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Figure 4. a-Tubulin tyrosination is required for the initiation, but not continuation
of processive DDB movement. (A) Schematic showing the assembly of a chimeric MT
lattice created by end-to-end annealing of stabilized MTs. The MTs are differentially
fluorescently labeled. Scale bars are 5 pm and 25 sec. See also Video 3. (B) Example of a
chimeric MT generated from recombinant yeast tubulin containing labeled tyrosinated
(red) and detyrosinated (blue) sections. TMR-labeled DDB molecules (green) move
processively through the annealed junction between the two types of MTs (59.2%, n=574
processive complexes, 51 MT-MT junctions, 2 independent experiments). Diffusive DDB
molecules (white arrow) are primarily observed on the tyrosinated section of the MT and
do not diffuse across the boundary. Right, movie frames showing a processive DDB
complex (pink arrowhead) moving across the junction (yellow arrowhead) of tyrosinated
and detryosinated MT. The (+) and (-) signs denote MT polarity inferred from the
directionality of DDB movement. (C) TIRF images of low (0.3 nM) and high (10 nM)
concentrations of TMR-labeled p150 (green) bound to chimeric yeast MTs containing
tyrosinated (red) and detyrosinated (blue) sections of MT. Representative kymographs
below show diffusive behavior of p150 molecules on the MT. Note that p150 rarely
diffuses into the detyrosinated section of MT, even at high concentrations. All scale bars

are 5 um and 10 sec.
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METHODS

Recombinant tubulin, polymerization and chimeric microtubules

Recombinant yeast tubulin with human C-terminal tails (chimeric yeast core-
human CTT tubulin heterodimer) contains an internal hexahistidine tag located on the a-
tubulin subunit and was expressed and purified as described earlier (Sirajuddin et al.,
2014). The tail-swapped tubulin used here was constructed by replacing the a-CTT with
B-CTT and vice versa. For the yeast alpha tubulin core fused to TUBB2A CTT, the 19
amino acid peptide DATADEQGEFEEEEGEDEA from TUBB2A was genetically fused
to yeast alpha tubulin after amino acid 420. Similarly the 13 amino acid peptide
SVEGEGEEEGEEY from TUBIA was genetically fused to yeast beta tubulin after
amino acid 426. The purified recombinant tubulin heterodimer (~1-2 mg/ml
concentration) was stored in BRB80 buffer (80 mM Pipes pH 6.8, 2 mM MgClz, | mM
EGTA) and 200 uM GTP at -80° C. For each day of assays, the recombinant tubulins
were polymerized overnight at 30° C, in the presence of 2 mM GTP with 5 uM
Epothilone-B (Sigma). All the polymerized microtubules contain ~1:250 and ~1:100 ratio
of biotinylated and fluorescently labeled (Alexa-488 or -640) porcine brain tubulin
respectively. The percentage ratios of tyrosinated microtubules reported in Figure 2D
were prepared by mixing the following molar ratios of tyrosinated and detyrosinated
recombinant tubulin; 0.05:1, 0.1:1, 0.5:1, 1:1 representing 5, 10, 25, 50 percent
tyrosinated microtubules respectively.

Porcine brain tubulin was purified according to standard methods (Castoldi and
Popov, 2003). To polymerize brain MTs, purified brain tubulin was first incubated with 1
mM GTP at 37°C for 10 min, followed by the addition of 20 uM taxol for an additional
20 min. Polymerized MTs were purified further by centrifugation at 22,000 x g for 10
min over a 25% sucrose cushion made in BRB80 buffer containing 10 uM paclitaxel. The
carboxypeptidase A (CPA) treated porcine brain tubulin protocol was adapted from
(Webster et al., 1987a). Briefly, 12 ug/ml CPA (Sigma) was incubated with tubulin (12.5
mg/ml) and 1 mM GTP for 20 min at 37° C, followed by the addition of 20 uM taxol for
an additional 20 min. This was the lowest concentration of protease that completely

remove the signal by western blotting with an antibody specific for tyrosinated form of
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tubulin. The digestion was stopped by the addition of 10 mM DTT and the CPA enzyme
was removed by centrifugation of the MTs over a 25% sucrose cushion as described
above. The subtilisin treated MTs were prepared as described earlier (McKenney et al.,
2014). Chimeric microtubules were prepared by mixing equal parts of two species of
polymerized microtubules, labeled with different fluorescent dyes, and incubated

overnight at 30 °C for recombinant yeast MTs or room temp for porcine brain MTs.

Antibodies

Antibodies used were: anti-alpha tubulin DM1A (Sigma), anti-tyrosinated tubulin (T9028,
Sigma), anti-detyrosinated tubulin (ab48389, Abcam), anti-Delta2 tubulin (AB3203,
Milipore), and anti-polyglutamated tubulin GT335 (Adipogen). Western blots were

visualized using a LiCor Odyssey system.

Purification of dynein-dynactin-BicD2 (DDB) complex and P150 constructs

Recombinant streplI-SNAPf-BicD2 and p150-sfGFP-SNAPf-strepll were purified from
bacteria as previously described (McKenney et al., 2014). Human p135 cDNA was
obtained from the mammalian gene collection (Dharmacon, GE, GenBank accession
number BC071583.1). A construct encoding the first 413 amino acids of human p135,
followed by an sfGFP-SNAPf-Strepll cassette was constructed similarly in a pET28
backbone (McKenney et al., 2014). Proteins were expressed from bacteria grown in LB
media and induced with ImM IPTG for 18 hours at 18°C. All bacterially expressed
proteins were purified by affinity chromatography on Streptactin resin (GE Life
Sciences) followed by gel filtration on a Superose 6 column (GE Life Science). SNAPf-
BicD2 was purified and gel filtered in buffer A (30 mM Hepes pH 7.4, 50 mM K-acetate,
2 mM Mg-acetate, | mM EGTA, 10% glycerol), with protease inhibitor cocktail
(Promega) and 2 mM DTT. Both p150 and p135 constructs were purified in Buffer B (50
mM Tris-Base pH 8.0, 150 mM K-acetate, 2 mM Mg-acetate, | mM EGTA, 10%
glycerol), with protease inhibitor cocktail and 2 mM DTT. The purified proteins were
then gel filtered on a Superose 6 column equilibrated in buffer A. Peak fractions were

pooled, concentrated on Amicon filters (Millipore), and flash frozen in LiNa.
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Recombinant SNAP{-GST-hDyn protein was prepared using the Bac-to-Bac
baculovirus system (Invitrogen) as previously described (McKenney et al., 2014). The
purified protein was labeled with 10 uM SNAP-Cell TMR-Star (NEB) while bound to the
streptactin resin during purification. The protein was subjected to a cycle of MT binding
and release by ATP to select for active motors. Briefly, motors were bound to an excess
of stabilized MTs in BRB80 buffer with 10 uM taxol. MTs were pelleted at 60,000 x g
for 10 min at room temp. Bound motors were released by resuspension of the MT pellet
in BRB80 with 10 uM taxol and 10 mM ATP. MTs were pelleted again as before and the
eluted motors were frozen in LiN; after the addition of 20% sucrose and 1 mg/ml BSA as
cryoprotectants.

The DDB complex was prepared by adding recombinant labeled strepII-SNAPf
tagged BiCD2 (N-terminal construct encompassing amino acids 25-400) to high-speed
porcine brain lysates as previously described (McKenney et al., 2014). The DDB
complexes were fluorescently labeled with excess SNAP-Cell TMR-Star dye (NEB)
during purification as described (McKenney et al., 2014) and aliquots of eluted DDB
were flash frozen in LiN; and stored at -80°C. We note that freezing the complex leads to
an apparently larger percentage of diffusive complexes in our assays (~15% for unfrozen

versus ~30% for frozen).

Microscopy experiments and quantification

Glass chambers were prepared by acid washing as previously described (Tanenbaum et
al., 2013). Polymerized microtubules were flowed into streptavidin adsorbed flow
chambers and allowed to adhere for 5-10 min. After washing the excess unbound
microtubules using assay buffer (30 mM Hepes pH 7.4, 50 mM K-acetate, 2 mM Mg-
acetate, | mM EGTA, 10% glycerol, 0.1 mg/mL biotin-BSA, 0.2 mg/mL K-casein, 0.5%
Pluronic F127, and an oxygen scavenging system (Aitken et al., 2008)), a motility
mixture containing labeled DDB complex or dynactin (p150 and p135) or recombinant
GST-hDyn was then flowed as described earlier (McKenney et al., 2014). Images were
acquired using Micromanager software (Edelstein et al., 2010) controlled Nikon TE
microscope (1.49 N.A., 100x objective) equipped with a TIRF illuminator and Andor
iXon CCD EM camera. In the case of GST-hDyn, or DDB complex, 2 mM ATP was
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included in the buffer. Velocities were calculated from kymographs generated in ImageJ.
For fluorescent intensity values we used maximum intensity projections of time series to
quantify GST-hDyn due to its transient binding to the MT. For p150 and p135, raw
images, were quantified due to these proteins longer bound lifetime on the MT. Standard
deviation maps (Cai et al., 2010; Cai et al., 2009) were generated using the image stack
Z-projection function in Image]. For figure preparation, microscopy images were
background subtracted using the ‘subtract background’ function in ImagelJ with a rolling
ball radius of 50 pixels. Image contrast was linearly adjusted using ImageJ. Because the
DDB molecules often run the entire microtubule lengths, we did not analyze the run-

lengths of DDB motility.

The authors declare no competing financial interests.
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SUPPLEMENTAL INFORMATION

Fig. S1. McKenney et al.

A.
Cap-Gly CCIA CCI1B GFP SNAPf
p150 | B I I [
p135 | EE| I I I
B. Porcine MTs
A-Y MT/WT 0.3 nM
=)
= u
S 4 =
=) =] R
]
=y
C.
= 1.5,
Porcine MTs =
A-Y MT/WT SD Map 2 z
- ] - ' v T ] @
%5, .Yt ‘\\‘;g;' 55 1.0
2 Pl S E =
= § A h bl B
2 %) § & » g°
ot Q&
0 THR B g8 03
=} R O \ g
‘ I el A | 2
fAEN S
B i 5 R Vi 0.0-
D L p135

Figure S1. Role of the p150 CAP-Gly domain in recognition of a-tubulin
tyrosination. (A) Schematic of the p150 constructs used. The p135 isoform lacks the
CAP-Gly domain, but retains the adjacent basic domain (red) and coiled-coil domains
(blue). (B) TIRF image of either p150 (0.3 nM), or p135 (0.3 or 6 nM) bound to either
WT (red), or CPA-treated porcine MTs (blue). Note: no binding of p135 is observed at
comparable concentrations to p150 indicating the lower binding affinity of this construct.
Proteins were visualized by fluorescence from the GFP tag fused to each construct. (C)

Still images from a TIRF time-series of p135 binding to either WT (red), or CPA-treated
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porcine MTs (blue). Right, standard deviation map of p135 binding shows no preference
for either type of MT, and quantification of mean fluorescence intensity (arbitrary units)
per um MT for p135 bound to CPA-treated MTs relative to WT MTs in the same
chamber (n > 40 MTs quantified for each condition from two replicate experiments).

Scale bars are 5 um.
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Fig. S2. McKenney et al.
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Figure S2. Continuous DDB movement does not require tyrosination or tubulin
CTTs. (A-B) TIRF images and kymographs of annealed WT MTs (A), or WT and CPA-
treated porcine MTs (B). Note TMR-labeled DDB complexes (green) in (A) traverse the
annealed boundary without pausing (93.5%, n=356 processive complexes, 23 MT-MT
junctions, 2 replicate experiments), suggesting that the annealing process does not create
a barrier to DDB muotility. (B) The majority of DDB complexes (77.6%, n=960
processive complexes, 47 MT-MT junctions, 2 independent experiments) move
processively across the boundary between WT and CPA-MTs. (C) TIRF image and
kymograph from a chimeric MT composed of WT (red) and subtilisin-treated porcine
MTs (blue). Note some DDB complexes (pink arrows) traverse the boundary and
continue moving along the subtilisin-treated section of the MT (41.1%, n=709 processive
complexes, 56 MT-MT junctions, 3 independent experiments). All scale bars are 5 um

and 25 sec.

Video S1. Comparison of DDB motility on recombinant MTs. Movie shows

movement of fluorescent TMR-labeled DDB molecules (green) on either WT
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recombinant yeast MTs (red), or on MTs lacking the a-tubulin (Del-A, blue MTs), B-
tubulin (Del-B, blue), or tail-swapped MTs (Tail Swap, blue) placed in the same chamber.

Video S2. Comparison of DDB motility on tyrosinated and detyrosinated MTs.
Movie shows movement of fluorescent TMR-labeled DDB molecules (green) on either

fully tyrosinated (red), or detyrosinated (blue) recombinant yeast MTs. Scale bar is 5 um.

Video S3. DDB motility on chimeric MTs. Movie shows movement of fluorescent
TMR-labeled DDB molecules (green) on a single chimeric MT composed of tyrosinated
(red) and detyrosinated (blue) MT sections. Note that processive DDB molecules traverse
the junction between tyrosinated and detyrosinated MT sections and continue processive

movement, while diffusive complexes do not cross the boundary. Scale bar is 5 pm.
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