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Abstract

The ‘tubulin-code’ hypothesis proposes that different tubulin genes or posttranslational
modifications (PTMs), which mainly confer variation in the carboxy-terminal tail (CTT), result in
unique interactions with microtubule-associated proteins for specific cellular functions. However,
the inability to isolate distinct and homogenous tubulin species has hindered biochemical testing
of this hypothesis. Here, we have engineered 25 o/ tubulin heterodimers with distinct CTTs and
PTMs and tested their interactions with four different molecular motors using single molecule
assays. Our results show that tubulin isotypes and PTMs can govern motor velocity, processivity
and microtubule depolymerization rates, with substantial changes conferred by even single amino
acid variation. Revealing the importance and specificity of PTMs, we show that kinesin-1 motility
on neuronal B-tubulin (TUBB3) is increased by polyglutamylation and that robust kinesin-2
motility requires detyrosination of a-tubulin. Our results also show that different molecular motors
recognize distinctive tubulin “signatures”, which supports the premise of tubulin-code hypothesis.

Microtubules (MTSs), polymers of a/p-tubulin heterodimers, interact with many MT-
associated proteins to carry out a variety of cellular functions, including intracellular
transport and cell divisionl-2. Reflecting its essential role, tubulin is among the most highly
conserved of all eukaryotic genes. Lower eukaryotes have relatively few tubulin genes (e.g.
2 a- and 1 p-tubulin in budding yeast). However, the tubulin gene family expanded
considerably in vertebrates (7 a- and 8 f-tubulins in humans)3. Almost all of the amino acid
and length variation is confined to the unstructured C-terminal tail, which protrudes out
from the polymer. In contrast, the ~400 amino acid structural core is highly conserved (97%
and 95% identity among a and P vertebrate tubulin genes respectively). -tubulin isotypes
have the most diverse CTTs and many of these tubulin isotypes are enriched in certain cell
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or tissue types; for example, pll (TUBB2A/B) is enriched in brain and epithelial cells?, Il
(TUBBB3) in specific neuronal cells®, IV (TUBBA4) in ciliary and flagellar structures®, and
BVI (TUBBL) in platelets and hematopoietic cells”8. Mutations in the TUBB2B, TUBB3
and TUBBS also have been linked to diseases of the human nervous system®-13. However,
the roles of these different tubulin genes remains poorly understood.

In addition to the genetic variation, tubulins in higher eukaryotes are substrates for several
post-translational modifications (PTMs). With the exception of acetylation of a lysine
residue that occurs within the lumen of the microtubule!?, the other PTMs take place on the
CTTs!%16, The very C-terminal Tyr residue of a-tubulin can undergo a regulated cycle in
which it is cleaved in the polymer state by an unknown carboxy-peptidase to produce ‘Glu-
tubulin’ (or de-tyrosinated tubulin, AY) and then added back by tubulin tyrosine ligases
(TTLs)1518, The presence or absence of the C-terminal Tyr has been implicated in the
regulation of motor proteins’~20 and CAP-Gly domain containing microtubule plus-end
binding proteins2L. Another well-known tubulin PTM is the addition of glutamate residues
by TTL-like family enzymes to the y-carboxyl side chain of one or more glutamate residues
in the CTT of both a- and B-tubulin?2-26.15 polyglutamylation is abundant in neurons and
axonemal strucutres, the number of gultamate residues attached as branches varies from 1-6
in neuronal cells and even longer in the cilia and flagella structures?2.27-29,
Polyglutamylation has been shown to enhance the MT severing activity of spastin and
katanin3® and MAP binding3?, but their contribution towards molecular motors is unknown.

The numerous tubulin gene products and PTMs have the potential of encoding information
that might specify the localization or activity for the numerous microtubule-associated
proteins in the cell1215:32.33 However, the molecular details of this proposed ‘tubulin-code’
or ‘multi-tubulin hypothesis’ are still poorly understood. Biochemical dissection of this
problem has been hampered by the inhomogeneity of tubulin purified from native vertebrate
sources (usually brain), which contains a complex mixture of tubulin gene products and
PTMs315.28 Fyrthermore, the roles of CTTs, the most divergent element in tubulin, have
been studied through subtilisin digestion, which removes both CTTs and also cleaves
tubulins at a variety of sites including within the most C-terminal secondary structural
element, helix-1234-36,

To circumvent these limitations, we devised an approach to produce homgenous tubulin that
contains a specific human tubulin isotype CTTs with or without a specific PTM. We tested
these engineered microtubules against molecular motors, which are prime candidates among
microtubule-associated proteins for interpreters of a tubulin codel®33, We find that genetic
and PTM variations of tubulin result in different motor activity, as reflected by changes in
velocity or processivity. Furthermore, by comparing a panel of isotypes and PTMs, we show
that kinesin-1 and kinesin-2 display very different responses to distinct tubulin signatures.
Overall, these in vitro results support the premise of the tubulin code hypothesis.
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Strategy for engineering tubulin isotype and PTM variations

Using a yeast expression system3’, we attempted to express human tubulin, choosing the
most abundant human a/p-tubulin heterodimer combination of TUBA1A/TUBB2A.
However, we found that human tubulin was insoluble in yeast, possibly because it could not
be folded properly by yeast chaperones. Given that the yeast and human tubulin structural
cores are nearly identical, particularly at the binding interface with motor proteins38-40
(Supplementary Figure 1-3), we prepared a chimeric tubulin in which the yeast tubulin
cores were fused to the human CTTs (Fig. 1a). The yeast core-TUBA1A/TUBB2A CTT
chimera could be purified using a His-6 tag in an internal loop and polymerized into
microtubules (Supplementary Figure 4 and Methods).

We first tested how molecular motors interact with microtubules composed of either
TUBA1A/TUBB2A CTT chimeric tubulin (herein referred to as TUBA1A/TUBB2A),
wildtype yeast tubulin or porcine brain tubulin. Three different cargo-transporting motors
(human kinesin-1, human kinesin-2 and yeast cytoplasmic dynein) were chosen for analysis
based upon their well-characterized single molecule motility properties. Truncated dimeric
versions of all of these motors were used (see Methods). Kinesin-1 (human KIF5B41) is a
ubiquitously-expressed motor that transports mitochondria, small vesicles, mRNA,
intermediate filaments and other cargos*2. Kinesin-2 (human KIF17) is a homodimeric
kinesin-2 motor that powers intraflagellar transport of cargos to the tips of cilia and flagella
along axonemal microtubules and axons*2. Yeast cytoplasmic dynein moves the mitotic
spindle into the bud3. A yeast recombinant dynein was used®4, since purified mammalian
cytoplasmic dynein does not show robust unidirectional processive motion®®.

The velocity and processivity for yeast dynein were similar on wildtype yeast, porcine brain
and recombinant TUBA1A/TUBB2A MTs (Fig. 1c & e); however, the kinesin motors
showed differences. Kinesin-1 velocities were very similar on all three different microtubule
substrates (Fig. 1b & c). However, the average run length for kinesin-1 (a measure of
processivity) on yeast microtubules was two-fold lower than on TUBA1A/TUBB2A and
porcine brain MTs (Fig. 1d, e and Table 1). Interestingly, a different relationship was
observed for kinesin-2; both its velocity and processivity were over two-fold lower on
TUBA1A/TUBB2A than on yeast and porcine brain MTs (Fig. 1¢ & e and Table 1). These
results hint that the CTTs from human and yeast tubulin confer distinct motor phenotypes.

CTT requirements for normal motor function

We next examined whether the CTTs on a, p tubulin or both are required for motor function
(Fig. 2a), a question that cannot be addressed by subtilisin treatment, which cleaves both
CTTs and also cleaves at heterogeneous sites3®:36, Deletion of both CTTs (A-CTT
microtubules) reduced the velocity and processivity of kinesin-1 movement by ~50% and
~75% respectively, which is consistent with prior results with subtilisin-treated porcine
brain MTs*6. Interestingly, the p-CTT alone restored the velocity and most of the
processivity of kinesin-1 (100% and ~75% of a/B-CTT respectively), while a-CTT alone
had little effect (Fig. 2b). The velocity of yeast dynein was unaffected by deletion of the
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CTTs, while processivity was reduced by 50%, in agreement with early results of
mammalian dynein bead motility assays*6. Yeast dynein processivity could be restored by p-
but not the a-CTT. Interestingly, for human kinesin-2, removal of the a-CTT (creating MTs
with only B-CTT) substantially increased both the velocity and processivity (2-fold and 2.5-
fold respectively; Fig. 2b) to values similar to those observed with porcine brain
microtubules (Fig. 1 and Table 1). Collectively, these results show that a.- and -CTTs
exhibit distinct effects on motors. Kinesin-1 and yeast dynein require only the B-CTT for full
activity. However, kinesin-2 motility appears to be regulated by both of the CTTs, with an
inhibitory element being present within the a-CTT.

Effects of a-tubulin terminal tyrosine residue on motors

We next tested the role of the C-terminal tyrosine in a-tubulin (Fig. 3a), which is subject to
a de-tyrosination/tyrosination cycle in metazoans®16. The presence or absence of the C-
terminal tyrosine had little effect on yeast dynein motility (Fig. 3b). When tested on
kinesin-1, removal of the C-terminal tyrosine decreased processivity by ~25% (TUBA1A-
AY compared to TUBALA,; Fig. 3b). Strikingly for kinesin-2, the removal of the tyrosine in
a-CTT (TUBALA-AY) caused the opposite effect, increasing velocity and processivity by
~2 and 2.5-fold respectively (Fig. 3b, shown as the ratio of values for AY/Y microtubules;
absolute values found in Table 1 and Supplementary Table 1). We also tested whether this
phenomenon is conserved in kinesin-2 motors from a distant metazoan species. We found
that the processivity, but not the velocity, of C. elegans Osm-3 motors could be increased by
~2-fold upon de-tyrosination of a-CTT (Fig. 3b). Our previously described CTT truncation
results suggested that a-CTT possesses an inhibitory element for kinesin-2. These results
suggest that this inhibitory element is the C-terminal tyrosine.

We also tested the effect of the C-terminal tyrosine on Chinese Hamster MCAK, a
kinesin-13 motor that uses ATP energy to depolymerize microtubules rather than to move
along them. We choose Chinese Hamster MCAK as it is a very well-characterized
mammalian kinesin-13 family motorl’47, The motor domains of human and Chinese
Hamster kinesin-13 are extremely similar to one another (~96% amino acid identity,
Supplementary Figure 5) and the TUBALA and TUBB2A isotypes are 100% identical
between human and hamster. We found a 2.5-fold faster depolymerization rate of
genetically pure tyrosinated versus de-tyrosinated a-tubulin; the latter depolymerized at a
comparable rate to A-CTT (Fig. 3c, d). These results are in agreement with previous studies
showing that brain microtubule depolymerization is inhibited by detyrosination'’” and CTT
removal by subtilisin?. Unlike the requirements for motile kinesins, we also found that both
a- and B-CTTs were required for maximal activity of kinesin-13 (Fig. 3d; Table 1).

In summary, the presence or absence of a single C-terminal tyrosine residue on a-tubulin
influences the processivity of kinesin-1 and -2 (in opposite directions), the velocity of
kinesin-2, and the depolymerizing activity of kinesin-13.

Polyglutamylation increases kinesin processivity

We next tested the effects of tubulin polyglutamylation, which involves the enzymatic
addition of glutamate residues to the y-carboxyl side chain of a glutamate residue in the CTT
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of both a- and B-tubulin1®22:23_Glutamic acid residue (E445 in a- and E435 in p-tubulin)
were identified as the most common sites of polyglutamylation?2:49.50  although other
nearby glutamic acids are also modified by polyglutamylases2>:28, Cell biology?2:23:27 mass
spectrometry?8 and biochemical studies with purified enzymes?6 also have shown that the
glutamate chain length can vary considerably. In neurons, the chain lengths vary between 1-
6 glutamates?2-28; in cilia, >10 glutamates are common28. To create a biochemically
homogenous population of polyglutamylated tubulin, we substituted a cysteine for a-E452
(E445 equivalent in chimeric a-tubulin) and f-E435 and used maleimide chemistry to
crosslink glutamate peptides to this cysteine residue using a cys-light tubulin (see Methods)
(Fig. 4a & b). To examine the effects of chain length, we prepared tubulins modified with
either a short (3E) or a long (10E) glutamate chain. The addition of the branching glutamate
peptide on a- and B-CTTs (3E- and 10E-CTTs) did not affect the activity of yeast dynein or
kinesin-13 (Fig. 4d, Table 1 and Supplementary Table 1). However, both the 3E- and 10E-
CTTs increased the velocity (1.2 pm s~1) and processivity (~3.5 um run length) of kinesin-2
by ~1.5-fold (Fig. 4c), similar to values observed with porcine brain microtubules and
detyrosinated recombinant microtubules (Fig. 1c, 1e, 3b, and Table 1). Unlike kinesin-2
where both 3E and 10E showed marked increases in motility, only the 10E-CTT increased
the processivity of kinesin-1 (by ~1.5-fold) (Fig. 4c). Thus, in summary, the yeast
cytoplasmic dynein and kinesin-13 appear to be insensitive to polyglutamylation, while the
two cargo-transporting kinesins (kinesin-1 and kinesin-2) show gain of functions by the
addition of glutamate chains to the CTT.

Specificity of motors towards human g-tubulin isotypes

Next, we investigated whether the genetic sequence diversity in human p-tubulin CTTs
influences motor activity (Fig. 5a). Chimeric tubulins with CTTs from human TUBB2-8
were prepared in a Aa-CTT background, so that the influence of B-CTTs could be
unambiguously evaluated. The velocity of dynein was the same for all -CTTs. On the other
hand, kinesin-1 moved ~50% slower on the TUBB7-CTT isotype. Since this velocity is
comparable to A-CTT microtubules (Fig. 2a) and TUBBY is the shortest among the human
isotypes (Fig. 5b), it is possible that the short length of the TUBB7 CTT accounts for the
reduction in velocity of kinesin-1. Interestingly, the run length of kinesin-1 on TUBB3 was
significantly lower (3-fold reduction) compared with TUBB2. This TUBB3 inhibitory effect
on kinesin-1 was specific, since yeast dynein exhibited a modest increase (1.5-fold; Fig. 5b)
and kinesin-2 showed no significant change in run length (Table 1). The addition of the
TUBAIA CTT (to produce microtubules composed of TUBA1A/TUBB3 heterodimers) did
not increase the run length of kinesin (Table 1). The run length of kinesin-1 on TUBB1 also
was reduced by ~3-fold compared with TUBB2, while yeast dynein processivity was
unaffected (Fig. 5b).

TUBB1 and TUBBS are the only p-tubulin isotypes that possess a positively charged lysine
residue in the CTTs (Fig. 5a). To test whether this positive charge affects processivity, we
removed the terminal lysine residue of TUBB3-CTT (TUBB3AK). Single molecule
experiments showed that the removal of this single lysine fully restored the run length of
kinesin-1 to the same level as TUBB2 (Fig. 5¢ & Supplementary Table 1). Thus a single
basic residue within the B-CTT can dramatically alter the processivity of kinesin-1.
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Polyglutamylation rescues kinesin-1 processivity against TUBB3

Since the lysine residue in TUBB3 decreased kinesin-1 processivity by ~3-fold, we wanted
to determine if addition of negative charge in the form of polyglutamylation might overcome
this effect. We utilized the same strategy for crosslinking a polyglutamate peptide to the
CTT, as described earlier. However, in this experiment, the 3E or 10E peptide was
crosslinked only to the TUBALA-CTT so as to avoid any potential cis-interaction with
lysine on TUBB3 CTT (Fig. 6a & b). Crosslinking of either the 3E or 10E peptides to these
TUBB3 microtubules dramatically increased the processivity of kinesin-1 motors (Fig. 6c,
6d). These results reveal that polyglutamylation on the TUBALA-CTT can overcome the
inhibitory effect of the lysine on TUBB3.

Discussion

In this study, we show that CTTs can regulate motor proteins in distinct ways. For example,
kinesin-1 and dynein motility are regulated primarily by the B—~CTT, while kinesin-2 and
kinesin-13 show more complex regulation involving both the CTTs. Moreover, kinesin-2
and -13 show different responses to the C-terminal tyrosine on the a—chain, being negatively
and positively regulated respectively (Fig. 7). Kinesin-1 and kinesin-2 motility are also
strongly enhanced by polyglutamylation, while kinesin-13 and dynein are insensitive to this
modification (Fig. 7). Since kinesin-2 motility and yeast dynein motility is not affected by
TUBB3 microtubules (Table 1), the influence of terminal lysine in TUBB3 isotype seems to
be a kinesin-1 specific effect.

The CTT effects described above are likely to be mediated by different mechanisms. It has
been suggested that the processivity of kinesin-1 is aided by weak electrostatic interactions
between positively-charged patches on the motor and the negatively charged CTTs#1:51.52
This electrostatic interaction probably serves as a weak tether to retain kinesin near the
microtubule surface under circumstances in which both motor domains detach. Previous
work has shown that altering the charge of the kinesin-1 neck region can increase or
decrease the processivity of the motor; this effect was largely abolished using subtilisin-
cleaved tubulin that lacks CTTs*L. Our current finding that a positive charge in the CTTs
(lysine in the case of TUBB3) can interfere with motor processivity and can be rescued
through polyglutamylation further supports the notion that electrostatic interaction regulates
kinesin-1 processivity. Similarly, the increase in kinesin-2 processivity by polyglutamate
chains (in the tyrosinated a-tubulin background) might be explained due to the electrostatic
effects. However, the pronounced inhibitory effect of the C-terminal a-tubulin tyrosine on
kinesin-2 velocity as well as the enhancing effect of this same residue of kinesin-13
depolymerization might be mediated by a more specific docking interaction between this
residue and these motor domains. Similarly, the requirement of B-CTT for optimal kinesin-1
velocity could involve a site-specific interaction between the CTT and the motor domain.
The current structures of motors bound to tubulin or microtubules do not identify
interactions between motors and CTTs38-40:53 perhaps due to either insufficient resolution
or poor occupancy as a result of weak affinity or the heterogeneity in the native tubulin used
in these studies. Therefore, future structural and mutagenesis studies with our recombinant
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tubulin system might provide further mechanistic information on how tubulin CTTs
regulates motor proteins.

Our invitro results also raise interesting new questions on the roles of tubulin isotypes and
PTMs in cells. Kinesin-1 has been reported to move preferentially along detyrosinated
microtubules in cells1®-20, but this preference was not manifest on recombinant
detyrosinated microtubules. This result suggests that a factor associated with detyrosinated
MT, rather than detyrosination per se, may underlie this effect. Another intriguing
observation for kinesin-1 is its low processivity on TUBB3 microtubules and that
polyglutamylation (both the 3E and 10E peptides) can restore normal movement. The
TUBBS3 isotype is expressed highly in neurons3® and is linked to a spectrum of neurological
syndromes19:12, Polyglutamylation of tubulin, particularly shorter glutamate chains (<8), is
also prevalent in brain22:23.27.28 The combination of negative (TUBB3) and positive
(polyglutamylation) regulators may enable subtle regulation of motor protein function, such
as tilting the balance of movement between kinesin-dynein motor®*° or favoring a subset
of microtubule tracks for transport activity. The effects in vivo, however, could be even
more complex than what we report here, since microtubules in neurons are likely to be
composites of different isotypes and PTMs rather than the homogeneous tubulin prepared in
this study.

Our study also raise the possibility that anterograde intraflagellar transport by homodimeric
kinesin-242 may be activated by detyrosination. The tubulin in the axoneme is heavily de-
tyrosinated and polyglutamylated®2529, We also discovered that even short glutamate
chain (3E) could overcome the inhibitory effects of tyrosinated a-tubulin on kinesin-2. A
recent study has shown that knockdown of the deglutamylase enzyme CCP1 (cytosolic
carboxypeptidase-1) leads to decrease in velocity of OSM3/KIF17 mediated anterograde
intraflagellar transport®8. In addition to its side chain deglutamylase activity, CCP1 is known
to remove genetically-encoded glutamate residues of a-tubulin, generating an irreversible
de-tyrosinated tubulin (A2-tubulin)®’. Thus, in addition to the proposed auto-inhibition by
the C-terminal cargo binding domain®859, our study reveals an additional tier of regulating
kinesin-2 mediated transport through a preference for de-tyrosinated or polyglutamylated
tracks.

Taken together, our in vitro results provide support for the “‘tubulin code’ hypothesis that
specific tubulin isotypes or PMTs confer unique biochemical activities. We also provide
evidence for previous speculations1®33 that different PTMs and isotypes can influence one
another in a combinatorial manner, similar to the histone code. Future experiments with
defined stoichiometry of different tubulin isotypes and PTMs should reveal more
information on the intricate balances, interplay and dominating roles of various tubulin
species in the cell. In addition to molecular motors, numerous microtubule-associated
proteins interact and influence the stability and dynamics of microtubules. The recombinant
tubulins described here can be used to dissect how different PTMs and isotypes affect these
diverse regulatory activities, which will provide a deeper understanding of the tubulin code
and how it may be used to control microtubule function in cells.
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Expression, purification and assembly of recombinant tubulin

The yeast expression system used in this study for purifying recombinant tubulin was
adapted from Johnson et al3’. This method overexpresses the recombinant yeast a/p-tubulin
from two yeast 2 micron galactose-inducible expression plasmids. To separate the
recombinant from the native tubulin (which is expressed at low levels), a metal-affinity
chromatography was used as described by Johnson et al37. However, we found that the
hexa-histidine tag (His-6) at C-terminus of either a- or B-tubulin affected the velocity of
kinesin-1 compared to porcine microtubule (50% reduced for His-6 C-terminal B-tubulin and
25% increased for His-6 C-terminal a-tubulin). To overcome this problem and also not to
add non-native residues to the human CTTs, a hexa-histidine (His-6) tag was placed in less
conserved luminal loop in a-tubulin (Supplementary Figure 4). Since the His-6tag is in the
luminal surface, it will not be exposed to motor proteins. In addition, a previous study has
shown that up to 17 amino acids can be inserted into this luminal loop without disrupting
tubulin function®0. Using this approach, we were able to purify the recombinant tubulin
(yeast a-int-His/B-tubulin) and assemble it into microtubules (Supplementary Figure 4). The
velocity of kinesin-1 movement on recombinant, His-6 tagged yeast microtubules (Fig. 1b &
c) were similar to that described with yeast microtubules®?. Since we did not observe any
discernable effects of an internal His-6 tag on microtubule polymerization and motor
behavior, all engineered tubulin heterodimers were purified in the a-int-His background.

To express recombinant tubulin, an initial culture was scaled to 6 liters and grown in
bioreactor with continuous airflow and stirring as described before52. The expression was
induced by addition of galactose to the growth media and the tubulin from the expressed
yeast cells was purified as described earlier3”. To make chimeric yeast core-human CTT
tubulin heterodimer, the end of helix-12 of yeast tubulin was chosen as a junction point (Fig.
1a) and the human CTT (codon optimized for yeast) was fused to the gene. The purified
tubulin heterodimer (~20 uM) was stored in BRB80 buffer (80 mM Pipes pH 6.8, 2 mM
MgCl,, 1 mM EGTA and 200 uM GTP) at -80° C. Using quantitative western blots with
DM1a antibody (Sigma), we estimated that our preparations contain <3% percentage of
endogenous yeast B-tubulin.

Purification of motor proteins

Kinesin-1 (human K560)*! and C. elegans homodimeric kinesin-2 (OSM3-AH2)%8 motors
with GFP-6xHis at the C-terminus were purified using Ni-NTA beads as described earlier. A
truncated, dimeric yeast dynein (GST-D6-dynein) was purified using 1gG beads as
previously reported®. In order to remove inactive molecules, motors were subjected to
additional purification step involving microtubule binding in the absence of ATP and their
release from microtubules with ATPS3, The Chinese Hamster MCAK (kinesin-13 motor)
was purified from insect cells using baculovirus expression system as described earlierl’.
Human homodimeric kinesin-2 (KI1F17), which could not be expressed in soluble form in
bacteria, was cloned into a lentiviral expression vector (pHR) with in frame super-folded
GFP (sfGFP) and Strep-tag at the 5" end. Because the full length KIF17 undergoes auto-
inhibition and is inactive, a truncated KIF17 (1-738 amino acids) based on previous study
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was chosen here®®. The pHR-KIF17-sfGFP-Strep plasmid was initially transfected into the
HEK?293 cells for producing the virus. The lentivirus was harvested after two days of
infection and used to make stable HEK?293 cells expressing KIF17-sfGFP-Strep. After 18 hr
of infection the HEK293 cells were resuspended in 50 mM PIPES pH 6.8, 100 mM KCI, 2
mM MgCl, buffer and the cells were lysed using 0.5% Triton X-100 and protease inhibitors.
The lysed cells were centrifuged at high-speed 30,000xg at 4° C for 30 min. The supernatant
was incubated using Strep-Tactin superflow beads (Qiagen) for 60 min at 4° C. The beads
were washed with 50 mM PIPES pH 6.8, 100 mM KCI, 2 mM MgCl; and eluted using 2.5
mM d-Desthiobiotin (Sigma). The eluted fractions were flash frozen and stored in =80° C
until further use.

Single molecule assays with motor proteins

Microtubule

For each day of assays, an aliquot of tubulin was thawed and 2 mM GTP with 5 uM
Epothilone-B (Sigma) was added and polymerized overnight at 30° C, yielding typical
microtubule lengths of >20 pm. ~1:250 ratio of biotinylated porcine brain tubulin was added
to the mixture to enable attachment of the microtubules to streptavidin adsorbed onto acid-
washed glass coverslips in flow chambers (~5 pL). A motility mixture containing the desired
motor (typically 100-200 pM), 2 mM ATP, and oxygen-scavenging reagents (catalase,
glucose oxidase, and glucose)®* were added to buffer containing 25 mM Pipes (pH 6.8), 2
mM MgCl,, 1 mM EGTA and 1 mg/ml casein (BRB25 + casein). The motility mix was
flowed in and the chamber was sealed. Single molecule motility was imaged using a Nikon
Ti microscope (1.49 N.A., 100x objective) using total internal reflection microscopy (TIRF);
images were acquired with an Andor EM-CCD camera and MicroManager software8®
(acquisition rates of 5 and 1 Hz for kinesins and dynein respectively). Velocities and run
lengths were calculated using kymograph analysis in ImageJ software (minimum distance of
0.25 pm). The mean run length was calculated using a cumulative probability distribution
function as described earlierl. The inverse cumulative probability distribution was fit to a
simple exponential decay function using Origin 8; errors reported for run lengths in Table 1
and Fig. 5b are the standard errors of the fit. All measurements are in agreement with at least
two experiments with independently polymerized microtubules.

depolymerization by MCAK

Recombinant tubulin was polymerized with Cy5-labelled pig brain tubulin (1:100 ratio) and
biotinylated tubulin (1:250 ratio) with 1 mM GMPPCP (slow hydrolyzing GTP analogue)
overnight at 30° C. The Cy5-labeled microtubules were attached using biotin streptavidin
methods in a flow chamber as described earlier. The MCAK assay buffer contained BRB80,
1 mg/ml casein, oxygen-scavenging reagents, 20 nM chMCAK, and 1 mM ATP. MT
depolymerization events were recorded using TIRF microscopy at 2 Hz and the rates were
calculated from kymographs using ImageJ software.

Crosslinking of a 10E peptide to tubulin CTTs

A total of 11 and 6 cysteine residues are present in yeast a- and p-tubulin respectively, out
of which only a-C130 and p-C127 is exposed on the surface of polymerized microtubules.
Both cysteine residues are located in the grove between adjacent protofilaments, but do not
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participate in lateral protofilament interactions. In order to generate a cysteine-light tubulin,
both the a-C130 and 3-C127 were mutated to serine. This cysteine-light tubulin was used to
introduce crosslinking cysteines at the polyglutamylation site of a-tubulin (TUBA1A-
E452C) and p-tubulin (TUBB2-E435C). Although polyglutamylation can occur in multiple
glutamic acid residues2>, we choose the most commonly reported modified glutamic acid
residue of E445 and E435 equivalent residues in our chimeric a- and B-tubulin chains
respectively?249.50, The TUBALA-E452C/TUBB2A-E435C and TUBA1A-E452C/TUBB3
heterodimer was purified as described for other recombinant tubulins and stored with
additional 1 mM TCEP (reducing agent). A linear chain of three-glutamate and deca-
glutamate peptides were synthesized with a reactive maleimide group at the N-terminus (3E
and 10E maleimide, with 95% purity) was obtained from Elim Biopharm (Hayward,
California, USA). The 3E represents a median length of glutamate chain reported in
brain?2:27.28 and 10E represents a longer glutamate chains, which is predominant in cilia and
flagella?8-2%, Both 3E and 10E maleimide peptides were stored as 5 mM aliquots in BRB8O,
1 mM TCEP buffer at —20° C. For crosslinking reactions, the microtubules with cysteine at
the CTTs was incubated with a ~50X molar excess maleimide-10E for 15 min at room
temperature. After 15 min, the reaction was quenched using 5 mM DTT. The crosslinking
product was analyzed by SDS-PAGE (4-12% gradient gel with NUPAGE - MOPS buffer,
Invitrogen) and a typical reaction yields >75% 3E crosslinked tubulin and ~60% 10E
crosslinked tubulin (Fig. 4b and 6b). Cysteine-light tubulin without an introduced cysteine in
the CTT was not crosslinked by maleimide-10E (Fig. 6b and Supplement Fig 6).

microtubule model generation

For illustrative purpose a linear polypeptide chain of TUBAL1A and TUBB2A CTTs were
generated using Pymol program and fused to the last visible residue of alpha and beta chains
in the microtubule model (generated using PDB:1JFF) shown in Fig. 1a. The tubulin model
shown in Figure 2a, 3a, 4a and 5a was generated from PDBID:4FFB using Pymol, CTTs
were added using Adobe Illustrator.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Recombinant tubulin for testing the role of CTTs in motor function
a. Structure and sequence of the a (light grey) and  (dark grey) tubulin cores (ending with

helix 12; pdb 4FFB) and the C-terminal tails (CTTs; red), which are disordered and extend
from the polymer. Chimeric tubulins were created with the yeast core fused to the CTTs of
TUBA1A/TUBB2A human tubulin at the junction shown.

b & d. Histograms of kinesin-1 motor velocity and run lengths on yeast MTs (red), yeast
core with TUBALA/TUBB2A CTTs (blue) and porcine brain microtubules (grey).

¢ & e. Single molecule motility of human kinesin-1, -2 and yeast dynein motor on yeast WT,
yeast core-TUBALA/TUBB2A CTT chimeric and porcine brain microtubules (mean and
s.e.m, n = 3 independent experiments, each containing >100 motor measurements, for
statistics source data see Supplementary Table 1), for absolute values see Table 1; mean
velocity and run length were determined as described in Methods.
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Figure 2. Minimal CTT requirement for motor function
a. llustration of recombinant tubulins with TUBA1A/TUBB2A CTTs (blue), TUBB2A

CTT alone (green), TUBALA CTT alone (red) or no (A) CTTs (grey). Helix 12 highlighted
in yellow and CTTs in red.

b. Velocity and processivity of human kinesin-1, -2 and dynein was compared as a ratio to
TUBA1A/TUBB2A CTT chimeric microtubule (mean and s.e.m, n = 3 independent
experiments; see Supplementary Table 1 for individual experiment values and Table 1 for
absolute values).
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Figure 3. The effects of the a-tubulin C-terminal tyrosine on motor performance
a. Microtubules were prepared from tubulin with (TUBALA/TUBB2A) or without

(TUBALA-AY/TUBB2A) the C-terminal tyrosine (Y) on a-tubulin.

b. The fold velocity and processivity of de-tyrosinated (AY) over tyrosinated (Y)
microtubules is shown (mean and s.e.m, n = 3 independent experiments; see Supplementary
Table 1 for individual experiment values and Table 1 for absolute values).

c. The effect of the C-terminal a-tubulin tyrosine on microtubule depolymerization by
mammalian kinesin-13; the kymographs (time versus microtubule end position) show the
decrease in the length of the microtubule polymer over time. Histograms of kinesin-13
microtubule depolymerization rates of tyrosinated (TUBA1A/TUBB2A) and de-tyrosinated
(TUBA1A-AY/TUBB2A) microtubules. The mean and s.d. were 1.5 £ 0.5 (n = 130) and 0.5
+ 0.2 (n = 92) respectively; n represents the number of microtubule ends analyzed.

d. Kinesin-13 depolymerization activity with no a-CTT (Aca), the complete TUBALA-CTT
with its genetically encoded C-terminal tyrosine (a+Y), or the TUBA1A-CTT lacking this
tyrosine (aAY); experiments were performed with a tubulin heterodimer lacking B-CTT (Ap)
or containing the TUBB2A-CTT. Similar results were obtained with the fIV-CTT from two
independent experiments (for absolute values and sample number see Table 1).
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Figure 4. Effects of polyglutamylation on motor performance
a. To study how polyglutamylation affects motor function, peptide of either 3 or 10

glutamates (3E or 10E) was crosslinked using maleimide chemistry to a single cysteine in
the CTT (see Methods). A 10E peptide is shown in this illustration.

b. The crosslinked reaction product is shown by SDS PAGE as reflected by an upward gel
shift of the indicated a- and p-tubulin bands (estimated ~60% crosslinked product). In a
control without the introduced cysteine in the CTT, this gel shift did not occur, indicating
the crosslinking occurred at the correct position of the CTT (Supplementary Figure 6).

¢ and d. The ratio of the motor velocity (red hatched), processivity (solid red) or microtubule
depolymerization rate (solid blue) on uncrosslinked versus crosslinked microtubules is
shown (mean and s.e.m; n = 3 independent experiments, see Supplementary Table 1).
Absolute values are shown in Table 1.
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Figure 5. Motility regulation by B-tubulin isotypes
a. Sequence alignment of helix 12 (yellow) and CTTs (red) of human B-tubulin isotypes. The

basic residues in TUBB1 and TUBB3 CTTs are highlighted in blue.

b. Kinesin-1 and dynein motors velocity and processivity values measured against various 3-
tubulin isotypes as indicated (in Aa-CTT background). Mean velocity and run length were
determined as described in Fig 1.

c. Run length histograms of kinesin-1 motors moving on TUBB3 (blue) and TUBB3AK
(red) microtubules (mean run length of 0.6 and 1.35 pm respectively). Examples of raw
kymographs (inset panel; scale, 2 sec and 1.5 um).
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Figure 6. Cross-regulation of isotype specificity by polyglutamylation
a. lllustration of TUBALA-E452C/TUBB3 heterodimer crosslinking strategy with 10E.

b. SDS-PAGE of crosslinked product of 10 and 3 glutamic acid peptides (10E and 3E) as
indicated in Fig. 4.

¢. Kinesin-1 motility kymographs (inlet panel) and run length histograms of TUBB3/
TUBAZ1A- E452C and +10E (red) microtubule (mean run lengths of 0.5 and 1.5 um
respectively). Scale bars and bin size are similar to 4c.

¢. The ratio of the motor velocity (red hatched), processivity (solid red) on uncrosslinked
versus 10E and 3E crosslinked TUBA1A- E452C/TUBB3 microtubules is shown (mean and
s.e.m; n = 3 independent experiments, see Supplementary Table 1). Absolute values are
shown in Table 1.
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Figure 7. Summary of CTT mediated effects on different motors
a/p-tubulin heterodimer in light and dark grey respectively with helix 12 colored in yellow

and unstructured C-terminal tails (CTTSs) in red. K (blue), Y (yellow) and the EEE (red)
represent the TUBB3 B-isotype, tyrosination in a-tubulin and polyglutamylation
respectively. The specific inhibitory and enhancing effects of tubulin variations on different
motors are as indicated.
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