Supplement

	Supplementary Table 1. Number of engaged motors and sustained velocitya

	
	Velocity, µm/s
	Normalized velocity

	
	Peroxisome
	Pigment granule
	Neuronal vesicle

	Number of motors
	Plus-end
	Minus-end
	Plus-end
	Minus-end
	Plus-end

	1
	
	1.5
	0.26
	0.25
	1.00

	2
	2.2
	2.8
	0.52
	0.50
	2.25

	3
	3.2
	3.8
	0.78
	0.75
	3.00

	4
	4.1
	4.9
	
	1.00
	4.00

	5
	5.1
	5.6
	
	
	

	6
	6.3
	6.5
	
	
	

	7
	7.3
	7.5
	
	
	

	8
	8.6
	8.8
	
	
	

	9
	9.8
	9.8
	
	
	

	10
	11.5
	10.7
	
	
	

	11
	12.7
	11.5
	
	
	

	12
	
	12.4
	
	
	

	
	
	
	
	
	

	aData sets and source: peroxisome [1], pigment granule [2], and neuronal vesicle [3]. These studies assumed that the lowest velocity observed corresponded to motion by a single motor. In the case of neuronal vesicle transport we used the data from Fig. 6A where velocity was normalized on a per run basis by the authors.


Methods used for Derivation of Figure 1, main text
To calculate the force-velocity relationships presented in Figure 1 of the main text, we first filled in Supplementary table 1.

The rightmost column, involving only plus-end motion of Neuronal Vesicles, came directly from Hill et al. (2004). There, the authors present a histogram of normalized velocities that shows peaks at 2.25, 3, and 4 (Figure 6A).  The velocities were normalized on a per-run basis by the lowest sustained transport speed of a neuronal vesicle in the anterograde (microtubule plus-end) direction.  Within the text, the authors indicate that the “histogram shows peaks at 2, 3, and 4” (page 628, first paragraph) in reference to Figure 6A, and we used these values in our calculations.  The authors conclude that these normalized velocity peaks correspond to transport by different number of motors (page 631, last paragraph).

The Peroxisome data come from Kural et al. (2005), derived from particle tracking moving GFP-labeled peroxisomes.  A histogram of peroxisome velocities of plus and minus-end transport of GFP-labeled peroxisomes is shown in Figure 3 of their publication.  The graphs “are highly spiked, at intervals corresponding to ( 1.2 µm/s ...[This] implies the spikes correspond to up to 11 kinesins moving without appreciable hindrance from dynein, or up to 11 dyneins moving without much hindrance from kinesin” (page 1470, last paragraph).  However, only 10 velocity peaks are observed in the kinesin histogram.  Kural et al suggest that in fact there are 11 peaks, but the peak attributed two kinesins peak (2.2 µm/s, Fig. 3A) masks the hypothesized single-kinesin velocity peak (presumably at 1.5 µm/s (page 1470, third paragraph)).  For our calculations, we used 1.2 µm/s as the kinesin single motor velocity because in their study the proposed engagement of an additional motor resulted in a velocity increase of 1.2 µm/s.  To be cautious, we also performed the calculation for Figure 1 using 1.5 µm/s as the kinesin single motor velocity and obtained the same results.

Similarly, Levi et al. (2006) find that the “velocity distribution of melanosomes transported by cytoplasmic dynein or kinesin-2 under conditions of aggregation and dispersion presented several peaks and could not be fit with a single Gaussian function” (see Figure 4) and postulate that “melanosome velocity depends linearly on the number of active motors” (see Equation5) (quote from Abstract).  From their measurement, the authors suggest that the velocity for a single kinein-2 (v1) is 0.28 µm/s during aggregation and 0.24 µm/s during dispersion.  The single-dynein velocity is reported as 0.26 µm/s during aggregation and 0.24 µm/s during dispersion.  We use the mean of these velocity values in our study: 0.26 µm/s for kinesin-2 and 0.25 µm/s for dynein.  Using the model proposed by the authors, we calculate the melanosme velocity for multiple motors by multiplying v1 by the number of motors.

With the data from Supplementary Table 1 determined, we then calculated the values for Fig. 1 of the main text. An example of how this was done is shown in Supplementary Table 2. For Table 2, Columns 1 and 2 come directly from Supplementary Table 1. To calculate the normalize velocity, shown in Column 3, we divided the actual velocity in Column 2 by the velocity for the hypothesized one-motor case, denominated v1. Thus, in this particular case, where v1=1.5 µm/s, the normalized velocity for the one-motor case, N=1, is 1.5/1.5=1.0. Similarly, for the 3 motor case, N=3, the normalized velocity is 3.8/1.5=2.53. From these values in the third column, we then calculated the relative load per motor in the fourth column, using the formula indicated, i.e. dividing the normalized velocity by N (the relevant number of motors). Thus, for example, for the relative load per motor for N=3, we divided 2.53 by 3, to get 0.844.  These numbers are then presented in Column 4.  Figure 1 of the main text then uses the data from Supp. Table 2, where Column 3 of Supp. Table 2 is plotted as a function of Column 4 of Supp. Table 2.
	Supplementary Table 2. Calculation of normalized velocity and load per motor presented on Figure 1 for minus-end transport of peroxisomes.  
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	1
	1.5
	1.00
	1.00

	2
	2.8
	1.87
	0.93

	3
	3.8
	2.53
	0.84

	4
	4.9
	3.27
	0.82

	5
	5.6
	3.73
	0.75

	6
	6.5
	4.33
	0.72

	7
	7.5
	5.00
	0.71

	8
	8.8
	5.87
	0.73

	9
	9.8
	6.53
	0.73

	10
	10.7
	7.13
	0.71

	11
	11.5
	7.67
	0.70

	12
	12.4
	8.27
	0.69


Parsing and selection of runs

The tracked position of lipid droplets was projected along their direction of motion and plotted as a function of time. This produced a time series of runs in both minus-end and plus-end directions and pauses. Parsing for runs was performed in a semi-automated fashion. First, segments of same velocity were identified with a parsing program [4]. These segments were then grouped into runs using a pause velocity cut-off of 0.15 µm/s. These runs were used to calculate the average run-lengths and velocities reported in Figure 3.

To analyze properties at the ends of runs more stringent criteria were required. Runs that were at least 0.5 µm long, and flanked by an opposite polarity motion event or a pause of at least 0.3 s, were verified for the correct determination of endpoints and endpoints were readjusted manually if necessary. This filtering resulted in a smaller set of runs that was used for run-end analysis.

Calculation of velocities and statistical analysis

Velocities were determined using linear regression. The Student’s t-test was used to evaluate the statistical significance of the difference between two sets of measured values. 
Implications for observed differences between plus-end and minus-end transport

In our analysis of the motion of lipid droplets moving plus-end versus minus-end, we observed a statistically significant difference in velocities of the start and end of minus-end runs, but not plus-end runs.  There are a number of interpretations of this effect.  First, our past in vivo work using an optical trap to stall individually moving droplets suggests that droplets are typically moved by more than one motor. Our in vitro work characterizing cargos driven by either two dyneins [5] or two kinesins (PNAS, in press) suggests that two motors usually move a cargo over many microns. Thus, in vivo the runs should be longer than what we observe if no additional mechanisms terminating runs were to be present. From this, we conclude that in both the plus-end and minus-end direction, there is likely some process that actively terminates runs. 

We are trying to gain clues as to the nature of this process from examining the changes in velocity throughout the runs.  In principle, the process ending runs could be a single definitive event (e.g a protein is phosphorylated, ending the run), or a sequence of events (e.g gradually increasing phosphorylation, gradually increasing application of load, etc.).  Obviously, only looking at the velocity change patterns cannot conclusively prove one particular model of the ending process, but it can put limits on the process.  For the minus-end runs, there is a significant change in the distribution in transport velocities between the start and end of the runs, indicating that towards the end of runs, the motors are somehow functioning differently than at the runs start.  This eliminates the possibility of a single defining event that ends runs abruptly, because in such a scenario there would be no change in the runs properties before the event.  Instead, there is some event(s) that happen before the end of the run, and make run termination more likely, but does not instantly terminate the run.

What could the event(s) be? One possibility is that there is actively applied load, and that this load both slows down the motors and induces motor detachment. In the main text, we argued that viscosity is not the source of such possible load. One possibility for such load would be due to drag from dynactin: recent work shows that dynactin can bind microtubules in two different ways, either freely sliding along the MT, or in a tight binding mode [6]. If such tight binding were regulable, it could be switched on to oppose motion, providing the hypothesized opposing load. There is no direct evidence for this possibility, but it is consistent with our past suggestion that dynactin plays a role in coordination of opposite polarity motors [7].  

What do we learn from the differences between the plus-end and minus-end motion?  The data suggest that the process ending plus-end runs may be fundamentally different from the process ending minus-end runs.  However, a second possibility is that load (e.g. from dynactin) is applied in both directions, but the motor response to such load (at the single-molecule level) is different. Our in vitro studies of dynein, coupled with a theoretical model, suggest that dynein’s velocity is expected to be very sensitive to load—that is, application of even modest load is expected to result in a significant decrease in mean velocity [8].  However, kinesin’s velocity is much less load sensitive than dynein’s—at 50% max load, its velocity is only decreased by about 20% [9]. Thus, one intriguing interpretation is that the same run termination process occurs, where loading induces run termination, but in the case of kinsesin, velocity is not sensitive enough to serve as an indicator of load. Future work is needed to differentiate between these different scenarios.
Supplementary Figure 1. Control experiment on a simulated data set consisting of plus and minus runs and pauses with added noise. The average plus and minus directed velocities were set to be 0.5 and 0.6 µm/s, respectively. The same procedure used for parsing and analyzing real runs in the main text was followed to confirm that the observed slow-downs at the ends of runs were not an artifact due to a peculiarity of the parsing or analysis procedure. Mean start, end, and overall run velocities are compared for the simulated minus and plus runs in a fashion similar to Figure 4B. Velocities were statistically indistinguishable. Error bars are drawn on one side for clarity.
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