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Microtubules have spatiotemporally complex posttranslational
modification patterns. Tubulin tyrosine ligase-like (TTLL) enzymes

introduce the most prevalent modifications on a-tubulin and B-tubulin.
How TTLLs specialize for specific substrate recognition and ultimately
modification-pattern generationis largely unknown. TTLL6, a

glutamylase implicated in ciliopathies, preferentially modifies tubulin
a-tailsin microtubules. Cryo-electron microscopy, kinetic analysis and
single-molecule biochemistry reveal an unprecedented quadrivalent
recognition that ensures simultaneous readout of microtubule geometry
and posttranslational modification status. By binding to a 3-tubulin subunit,
TTLL6 modifies the a-tail of the longitudinally adjacent tubulin dimer.
Spanning two tubulin dimers along and across protofilaments (PFs) ensures
fidelity of recognition of both the a-tail and the microtubule. Moreover,
TTLL6 reads out and is stimulated by glutamylation of the 3-tail of the
laterally adjacent tubulin dimer, mediating crosstalk between o-tail and
[B-tail. This positive feedback loop can generate localized microtubule
glutamylation patterns. Our work uncovers general principles that generate
tubulin chemical and topographic complexity.

Microtubules (MTs) are essential noncovalent polymers assembled
from af3-tubulin heterodimers. They build complex cellular structures
suchasspindles, axonemes and axons to execute diverse cellular pro-
cesses ranging from cell division and cellular motility to intracellular
transport. MTs perform these functions through the recruitment of
myriad cellular effectors that organize them, regulate their assembly
and disassembly and recruit cargoes for directed transport. Key to MT
functional diversity are chemically varied and abundant posttransla-
tional modifications that give spatiotemporally specialized identities
tocellular MTs, thatis, the tubulin code'. This code regulates both the
intrinsic properties of the polymer and the recruitment of cellular effec-
tors such as MT-associated proteins (MAPs) and molecular motors'.
Tubulinmodifications regulate the recruitment of proteins at the ends
of growing and depolymerizing MTs**, control interactions between

MTs and intermediate filaments®~, regulate severing enzymes'* ™,

kinesin motility*'° and the loading of dynein cargoes'.
Glutamylation, the reversible addition of variable numbers of
glutamates to genetically encoded internal glutamates in the intrinsi-
cally disordered a-tubulin and B-tubulin tails, is the most phyloge-
netically widespread tubulin modification, conserved fromciliates to
humans. Glutamylationis catalyzed by members of the tubulin tyrosine
ligases-like (TTLLs) family. Humans have nine TTLLglutamylase genes"”
(reviewed in ref. 20). Glutamylation is especially abundant in geo-
metrically complex, stable MT arrays found in terminally differentiated
cells such as neurons, as well as the axonemes of cilia and flagella"?..
Loss of TTLL glutamylases leads to defectsin axonal transport withan
impact on synaptic transmission®>*, and disruption of glutamylation
homeostasis causes neurodegeneration® . TTLL glutamylases are
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also critical for the biogenesis*®*’ and motility of cilia and flagella®**°*,
and by targeting anterograde intraflagellar transport, glutamylation
regulates ciliary localization of signaling complexes in the hedgehog
pathway*>*, Several studies have identified regulators that recruit or
activate TTLLsincilia or flagella. Forexample, TTLL9 interacts with the
flagella-associated protein (FAP234), whose loss decreases glutamyla-
tion**. TTLL6 requires CEP41, a protein mutated inJoubert syndrome,
for ciliary localization®. Cilia and spindle-associated protein, which
stimulates TTLL5 and more broadly other TTLLs*, is highly expressed
in the brain®. Consistent with its importance in cilia and neuronal
function, aberrant glutamylation leads to male infertility***® as well as
respiratory® and neurodevelopmental disorders* ",

TTLL glutamylases specialize in modifying either a-tubulin or
B-tubulintails, as well asinitiating or elongating glutamate chains from
internal, genetically encoded glutamates in the tubulin tails'***~*2, Glu-
tamylation patterns are stereotyped in cells, and the length and posi-
tion of the glutamate chains differentially regulate interactions with
molecular motorsand MAPs'. Glutamylation on a-tubulinand -tubulin
regulates MT-severing enzymes spastin and katanin'", with a-tubulin
glutamylation being exclusively stimulatory and p-tail glutamylation
both stimulatory and inhibitory depending on the length and position
of the glutamate chain'®. Glutamylation increases the binding of tau,
MAPI1A, MAP1B and MAP2 to MTs**"* as a function of glutamate chain
length, and also regulates the motility of kinesins'>'® and inner-arm
dynein motors that power the beating of cilia and flagella***". Thus,
understanding the substrate specificities and enzymatic properties
of TTLL glutamylasesis essential to understanding how glutamylation
topography is established.

TTLL6 generates long polyglutamate chains on a-tubulin tails. It
is important for the biogenesis and motility of cilia®. Its mislocaliza-
tion from cilia is associated with Joubert syndrome®, and its activity
is critical for cancer cell mitosis and survival*®, While recent struc-
tural and biophysical studies elucidated active site signatures of TTLL
enzymes that specialize them for chain initiation or elongation* and
revealed how the TTLL7 glutamylase recognizes B-tubulin tails*’, how
TTLLs evolved specifically to modify a-tubulin or B-tubulin, and to
discriminate between free tubulin versus MTs remains poorly under-
stood. The interplay between the many members of the TTLL family
is also unknown. Using cryo-electron microscopy (cryo-EM) coupled
with enzyme kinetic analysis and single-molecule fluorescence, we
now show how TTLL6 preferentially recognizes MTs and elongates
glutamate chains on a-tubulin tails. TTLL6 modifies a-tubulin tails in
transby bindingboth along and across PFs with two cationic a-helical
structural elements. A PF is assembled through the head-to-tail arrange-
ment of af-tubulin dimers. Variable numbers of PFs, primarily 13 in
humans, associate laterally to form the MT. This recognition in trans
by TTLL6is unprecedented among tubulin modification enzymes and
ensures modification of the tubulin dimer only after polymerization.
Single-molecule fluorescence experiments show that one of these
cationic elements thatis unique to TTLL elongases (and absent in ini-
tiases) increases the residence time of TTLL6 on MTs to allow efficient
glutamate chain elongation. TTLL6 uses this same cationic element to
alsoread the glutamylation status of the -tail on the laterally adjacent
tubulindimer, leading to adramaticincrease in recruitment of TTLL6
tothe MT andincreased a-tail glutamylation upon p-tail glutamylation
by TTLL7. Our analysis shows that this recognition strategy is shared
by other a-tail glutamyl elongases in the TTLL family.

Our work provides a molecular framework for understanding
substrate recognition by TTLL enzymes by shedding light on differ-
ences in MT recognition between a-tubulin versus 3-tubulin and chain
initiating versus elongating TTLL glutamylases and reveals that TTLL
enzymesread the glutamylationstatus of adjacent tubulin dimers, thus
establishing a spatial positive feedback loop for MT glutamylationand
mediating crosstalk between a-tubulin and B-tubulin tails on the MT.
This mechanistic understanding of MT recognition principles by TTLL

glutamylases will also provide amolecular reference for analyzing the
recognition strategies of nontubulin substrates such as nucleosome
assembly protein 1, retinitis pigmentosa GTPase regulator and cyclic
GMP-AMP synthase, whose glutamylation is important for proper
deposition and dynamics of linker histone HIM on chromatin*’, pho-
toreceptor function®® and DNA binding regulation®, respectively.

Results
TTLL6 bridges PFs to modify a-tailsin trans
To elucidate the structural basis for TTLL6 substrate recognition and
understand how it specifically glutamylates the a-tubulin tail, we
determined the structure of Mus musculus TTLL6 (residues 51-502)
in complex with the MT using cryo-EM (Fig. 1, Extended Data Fig. 1a-i
and Supplementary Table 1). TTLL6 (51-502) is active and displays
strong specificity for elongating glutamate chains on a-tubulin®.
We used unmodified human MTs>* (Methods) polymerized with the
nonhydrolyzable guanosine-5’-triphosphate (GTP) analog guanylyl
(0,B)-methylene diphosphonate (GMPCPP), as these yielded the most
regular decoration (Extended Data Fig. 1b). The majority of MT recon-
structions use porcine brain tubulin, which is highly heterogenous
and contains a mixture of isoforms as well as chemically diverse post-
translational modifications"*. Our previous work showed that the use
of unmodified tubulin can increase the resolution of an MT complex
structure®. In our CLEM reconstruction (Extended DataFig.1d), TTLL6
was easily identifiable as a volume spanning two adjacent a-tubulin
heterodimers (Extended Data Fig.1d). Toimprove the EM reconstruc-
tion, individual PFs were refined using the ‘PF refinement’ approach,
which accounts for structural variations in the MT lattice** (Extended
Data Fig. 1e). The procedure was modified to refine two adjacent PFs
because one TTLL6 helix was found spanning adjacent PFs (Fig. 1a).
Thereconstructionshowed substantialimprovement for the MT, with
local resolution estimates ranging from ~3 A to ~4 A (Extended Data
Fig.1f). The density corresponding to TTLL6 was poorly defined, with
the exception of asingle helix that spans adjacent PFs, indicating that
the majority of TTLL6 is flexibly attached to the MT or adopts arange
of conformations (Fig. 1a and Extended Data Fig. 1f). To improve the
TTLL6 cryo-EM density, we performed focused classificationon TTLL6,
excluding the MT signal (Methods; Extended Data Fig.1h). This yielded
amap with a nominal resolution of 7.2 A and local resolution ranging
from 5 A to14 A (Extended Data Fig. 1h,i) into which the TTLL6 crystal
structure (Protein Data Bank (PDB) 6VZU; ref. 41) could be confidently
docked (Methods; Fig.1b and Supplementary Table 2) with the catalytic
core of the enzyme comprising the N-, central- and C-domains span-
ning the af-tubulin longitudinal interdimer interface (Fig. 1b-d) and
making limited contacts with the MT through helices a2, a4, a6 and a9
(Fig.1c,d) consistent with the flexible linkage of the enzyme with the MT.
The cryo-EM map revealed two prominent structural elements
that have substantial interactions with the MT. The first is the cationic
MT-binding domain (MTBD; residues 394-440), comprising helices
all and a12 (Fig. 1b,c) that extend from the ligase core (Fig. 1c,d and
SupplementaryFig.1). The secondis the arginine- and lysine-rich helix
«l14 (MTBH2) that spans the anionic interprotofilament groove and
connects to the MTBD and the TTLL core through helix a13 (MTBH1;
Fig. 1c). The MTBD was previously identified in the structure of the
B-tubulin-specific glutamylase TTLL7 in complex with the MT*, and
sequence analysisindicated thatitis commontoallautonomous TTLL
glutamylases®. BothMTBH1and MTBH2 are highly conserved in TTLL6
sequences from ciliates to humans (Supplementary Fig.1). MTBH2 is
the most well-defined TTLL6 feature in the cryo-EM map, indicating
thatitiswell-ordered onthe MT (Fig.1a,b and Extended Data Fig. 1f,g).
Notably, the orientation of MTBH2 relative to the TTLL6 core is dra-
matically different than thatin TTLL6 X-ray structures* (Extended Data
Fig.2a), indicating that this structural element s intrinsically flexible
andstabilized by itsinteraction with the MT. MTBH1 intersects perpen-
dicularly with the a-f3 interdimer interface. The MTBH1 C-terminus,
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Fig.1|Cryo-EM structure of TTLL6 bound to the MT. a, Cryo-EM reconstruction
showing TTLL6 bound to two PFsinthe MT; TTLL6, gold; a-tubulin, purple;
B-tubulin, yellow. b, TTLL6 model (X-ray structure PDB 6VZU; ref. 41) fits into the
cryo-EM map (Methods). TTLL6 N-, central-, C-, MTBD- and MTBH1-2 domains
areblue, magenta, green, orange and cyan, respectively. AlphaFold* was used
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corresponding cryo-EM density was too noisy for de novo building. ¢, Model of
TTLL6 bound to the MT, color-coded asinb.d, Model of TTLL6 asin ¢, rotated by
180°. Helicesin TTLL6 are denoted as &, and helices in tubulin are denoted as H.
Theinterdimer interface (between o’ and ) is indicated by a dashed line.

which contacts the MT, is disordered in the TTLL6 crystal structures®
(Extended Data Fig. 2a), indicative of its flexibility in the absence of
the MT substrate. This section of the MTBH1 (residues 461-474) was
modeled using AlphaFold* (Methods). MTBH1-2 (460-502) in iso-
lation is mostly helical by circular dichroism (CD) (Extended Data
Fig. 2b) and binds MTs with an apparent dissociation constant K of
3.7 uM (Extended Data Fig. 2¢), indicating that it is an autonomous
MT-binding element. MTBH1-2 does not form a stable complex with
unpolymerized tubulin by analytical gel filtration, even at concentra-
tions as high as 20 pM (Extended Data Fig. 2d), consistent with our
cryo-EM structure that shows MTBH1-2 makes MT-specific contacts,
spanning the interdimer interface and adjacent PFs. Interestingly,
analysis of the alignment parameters derived from the PF refinement of
TTLL6-bound MTs versus undecorated MTs (PDB 8V2I; ref. 56) revealed
compaction and regularization of the MT wall (Methods; Extended
Data Fig. 3). Lateral interactions (between adjacent PFs) are plastic in
MTs**%, While the undecorated MT lattice shows abimodal wall angle
distribution, with two peaks separated by more than 7° (major peak

~23.9° and minor peak ~31.0°), TTLL6-bound MTs show close to a
Gaussiandistribution (peak ~25.4°; Extended DataFig. 3a,b), indicating
thatthe MTBH1-2 regularizes thelattice, likely due toitsbindingin the
interprotofilament groove. TTLL6 also compacts the MT longitudinal
interface, as evidenced by the change in the dimer repeat distance
from 84.22+ 0.08 A t0 83.61+ 0.06 A (P=0.0083 by one-tailed ¢ test;
Extended DataFig.3c,d,e; Methods). The addition of excess MTBH1-2
to taxol-stabilized or GMPCPP MTs (either brain MTs or unmodified
human MTs) destabilized them, leading to the formation of long sheets
(Extended DataFig.4a-d). We speculate that the stoichiometric bind-
ing of MTBH1-2induces lateral contacts incompatible with a closed MT
structure. Consistent with this, we could not obtain regular decoration
and a cryo-EM reconstruction in conditions where TTLL6 was stoi-
chiometric to tubulin, and we did observe subtle variability in helical
parameters along the MT lattice under these conditions, requiring the
advanced image analyses described in Methods.

Thus, our cryo-EM reconstruction shows that TTLL6 uses two
structural elements to specifically modify the a-tubulin tail within
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Fig.2 | TTLL6 bridges along and across PFs to modify a-tubulin tails in trans.
a, Ribbon representation of TTLL6 making interdimer and interprotofilament
interactions within the MT. TTLL6 N-, central-, C-, MTBD- and MTBH1-2 domains
areblue, magenta, green, orange and cyan, respectively. The tubulin subunits
ofthe adjacent PF are shown in surface rendering. Boxed areas highlight
interactions made by MTBD (box 1) and MTBH1-2 (boxes 2 and 3) with the MT.

b, Surface representation of TTLL6 in the same orientation as a color-coded

for electrostatic potential (red, negative; blue, positive; ranging from -10 Kz T
to 10 K 7). K, Boltzmann constant; T, temperature. Electrostatic potential

was calculated using Poisson Boltzmann Solver””. MTBD and MTBH1-2 are

outlined with black discontinuous lines. ¢, Michaelis-Menten kinetics of TTLL6,
TTLL6AMTBD, TTLL6AMTBHI1-2and TTLLGAMTBDAMTBH1-2 with taxol-
stabilized MTs. Apparent K, and k., are listed on the right. Error bars represent
s.e.m. (n=4independent experiments). d, Boxed arealin amagnified to show
interactions between MTBD helices a1l and «12 and helix H12 of -tubulin, and
hydrophobicinteractions between all and a12inthe MTBD. e,f, Normalized
glutamylation activity of structure-guided TTLL6 mutants with taxol-stabilized
MTs (e) and an a1B(-Y) peptide (f). Error bars, s.e.m.n =4 independent
experiments; ****P < 0.0001and NS as determined by one-way ANOVA with
Tukey’s post hoc test. ANOVA, analysis of variance; NS, not significant.

the MT context. The first of these, MTBD, shared with allautonomous
glutamylases®, positions the enzyme core on the B-tubulin subunit
(Fig.2a). The second, anew cationic helical domain MTBH1-2 (Fig. 2b),
bridges adjacent tubulin dimers within one PF and spans across the
interprotofilament groove. Together, these two structural elements,
MTBD and MTBH1-2, bring a conserved, positively charged groove in

the TTLL6 active site in proximity of the a-tail of the longitudinally adja-
centtubulindimer within the same PF (Extended Data Fig. 5a), resulting
inselective glutamylation of a-tubulin tailsin MTs and not free tubulin
or isolated PFs. Mutation of residues in this groove severely impairs
glutamylation of both the MT substrate and a-tubulin tail peptides in
isolation (Extended DataFig. 5b,c). Further regioselectivity arises from
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Fig.3|Three MTBH1-2 cationic clusters recognize different MT interfaces.

a, Boxed area 2 in Fig. 2a magnified to show interactions made by MTBH1 with the
interdimer interface. b, Boxed area 3 in Fig. 2a magnified to show interactions
made by MTBH2 with the 3-tubulin subunit at theinterdimer interface. c, Top,
MTBHI1-2 sequence with the three clusters of basic residues highlighted. Bottom,
Michaelis-Menten kinetics with taxol-stabilized MTs for TTLL6 mutants in

the basicresidue clusters. Error bars, s.e.m.; n =4 independent experiments;
apparent Ky, and k., values listed on the right. d, Domain schematic of TTLL6
showing the location of cross-linked sites between MTBH1-2 and -tubulin
identified from tandem mass spectrometry analysis (Methods). Red lines
indicate cross-linked residues.

the specialization of the active site of the enzyme positioned by these
two structural elements because TTLL6 prefers branch-containing
glutamates on a-tubulin versus B-tubulin tail sequences*. Overall,

this recognition paradigmresultsin selective elongation of glutamate
chainsona-tubulin tails on MTs. Consistent with this multipronged MT
recognition, MTBD deletion reduces the apparent Michaelis constant

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-024-01599-0

Ky ~2.2-fold and the catalytic rate k., ~3.1-fold, MTBH1-2 deletion
decreases the apparent Ky, ~3.5-fold and the k_, ~4-fold, while the
deletion of both these structural elements decreases the apparent Ky,
~6.3-fold and the k., ~14-fold (Fig. 2c).

MTBD positions the TTLL6 core by interacting with B-tubulin
H12

The MTBD anchors TTLL6 to the MT through contacts with the ani-
onic helix H12 of B-tubulin (Fig. 2d). Conserved lysines and arginines
constitute ~25% of the MTBD (Supplementary Fig. 1). The C-terminal
region of all and the N-terminal region of a12, both proximal to the
B-tubulin body, are particularly enriched in basic residues. Invariant
R403 and conserved R407 in a1l are within hydrogen bonding distance
from E421in helix H12 of B-tubulin and Q424, respectively (Fig. 2d).
Mutation of R403 and R407 to alanine reduces MT glutamylation to
~55% of the wild-type (WT) enzyme (Fig. 2e). Consistent with their role
in MT and not a-tail recognition, these mutations have no effect on
TTLL6 activity withisolated a-tubulin tail peptides (Fig. 2f). Invariant
R415 and R418 in a12 are within hydrogen bonding distance from the
negatively charged E407 in helix H12 of B-tubulin and E410, respectively
(Fig.2d). Mutation of R415and R418 to alanine decreases MT glutamyla-
tion by ~47%, without having an effect on activity with a-tail peptides
(Fig.2e,f). The two antiparallel helices a1l and a12 that form the MTBD
are held together by conserved hydrophobicinteractions, as revealed
by the TTLL6 crystal structure®. Invariant F408A of all packs against
invariant F425 of a12 and invariant Leu409 of a1l against invariant
Val422 of 12 (Fig. 2d). Mutating Leu409 or Val422 to alanine decreases
TTLL6 activity to less than 10% of the WT without affecting the activ-
ity with isolated a-tails (Fig. 2e,f), consistent with the importance of
these stabilizing interactions in the MTBD for MT recognition. Surpris-
ingly, mutation of F408 or F425 to alanine increased TTLL6 activity by
~70% and 59%, respectively, without impacting the activity with o-tail
peptides (Fig. 2e,f), suggesting that a loosening of the packing of the
MTBD helices at this position allows more efficient accommodation
of interactions with the MT.

Three cationic clusters recognize distinct interfaces

The MTBH1-2 is shaped like an L, with its elbow wedged between the
B-o’ protomers at the interdimer interface (Fig. 2a,b). Cationic resi-
dues in MTBH1-2 make extensive electrostatic interactions with the
anionic interdimer interface (Fig. 3a,b). The following three clusters
of conservedbasic residues are critical at thisinterface: cluster1(R474,
R476 and R481), cluster 2 (R488, K490, K493 and K494) and cluster 3
(K498,K499,R501and K502; Supplementary Fig.1). Cluster linteracts
with the anionic surface of the a-tubulin and 3-tubulin protomers at

the interdimer groove (Fig. 3a,b). R474 interacts with invariant D404
and E405 of B-tubulin, and R476 forms asalt bridge with invariant E196
of a’-tubulin, respectively. Mutation of cluster 1 arginines to alanines
increases the apparent Ky, by 2.5-fold, indicative of decreased substrate
binding, and decreases the k., by 2.6-fold (Fig. 3¢). Cluster 2 interacts
with the negatively charged helices H3 and H11 of B-tubulin, also at the
interdimer interface (Fig. 3b). Specifically, R488 is proximal to T399
in B-tubulin helix H12, while K490 and K494 make a network of salt
bridges with invariant E108 and E111 in 3-tubulin H3 (Fig. 3b). Muta-
tion of cluster 2 positively charged residues to alanines increases the
apparentKj, by 3.2-fold and decreases the k., 3.3-fold compared toWT
(Fig. 3¢). Cluster 3 residues (K498, K499, R501 and K502) extend into
theinterprotofilament groove and continue the network of salt bridges
with acidic residues in helix H3 of B-tubulin D114 and D118 (Fig. 3b).
Mutation of cluster 3 residues to alanines increases the apparent Ky,
by 1.9-fold and decreases the k., by 1.3-fold (Fig. 3c).

The network of interactions between the three MTBH1-2 cationic
clusters and acidic residues at the interdimer interface is also sup-
ported by chemical cross-linking coupled with mass spectrometry (XL-
MS; Fig. 3d). We used a carbodiimide-based zero-length cross-linking
reagent, 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide (EDC), that
cross-links carboxylic acids and primary amines (Methods) and thus
cross-links salt bridges formed by lysines and glutamates. Consist-
ent with our cryo-EM structure and size-exclusion chromatography,
MTBHI-2 cross-links only with MTs and not with unpolymerized tubulin
(Extended Data Fig. 6a—c). Cross-linked products were visible 30 min
after starting the reaction and increased with time. Tandem mass
spectrometry of cross-linked productsidentified five tubulin-MTBH1-2
cross-links (Fig. 3d and Extended Data Fig. 6d-h), consistent with
the highly stringent nature of the cross-linking reagent. All of the
cross-links were between residues identified in our structure at the
interface between MTBH1-2 and [3-tubulin (Fig. 3a,b,d). Specifically,
K490 of cluster 2is cross-linked with E108 and E111in B-tubulinH3, and
K494 of cluster 2 is also cross-linked with E111in 3-tubulin H3 (Fig. 3d).

MTBH]1-2 interacts with B-tail on adjacent PF

The C-terminus of MTBH2 reaches across the interprotofilament groove
andisin close proximity to the disordered B-tubulintail of the laterally
adjacent tubulin dimer (on the neighboring PF; Fig. 2a and Extended
Data Fig. 7a). Indeed, our XL-MS analysis revealed an interaction
between cluster 3 residues at the MTBH2 C-terminus and glutamates
inthe B-tail (Fig. 3d and Extended DataFig. 6h). The side chains for these
residues are not well-defined as for the rest of the MTBH2 (Extended
DataFig.1g), and thisinteractionis not visibleinour cryo-EM sstructure,
indicating a high degree of flexibility and/or transient nature.

Fig.4|MTBHI-2 interacts with the B-tail of the laterally adjacent tubulin
dimer and discriminates between the interdimer and intradimer interface.
a,b, Representative images from one of three independent experiments showing
Atto488-TTLL6 association withintact WT (a) and subtilisin-treated MTs
missing their B-tubulin tails, afA-tails (b). Scale bar, 5 pm. ¢, Titration curves for
TTLL6 binding to WT (black) and apA-tail (magenta) MTs. n =113, 25,46,57 and
100 intact WT MTs for 50 nM, 100 nM, 200 nM, 500 nMand 1,000 nM TTLL6,
respectively, from threeindependent experiments.n=96,37,55,77,65and 84
afpA-tail MTs for 50 nM, 100 nM, 200 nM, 500 nM, 1,000 nMand 2,000 nM TTLL6,
respectively, from three independent experiments. Apparent K, for WT MTs is
~210 =38 nM. Error bars, s.e.m. d, Representative images from 64 and 47 MTs
analyzed for WT and affA-tail, respectively, from two independent experiments
showing Atto488-TTLL6 recruitment to WT and aA-tail MTs. Scale bar, 5 pm.
WT and aA-tail-647-Hilyte MTs are outlined in orange and white, respectively.
e, Normalized measurements of Atto488-TTLL6 recruitment to WT and o A-tail
MTs. n =64 and 47 MTs for WT and afA-tail, respectively, from two independent
experiments. Data are presented as mean +s.d. ***P < 0.0001 by two-tailed
Mann-Whitney test. f, Representative images from 51and 44 MTs analyzed for
WT and afA-tail, respectively, from two independent experiments showing
Atto488-TTLL6AMTBHI-2 recruitment to WT and aBA-tail MTs. Scale bar, 5 um.

WT unlabeled and affA-tail-647-Hilyte labeled MTs are outlined in orange and
white, respectively. g, Normalized measurements of Atto488-TTLL6AMTBH1-2
recruitment to WT and aBA-tail MTs; n = 51and 44 MTs for WT and afA-tail,
respectively, from two independent experiments. Data are presented as

mean +s.d. **P < 0.01by two-tailed Mann-Whitney test. h, Ribbon representation
highlighting key interactions made by the N-terminus of MTBH2 (cyan) with
o’-tubulin and B-tubulin (purple and yellow, respectively) at the interdimer
interface of the complex structure. Residues important for interactions with the
MTBH1-2are shown instick representation in purple and yellow. Modeled are
superpositions of B-tubulin (gray) on o’-tubulin of the structure, and a-tubulin
(gray) on B-tubulin of the structure. Residues in the modeled intradimer interface
areingray stick representation, and their identities are in boxes. i, Normalized
glutamylation activity of structure-guided TTLL6 mutantsin the MTBH1-2

with taxol-stabilized MTs. Error bars, s.e.m.; n = 4 independent experiments;
****p < 0.0001and NS as determined by one-way ANOVA with Tukey’s post hoc test.
Jj, Ribbonrepresentation highlighting key interactions made by the C-terminus of
MTBH2 (cyan) with the B-tubulin (yellow) at the interdimer interface. Colors and
labels as in h. k, Normalized glutamylation activity of structure-guided TTLL6
mutants in the MTBH1-2 with a1B(-Y) peptide. Error bars, s.e.m.; n =4 independent
experiments; NS as determined by one-way ANOVA with Tukey’s post hoc test.
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To understand the functional significance of this interaction,
we used total internal reflection (TIRF) microscopy to measure the
association of Atto488-labeled TTLL6 with unmodified WT MTs and
MTs missing their B-tubulin tails (BA-tails) after controlled subtilisin
treatment (Fig.4a,b and Extended Data Fig. 7b,c). Consistent with our
structure and cross-linking results, B-tail loss significantly reduces
TTLL6 binding to MTs (Fig. 4a-c). This interaction is mediated pri-
marily through the MTBH1-2 because in its absence TTLL6 no longer
shows a strong preference for binding to MTs with intact B-tubulin
tails. While TTLL6 recruitment to fA-tail MTs is decreased ~18-fold
when compared to MTs with intact p-tails (Fig. 4d,e), TTLL6 missing
the MTBH1-2 showed only a 40% reduction (Fig. 4f,g), indicating that
MTBHI1-2 is primarily responsible for binding to the p-tail. Consistent
with this, liquid chromatography-mass spectrometry (LC-MS) shows
that TTLL6 does not add glutamates to a-tubulin tails on MTs that miss

a b

aBA-tail MTs

their B-tails, but modifies WT MTs robustly under these conditions
(Extended Data Fig. 8a-d).

Consistent with the binding mode of MTBH1-2 along the interdi-
mer interface and across PFs, we find that MTBH1-2 alone can promote
tubulin polymerization. While 10 pM porcine brain tubulin did not
polymerize as assessed by interference reflection microscopy (IRM),
addition of 2.5 or 5 uM MTBH elicited robust polymerization after
~60 s (Extended Data Fig. 9a—c). Mutation of cluster 2 residues K490
and K494 involvedinrecognizing theinterdimerinterface dramatically
decreased MTBH1-2-induced tubulin polymerization (Extended Data
Fig.9¢,d). We were able to observe rare nucleation events only at high
concentrations for this mutant (25 pM; Extended Data Fig. 9e). These
rare nucleation events were completely abolished upon mutation of
additional residuesin cluster 3, K498 and K502 (Extended Data Fig. 9f).
Wenote thatitis not clear whether the polymericstructures we observe
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Fig.5|MTBHI1-2 is an elongase-specific module that controls TTLL6
residence time on the MT. a, Sequence alignment of mouse TTLL6 and TTLL7
MTBH]1-2. Residues are colored according to conservation; residues in the
cationic clustersimportant for interaction with the MT are highlighted by blue
asterisks. b,c, Ribbon representation of TTLL6 (b) and TTLL7 (c) bound at the
interdimer and intradimer interface, respectively. The N-, central-, C-, MTBD-
and MTBH1-2 domains are shown in blue, magenta, green, orange and cyan,
respectively. a-Tubulin and B-tubulin subunits are shown in purple and yellow,
respectively. d, Ribbon representation of superimposed TTLL6 (colored as in
b) and TTLL7 (gray) showing the extended conformation of the MTBH1-2 in
TTLL6. e, Representative kymograph from one of sixindependent experiments
showing single Atto488-TTLL6 molecules on GMPCPP-stabilized brain MTs
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(Methods). f, Distribution of MT residence times of Atto488-TTLL6; the mean
residence time (7) was obtained by fitting an exponential curve to the histogram
and correcting for photobleaching (R? = 0.98, n = 951 binding events from six
independent experiments). g, Representative kymograph from one of seven
independent experiments showing single Atto488-TTLL6AMTBH1-2 molecules
on GMPCPP-stabilized brain MTs. h, Distribution of MT residence times of
Atto488-TTLL6 MTBH1-2. The mean residence time (7) was obtained by fitting an
exponential curve to the histogram and correcting for photobleaching (R*=0.95,
n=>574binding events from seven independent experiments). i, Schematic
representation showing the interdimer and intradimer interface recognition by
TTLL6 and TTLL7, respectively. The extended conformation of the TTLL6 MTBH1-
2domainincreases MT residence time for efficient glutamate chain elongation.

in IRM are MTs or open sheets. The latter would be compatible with
the higher flexibility we observed for these polymers as well as our EM
datashowing the destabilizing effects of the MTBH1-2 on MTs and the
promotion of sheet formation (Extended Data Fig. 4).

Interdimer versus intradimer interface recognition by MTBH1-2
The ability of TTLL6 MTBH1-2 to distinguish between the highly homol-
ogous a-tubulin and B-tubulin protomers is key to establishing the
correct register for the enzyme to modify the a-tubulin and not the
B-tubulintail. Several critical interactions between TTLL6 and residues
attheinterdimerinterface would be weakened or lead to steric clashes

at the intradimer interface. Y479 in the loop connecting MTBH1 and
MTBH2interacts with o’-tubulin S158 (o’ denotes the a-tubulin belong-
ing to the neighboring tubulin dimer on the same PF) and o’-tubulin
H197 (Fig. 4h). Mutation of Y479 to alanine reduces TTLL6 activity to
~35% of the WT (Fig. 4i). The corresponding residues in 3-tubulin are
N195 (instead of a-tubulin H197) and R156 (instead of a-tubulin S158;
Fig.4h).Thus, at theintradimer interface, Y479 would lose its aromatic
interaction and, notably, clash with the long, bulky side chain of R156.
Nearby residues, R476 and Q482, also make interactions with o’-tubulin
attheinterdimerinterface but do not have asignificant effect because
the TTLL6 double mutants R476A/Y479A and Y479A/Q482R have
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activities similar to the Y479A single point mutant (Fig. 4i). Invariant
K490 in cluster 2 makes asalt bridge with invariant -tubulin E1I08 and
cross-links withit (Fig. 4j and Extended DataFig. 6d,f). Consistent with
this, mutation of K490 to glutamatereduces TTLL6 activity toless than
20% of the WT (Fig. 4i). E108is replaced by isoleucine in a-tubulin (I1110),
and thus TTLL6 would lose this important electrostatic interaction at
theintradimer interface (Fig. 4j). Furthermore, A110 of -tubulin, which
faces the positively charged lysines in cluster 2, would be replaced by
K112 in a-tubulin, resulting in strong electrostatic repulsion at the intra-
dimer interface (Fig. 4j). Mutation of lysinesin cluster 2reduces TTLL6
activity to ~20% of WT (Fig. 4i). None of these interactions that establish
interdimer versus intradimer recognition have an effect on the activity
ofthe enzyme withisolated tubulin peptides (Fig. 4k), consistent with
theirimportance onlyin MT recognition. Thus, multiple electrostatic
and hydrophobicinteractions anchor the MTBH1-2 specifically to the
interdimer, and not the intradimer, interface.

MTBHI-2 increases substrate residence time to aid catalysis
While MTBD is found in all autonomous TTLL glutamylases®, our
sequence and structural analysis shows that MTBH1-2 is absent in
enzymes with preferential initiase activity, TTLL4 and TTLLS (Sup-
plementary Fig. 2). In TTLL7, a B-tubulin-specific glutamylase that
preferentially generates short glutamate chains'>*, the helix that cor-
responds to MTBH2, is folded against the TTLL catalytic core®, away
fromthe MT surface (Fig. 5a-d), and the residuesimportantin TTLL6 for
interactions at the interdimer groove are not conserved. Specifically,
R481ofcluster1in TTLL6 MTBH1-2isreplaced by leucinein TTLL7, while
R488 and K490 of cluster 2 are replaced by glutamate and aspartate,
respectively (Fig. 5a). TIRF imaging of single Atto488-TTLL6 molecules
onbrain MTs (Fig. 5e,fand Extended Data Fig. 10a-c) showed that they
arestatic, withminimal to no diffusion on the MT. The average residence
time (1) for TTLL6 on GMPCPP or taxol-stabilized brain MTs is 32.9 sand
37.6 s, respectively (Fig. 5e,fand Extended Data Fig.10d). Inthe absence
ofthe MTBH1-2, TTLL6 residence time with the MT decreases ~26-fold
to~1.28 s (Fig. 5g,h), indicating that the MTBH1-2 has a profound effect
onthe TTLL6 k¢ rate. Strikingly, the residence time of TTLL6AMTBH1-2
is very similar to that measured for TTLL7 (1 ~0.87 s; ref. 39), indicat-
ing that the extended conformation of the MTBH2 in TTLL6 anchors
the enzyme on the MT surface for prolonged residence times that are
onthe order of the turnover rate of the enzyme (Fig. 5i), ensuring that
most binding events result in successful glutamate ligation.

TTLL6 reads B-tail glutamylation on adjacent tubulin

Given the important contribution of the B-tail to TTLL6-MT recogni-
tionand the strong cationic character of the MTBH1-2, we investigated
whether B-tail glutamylation affects TTLL6-MT recruitment. We gener-
ated unmodified humanMTs and MTs glutamylated primarily on their
B-tubulintails by incubating them with TTLL7, a 3-tubulin tail-specific
glutamylase®>*¢° (Supplementary Fig. 3), and tested the effect on
TTLL6-MT binding using TIRF microscopy (Fig. 6). We found that
B-tubulinglutamylation (<n>~4.9) increased recruitment of TTLL6 to
the MT ~12-fold (Fig. 6a,b). B-Tail glutamylation had no significant effect
on the recruitment of a TTLL6 mutant lacking MTBH1-2 (Fig. 6¢,d),
indicating that this structural element is responsible for sensing glu-
tamylation on the -tail. Consistent with the increased recruitment to
the MT, we find that glutamylation of 3-tubulin (<n> ~3.6) by TTLL7
significantly increases TTLL6 activity as evidenced by the increase in
signal from polyglutamate chains on a-tubulin (Fig. 6e-h). Thus, TTLL6
reads the glutamylation status of the 3-tail on the tubulindimerin the
neighboring PF (Fig. 2a) through its MTBH1-2 domain and preferentially
binds and modifies MTs that are glutamylated.

Discussion
MT spatiotemporal modification patterns are dictated by the sub-
strate specificity and catalytic rates of tubulin modification enzymes.

Our work shows that TTLL6 uses two noncatalytic domains, MTBD
and MTBH1-2, to recognize both longitudinally and laterally adjacent
tubulin dimers. This ensures recognition of the MT, and not tubulin,
by virtue of its unique polymer geometry, and positions the enzyme’s
catalyticdomain preferentially to modify a-tails (Fig. 2a). MT recogni-
tion by TTLL6 involves the following four interfaces: the MTBD inter-
face with the B-tubulin body, the catalytic domain with the a-tubulin
tail, the MTBH1-2 with the interdimer interface and the MTBH1-2 with
the B-tubulin tail of the neighboring tubulin dimer. This complex and
unprecedented quadrivalent recognition strategy ensures simultane-
ous readout of MT geometry and modification status of the tubulin
tails. TTLL glutamylases constitute the largest subfamily of tubulin
modification enzymes and share a common catalytic domain. Struc-
tural comparison between TTLL6 and TTLL7 (ref. 39), aglutamylase
specialized ininitiating short glutamate chains on -tails*, suggests a
general strategy for o-tail versus -tail modification withinthe TTLL glu-
tamylase family—the MTBD, found in autonomous TTLL glutamylases,
sits on the protomer whose tail the enzyme does not modify (Fig. 5i).
That s, in a-tail-specific glutamylases, the MTBD binds to 3-tubulin,
while in B-tail-specific glutamylases, it binds to a-tubulin. Thus, o-tail
versus B-tail recognitionis achieved by moving the register of the MTBD
on the MT PF by one tubulin protomer (Fig. 5i). For a-tubulin glutam-
ylases, the active site recognizes the tail in ¢trans, while for B-tubulin
glutamylases, it recognizesitincis.

TTLL6 uses the cationic helical element MTBH1-2 for extensive
interactions with the interdimer groove and with the intrinsically dis-
ordered B-tubulin tail of the laterally adjacent tubulin, thereby stably
anchoringitself onto the MT for efficient elongation of long glutamate
chains on the a-tail (Fig. 5i). The interdimer groove between PFsis also
used for stable anchoring by other MT effectors such as the spindle
and kinetochore-associated (Ska) complex® and its yeast ortholog,
Daml complex®?, doublecortin® and end-binding proteins®*®. This
suggests a potential regulatory interplay between MT effectors and
MT-modifying enzymes that bind at this interface.

Structure-based sequence alignments show that the MTBH1-2
and the positively charged residues critical for its interactions with
theinterdimer interface are also conserved in the a-tubulin glutamyl
elongase TTLL13 (Extended Data Fig. 10e), suggesting a shared MT
recognition strategy. Interestingly, the MTBH1-2 is expanded into
alarger a-helical domain in TTLL11, also an elongase. In contrast to
TTLL6, the MTBH1-2 has a closed conformation in TTLL7, folding
against the enzyme core. Both sequence analysis and modeling using
Alphfold® show that an element equivalent to the MTBH1-2 is not found
in glutamyl initiases TTLL4 and TTLLS. Consistent with its impor-
tance in MT anchoring, MTBH1-2 deletionin TTLL6 decreases the MT
residence time of the enzyme by ~26-fold and brings it closer to that
reported for TTLL7 (ref. 39). We speculate that TTLL6 and TTLL13,
both glutamyl elongases, use the MTBH1-2 to bind longer to the MT
for efficient glutamate chain elongation, while TTLL7, which lacks
the additional anchoring interactions provided by MTBH1-2, evolved
to spend less time on each tubulin dimer and thus scan the MT for
unmodified tubulin tails from which it can initiate a new glutamate
chain.

We show that the glutamylation status of the B-tail is sensed
by MTBH1-2 and increases recruitment of TTLL6 to MTs to provide
spatial positive feedback (Fig. 6). This modification-dependent
recruitment can generate localized modification patterns, long
documented in vivo®® and can also underlie polarity establishment
through self-reinforcing accumulation of glutamylation thatin turn
recruits effectors such as MAPs. In vivo crosstalk between a-tubulin
and B-tubulin glutamylation was previously documented in protists.
In Tetrahymena, mutation of modification sites on the 3-tail decreased
glutamylation and glycylation on a-tails””. Our study provides direct
biochemical evidence for crosstalk between a-tubulin and B-tubulin
glutamylation and a mechanistic basis for these early observations.
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Fig. 6 | B-Tail glutamylation by TTLL7 stimulates TTLL6. a, Representative
images from 44 and 56 MTs analyzed for unmodified and glutamylated MTs,
respectively, from two independent experiments showing Atto488-TTLL6
recruitment to unmodified and glutamylated MTs. Unmodified and glutamylated
MTs are outlined in orange and blue, respectively. Average number of glutamates
added to a-tubulin and B-tubulinisindicated as « + <n®>, B + <n®>, scale bar, 5 pm.
For LC-MS spectra of MTs used in assays, see Supplementary Fig. 3.

b, Normalized measurements of Atto488-TTLL6 recruitment to unmodified

and glutamylated MTs; n = 44 and 56 MTs, respectively, from two independent
experiments. Data are presented as mean + s.d. ***P < 0.0001 as determined

by two-tailed Mann-Whitney test. ¢, Representative images from 42 and 47

MTs analyzed for unmodified and glutamylated MTs, respectively, from two
independent experiments showing Atto488-TTLL6AMTBH1-2 recruitment
tounmodified and glutamylated MTs. Unmodified and glutamylated MTs are
outlined in orange and blue, respectively. Average number of glutamates added
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to a-tubulin and B-tubulinisindicated as a + <n>, B+ <n>; scale bar, 5 um.

d, Normalized measurements of Atto488-TTLL6AMTBH1-2 recruitment to
unmodified and glutamylated MTs; n = 42 and 47 MTs, respectively, from two
independent experiments. Data are presented as mean +s.d.; NS by two-tailed
Mann-Whitney test. e, Representative western blotimages from one of four
independent experiments showing TTLL6-mediated glutamylation of MTs
glutamylated on their 3-tails by TTLL7. Polyglutamylation was monitored

on a-tubulin and B-tubulin using an antibodys that specifically detects
polyglutamate chains (polyE); branched glutamates were monitored using
the GT335 antibody (Methods). f-h, Quantification of monoglutamylation

on B-tubulin (), polyglutamylation on a-tubulin (g) and polyglutamylation
on B-tubulin (h) as a function of reaction time. Modifications detected with
antibodies are listed in e. n = 4 independent experiments. Error bars, s.d. *P < 0.05
and NS as determined by two-tailed ¢ test.

Interestingly, TTLL6 has higher activity on MTs with detyrosinated
a-tails*’, and a recent study shows that TTLL6 glutamylation of the
a-tail increases recruitment of the a-tubulin detyrosination enzyme
VASHI1to the MT®, creating a positive feedback loop between these two
chemically distinct modifications. Crosstalk among histone modi-
fications, both on the same histone tail and between different his-
tone tails, is well documented®’°. Thus, just like the histone code,
crosstalk among tubulin modification enzymes can create complex,

combinatorial modification patterns with functional outputs that
are distinct from those of the individual modifications, as recently
shown for the MT-severing enzyme katanin'. This crosstalk between
modifications also provides a possible explanation for the frequent
codysregulation of tubulin modifications in various pathological
conditions such as neurodegeneration””" 7> and cancers™ 7. Future
work will be aimed at understanding this emerging grammar of the
tubulin code.
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Methods

Protein expression and purification

M. musculus TTLL6 (51-502) was expressed and purified as described
previously*.. Briefly, TTLL6 was expressed in Escherichia coli Arctic
Express DE3 as an N-terminal glutathione S-transferase (GST) fusion
and purified by GST affinity chromatography. A construct containing
the first 50 residues was prone to degradation and not suitable for
biophysical and structural studies. The protein was further purified
on a Heparin column followed by size-exclusion chromatography
using a Superdex 75 column (Cytiva Lifesciences) in a buffer solution
containing 50 mMHEPES (pH 7.0),10 mM MgCl,, 400 mMNacCl,1 mM
dithiothreitol (DTT) and 100 uM ATP. AMTBD, AMTBH1-2 and all point
mutants were cloned using the kinase, ligase and Dpnl enzyme mix
(New England Biolabs) and purified using the same chromatography
steps as the WT construct. All TTLL6 constructs used in this study
eluted asasingle peak from a Superdex 75 gel-filtration column (Cytiva
Lifesciences).

Cryo-EM sample preparation

Unmodified tubulin from a human embryonic kidney (tsA201) cell
line was purified as described previously*>. GMPCPP-bound MTs were
prepared asfollows. A frozen aliquot of unmodified tubulin was rapidly
thawed in a 37 °C water bath, and aggregates were removed by ultra-
centrifugation at 436,000g for 10 min at 4 °C. Tubulin was diluted to
2.5 mg ml™ in 1x BRB8O buffer (80 mM PIPES, 1 mM MgCl, and 1 mM
ethylene glycol-bis(3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
(EGTA)) and1 mM DTT and incubated in the presence of 1 mM GMPCPP
(Jena Bioscience) for 5min onice, and then polymerized at 37 °C for
2-4 h. MTs were pelleted by centrifugation at 126,000g for 10 min
at 30 °C. Supernatant was discarded, and the MT pellet was washed
with warm BRB80 buffer and then spun again at 126,000g for 10 min
at 30 °C. The final MT pellet was resuspended in warm BRB80 buffer
supplemented with1 mM DTT. The concentration of polymerized MTs
was calculated by mixing asmall aliquot (1 pl) of MTs with1 pul of 100 mM
CaCl,, measuring absorbance at 280 nm on a Nanodrop and using
an extinction coefficient of 115,000 M cm™ TTLL6 at 12.3 mg ml™
(230 uM) was rapidly thawed and diluted to 20 pM in EM buffer (40 mM
HEPES (pH 7.0), 100 mM KCl, 20 mM MgCl,, 4 mM DTT and 20 pM
ATP).

Forgrid preparation, MTs were diluted to 0.1 mg mI™in EM buffer,
and TTLL6 was diluted in EM buffer to a1:0.75 molar ratio of polymer-
ized tubulinto TTLL6 (excess of tubulin). TTLL6 decoration of MTs was
heterogeneous, with many MTs remaining undecorated. Alarge array
of TTLL6 stoichiometries was explored, as excess TTLL6 led to highly
irregular MT binding that was not suitable for structural determination.
Intotal, 4 pl of MTs were applied to glow discharged 1.2/1.3 UltrAuFoil
Holey Gold Films grids (Quantifoil) and allowed to absorb for 30 s
before4 plof TTLL6 wasadded and incubated for an additional 30 son
thegrids. The sample was blotted with Whatman grade 5blotting paper
onbothsides of the grid for 3 swith a blot offset of -1 using a Vitrobot
Mark IV (Thermo Fisher Scientific) with achamber set to 30 °C at100%
humidity and subsequently plunged into liquid ethane.

EM data and image processing
Cryo-EM data were collected on a Talos Arctica (Thermo Fisher Sci-
entific) transmission EM operating at 200 keV, and micrographs were
acquired using a K2 Summit (Gatan) direct electron detector, operat-
ing in electron counting mode applying a total electron exposure
of 42 e” A2 as a dose-fractionated movie during a 10 s exposure. The
Leginon data collection software’® was used to collect 2,771 movies
at x36,000 nominal magnification (1.15 A per pixel) with a nominal
defocus range of -1.0 to -2.0 um (Supplementary Table 1).

Frames were aligned and summed within the Appion processing
environment” (Extended Data Fig.1a). The contrast transfer function
(CTF) was estimated using GCTF®, Movie sums with Thonrings beyond

5 Awere selected for further image processing. Due to the highly het-
erogeneous TTLL6 decoration of MTs (Extended Data Fig. 1b), MTs
were manually selected. In total, 59,044 overlapping segments with
abox size of 568 pixels were extracted every 82 A and down-sampled
four times to a pixel size of 4.6 A per pixel. Three-dimensional (3D)
reconstruction of the TTLL6-bound MT was carried out using the
previously described method® (Extended Data Fig. 1c). In brief, seg-
ment averages were generated for each MT and were subjected to
supervised classification against 11-16 PF synthetic MT references,
low-pass filtered to15 A. The class assignment was the following: 11 PF,
0.3%; 12 PF, 2%; 13 PF, 39%; 14 PF, 48%; 15 PF, 4% and 16 PF, 6%. Fourteen
PF MT segments were taken for further processing. Rotation angles
and translations were reset to zero, and Psi and Tilt angles were set to
priors, followed by one round of refinement against 14 PF synthetic
reference. For each MT, the most common rotation angle was derived
and assigned to all segments in that MT, followed by 3D refinement
against 14 PF synthetic reference with local sampling of Euler angles.
Next, X/Y shifts were smoothed to remove mistranslations along MTs,
followed by refinement. Four times down-sampled particles were
recentered and re-extracted, and segment averages were generated
foreach MT.Seam location along each MT was assigned by performing
asupervised 3D classification without alignment against 28 synthetic
references with all possible seam positions. Each MT was then assigned
toacommon class, followed by adjustments of angles and translations
along the helical axis. Unbinned MT segments were re-extracted and
recentered. Three-dimensional refinement with and withoutimposing
symmetry was performed. Quality of the resulting 3.8 A symmetrized
map (Extended Data Fig. 1i) was further improved by performing PF
refinement®. Inshort, signal was subtracted fromallbutasingle PFin
eachMT segment. The process was repeated for each PF, resulting in 14
times more particles. The PF particles were refined as single particles.
Although the nominal resolution of the mapimproved by 0.2 A (3.6 A),
the quality of the map significantly improved as the method accounts
for distortions in the MT lattice. These distortions were quantified
by using the refined rotation angles between adjacent PFs (Extended
Data Fig. 3a,b). The reconstructions revealed that the TTLL6 MTBH2
domain binds between PFs. Therefore, the PF refinement procedure
was performed with particles containing signals for two adjacent
PFs (Extended Data Fig. 1e). Due to the heterogeneous decoration of
TTLL6 on the MT, the cryo-EM density corresponding to TTLL6 was
poor, with the exception of the MTBH2 helix, which was resolved to
3.6 A (Extended Data Fig. 1f). To improve TTLL6 definition, the signal
fromone central copy of TTLL6 (including MTBH2) on one of two PFs
was left with the rest of the signal subtracted. The resultant particles
were subjected to supervised 3D classification without alignment (7
fudge = 40; Extended Data Fig. 1h). One of two 3D classes, containing
~40% of particles, was further refined in 3D. This approach resulted
inabetter-defined TTLL6 with a nominal resolution of 7.2 A although
the local resolution varied from 5 A to 14 A (Extended Data Fig. 1h).
Further attempts to improve the definition of the globular part of
TTLL6 by subtracting from each particle the signal corresponding to
MTBH2 and leaving the rest of the TTLL6 signal were not successful.
We also performed refinement with particles containing TTLL6 and
helices H11 and H12 of /B-tubulin (sites of TTLL6 contact), but we
saw aslight deterioration in the nominal resolution and the quality of
the map, consistent witha highly heterogeneous conformation ofthe
TTLL6 core onthe MT. Local resolution was estimated using MonoRes*?
and RELION’s local resolution function® (Extended Data Fig. 1f,h).
Both maps, the two-PF MT-TTLL6 and the focused TTLL6 maps, were
postprocessed. The two-PF map was modified with DeepEMhancer®*,
and the focused TTLL6 map was sharpened in RELION with B-factor
-18 Ausing the postprocessing procedure. The MTBH2 density within
the focused TTLL6 map was removed using the Volume Eraser tool in
UCSF Chimera®, and the two postprocessed maps were merged using
the combined focused maps tool in PHENIX®, Figures (Figs. 1, 2a,b,d,
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3a,b,4h,jand 5b-d, and Extended DataFigs.1,2a, 5aand 7a) were made
in UCSF Chimera® and UCSF ChimeraX®’.

Atomic model fitting

The cryo-EM-derived structure of ahumanunmodified MT (PDB 5N5N;
ref. 53) was used as an initial model for the MT, and the crystal struc-
ture of TTLL6 (PDB 6VZU)* was used to obtain an initial model of
TTLL6 bound to the MT. The cryo-EM map region corresponding to
the globular core of TTLL6 was poorly resolved (Fig. 1a and Extended
DataFig.1d,f). Consequently, iterative rounds of structure refinement
andrebuilding were applied to the MT and MTBH2 (residues 479-503),
corresponding to the most resolved parts in the 2pf cryo-EM map
with the TTLL6 core (residues 57-478) fitted rigidly in the composite
map (Supplementary Table 1). Specifically, the TTLL6 globular core
(residues 57-388) from the crystal structure of TTLL6 (PDB 6VZU)"
wasrigidly docked into the corresponding cryo-EM density of the com-
posite map using the UCSF Chimera ‘Fitin Map’ tool®*. MTBD residues
389-439 were fit separately as a rigid body in Coot. These steps were
followed by the manual correction of clashes at the TTLL6-MT interface
in Coot® installed within SBGrid®’, followed by geometry optimization.
Secondary structure prediction and circular dichroism analysis of the
¢-MTBH1-2 (residues 460-503) showed that this region is predomi-
nantly a-helical, consistent with the observed density. AlphaFold* was
used to predict the structure for MTBH1 residues 462-478 (not resolved
in PDB 6VZU; ref. 41), as the corresponding cryo-EM density was not
of sufficient resolution to be used to build de novo the structure in
this region. Side chain registry within MTBH1-2 (residues 479-503)
was assigned based on cryo-EM densities for positively charged and
aromatic side chains. The accuracy of the MTBH1-2 build was further
verified by tandem mass spectrometry analyses of the cross-linked
MTBH1-2 (residues 460-503) and tubulin. Amodel containing the MT
andthe MTBH2, the most resolved part of TTLL6, was iteratively refined
against the two half maps of the two-PF map using PHENIX as installed
within SBGrid®***° with manual adjustments of residues in Coot. The
quality of the model was validated using the Phenix Comprehensive
Validation tool®, including calculations of EMRinger’® and Rama-Z”'
scores (Supplementary Table 2).

Dimer repeat distance analysis

To calculate the dimer repeat distances, each of the two cryo-EM data-
sets (undecorated and TTLL6-decorated) was splitinto three subsets
andindependently reconstructed using the MiRP procedure® to obtain
Cland symmetrized reconstructions. For each reconstruction, the
helical symmetry parameters such as rise and rotation per subunit
were refined using the Relion helical reconstruction procedure”,
and the refined rise per subunit was multiplied by 14 (PF number in
areconstruction) and divided by 1.5 (three-start helix). Similar axial
dimerrepeat values were obtained by independently fitting two tubulin
dimerslongitudinally into a Clreconstruction and then calculating the
average distance between all Cac atoms in UCSF Chimera®.

PF angle distribution analysis

PF angle distributions were obtained as described previously**. The
angle distributions were fit either to two Gaussian functions for the
undecorated MTs (R?>=0.9848 for nonseam and 0.9848 for seam) or
toone Gaussian (R? = 0.9943 for nonseam and 0.9939 for seam) for the
TTLL6-decorated MTs. Fitting the TTLL6-decorated MT angle distri-
butions to two Gaussians results in two major peaks less than 2° apart
and notinasignificantly better overall fit (R = 0.9990), indicating that
TTLL6 binding regularizes the lattice.

Circular dichroism spectroscopy

TTLL6 MTBH1-2 was prepared for CD spectroscopy measurements
in a buffer solution containing 20 mM sodium phosphate (pH
7.0). Far UV CD measurements were performed with a Jasco J-715

spectropolarimeter (Jasco) at room temperature. CD spectra were
recorded between 190 and 260 nm using a 0.02 cm path length. All
measurements were corrected by background subtraction, and the
spectra presented are the average of ten scans. Data were analyzed
to determine the percentage of secondary structures using the K2D2
webserver (https://cbdm-01.zdv.uni-mainz.de/~andrade/k2d2/)*.

MT sedimentation assays

Sedimentation assays were performed in BRB80 buffer (80 mM PIPES
(pH 6.8),1mM MgCl,and1 mM EGTA) and1mM DTT. TTLL6 MTBH1-2
was added to different concentrations of taxol-stabilized porcine
brain MTs in a total reaction volume of 100 pl. The mixture was incu-
bated for20 minand then centrifuged at100,000gfor 10 minat30 °C.
The supernatant was collected, and the pellets were resolubilized in
100 pl 1x BRB8O buffer. Equivalent volumes of the supernatant and
pellet fractions were analyzed by SDS-PAGE. Images of the Coomassie
blue-stained gels were analyzed using the Image Studio Lite software
package from LI-COR, and the relative amounts of proteinin the super-
natantand pellet fractions were quantified. The fraction of the protein
bound to the MTs was plotted as a function of MT concentration. The
apparent K values were obtained by fitting the data to a one-site bind-
ing parameter in GraphPad Prism.

Gel-filtration analysis of MTBH1-2:tubulin complex formation
Binding of MTBH1-2 to soluble tubulin was analyzed by size-exclusion
chromatography on a Superdex-200 analytical gel-filtration column
(GE HealthCare). The column was equilibrated in BRB80 buffer (80 mM
PIPES (pH 6.8),1 mM MgCl, and 1 mM EGTA) and 1 mM DTT. In total,
10 uM of porcine brain tubulin (Cytoskeleton) was incubated with
10 pM of MTBH1-2 oniice for 10 min and theninjected into the column
ataflowrate of 0.5 mlmin™.

Glutamylation assays with MTs and tubulin peptides
Glutamylation activity of WT TTLL6 and its mutants was deter-
mined by quantifying the incorporation of *H-labeled glutamate into
taxol-stabilized brain MTs. Brain tubulin (Cytoskeleton, T240) was
polymerized at 30 pM in10% dimethyl sulfoxide (DMSO) and1 mM GTP
for2 hat37 °C. Taxol at 20 uM concentration was added to stabilize the
MTs. Glutamylation reactions were performed in 20 mM HEPES (pH
7.0),10 mM KCI,1 mM DTT, 1 mM ATP, 20 pM Taxol, 95 uM ?H-labeled
glutamate and 5 uM>H-labeled glutamate (49.6 Ci per mmol). Enzyme
to afinal concentration of 1 uM was added to initiate the reaction at
30 °C. At different time points, aliquots were removed, and the reac-
tions were terminated by the addition of 20 mM EDTA. The reaction
mix was then spotted on the Amersham Hybond-N+ membrane (GE
Lifesciences). Tubulin binds to the membrane, while the unincorpo-
rated radioactivity was washed away with phosphate buffer containing
25 mMKCI. The total glutamate transferred to tubulin was quantified by
measuring the total radioactivity in the reaction mix with ascintillation
counter. Initial rates were calculated by fitting the linear range of the
curve in GraphPad Prism 6.1. Reactions were performed in duplicate
ontwo different days.

Peptide activity assays of TTLL6 and structure-guided mutants
were performed with the a1B-Y peptide at a1:10 enzyme-to-substrate
ratio (1 pM enzyme and 25 pM peptide) in a buffer solution containing
20 mMHEPES (pH7.0), 50 mM KCI, 10 mM MgCl,,5 mM TCEP,1 mM ATP
and 1 mM L-glutamic acid. Reactions were initiated by the addition of
theenzyme, and samples were collectedat0, 2,4, 6,8,18 and 24 h. Reac-
tions were quenched by adding an equal volume of 20% acetonitrile
with 0.1% trifluoroacetic acid (TFA) and separated on a Zorbax 300SB
C18 column (Agilent) using a 0-70% acetonitrile gradient in 0.05%
TFA ataflow rate of 0.2 ml min™. The column was connected to a 6224
ESI-TOF LC-MS (Agilent), and data were analyzed using the Mass Hunter
Workstation platformas described previously***’. The decrease in the
m/zintensity of the unmodified peptide was monitored as a function

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://doi.org/10.2210/pdb5N5N/pdb
https://doi.org/10.2210/pdb6VZU/pdb
https://doi.org/10.2210/pdb6VZU/pdb
https://doi.org/10.2210/pdb6VZU/pdb
https://cbdm-01.zdv.uni-mainz.de/~andrade/k2d2/

Article

https://doi.org/10.1038/s41589-024-01599-0

oftime. The enzyme that elutes separately from the peptides served as
aninternalloading standard. All reactions were performed in duplicate
ontwo different days.

Transmission EM of MTBH1-2 with MTs

Unmodified tubulin was purified from tsA201 cells using a tumor
overexpression gene affinity column as described previously**. To
prepare taxol-stabilized MTs, either 100 uM of porcine brain tubulin
(Cytoskeleton) or 30 uM of unmodified tubulin were polymerized in
80 mM PIPES (pH 6.8),1 mM MgCl,,1 mM EGTA, 10% DMSO and 1 mM
GTP for 1 h at 37 °C followed by the slow addition of taxol to a final
concentration of 20 pM. The reaction mix was incubated at 37 °C
for 1-2 h. Polymerized MTs were then pelleted and separated from
nonpolymerized tubulin by passage through a 60% glycerol cush-
ion (1x BRB80, 60% (vol/vol) glycerol and 20 uM taxol) at126,000g
for 15 min at 37 °C. The pellet containing polymerized MTs was
resuspended in 1x BRB80 buffer supplemented with 20 pM taxol
and1 mM GTP.

GMPCPP MTs were prepared by polymerizing either 20 pM of
porcine brain tubulin (Cytoskeleton) or 25 uM of unmodified tubulin
in 1 mM GMPCPP in 1x BRB80 buffer (80 mM PIPES (pH 6.8), 1 mM
MgCl, and 1 mM EGTA). The mixture was first incubated on ice for
5min and then in a water bath for 1 h at 37 °C. Polymerized MTs were
pelleted down by centrifuging at126,000g for 5 minat 37 °C. The pellet
was washed with BRB8O at 37 °C and then resuspended in an ice-cold
BRB8O buffer. MTs were depolymerized by leaving the solutioninice
for30 minand periodically mixing it up and down. GMPCPP was added
tothereaction mix toafinal concentration of 1 mMandkept onice for
10 min. The mix was then transferred to 37 °C for 2-4 h. Nonpolym-
erized tubulin was removed by centrifugation as described above.
The pellet was washed and resuspended in a warm BRB8O buffer. In
total, 4 pl of MTs at 1 uM concentration were deposited on an EM grid
(GF-1.2/1.3-3Au-45nm-50; Electron Microscopy Sciences) held within
the environmental chamber of aLeicaEM GP2 (Leica Microsystems) and
incubated for 30 s at 30 °Cand 90% humidity, followed by the addition
of 4 plof MTBH1-2at 5 pM and additional incubation for 30 s. The grids
wereblotted for 5 s with Whatman 1blotting paper and plunge-frozen
inliquid ethane cooled by liquid nitrogen. Cryo-EM datawere collected
with EPU software (Thermo Fisher Scientific) on a Glacios electron
microscope equipped with aFalcon4 camera at x92,000 magnification
correspondingtoapixel size of 1.5 Aand -1.5 pm defocus. The exposure
ratewas 10.09 e™ per pixel per second with acumulative electron dose
of 23.12 - A2 Light microscopy images were processed and figures
(Figs.4a,b,d,f,5e,gand 6a,c, and Extended Data Figs. 4 and 9b-f) were
made using ImageJ**.

Cross-linking

Taxol-stabilized MTs were generated as described above. EDC to afinal
concentration of I mMwas firstadded to 10 pM of taxol-stabilized MTs,
followed by the addition of sulfo-N-hydroxysuccinimide (sulfo-NHS) to
afinal concentration of 2 mM. Sulfo-NHS was included in the reaction
to increase the efficiency of coupling reactions. After incubating the
reaction mix for 30 minat 30 °C,10 pM of TTLL6 MTBH1-2 was added
to the reaction mix for cross-linking. A parallel reaction was also per-
formed by first activating TTLL6 MTBH1-2 by EDC and sulfo-NHS, fol-
lowed by the addition of taxol-stabilized MTs. Aliquots were collected
at different time points, and the resulting cross-linked products were
analyzed on an SDS-PAGE.

EDC and NHS cross-linking experiments were also performed with
TTLL6 MTBH1-2 and unpolymerized tubulin. Here EDC to a final con-
centration of 1 mM was first added to 10 pM of either TTLL6 MTBH or
soluble porcine brain tubulin, followed by the addition of sulfo-NHS to
afinal concentration of 2 mM. Allsamples were kept onice throughout
the experiment. After incubating the reaction mix for 30 min, 10 pM
of tubulin was added to the reaction mix containing TTLL6 MTBH1-2,

and TTLL6 MTBH1-2was added to the reaction mix containing soluble
tubulin. Aliquots were analyzed on an SDS-PAGE gel.

Tandem mass spectrometry

In-gel samples (~10 pg per sample) were reduced using 10 mM
tris(2-carboxyethyl)phosphine hydrochloride at room temperature for
1hand alkylated with10 mM N-ethylmaleimide (NEM) for 10 min. Half
of eachsample was digested with trypsin (Promega), and the other half
was digested with AspN (Sequencing Grade, Roche). Both digestions
were performed withan enzyme:sample ratio of1:20 (wt/wt) at 37 °C for
18 h. Digested samples were desalted using an Oasis HLB pElution plate
(Waters). The desalted and dried sample was resuspendedin 5 plload-
ing buffer, and 1 pl of the sample was injected into an Ultimate 3000
HPLC (Thermo Fisher Scientific) during each liquid chromatography
tandem mass spectrometry (LC-MS/MS) run. Peptides were separated
on an ES802A column. The composition of the mobile phase A (MPA)
was 98% H,0,1.9% ACN and 0.1% formic acid, and that of MPB was 98%
ACN, 1.9%H,0 and 0.1% formic acid. MPB was increased from 3% to 24%
in 54 min for peptide separation. LC-MS/MS data were acquired in
data-dependent mode. The MS1scans were performed in orbitrap with
aresolution of120 K, amass range of 400-1,500 m/zand an AGC target
of 2 x10°. The quadrupole isolation window is 1.6 m/z. The precursor
ion intensity threshold to trigger the MS/MS scan was set at 1 x 10*.
MS2 scans were conducted in an ion trap. Peptides were fragmented
with higher-energy collision dissociation (HCD) and electron-transfer/
higher-energy collision dissociation (EThcD) methods. The collision
energy was fixed at 30% for the HCD method and 20% for the EThcD
method. MS1scanwas performed every 3 s. We collected the maximum
number of MS2 scans within the 3-s cycle.

Sequest HT in Proteome Discoverer 2.4 software was used for
database search. Raw data were searched against the Sprot Human
database. For data acquired from trypsin digests, up to four missed
cleavages were allowed; for those of AspN digests, up to ten missed
cleavages were allowed. NEM on cysteines was set as a static modifica-
tion. MTBH1-2 fragments generated by trypsin and AspN digestions
wereincluded as dynamic modifications. Mass tolerances for MS1and
MS2 scans were set to 10 ppm and 0.6 Da, respectively. All possible
cross-linked peptides matched by the database search were manually
curated to find real cross-linked products.

Tubulin polymerization assay with MTBH1-2

Flow chambers were made using silanized cover glass and double-stick
tape as described previously®. In total, 10 uM of porcine brain tubulin
was introduced into the chambers in the absence or presence of dif-
ferent concentrations of TTLL6 MTBH1-2 and its mutants. The final
imaging buffer was BRB80 (80 mM PIPES (pH 6.8),1 mM MgCl, and
1 mM EGTA) supplemented with 50 mM KCI, 1 mM GTP, 0.1% methyl-
cellulose 4,000 cP, 1% pluronic F-127 and 0.1 mg ml™ casein. Before
imaging, the flow chambers were warmed to 30 °C using an objective
heater (Bioptechs). A Nikon Eclipse Ti-E equipped with a Hamamatsu
ORCAFlash4.0 VcsCMOS camerawas used to acquire the IRMimages
every 5 sfor20 min. Polymerlength was extracted using the CurveTrace
pluginv.0.3.5for ImageJ (https://github.com/ekatrukha/CurveTrace).
The following detection parameters were used: line width (1.8 pixels),
minimum number of points in line (10) and maximum width search
(20.0 pixels). The programwas specified to split line at junctions. The
quantified results were then imported into Prism 6.1 (GraphPad) for
visualization.

Generation of MTs missing B-tubulin tails

To selectively remove B-tubulin tails from MTs, taxol-stabilized MTs
containing 97% unmodified tubulin, 1% biotin brain tubulin and 2%
647-Hilyte labeled tubulin were treated with subtilisin at a 1:200
(subtilisin:tubulin) mass ratio at room temperature®. The reaction
was terminated at 1.5 hby the addition of 5 mM phenylmethylsulfonyl
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fluoride. MTs were recovered through a glycerol cushion. Mass spec-
trometry, performed as described in ref. 52, showed the 3-tubulin tail
completely removed and the a-tail intact (Extended Data Fig. 7b,c).
Intact, unlabeled control MTs containing 99% unmodified tubulin
and 1% biotinylated tubulin were prepared the same way but without
the addition of subtilisin. These MTs were used in TIRF-based assays.

LC-MS analyses of TTLL6-modified MTs

Taxol-stabilized WT and subtilisin-treated MTs (a-Atail) were gener-
ated asdescribed above. The proteolytic removal of the 3-tubulin tail
while the a-tail remained intact was confirmed by LC-MS. Both WT and
op-Atail MTs were incubated with M. musculus TTLL6 at an enzyme:MT
ratio of 1:10. Reactions were performed in 20 mM HEPES (pH 7.0),
50 mMKCI, 10 mM MgCl,, 5 mM TCEP,1 mM ATP and 1 mM L-glutamic
acid. Reactions were initiated by the addition of TTLL6, and samples
were collected at 0 and 2 h. Reactions were quenched by adding an
equal volume of 20% acetonitrile with 0.1% TFA and separated on a
Zorbax300SB C18 column (Agilent) usinga0-70% acetonitrile gradient
in 0.05% TFA at a flow rate of 0.2 ml min™. The column was connected
to a 6224 ESI-TOF LC-MS (Agilent), and data were analyzed using the
Mass Hunter Workstation platform.

Generation of MTs glutamylated on -tubulin

TTLL7 was purified as previously described®. Taxol-stabilized MTs
containing 97% unmodified tubulin, 1% biotin brain tubulin and 2%
647-Hilyte tubulin were treated with Xenopus tropicalis TTLL7 at a
molarratioof 1:10 (TTLL7:tubulin) for1 h. TTLL7 was removed by add-
ing 300 mM KClI and centrifugation through a 60% glycerol cushion
in BRB8O buffer. The number of glutamates added to a-tubulin and
B-tubulin was determined by LC-MS as described in ref. 13. The mass
spectra display the characteristic distribution of masses with peaks
separated by +129 Da corresponding to every glutamate added (Sup-
plementary Fig. 3). Unmodified control MTs containing 99% unmodi-
fied tubulin and 1% biotinylated tubulin were prepared the exact same
way but without the addition of TTLL7.

Immunoblot assays

Taxol-stabilized TTLL7 glutamylated MTs were generated as described
above. The number of glutamates added to 3-tubulin was determined by
LC-MS asdescribed previously”. The mass spectradisplayed the char-
acteristic distribution of masses with peaks separated by +129 Dacorre-
spondingtoevery glutamate added. Bothunmodified and glutamylated
MTs were incubated with M. musculus TTLL6 at an enzyme:tubulin
molarratio of1:50. Reactions were carried outin20 mMHEPES (pH 7.0),
50 mM KClI, 10 mM MgCl,, 5mM TCEP, 1 mM ATP and 1 mM L-glutamic
acid. Reactions were initiated by the addition of TTLL6, and samples
were collected at O, 1, 2 and 4 h. Reactions were quenched with EDTA
to a final concentration of 20 mM and then mixed with SDS loading
buffer. a-Tubulinand -tubulin were separated on an SDS-PAGE gel, as
described previously®, and transferred to anitrocellulose membrane.
The membrane was treated with 5% nonfat dry milk blocking solution
for1hatroom temperature and subsequently incubated with1:2,000
dilution of rabbit polyclonal antipolyglutamate chain (polyE) anti-
body (Adipogen, IN105) and 1:2,000 dilution of mouse monoclonal
anti-B-tubulinantibody (Abcam, ab101019). IRdye680 goat anti-mouse
and IRdye800 goat anti-rabbit secondary antibodies (1:10,000 dilution)
were used (LI-COR Biosciences). The bound antibodies were stripped
using Revitablot western blot stripping buffer (Rockland, MB-085-
0050). The membrane was then blocked again with 5% nonfat dry milk
blocking solution for 1 h at room temperature and probed for mono-
glutamylation using 1:2,000 dilution of mouse monoclonal antibody
GT335 (Adipogen, AG-20B-0020). IRdye680 goat anti-mouse secondary
antibody (1:10,000 dilution) was used (LI-COR Biosciences). Densito-
metricanalyses and quantifications were performed with Image Studio
Lite (LI-COR Biosciences) and plotted using GraphPad Prism 6.1.

Fluorescentlabeling

A synthesized fluorescent peptide, NH2-(Atto488)-LPETGGGG
(Bio-Synthesis), was ligated to the N-terminus of TTLL6 using sortase”.
Specifically, recombinant TTLL6 was cleaved off its GST tag using
tobacco etch virus protease, leaving two glycines on its N-terminus,
and then subsequently purified on a Heparin column followed by
size-exclusion chromatography. A total of 50 pM of either recom-
binantly purified TTLL6 or TTLL6AMTBH1-2 and 1 mM of the fluores-
cent peptide were incubated with 100 uM of sortase enzyme for1h
at room temperature in a buffer solution containing 50 mM Tris (pH
7.0) and 150 mM NaCl. The labeled protein was then purified from the
unreacted peptide on a Superose 6 10/300 GL size-exclusion column
(GE HealthCare). Thelabeling efficiency was ~64% for TTLL6 and ~35%
for TTLLAMTBHI1-2.

TIRF-based microscopy binding assays
To measure the binding of TTLL6 to intact and subtilisin-treated
(af3-Atail) MTs as a function of TTLL6 concentration, flow chambers
weremade using silanized cover glass and double-stick tape as described
previously”. WT unmodified MTs or a3-Atail MTs, prepared as described
above, wereimmobilized onaglass surface using neutravidin (Life Tech-
nologies, A-2666). Atto488-labeled TTLL6 at varying concentrations
ranging from O to 1 M for WT MTs and 0-2 pM for a-Atail MTs was
perfused into the chamber in assay buffer (80 mM PIPES (pH 6.9),1 mM
MgCl,,1mMEGTA, 50 mMKCI,100 pMATP and 1 mM glutamate) supple-
mented with 1% F-127 pluronicacid, 20 pM Taxol and oxygen scavengers
prepared as previously described” to remove free oxygen from the solu-
tion. Aninverted TIRF microscope (Nikon Ti-E with TIRF attachment) was
used forimage acquisition. The excitation light was provided by a640 nm
Coherent CUBE for Hylite-647 and a488 nm Coherent CUBE for Atto488,
both operating at 20 mW before being coupled to the TIRF attachment
viaafiber optic. The excitationlight was focused at the back focal plane of
ax100,1.49 numerical aperture objective (Nikon CFIApo TIRF100x). The
excitationlight was split from the emissionlight using a405/488/532/635
quad-band filter (Semrock Di03-405/488/532/635) and directed to
the sample. The emitted light was collected by the same objective and
split usingan Andor TuUCAM equipped with adichroic mirror (Semrock
FF640-FDi02). Two EMCCD cameras (AndoriXON3-897) equipped with
eitheran FF01-550/88 (Semrock) or aBLP01-647R (Semrock) were used
to image the 488 and 640 channels, respectively. Images of unlabeled
MTswere obtained usingIRMwithared LED and imaged onthe 640 chan-
nel for simultaneous imaging with the 488 channel’. The 488 nm channel
was used toimage the Atto488-labeled TTLL6 at 100 ms exposure. Multi-
plefields of view on multiple chambers wereimaged for each concentra-
tionof Atto488-TTLL6 and TTLL6AMTBHI1-2. Background-correctedline
scan intensities were measured using Fiji136 (ref. 94) and normalized
to MT length. Fluorescent intensity was plotted as a function of TTLL6
concentration, and the apparent K;was obtained by fitting the datatoa
one-site binding parameter in Prism 6.1 (GraphPad).

Tocompare TTLL6 binding to WT and BA-tail MTs, both unlabeled
WT MTs (not fluorescently labeled) and subtilisin-treated afA-tail
MTs (containing 2% 647-Hylite labeled tubulin) were immobilized
in the same chamber with 0.02 mg mI™ neutravidin (Thermo Fisher
Scientific). Either Atto488-labeled TTLL6 (50 nM) or Atto488-labeled
TTLL6AMTBH1-2 (250 nM) in20 mM HEPES (pH 7.0), 50 mM KCI, 10 mM
MgCl,1 mM glutamate, 100 uM ATP, 2 pM taxol, 1% pluronic F-127 and
oxygen scavengers (7.5 U pl™ catalase, 0.15 U pl™ glucose oxidase and
20 mM glucose) was perfused into the chamber. The chamber was
left to equilibrate for 5 min beforeimaging. Images of the 488 nmand
647 nm excitation channels were acquired at an exposure of 100 ms
as described above. MT images were obtained using IRM on an ORCA
Flash 4.0 V2sCMOS camera (Hamamatsu) before acquiring fluorescent
images. Multiple fields of view were imaged. Background-corrected
line scan intensities were measured using FIJI°*, and intensities were
normalized to MT length.
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To compare TTLL6 binding to unmodified and TTLL7 glutamyl-
ated MTs, bothunmodified MTs (not fluorescently labeled) and TTLL7
modified glutamylated MTs (containing 2% 647-Hylite labeled tubulin)
were immobilized in the same chamber with 0.02 mg ml” neutravidin
(Thermo Fisher Scientific). Either Atto488-TTLL6 (50 nM) or Atto488-
TTLL6AMTBHI1-2 (250 nM) in20 mM HEPES pH (7.0), 50 mM KCI,10 mM
MgCl,1 mM glutamate, 100 uM ATP, 2 uM taxol, 1% pluronic F-127 and
oxygen scavengers (7.5 U pl™ catalase, 0.15 U pl™ glucose oxidase and
20 mM glucose) was perfused into the chamber. The chamber was
left to equilibrate for 5 min beforeimaging. Images of the 488 nmand
647 nm excitation channels were acquired at an exposure of 100 ms
as described above. MT images were obtained using IRM on an ORCA
Flash 4.0 V2sCMOS camera (Hamamatsu) before acquiring fluorescent
images. Multiple fields of view on multiple channels were imaged.
Background-corrected line scanintensities were measured using FIJI**,
and intensities were normalized to MT length.

Single-molecule dwell time analysis

For the dwell time analysis, GMPCPP- or taxol-stabilized MTs consisting
of 94% porcine brain tubulin, 5% Hylite-647-labeled tubulin (Cytoskel-
eton TL590 M) and 1% biotin-labeled tubulin (Cytoskeleton T238P) were
prepared as described above. MTs were immobilized onaglass surface
using neutravidin (Life Technologies, A-2666). Atto488-labeled TTLL6
(10 nM) was perfused inassay buffer (80 mM PIPES (pH 6.9),1 mM MgCl,,
1mMEGTA, 50 mMKCI, 100 pMATP and1 mM glutamate) supplemented
with 1% F-127 pluronicacid, 20 pM Taxol (in case of taxol-stabilized MTs)
and oxygen scavengers (7.5 U pl™ catalase, 0.15 U pl™ glucose oxidase
and 20 mM glucose) prepared as described previously”. The 640 nm
and 488 nm channels were used to image MTs and Atto488-TTLL6,
respectively. Images were collected at an exposure of 50 ms for either
1frame per second in the case of Atto488-TTLL6 or at a frame rate of
20 frames per second in the case of Atto488-TTLL6AMTBHI-2. For
data analysis, kymographs were generated from the movie stack for
each MT using ImageJ. TTLL6 molecules appeared as vertical lines on
the kymographs (Fig. Se,g and Extended Data Fig. 10d). The length of
these lines was measured and recorded as dwell times. The results were
imported into GraphPad Prism 6.1, and regression analyses were per-
formed to get the mean dwell times. Images of Atto488-TTLL6 bound
toacoverslip withno MTs were used to calculate the bleaching time of
Atto488 molecules, and the dwell times were corrected for the effects
ofbleaching (Extended Data Fig.10c).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The TTLL6MTBH12:MT model hasbeendeposited under accession PDB
8T42;the PDB model of TTLL6:MT from the composite map has been
deposited under accession PDB 8U3Z. Maps were deposited at Electron
Microscopy Data Bank with accession EMD-42884, B-factor sharpened
map, EMD-41018 DeepEmhanced map, EMD-41090, composite map,
all with accompanying raw half maps. The map of TTLL6 obtained by
focused classification has accession EMD-41022. Motion-corrected
micrographs are found under EMPIAR-11798. All plasmids and cell
lines used in this study will be shared by the lead contact uponrequest.
This paper does not use any original code. Source data are provided
with this paper.
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Extended Data Fig. 1| Cryo-EM image processing. a. Initial image processing
was performed in RELION®. In total, 2,771 movies were motion corrected and
summed®®; high-quality micrographs were selected based on CTF estimation®®
and visual inspection for manual picking of microtubule segments.

b. Representative cryo-EM micrograph from one of 2,771 movies of microtubules
decorated with TTLL6. Decoration is highly heterogeneous. Scale bar, 25 nm.
c. Initial reconstruction of microtubule decorated with TTLL6 using MiRP®.
Microtubule segments were sorted based on protofilament number; most
common rotation angle, x/y shifts and seam positions were assigned to each
microtubule segment. d. Clreconstruction of the TTLL6 bound microtubule.
TTLL6, gold, binds every 80 A, highlighted by the double arrow, along the
microtubule lattice, blue. e. Protofilament refinement™ improved map quality
for the microtubule and MTBH1-2in TTLL6. For each microtubule segment all
but the signal from two adjacent protofilaments was substracted to generate a

two protofilament stack, followed by refinement of particle coordinates. f. Local
resolution estimates show the map reaching 3 A resolution in the microtubule
and MTBH1-2 regions and poorly resolved density for the rest of TTLL6. MTBH1-2
is highlighted by a dashed rectangle. Local resolution was determined via
Monores® followed by LocalDeblur®. g. Two protofilament, 2PF, refinement
protocol improved definition of the C-terminus of MTBH2 in comparisontoa
protocol where each particle contained signal for just one protofilament, 1PF.

h. Focused classification of TTLL6 improved its definition. Refinement of

the minor class yielded a TTLL6 map with local resolution estimates ranging
from ~5 Ato14 A.iFourier shell correlation (FSC) curves for each microtubule
reconstruction depict their nominal resolution. FSC estimates were calculated at
0.143 criterion. Resolution for the microtubule lattice improved from 3.8 A, MiRP
protocol, to 3.6 A, two protofilament refinement protocol.
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Extended Data Fig. 2| MTBH1-2 s highly flexible and binds only to
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the cryo-EM structure in complex with the microtubule. b. Circular dichroism

microtubules and not soluble tubulin. a. Ribbon representationof TTLL6inthe  spectraof recombinantly expressed and purified TTLL6 MTBH1-2 show its

conformationitadoptsin complex with the microtubule (domains colored asin secondary structure is predominantly a-helical. c. Binding of TTLL6 MTBH1-2 to
Fig.1) superposed on the X-ray crystal structures of TTLL6 bound to ATP (light taxol-stabilized microtubules assembled from porcine brain tubulin. Ky ~3.7 pM.
gray, PDB 6VZT; ref. 41) or bound to a di-Glu elongation analog (dark gray, PDB Errorbars, S.E.M (n =2).d. Gelfiltration analysis of recombinant TTLL6 MTBH1-2
6VZU; ref. 41). A part of the MTBH1-2 was not resolved in the X-ray structures. The and soluble af-tubulin mixture showing that the two proteins elute separately on
unresolved regions are shown as dotted lines. The MTBH1-2 in the TTLL6 X-ray aSuperdex-200 analytical gel-filtration column (Methods).

structures, highlighted by a cyan ellipse, is in a different orientation than that in
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Extended Data Fig. 3| TTLL6 binding compacts the microtubule lattice and
regularizes the microtubule wall. a. Histogram of rotation angles (¢ angle)
between adjacent protofilaments of undecorated microtubules shows two
peaks for non-seam 23.9°, major, and 30.7°, minor; for seam 23.7°, major, 30.7°,
minor. These numbers deviate from a symmetric protofilament geometry,

@ =360°/14 protofilaments = 25.7°. b. Histogram of rotation angles (¢ angle)
between adjacent protofilaments of TTLL6-decorated microtubules shows one
peak for non-seam at 25.4° and for the seam at 25.5°, These numbers are close to a
symmetric protofilament geometry, ¢p = 360°/14 protofilaments = 25.7°.

c. Atomic models of undecorated, gray, and TTLL6 decorated, red,

protofilaments aligned at the minus end on the al-tubulin subunit show TTLL6-
induced structural changes in the microtubule lattice. d. Tubulin dimer repeat
distances for undecorated and TTLL6-decorated microtubules obtained in
Relion® by refining the helical rise for 3independent reconstructions obtained
by splitting the data into three datasets, each containing one-third of the data
(Methods). e. Tubulin dimer repeat distances obtained from fitting atomic
modelsin3independent C1and symmetrized undecorated and TTLL6-
decorated microtubule reconstructions each obtained from one-third of the data
(Methods).
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Extended Data Fig. 4 | MTBH1-2 destabilizes microtubules.
a-d.Representative cryo-EM images from one of two independent experiments
showing microtubules alone or in the presence of excess MTBH1-2. MTBH1-2
at5 uM with 1 uM GMPCPP-stabilized microtubules polymerized from porcine
brain tubulin (a), 1 uM GMPCPP-stabilized microtubules polymerized from

Unmodified tSA GMPCPP stabilized microtubules (1uM)

No MTBH 5 uM MTBH

d Unmodified tSA taxol stabilized microtubules (1pM)

No MTBH 5 uM MTBH

unmodified human tubulin affinity purified from tSA201 cells™ (b), 1 uM taxol-
stabilized microtubules polymerized from porcine brain tubulin (c) and taxol-
stabilized microtubules polymerized from unmodified human tubulin (d). Scale
bar,30 nm.
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Extended Data Fig. 5| MTBD and MTBH1-2 optimally position the TTLL6
core tointeract with the negatively charged a-tubulin tail through agroove
lined with positively charged residues critical for activity. a. View of TTLL6
in complex with the microtubule showing the proximity of the C-terminal

tail of a-tubulin to the active site of TTLL6. TTLL6 surface is color-coded for
electrostatic potential. The electrostatic potential was calculated using the
Poisson Boltzmann Solver”. The a-tubulin tail, shown in green, for which no
structural data are available was modeled to maximize side chaininteractions
without violating stereochemical constraints. ATP and the di-glutamate in the
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active site are shown in ball-and-stick. The di-glutamate position is based on

the X-ray crystal structure of TTLL6 in complex with the a-elongation analog
(PDB 6VZU; ref. 41). Agroove lined with positively charged residues leads to

the active site of TTLL6. We hypothesize that these cationic residues anchor
electronegative side chains in the a-tubulin tail, while the hydrophobic groove
interacts with the tubulin tail backbone. b,c. Normalized glutamylation activity
of structure-guided TTLL6 mutants in the proposed a-tubulin tail binding groove
with taxol-stabilized microtubules (b) and isolated a1B(-Y) peptide (c). Error
bars, S.E.M. (n =4).***p <0.0001 as determined by two-tailed t-test.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Identification of TTLL6 MTBH1-2-microtubule
interaction sites using cross-linking coupled with tandem mass
spectrometry. a. Chemical reaction showing the cross-linking of primary amine
and carboxylic acid in the presence of 1-ethyl-3-(-3-dimethylaminopropyl)

carbodiimide hydrochloride (EDC) and sulfo N-hydroxysuccinimide (sulfo-NHS).

b,c. Representative SDS-PAGE gels from one of two independent experiments
showing the cross-linking of MTBH1-2 to microtubules (b) but not to soluble
tubulin (c). The cross-linked products are outlined with a magenta rectangle.
M, mock. d-h. MS/MS sequencing of the cross-linked products. Peptides were

fragmented using EThcD decision tree method, so majority of the MS/MS
fragments are c- and z-ions, with asmall portion of b- and y-ions. The cross-linked
product contains 2 peptides. The sequences of the peptides are shownin the
spectrum and labeled as () or (B) peptides. When a MS/MS fragment contains
cross-linked (o) and (B) peptides, itis labeled as normal c- or z-ion. When a
fragment is from () or (B) peptides alone, a or Bis thenincluded in the labeling
ofthation, suchas [z12a+1] or ¢3f. The cross-link sites are highlighted in red.
Possible cross-linked residues are underlined whenit is not possible to locate the
precisesite.
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Extended Data Fig. 7 | Distance between MTBH2 and B-tubulin tails on
the microtubule and mass spectra showing subtilisin and subtilisin

mediated proteolytic removal of -tubulin tails from unmodified human

microtubules. a. Schematic showing the distance between the start of the
B-tubulin tail (yellow star) and the MTBH2 (cyan star). The disposition of the
B-tubulintail (its length and position as it emerges from the tubulin body) is
such that the MTBH2 is able to interact only with the B-tail from the lateral
tubulin dimer because the most C-terminal glutamate that cross-links to the
MTBH?2 lysine cannot reach closer than ~30 A from the C-terminus of MTBH2,
even when we assume that the -tail adopts acompletely extended random coil

conformation (3.8 A Ca to Ca distance) which would give it the greatest span
(the distance between the start of the B-tailand the MTBH2 on the same tubulin
dimeris ~75 A). Even the most C-terminal glutamate residue in the B-tail of the
same dimer on which TTLLé sits cannot reach closer than ~18 A from MTBH2. In
contrast, the Ca of the terminal Lys residue of TTLL6 MTBH2 is positioned ~9 A
away from the last B-tubulin residue visible in our structure (D427, and the start
of the flexible B-tubulin tail) that belongs to the laterally adjacent B-tubulin.
b,c.LC-MS spectra of wild-type (b) and subtilisin (c) treated unmodified human

microtubules used in Fig. 4 (Methods). The tubulin isotypes and the different
B-tubulin species after subtilisin treatment are indicated.
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Extended Data Fig. 8 | Microtubules missing their -tubulin tails are poor
substrates for TTLL6. a,b. LC-MS spectra of intact wild-type microtubules
attimes O h (a) and 2 h (b) after incubation with TTLL6. Tubulinisotypes
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and glutamate numbers are indicated on top. ¢,d. LC-MS spectra of affA-tail
microtubules at times 0 h (c) and 2 h (d) after incubation with TTLL6 (Methods).
Spectralabeled asina.
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Extended Data Fig. 9| MTBH1-2 promotes tubulin polymerization and experiments of reactions containing 10 pM porcine tubulin without MTBH1-2 (b)
mutation of residues in the three cationic clusters impairs this activity. orwith2.5 uMMTBH1-2 (c), 2.5 utMMTBH1-2 (K490A/K494A) (d), 25 uM MTBH1-2
a.Quantification of tubulin polymerization over time in the absence or presence (K490A/K494A) (e) and 25 uM MTBH1-2 (K490A/K494A/K498A/K502A) (f). Scale
of MTBH1-2 and the structure-guided MTBH1-2 mutants. b—f. Representative bar, 25 pm.

interference reflection microscopy images from one of two independent
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Extended Data Fig.10 | Single molecule characterization of Atto488-TTLL6
interaction with the microtubule. a. Distribution of surface-bound single
Atto488 TTLL6 over time. The number of surface-bound molecules decays
exponentially as the fluorescence is bleached. An exponential decay fit (red

line) yields a bleaching time of 12.5 s. b. One-step photobleaching trace of
immobilized Atto488-TTLL6 consistent with the molecule existing asamonomer
over the exposure time (50 ms). c. Initial fluorescence intensity distribution of

Atto488-TTLL6 moleculesimmobilized on glass showing a monodisperse profile.

d. Representative kymograph of single Atto488-TTLL6 on taxol-stabilized brain
microtubules (left). Distribution of residence times of Atto488-TTLL6 with
taxol-stabilized brain microtubules. The mean residence time (1) was obtained by
fitting an exponential curve to the histogram and correcting for photobleaching
(R?=0.95, n = 791 binding events from 6 independent experiments). e. Sequence
alignment of the MTBH1-2 from Mus musculus TTLL6 and TTLL13. Positively
charged basic residuesin the three clusters are marked with blue asterisks on top.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies

Antibodies used rabbit polyclonal anti-polyglutamate chain (polyE) antibody, (Cat no: IN105, Adipogen), 1:2000 dilution
mouse monoclonal anti-B-tubulin antibody, (Cat no: ab101019, Abcam), 1:2000 dilution
mouse monoclonal antibody GT335, (Cat no: AG-20B-0020, Adipogen), 1:2000 dilution
IRDye 680RD Goat anti-Mouse IgG Secondary Antibody, (Cat n0:926-68070, Licor Biosciences),1:10000 dilution
IRDye680RD Goat anti-rabbit 1gG secondary antibody, (Cat no: 926-68071, Licor Biosciences), 1:10000 dilution
IRDye 800CW Goat anti-Mouse IgG Secondary Antibody, (Cat no: 926-32210, Licor Biosciences), 1:10000 dilution
IRDye 800CW Goat anti-rabbit IgG Secondary Antibody, (Cat no: 926-32211, Licor Biosciences), 1:10000 dilution

Validation https://adipogen.com/ag-25b-0030-anti-polyglutamate-chain-polye-pab-in105.html/

https://www.abcam.com/products/primary-antibodies/beta-tubulin-antibody-37b-ab101019.html
https://adipogen.com/ag-20b-0020-anti-polyglutamylation-modification-mab-gt335.html
https://www.licor.com/bio/reagents/irdye-680rd-goat-anti-mouse-igg-secondary-antibody
https://www.licor.com/bio/reagents/irdye-680rd-goat-anti-rabbit-igg-secondary-antibody
https://www.licor.com/bio/reagents/irdye-800cw-goat-anti-mouse-igg-secondary-antibody
https://www.licor.com/bio/reagents/irdye-800cw-goat-anti-rabbit-igg-secondary-antibody

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human Embryonic Kidney Cells tSA 201
Source : https://www.sigmaaldrich.com/US/en/product/sigma/cb_96121229

Authentication none

Mycoplasma contamination not tested

Commonly misidentified lines  none
(See ICLAC register)
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