Appendix to Accompany Snider et al.

Systematic error in velocity:
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Figurel: Cartoon of single particletracking. The centersof thecirclesrepresent true particle
positions, and thecirclesrepresent theerror in thelocation. Fixing theleft hand point to bethe
center, all pointsin theregion labeled Swill have apparent distanceslessthan thetrue distance while
all pointsin L havelarger apparent distance. SincelL islarger than Shy area, the average apparent
distancewill be systematically too large.

Single particle tracking measurements have a systematic error which causesthe
average apparent distance that a particle has moved to be larger than the actual distance.
This effect becomes more pronounced as the displacement decreases between successive
positions. Here we will derive the expression for the systematic error in the
measurement of digplacement in Sngle particle tracking. Asfar aswe know this
phenomenais not discussed, but it may have some consequences for high accuracy
tracking experiments. With reference to Figure 1 and choosing a coordinate system
centered at the left circle, al points contained by the two circles are given by
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where 1 refersto the left cirde and 2 the right, 12! [0.dR] and g, T [0,20] Then, the
average distance between two randomly sdected pointsis given by integrals over dl

possible left and right ends. De‘ining 5to bethe average distance, theintegrd is

dR
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Thisintegrd is not solvable in closed form; however, we can pull the R out of the

dR
integrand and Taylor expand interms of R, which is hopefully not too large or else
other problems will be dominant. When expanding, dl terms which contain odd powers
of Sne or cosine can be ignored because the integra over afull period will be zero. To
second order, the contributing terms are
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Theremaning integras aretrivia and thereault is

(1.3)
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To check that thisresult is not just a problem with the expansion, we have dso

smulated the Situation. These straightforward smulations entail choosing two circles of
fixed radii separated by avarying distance R to represent the data points and their error.

In al cases we choose the radiusd R =1 and vary R such thatd R/ R goes from zero to

one, representative of the relative range. Note that ad R/ R=1/2 corresponds to the two
circlesjus touching. Then, the distance between a million randomly selected pointsin
each circleis caculated and averaged. The result shown in Figure 2 shows excellent
agreement between the ca culation and the smulation, athough the calculation produces

anoticesble but dight underestimate asd R/ R approaches one.
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Figure 2: Comparison of smulated and calculated overshoots. The overshoot factor istheratio of
the appar ent separation divided by thetrue separation. A dR/R of one half correspondstothecircles
just touching and has an over shoot of 6.25%.

With this systematic error in mind, we caculate the speed of the cargos by plotting the
apparent speeds calculated after time spans of 1, 2, ..., 10 frames, where one frame is 7.5
here. Then, we correct the speed using equation (1.5) and vary dR until the corrected
Speeds do not depend on the time span of the data. With this, the values for the speeds are
70 £ 20 nm/swith dR=24 + 4 nm for aggregation and 80 £ 30 nm/swith dR=20 = 4 nm
for disperson. Thevaues of dR are reasonable for these in vivo systems.



Details of the Simulations:

--------

Figure3: Thisisa sketch of intersections. Thearrowsrepresent actin filaments. Thedashed

filament, labeled C, hasitsend radiusdrawn in and representsthe most recently added filament. As
defined in thetext, C " end intersects’ with 1 and 2 but not 3, and C " crossintersects' 3 but neither 1

nor 2.

There are two types of intersections. “crossintersections’ where two filaments
cross and “end intersections” where anew filament is reachable from the end of the old
filament (Figure 3). Using geometry, the computer identifies these intersections as
filaments are added during the process of setting up the actin filament network. Cal the
newly added filament the “current” filament and dl others “target” filaments. After each
filament addition, the computer examines dl target filaments for both cross and end
intersections with the current filament and vice versa, and, if necessary, it finds the point
on the target filament to which a cargo switching from the current filament will go. Each
filament is described by an equation for aline ssgment. Thefact thet afilament isaline
segment is handled by keeping track of the end points. Determining the existence of a
crossintersection is done by solving the equations of the two filaments for their common
point and then checking if that common point is on one of thefilaments. Note thet this
aso reaultsin the location of the intersection, which is recorded & the same time and
used asthe transfer point. For end intersections, we consider acircle centered at the
filament end point with aradius set to 250 nm to coincide with acargo. The existence of
an intersection is determined by first checking if the endpoints of the target filament are
indgde or outsde of the current filament’send circle. If exactly one or two endpoints are
interior to the circle, then intersection occurs. If both are exterior, then the perpendicular
disance to the target filament isfound, and if it isless than or equd to the end radius,
then an end intersection occurs. If an end intersection is found to occur, then the transfer
point is defined as the point on the target filament with the minimum distance to the end
of the current filamert. Notethat it is certainly possible, and fairly common, for atarget
filament to have both an end and crossintersection. The main smplification made hereis
that the filament network isfixed. To be applicable to red systems where AFs do move,
this fixed gpproximation means that the time scae on which AFs changeislong
compared to that on which the cargos move. Thisis areasonable approximation since the
time scae for to AFs change is on the order of severad minutes.

Now, we describe the motion of the cargos on the filaments in the smulation. To
dart, afilament near the center of the Smulation cell is chosen a random and acargo is



placed randomly onit. Then, the cargo takes a step of size 37 nm, corresponding to the
szeof an MV step'. First, the computer checksif the cargo has attempted to walk off the
end of the filament, and if S0 it randomly selects an end intersecting filament and
switchesthe cargo onto it. Second, if the cargo remains on the filament, then the code
looks for cross intersections on this step.  If there are any cross intersections, then the
cargo attempts to switch onto each one with success probability ps set to 50% for
aggregation or 0% for digpersgon. Any successful switches immediately move the cargo
onto the crossing filament. If no intersection is found or accepted, the origind step is
accepted, and the processisrepeated. Also, while thisis going on, the distance between
turnsistracked for usein caculating the mean free path, and the postion of the cargo is

tracked for calculating <'” (V> . Trials are ended after up to 10,000 steps or if the cargo
attempts to leave the smulation cdll. 1tispossible, but rdlatively rare, for acargo to fal
off and be unable to find anew filament on which to travel, and in this case the trid is
prematurely ended. Presumably, in the red system, laterd diffusion would eventualy
alow the cargo to reach anew filament.

M ean Free Path Calculation:

We give the details of our calculation of the mean free path given the distance d; between
filament crossings. Let ps be the probakility to switch filaments a an intersection. Then
g=(1- py isthe probability to skip switching at an intersection. The probability P(n) to
skip (n+1) intersections and then switch a the nthintersectionisgiven by P(n) = pg™*.
Assuming that the cargo attaches to a filament at an intersection, the distance thet it goes
aong afilament before switching to anew filament at the nth intersection (not counting
the intersection whereit first got on) isgiven by nd,. So the average distance traveled
aong afilament, i.e,, the mean free path (MFP), is given by
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This agrees with the expresson given in the text. Here we are assuming that the filament
isinfinitdy long.



Possible optimization between aggregation and disper sion—microtubule sear ching:
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Figure4: Plot of thefraction of cargoesthat have successfully made 15 MT touches ver suslog time.
Errorsaresmaller than thelinewidth. Aggregation isinitially more efficient for timeslessthan 20 s,
and then, dispersion ismor e efficient from about 20-40s. Finally, aggregation is mor e efficient for
timeslonger than 40s.

For aggregation, the god is to hop onto a microtubule for subsequent efficient transport
to the cell center, so local searching is optimized. Whether thisisthe caseis not directly
evident from the current data. To investigete aggregation further, amplified MTs are
added to the smulations as pardld lines spaced by 800 nm. A range of distances
comparable to the radius (125 nm) of a pigment granule is defined around eech MT
within which a cargo is conddered to contact the MT. If only a single cargo-microtubule
contact is required, dispersing-type motion isas good or better than aggregation-type
moation in finding amicrotubule.

However, if multiple cargo-microtubule contacts are required for transfer from the AF to
the M T, aggregationtype motion is better. This can be seen by using an arbitrary
requirement of 15 contacts. The time required for a cargo to make 15 contacts, or about
two passes perpendicularly acrossaMT, istracked for 100 redlizations with 10,000
cargos each (Figure 4). Inthefirst 20 s, an aggregating cargo is about 20% more likely
than a dispersing cargo to contact any MT 15 times. A dispersing cargo can possibly
reach a second set of MTs after 13s, so its rate of contact accel erates, catching up to
aggregation after about 20s. Thus, an aggregating cargo contacts the very firg MT it
reaches 15 times, but a dispersing cargo tendsto zip past the firss MT and not get 15
contacts until it finds a second MT. Importantly, after atota of about 500s, 5.5% of
dispersion cases never contact aMT 15 times but only 0.5% of aggregation cases never
do. Thus, fewer aggregating cargos are 'sranded’ on the actin, improving overdl
transport toward the nucleus. Therefore, aggregation is better than dispersion for alowing
multiple contacts between the cargo and the M T and quickly searching locally.



1 Yildiz, A. et al. Myosin V walks hand-over-hand: single fluorophore imaging
with 1.5-nm localization. Science 300, 2061-5 (2003).



