = 600W/m2,

photon energy 2eV

polymer size 3nm,

relaxation time ⇡ 10

�7s

=) photon flux ⇡ 2⇥ 10

21/(m2s) =) separation a ⇡ 70nm.
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kBT ⌧ Photon Energy

Photon energy ⇠ 2eV , but k
B

T ⇡ 0.025eV , 80 ⇥ smaller. Higher
e�ciency could be obtained if powerstroke � k

B

T .

How can we harness as much of the solar energy as possible?

To harness the energy of a photon, we need to release a lot of
potential energy in the motor when a head unbinds. Otherwise
most of the photon energy is wasted.

We’ll start by modelling the process mathematically.
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3d simulation
Analytic modeling
Monte Carlo simulation

How to improve design

If the photon cross section is
made arbitrarily low, the
e�ciency can be adjusted to
remain constant.
The energy delivered in one cycle
/ kL2, but the larger this is, the
lower the cross section.

With the parameters we used earlier, the density can be increased
by ⇡ 1000 =) cross section of 1/1000, so
Realistically the work delivered in a power stroke can be ⇠ 7k

B

T .
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Actin/myosin sounds like a good candidate but it is very
complicated and still not well understood.
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There are many proteins that respond to light,

Rhodopsin

DRONPA

LOV domains
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Structural basis of photosensitivity in a bacterial
light-oxygen-voltage/helix-turn-helix (LOV-HTH)
DNA-binding protein
Abigail I. Nasha,1, Reginald McNultyb,1, Mary Elizabeth Shillitob, Trevor E. Swartzc,2, Roberto A. Bogomolnic,
Hartmut Lueckeb,3, and Kevin H. Gardnera,3

aDepartments of Biochemistry and Pharmacology, University of Texas Southwestern Medical Center, 5323 Harry Hines Boulevard, Dallas, TX 75390–8816;
bCenter for Biomembrane Systems, Department of Molecular Biology and Biochemistry, Department of Physiology and Biophysics, Department of
Information and Computer Science, University of California, Irvine, CA 92697–3900; and cDepartment of Chemistry and Biochemistry, University of
California, Santa Cruz, CA 95064

Edited by J. Clark Lagarias, University of California, Davis, CA, and approved April 22, 2011 (received for review January 11, 2011)

Light-oxygen-voltage (LOV) domains are blue light-activated sig-
naling modules integral to a wide range of photosensory proteins.
Upon illumination, LOV domains form internal protein-flavin ad-
ducts that generate conformational changeswhich control effector
function. Here we advance our understanding of LOV regulation
with structural, biophysical, and biochemical studies of EL222, a
light-regulated DNA-binding protein. The dark-state crystal struc-
ture reveals interactions between the EL222 LOV and helix-turn-
helix domains that we show inhibit DNA binding. Solution biophy-
sical data indicate that illumination breaks these interactions,
freeing the LOV and helix-turn-helix domains of each other. This
conformational change has a key functional effect, allowing
EL222 to bind DNA in a light-dependent manner. Our data reveal
a conserved signaling mechanism among diverse LOV-containing
proteins, where light-induced conformational changes trigger acti-
vation via a conserved interaction surface.

allosteric regulation ∣ photosensing ∣ PER-ARNT-SIM domain

Environmental sensory proteins play a crucial function for
cellular adaptation in response to changing conditions. These

proteins frequently contain effector domains whose activity is
regulated by specialized sensory domains sensitive to various sti-
muli. One widely distributed class of such sensory domains is the
PAS (PER-ARNT-SIM) family, whose members typically regulate
protein/protein interactions in response to changing environmen-
tal cues (1). A subset of PAS domains, called light-oxygen-voltage
(LOV) domains, use flavin cofactors to detect changes in blue
light intensity or redox state (2). LOV domains are found in reg-
ulatory proteins for phototropism (3), seasonal gene transcription
(4), bacterial stress responses (5, 6), and many other diverse bio-
logical responses. Within these pathways, LOV domains control a
wide range of effector domains, including kinases, F boxes, and
DNA-binding domains (7). Recently, these natural proteins have
been joined by engineered LOV fusions that confer in vitro and in
vivo LOV-based photoregulation to a range of protein targets
(8–11).

This raises the question: How can a class of light-regulated
domains with similar tertiary structures control such a wide vari-
ety of effectors? What is clear is that LOV domains all share
similar architectures and photochemical responses to illumina-
tion, harnessing the energy of incoming blue light photons to
form a covalent adduct between the Sγ sulfur on a conserved
cysteine residue and the C4a carbon of a flavin cofactor (12, 13).
Formation of this bond generates structural changes that propa-
gate to the domain surface, altering the interactions of the core
LOV domain with intra- or interprotein partners (14–18). For ex-
ample, structural studies on Avena sativa phototropin 1 LOV2
(AsLOV2) demonstrated light-induced unfolding of the Jα-helix
located C-terminal to the canonical LOV domain (15). Similarly,
the Neurospora crassa VIVID protein reorients an N-terminal

α-helix, β-strand extension of its LOV domain upon illumination
(18). In both cases, the external structures interact with the
β-sheet surface of the LOV domain, suggesting a site for signal
propagation common between them. The functional importance
of regulated interactions at this site have been validated by the
ability of point mutations on the β-sheet or interacting effector
surfaces to decouple changes in effector activity from adduct
formation (18, 19).

Among the known LOV-containing proteins are several tran-
scription factors, such as the zinc-finger containing N. crassa
white collar-1 (WC-1) (20) and the algal basic leucine zipper
AUREOCHROMEs (21). Although light controls the binding
of these proteins to DNA, the mechanism(s) of this regulation
is not understood at a molecular level. Here we address this short-
coming by examining how a LOV domain directly regulates DNA
binding, establishing the generality of LOV signaling. Our studies
focus on EL222, a 222 amino acid protein isolated from the mar-
ine bacterium Erythrobacter litoralis HTCC2594. In addition to
an N-terminal LOV domain, EL222 also contains a C-terminal
helix-turn-helix (HTH) DNA-binding domain representative of
LuxR-type DNA-binding proteins (22). Combining regulatory
models from a diverse group of LOV-based photosensors (15)
and LuxR-type proteins (23), we hypothesized that the EL222
N-terminal LOV domain represses DNA-binding activity of the
C-terminal domain in the dark, and that this inhibition would be
released with blue light illumination.

Results
Dark-State Crystal Structure of EL222 Suggests Mode to Inhibit DNA
Binding. As an initial step to examining this model, we solved the
2.1-Å resolution crystal structure of EL222 in the dark state
(Table S1), observing interactions between the LOV and HTH
domains consistent with our hypothesis (Fig. 1). The EL222 struc-
ture contains both of the two expected domains, an N-terminal

Author contributions: A.I.N., R.M., H.L., and K.H.G. designed research; A.I.N., R.M., M.E.S.,
H.L., and K.H.G. performed research; A.I.N., R.M., M.E.S., T.E.S., and R.A.B. contributed new
reagents/analytic tools; A.I.N., R.M., H.L., and K.H.G. analyzed data; and A.I.N., R.M., H.L.,
and K.H.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: The atomic coordinates and structure factor amplitudes of EL222 have
been deposited in the Protein Data Bank, www.pdb.org (PDB ID code 3P7N) and NMR
chemical shifts with the BioMagResBank, www.bmrb.wisc.edu (accession no. 17640).
1A.N. and R.M. contributed equally to this work.
2Present address: Early Stage Pharmaceutical Development, Genentech, Inc., South San
Francisco, CA 94080.
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This article contains supporting information online at www.pnas.org/lookup/suppl/
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EL222 is a light regulated DNA binding protein:

Light state: binds to specific DNA sequence

Dark state: inhibits binding
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Conclusion: are bio-solar-motors possible?

There is no theoretical reason prohibiting direct conversion of
light to mechanical energy.

There are many biological systems converting chemical energy
(ATP) to mechanical energy.

We need to substitute ATP for photons.

The e�ciency can be optimized by lowering the cross section
per motor and raising their density.

There are a number of biological systems that already use
light to bind or unbind molecules.

With movement in the experimental direction, the future for
solarmotors will be bright!
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