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Abstract: Microtubules are dynamic biophysical polymers whose function is encoded by a
combinatorial regulatory framework, the “tubulin code”, in which o/B-tubulin isotype composition,
post-translational modifications (PTMs), and lattice conformation collectively determine effector
recruitment and cellular behavior. Among these PTMs, a-tubulin detyrosination has become a
particularly tractable model for biophysical investigation following the identification of its enzymatic
machinery. In this review, we summarized progress across six thematic areas: Methodological
advances enabling causal investigation of the tubulin code; the conceptual framework of isotype-
PTM epistasis; the molecular mechanism and spatial regulation of detyrosination by the vasohibin-
SVBP (VASH/SVBP) complex and MATCAP/TMCP family; microtubule lattice mechanics and plus-
end dynamics; effector-mediated transport sorting; and pathophysiological consequences in
neurological disease, cardiac dysfunction, and cancer. A central insight was that microtubule lattice
conformation, expanded (GTP-like) versus compacted (GDP), constitutes a previously unrecognized
third axis of the tubulin code. Lattice expansion enhances a-tubulin C-terminal tail (CTT) accessibility
and selectively promotes VASH1/SVBP catalytic activity, mechanically gating detyrosination. This
state-gated mechanism couples polymer biophysics to downstream transport selectivity, with
consequences for axonal differentiation, chromosome segregation, ciliary organization, and cardiac
mechanics. Neuronal axonal microtubules maintaining a GTP-like expanded lattice despite being
GDP-bound further illustrates lattice conformation as an independent regulatory variable. Nevertheless,
no single experimental system has demonstrated this complete causal cascade, from isotype
composition through lattice mechanical state and PTM enzyme accessibility to reader recruitment, in
an integrated manner. Establishing a unified reconstitution and imaging workflow to validate this
cascade, and defining how its breakdown drives disease, stands as the central experimental challenge
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for tubulin biophysics. Microtubules are not merely structural scaffolds but a dynamic information-
processing system whose biophysical logic is only beginning to be deciphered.

Keywords: tubulin code; microtubule lattice conformation; a-tubulin detyrosination; vasohibin; post-
translational modification

Abbreviations: APC: adenomatous polyposis coli; CCP: cytosolic carboxypeptidase; CNS: central
nervous system; CTT: C-terminal tail; cryo-EM: cryo electron microscopy; cryo-ET: cryo electron
tomography; EHT: engineered heart tissue; FRET: fluorescence resonance energy transfer; H-ABC:
hypomyelination with atrophy of the basal ganglia and cerebellum; HAP1: human haploid cell line 1;
HS-AFM: high-speed atomic force microscopy; IDR: intrinsically disordered region; IFT:
intraflagellar transport; iPSC: induced pluripotent stem cell; MAP: microtubule-associated protein;
MATCAP: microtubule-associated tyrosine carboxypeptidase; MCAK: mitotic centromere-associated
kinesin; MD: molecular dynamics; MEF: mouse embryonic fibroblast; PTM: post-translational
modification; RGC: retinal ganglion cell; SVBP: small vasohibin-binding protein; TCP: tubulin
carboxypeptidase;  TIRF:  total internal reflection fluorescence;  TMCP:  tubulin
metallocarboxypeptidase; TOG: tumor overexpressed gene; TTL: tubulin tyrosine ligase; TTLL:
tubulin tyrosine ligase-like; VASH: vasohibin

1. Introduction

Microtubules are polarized biophysical polymers assembled from o/B-tubulin heterodimers that
are indispensable for cell division, intracellular transport, and cell motility [1]. Their dynamic behavior
is fundamentally governed by the GTPase cycle of B-tubulin: Upon incorporation into the growing
lattice, GTP hydrolysis drives a conformational transition of the tubulin dimer from an expanded to
a compacted state, generating mechanical strain that underlies the phenomenon of dynamic
instability [2]. Beyond this intrinsic mechanochemical cycle, the functional diversity of microtubule
networks is further elaborated at two levels. First, the expression of distinct a- and B-tubulin isotypes
directly tunes polymer dynamics by altering growth rates and catastrophe frequencies in an isoform-
dependent manner [3]. Second, a rich repertoire of post-translational modifications (PTMs) is
enzymatically installed onto the exposed C-terminal tails (CTTs) of polymerized tubulin. Among these,
the detyrosination of a-tubulin, catalyzed by the vasohibin—-SVBP (VASH/SVBP) complex, is a pivotal
mark that selectively recruits or excludes specific molecular motors and microtubule-associated
proteins (MAPs), generating functionally distinct microtubule subpopulations within a regulatory
framework collectively termed the “tubulin code” [4-7].

Several reviews have surveyed the tubulin code from largely genetic and biochemical
perspectives, cataloguing isotype diversity and the expanding repertoire of PTMs [6—8]. In this review,
we instead adopt an explicitly biophysical lens: We integrate the mechanics of the microtubule lattice,
historically treated as a passive scaffold, with detyrosination enzymology to argue that lattice
conformation constitutes a third, mechanically gated axis of the code. This synthesis has become
possible only recently through the convergence of defined-isotype recombinant tubulin, atomic-
resolution structures of the VASH/SVBP and MATCAP detyrosinases, and in situ cryo-ET of the lattice,
and is elaborated in Sections 3-5. Despite these advances, fundamental mechanistic questions remain
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unresolved. Moreover, how cells spatially integrate the combinatorial information encoded by multiple
isotypes and overlapping PTMs to establish stereotyped tubulin code patterns, and how effector
proteins decode this information with spatial precision, are not understood [6]. Furthermore, although
the GTP-like expanded state of the microtubule lattice has been shown to promote VASH/SVBP-
mediated detyrosination [9], the atomic-level dynamic mechanisms by which lattice conformation
modulates enzymatic activity have not been directly demonstrated. Although Li et al. [10] captured
continuous density corresponding to the a-tubulin CTT engaged in the VASHI1 catalytic groove, this
structure provides a snapshot of the enzyme-bound state. Because the CTT is intrinsically disordered
and conformationally heterogeneous, static X-ray crystallographic and cryo-EM analyses have not
revealed how its accessibility or interaction with the enzyme changes dynamically as the lattice
transitions between expanded and compacted states. Addressing this gap has therefore required
complementary MD simulations and live-cell biosensor approaches [11]. Together, these gaps
highlight the need for an integrated biophysical framework connecting lattice mechanics, CTT
accessibility, and the enzymatic regulation of the tubulin code.

2. The technological revolution: Methodological advances enabling causal analysis
2.1. Historical limitations, recombinant tubulin, and defined-isotype microtubules

Historically, biochemical studies of microtubules relied heavily on brain-derived tubulin
preparations, which comprise heterogeneous mixtures of various isotypes and diverse post-
translational modifications (PTMs). This compositional complexity precluded the isolation and
functional evaluation of specific isotypes or PTMs.

Structural methods also faced significant limitations: Cryo electron microscopy (cryo-EM) and
X-ray crystallography often failed to resolve the electron density of intrinsically disordered regions
(IDRs), such as tubulin C-terminal tails (CTTs), thereby preventing direct visualization of dynamic
enzyme—tail interactions. To overcome these constraints, a critical breakthrough was the establishment
of recombinant tubulin expression and purification systems capable of generating isotypically pure
microtubules. A baculovirus/insect-cell expression system combined with a “double-selection
strategy”, incorporating an internal His-tag into the a-subunit and a cleavable Flag-tag at the C-
terminus of the B-subunit, effectively eliminated contaminating endogenous tubulin from the insect
cell host, enabling production of a single defined neuronal isotype combination (a1 A/BIII) together
with its cryo-EM structure [12]. In parallel, a complementary tumor overexpressed gene (TOG)-
affinity purification method was applied to a human embryonic kidney cell line expressing a distinct,
non-neuronal isotype repertoire, yielding defined a1B/BI + BIVb microtubules and enabling the first
direct in vitro comparison of dynamics between defined single-isotype combinations [3].

2.2. Defined PTM writing

Concurrent advances were achieved in characterizing the enzymatic machinery of tubulin
detyrosination. Vasohibin expressed in isolation exhibits limited capacity for tubulin modification:
Transfection of Vasohibin into HEK293T cells resulted in only a marginal increase in detyrosinated
tubulin. In contrast, co-expression with its chaperone-like partner SVBP drove a nearly complete loss
of tyrosinated o-tubulin. This robust potentiation was further corroborated in mouse embryonic
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fibroblasts (MEFs), where expression of the VASH/SVBP complex induced complete detyrosination
of endogenous a-tubulin [4].

2.3. Single-molecule TIRF microscopy

Single-molecule total internal reflection fluorescence (TIRF) microscopy revolutionized the
tracking of individual detyrosinase molecules on microtubules, revealing enzyme translocation along
the lattice and the sites of catalytic activity. These observations demonstrated that the C-terminal IDR
of Vasohibin engages in dynamic interplay with its acidic N-terminal region, governing the timing of
enzyme dissociation and the rate of one-dimensional diffusion along the lattice [13]. At the population
level, VASH1 acts broadly across the microtubule network, whereas VASH2 generates discrete, patch-
like detyrosination patterns. This dichotomy primarily reflects the substantially longer microtubule
residence time of VASH2 relative to VASH1; in both enzymes, interplay between the N-terminal and
C-terminal IDRs provides the precise kinetic control that sets this residence time [13]. Furthermore,
single-molecule imaging using an antibody-based biosensor confirmed that VASH1/SVBP activity is
specifically enhanced on microtubules adopting a GTP-mimicking, expanded lattice conformation [9],
establishing that the lattice structural state functions as an allosteric switch for the detyrosinase.

2.4. Cryo-EM/ET and structural analysis

The structural basis for the preferential activity of VASH1/SVBP toward polymerized tubulin was
elucidated via cryo-EM. The interface between VASH1 and two adjacent a-tubulin molecules spanning
neighboring protofilaments is geometrically incompatible with free af-tubulin dimers and can be
established only on the assembled lattice; disruption of these lattice-specific contacts selectively
abolishes detyrosination of microtubule polymers while leaving activity toward soluble tubulin largely
intact [10]. Building upon this framework, the integration of cryo-ET with coarse-grained
computational modeling, supported by atomistic simulations, revealed that protofilaments at the
microtubule plus-end form an ensemble of multiple conformational states, with GTP/GDP-dependent
mechanical selection (conformational selection) governing the transition between growth and
catastrophe [14].

2.5. Molecular dynamics simulation

MD simulations indicated that the a-tubulin CTT does not fluctuate freely but instead forms
transient, numerous contacts with the globular bodies of both a- and B-tubulin within the lattice,
adopting a “stored” conformation. Contacts involving the distal portion of the CTT were more frequent
under GDP/compacted conditions and reduced under GTP-like/expanded conditions, consistent with
greater CTT accessibility in the expanded lattice. Complementary single-molecule biosensor imaging
in living cells supports this difference in accessibility; however, these biosensor data indicate a
correlation and do not by themselves establish that increased accessibility is the direct cause of
enhanced VASH1/SVBP catalysis, leaving open the possibility of additional conformational effects on
productive enzyme engagement [11].
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2.6. Integration and remaining challenges

Collectively, the methodological advances described in this section, recombinant tubulin of
defined composition, single-molecule TIRF microscopy, cryo-EM/ET, and MD simulation, have
transformed microtubule biology from a correlative to a causal discipline. Nevertheless, a unified
workflow capable of applying TIRF-based kinetic measurements, cryo-EM structural analysis, and
quantitative kinetic modeling to an identical, defined sample in parallel remains to be established.
More broadly, the persistent epistemological gap between computational prediction and experimental
validation has been identified as a central challenge in protein biophysics, underscoring the need for
genuinely integrated approaches [15]. Bridging this gap will likely require multiscale strategies that
connect atomistic MD, typically limited to trajectories of nanoseconds to a few microseconds, with the
millisecond-to-second timescales accessible to TIRF-based single-molecule and bulk enzymatic assays.
Coarse-grained MD simulations and Markov state models, which compress atomistic trajectories into
a small number of long-lived conformational states and their inter-state transition kinetics, offer one
computational route to this extrapolation, while high-speed atomic force microscopy (HS-AFM),
capable of resolving CTT and lattice dynamics with sub-second temporal and sub-nanometer spatial
resolution, offers a complementary experimental bridge. Neither approach has been applied to the
VASH/SVBP-microtubule system, and their integration constitutes an important methodological
frontier for the field.

3. The tubulin code
3.1. Conceptual definition

The “tubulin code” is a conceptual framework in which the functional identity of a microtubule
is determined by the combination of a/B-tubulin isotypes expressed by the cell and the chemically
diverse array of post-translational modifications (PTMs) deposited on their surfaces [6,7]. PTMs are
added and removed by dedicated enzymatic machineries designated “writers” and ‘“erasers”,
respectively, while a distinct class of proteins termed “readers” decode the resulting modification
patterns through selective binding to or dissociation from the microtubule lattice [8]. Despite these
advances, the fundamental mechanisms by which cells write and read the tubulin code remain largely
unresolved [6].

3.2. Isotype composition tunes lattice structure and dynamics

Microtubules reconstituted from the a1B/BI + BIVb isotype combination, purified from a human
embryonic kidney-derived (tsA201) cell line, display faster elongation rates and lower catastrophe
frequencies relative to brain-derived heterogeneous tubulin [3]. Titrating in an increasing proportion
of the recombinant neuron-specific al A/BIII heterodimer, produced separately using a baculovirus-
insect cell (Sf9) expression system, progressively decreased the elongation rate and elevated
catastrophe frequency, providing direct evidence that isotype composition actively tunes microtubule
dynamics [3]. These data show that isotype composition directly alters microtubule growth and
catastrophe behavior and is accompanied by differences in plus-end taper and tubulin curvature [3].
The molecular sequence features responsible for these changes were not directly resolved in that study.
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The structural basis of the GTP hydrolysis-driven lattice transition (expanded — compacted state) is
discussed in detail in Section 5; however, the rate of this transition may be isotype-dependent,
providing a potential molecular explanation for the observed differences in catastrophe frequency [2,3].

3.3. PTMs regulate effector recruitment

Decoding of the tubulin code is executed by effector proteins that recognize PTM patterns on the
microtubule surface. A key principle established by quantitative in vitro reconstitution is that PTMs,
including detyrosination, do not directly alter the intrinsic dynamics of the microtubule polymer; rather,
they function as docking signals that selectively recruit or exclude specific effector molecules [16].
For example, +TIP proteins harboring CAP-Gly domains, such as CLIP-170 and p1509", fine-tune
their association with microtubule plus-ends in a tyrosination-dependent manner [16]. The most
spatially precise demonstration of code-dependent transport selectivity comes from the intraflagellar
transport (IFT) system: VashL-knockout Chlamydomonas reinhardtii mutants, in which the
tyrosination/detyrosination balance is disrupted and exhibit frequent IFT train stalling and impaired
ciliary elongation; direct measurement revealed that anterograde and retrograde trains possess distinct
affinities for A- and B-tubules that depend on their tyrosination status [17].

Detyrosination is one component of a broader PTM code. Work from Janke and colleagues
established the tubulin tyrosine ligase-like (TTLL) family as a major class of tubulin-modifying
enzymes; a TTLL1-containing complex catalyzes tubulin polyglutamylation [18]. Polyglutamylation
can tune effector activity in a graded manner: Longer glutamate side chains promote spastin-dependent
microtubule severing in cells and in vitro [19]. Moreover, TTLL1 and TTLL7 preferentially generate
polyglutamylation on a- and B-tubulin, respectively, and these subunit-specific modification patterns
have distinct effects on axonal transport and neurodegeneration [20]. These findings provide an
independent experimental demonstration that the identity, location, and extent of a tubulin PTM can
encode distinct functional outputs, complementing the tyrosination/detyrosination system emphasized
here.

3.4. Isotype x PTM epistasis and the lattice as a third axis

Integrating the physical consequences of isotype diversity with the chemical selectivity conferred
by PTMs reveals that the tubulin code functions not through the independent action of each layer, but
through synergistic or antagonistic epistatic interactions between them [6,8]. Defined-isotype
microtubules exhibit distinct dynamic and structural properties, including differences in growth,
catastrophe behavior, plus-end taper, and tubulin curvature [3]. This raises the possibility that the many
isotype, PTM combinations that remain experimentally uncharacterized are coupled to structural
changes arising from GTP hydrolysis-driven lattice dynamics. Critically, lattice expansion has been
shown to promote VASH1/SVBP detyrosinase activity [9] and to enhance enzymatic accessibility to
the a-tubulin CTT [11], suggesting that lattice structural state itself constitutes a previously
unrecognized axis of the tubulin code (Figure 1). Disease models further suggest coupling between the
isotype and PTM axes. In a TUBB4A A302T model of H-ABC tubulinopathy, white-matter regions
showed increased o-tubulin detyrosination and acetylation together with altered p-tubulin
phosphorylation, consistent with a shift toward a more stable microtubule state [21]. Because
detyrosinase kinetics and lattice conformation were not measured directly, it remains unresolved
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whether the B-tubulin mutation changes a-tubulin detyrosination through altered lattice structure,
increased microtubule lifetime, or changes in PTM-enzyme access. This disease context therefore
provides a particularly relevant system in which to test the proposed isotype—lattice—PTM coupling.

The Three-Axis Tubulin Code
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modifications
1—

Detyrosinated
a-tubulin (AY)

Different a/B-tubulin #

isotypes alter lattice
properties and effector
interactions.

Chemical modifications of
tubulin tails and core
residues diversify
microtubule identity.

Subunit key oCTT tail state key
" " Tyrosinated aCTT
(t“};:il::)"" . AY M = tail with
terminal Y
B-tubulin
(dark gray) Detyrosinated aCTT
A (AY) =l lacking
terminal Y
& v
Extended conformation (GTP state) T Compacted conformation (GDP state)
[ GTP-bound tubulin lattice (expanded) ] [ GDP-bound tubulin lattice (compacted)
CTT highly accessible o . CTT minimall ibil
© Lattice conformation Ty R

. \

i Expanded or compacted lattice states E |

| | Expanded  influence accessibility, binding, and | i | Compacted
! lattice & e ! ! lattice

! enzymatic recognition. : !

I 1 |

| I |

Figure 1. The tubulin code as a three-axis combinatorial system.

The functional identity of a microtubule is determined by three interacting regulatory layers. (1)
Isotype composition: Different o/B-tubulin isotypes alter intrinsic lattice properties and effector
interactions (Section 3). (2) Post-translational modifications: Chemical modifications of the a-tubulin
C-terminal tail (CTT) and core residues diversify microtubule identity; tyrosinated (Y) and
detyrosinated (AY) o-tubulin subunits are indicated on the lattice model (Section 4). (3) Lattice
conformation: Expanded versus compacted lattice states influence CTT accessibility, enzyme binding,
and enzymatic recognition, constituting the third, previously unrecognized axis of the tubulin code
proposed in this review (Section 5). a-Tubulin subunits are shown in white and B-tubulin subunits in
dark gray; the aCTT tail-state key at right distinguishes tyrosinated (Y) from detyrosinated (AY) tails.
In the lattice-conformation insets, the aCTT is depicted as a less-accessible, lattice-associated
(“stored”’) conformational ensemble in the compacted state and as a more accessible ensemble in the
expanded state. These cartoons represent relative accessibility rather than an absolute hidden/exposed
switch [11].
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3.5. Remaining open questions

A central unresolved question concerns the quantitative epistasis between the isotype backbone
and PTM writing efficiency: How do isotype-dependent differences in sequence influence the ability
of writers and erasers to amplify or attenuate specific modifications? Comprehensive quantitative
datasets addressing this question are not available [8]. Furthermore, no researcher has demonstrated
the complete causal cascade “isotype — lattice mechanical state — PTM enzyme accessibility —
reader recruitment” in a single integrated experimental system; each link in this chain has been
established independently, and their concatenation remains inferential [6,9].

4. ao-tubulin detyrosination
4.1. Historical context and identification of VASH/SVBP as TCP

Vasohibin (VASH) was originally identified in the context of angiogenesis research. In 2004,
Watanabe and colleagues, through a comprehensive screen for VEGF-inducible genes, identified an
uncharacterized gene, KIAA1036, and found that its recombinant protein selectively inhibited the
migration, proliferation, and tube formation of vascular endothelial cells. Because this protein was
induced by VEGF while suppressing angiogenesis, it was named “vasohibin”, reflecting its proposed
role as an endothelium-derived negative feedback regulator of angiogenesis [22]. Its homolog VASH2
was subsequently isolated, establishing the concept that the vasohibin family constitutes a genetically
programmed angiogenesis-regulatory system within endothelial cells [23]. This role as an angiogenesis
inhibitor remained the sole known function of VASH for over a decade.

The existence of an a-tubulin detyrosinating enzyme (tubulin carboxypeptidase, TCP) had been
postulated since the 1970s, but its molecular identity remained unknown for decades. Aillaud et al. [4]
employed chemical proteomics using an irreversible inhibitor (epoY’), while Nieuwenhuis et al. [5]
independently conducted a genome-wide genetic screen in human haploid (HAP1) cells; both
approaches converged on the identification of a complex between vasohibin-1 (VASH1), its homolog
VASH2, and the small vasohibin-binding protein (SVBP) as the long-sought TCP. This revealed that
VASH, previously characterized solely as a secreted angiogenesis-regulatory protein, performs a
distinct cellular function as a tubulin-detyrosinating enzyme [24].

4.2. Structural basis and catalytic mechanism

Following the identification of VASH as an a-tubulin detyrosinase, high-resolution crystal
structures were rapidly determined: VASH1/SVBP [25] and VASH2/SVBP complexes [26]. How the
enzyme engages the microtubule lattice was determined by the cryo-EM structure capturing
VASH1/SVBP docked onto the microtubule lattice [10] (Figure 2A). The catalytic site of VASH1 is a
cysteine protease bearing a non-canonical Cys-His-Leu catalytic triad. The corresponding VASH2 triad
has been reported differently across structural studies: Wang et al. [26] described a conserved Cys-His-
Leu triad shared with VASH1, whereas Zhou et al. [27] reported a distinct non-canonical Cys-His-Ser
architecture specific to VASH2; reconciling this discrepancy will require direct side-by-side structural
comparison. Structural analysis further showed that the C-terminal tyrosine of a-tubulin is
accommodated within a hydrophobic pocket on the VASH surface, while the core domain engages the
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microtubule lattice through electrostatic interactions.
4.3. SVBP as chaperone and the heterotetrameric complex

VASH does not function as an enzyme in isolation. Heteromeric association with the small
vasohibin-binding protein SVBP was shown to be indispensable for catalytic activity [4]. Zhou et
al. [27] further demonstrated, at the structural level, that VASH2, intrinsically unstable on its own
within cells, forms a highly dynamic, positively charged groove spanning its catalytic pocket through
the al and a2 helices, and that SVBP acts as a chaperone-like partner by extensively engaging and
stabilizing these helices.

VASH/SVBP complexes are not restricted to heterodimers; they can also assemble into domain-
swapped heterotetramers. In this arrangement, two heterodimers cross over one another, with a variable
arm region extending from one VASHI molecule exchanging with the core and arm of the partner
heterodimer, thereby forming a robust heterotetrameric assembly [28].

4.4. Lattice conformation-dependent activity and CTT accessibility

VASH1/SVBP associates with microtubules irrespective of whether the tubulin subunits adopt a
compacted or expanded conformation. However, its detyrosination activity is markedly enhanced on
expanded lattices, including GMPCPP microtubules and Taxol-stabilized GDP microtubules. These
findings indicate that lattice conformation regulates VASH1/SVBP-mediated detyrosination primarily
at the level of catalytic activity rather than through selective recruitment of the enzyme to the
microtubule [9].

The C-terminal tails (CTTs) of a- and B-tubulin were conventionally thought to extend freely
from the microtubule surface. However, Hotta et al. [11] developed biosensors specific for the a-
tubulin CTT and demonstrated that the aCTT is less accessible along much of the microtubule lattice
than previously assumed. Its accessibility increases under conditions that promote lattice expansion,
including Taxol treatment, binding of lattice-expanding microtubule-associated proteins, and
expression of hydrolysis-deficient tubulin. Molecular dynamics (MD) simulations further indicated
that the aCTT forms numerous transient interactions with the globular surfaces of a- and B-tubulin and
that the frequency and distribution of these interactions are modulated by nucleotide- and effector-
dependent changes in lattice conformation. Thus, lattice expansion shifts the aCTT toward a more
accessible conformational ensemble that facilitates engagement by VASHI/SVBP and enhances
detyrosination. Notably, this nucleotide—conformation link is not fully direct: When the same probes
were applied to microtubules reconstituted in vitro in the absence of MAPs, GMPCPP- and GDP-
microtubules showed no significant difference in steady-state aCTT accessibility, indicating that
nucleotide state alone is insufficient to gate CTT exposure and that MAP-mediated lattice remodeling
is the more proximal determinant [11]. This discrepancy, explicitly noted by the original authors,
tempers the strength of the inference that lattice conformation directly and universally gates
detyrosinase accessibility, and underscores the need for future reconstitution systems that incorporate
physiological MAP occupancy to resolve this apparent contradiction.

Studies have extended this lattice-state-dependent regulatory framework to MATCAP1 while
revealing a mechanistically distinct mode of regulation. In contrast to VASH1/SVBP, MATCAP (also
termed MATCAPI1 in later literature) preferentially binds to microtubules containing tubulin subunits
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in an expanded conformation. Expansion induced by inhibition of B-tubulin GTP hydrolysis, Taxol
treatment, or kinesin-1 stepping enhances MATCAP binding and enzymatic activity. Once bound,
MATCAPI exhibits a long residence time on the microtubule lattice and sequentially removes the C-
terminal tyrosine and the penultimate glutamate residue of a-tubulin to generate AY-tubulin
(detyrosinated a-tubulin) and A2-tubulin (also denoted AC2-tubulin in some literature, e.g., Yue et
al. [29]; lacking both C-terminal tyrosine and penultimate glutamate), respectively [29]. These findings
indicate that lattice conformation can regulate different detyrosinating enzymes at distinct mechanistic
steps: Predominantly catalytic activity in the case of VASH1/SVBP, but lattice recruitment and
catalytic activity in the case of MATCAP.

A complementary observation comes from in vivo studies of microtubule lattice organization.
High-resolution (2.7 A) in situ structural analysis of microtubules within neuronal axons revealed that,
despite being fully GDP-bound, the lattice maintains an expanded conformation resembling the GTP
state. This finding demonstrates that lattice conformation is not determined solely by the nucleotide
state of B-tubulin and that lattice expansion can be acquired and maintained as a cell-state-dependent
structural feature during neuronal differentiation and axon formation [30]. Thus, the expanded lattice
may function as an independent regulatory variable that influences CTT accessibility and the
enzymatic writing of tubulin post-translational modifications.
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Figure 2. Distinct structural modes of microtubule recognition by VASHI/SVBP,
VASH2/SVBP, and MATCAP.
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(A) Composite structural model of human VASH1/SVBP bound to the microtubule lattice. The
VASH1/SVBP complex was extracted from the cryo-EM structure of microtubule-bound
VASH1/SVBP (PDB ID: 6WSL) and superposed onto the common microtubule lattice framework
derived from the GMPCPP-stabilized VASH2/SVBP-microtubule structure (PDB ID: 7ZCW) by
alignment of the corresponding a-tubulin subunits. VASH1/SVBP is shown as a yellow cartoon
representation. The model illustrates the inter-protofilament binding mode of VASH1/SVBP, in which
the enzyme contacts a-tubulin subunits from two neighboring protofilaments. Note that 6WSL was
solved using 14-protofilament GMPCPP-stabilized microtubules; the composite model facilitates
direct comparison of binding geometries on a common 13-protofilament microtubule reference frame.

(B) Cryo-EM structure of human VASH2/SVBP bound to the GMPCPP-stabilized microtubule
lattice (PDB ID: 7ZCW). VASH2/SVBP is shown as a cyan cartoon representation. Similar to
VASH1/SVBP, the complex engages oa-tubulin subunits across adjacent protofilaments, although
VASH2/SVBP adopts a distinct orientation on the lattice.

(C) Cryo-EM structure of MATCAP bound to the microtubule lattice (PDB ID: 726S). MATCAP
is shown as a magenta cartoon representation. In contrast to the inter-protofilament recognition mode
of the VASH/SVBP complexes, MATCAP interacts predominantly with longitudinally adjacent tubulin
subunits within a single protofilament, illustrating a distinct intra-protofilament binding mode.

For all panels, the microtubule lattice is displayed as a surface representation in the same
orientation. a-Tubulin subunits are colored white and B-tubulin subunits are dark gray. The common
lattice representation facilitates direct comparison of the distinct microtubule-binding geometries
adopted by the three detyrosinating enzyme systems. Structural models were prepared and rendered
using PyMOL.

4.5. VASHI vs. VASH?2: global versus local detyrosination profiles

VASHI1 and VASH?2 exhibit distinct spatial profiles of detyrosination: VASH1/SVBP generates
broad, global detyrosination across the microtubule network, whereas VASH2/SVBP produces
localized, patch-like modifications [13] (Figure 2B; Figure 3). Regarding this lattice-conformation
dependence, two contemporaneous papers offer differing explanatory frameworks whose relationship
remains incompletely resolved. Yue et al. [9] reported that while the binding of VASHI/SVBP to
microtubules does not differ between GTP-mimetic and GDP states, catalytic activity, the efficiency
of the detyrosination reaction, is markedly higher on the GTP-mimetic, expanded lattice. Tang et
al. [31], by contrast, used single-molecule tracking to show that VASH engages with nearly all
microtubules through stochastic, short-lived interactions, and proposed a model in which the
emergence of detyrosination subsets can be explained by a positive feedback loop between stochastic
enzyme engagement and microtubule stability, without invoking lattice conformation as an explicit
variable. Whether these two models are genuinely in conflict, or whether the conformation-dependent
activation mechanism reported by Yue et al. [9] provides the underlying molecular basis the feedback
loop proposed by Tang et al. [31], remains an important open question that has not yet been
experimentally resolved. One possible reconciliation, offered here as a testable hypothesis rather than
an established mechanism, is that the two models describe sequential rather than mutually exclusive
steps. In this scenario, transient lattice expansion, induced locally by MAP or motor binding or
generated at sites of lattice repair (Section 5.4), would act as the initiating event that renders a
stochastic VASH1/SVBP-microtubule encounter catalytically productive, consistent with Yue et al. [9];
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the resulting local detyrosination mark would then favor further recruitment of expander MAPs and
motors, reinforcing lattice expansion and enzyme engagement in a self-amplifying loop consistent with
the stability-dependent feedback model of Tang et al. [31]. Distinguishing this integrated model from
either model in isolation will require simultaneous, correlated measurement of lattice conformation,
enzyme engagement, and detyrosination state on the same microtubule over time, a capability that does
not yet exist (Section 5.6).
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Figure 3. Distinct kinetic and spatial mechanisms generate global, local, and dual-site
detyrosination patterns.
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VASH1/SVBP: An acidic N-terminal intrinsically disordered region (IDR) promotes fast,
bouncing diffusion across adjacent protofilaments, generating sparse, broadly distributed (global) AY
marks by removal of the C-terminal tyrosine (Section 2.3; Section 4.5) [13].

VASH2/SVBP: A longer microtubule residence time conferred by its N-terminal IDR statically
anchors the complex, producing dense, spatially confined (local) AY patches (Section 2.3; Section 4.5)
[13].

MATCAP: A Zn**-dependent metalloprotease that engages tubulin subunits longitudinally within
a single protofilament (intra-protofilament recognition; Figure 2C), sequentially removing the C-
terminal tyrosine and the penultimate glutamate to generate AY- and A2-tubulin (Section 4.6)
[29,32,33]. Together, the three enzyme systems illustrate how distinct kinetic behaviors (diffusive vs.
static binding) and distinct lattice-recognition geometries (inter- vs. intra-protofilament) translate into
markedly different spatial patterns of the detyrosination mark. Subunit and tail-state keys are shown at
the bottom.

4.6. MATCAP/TMCP family: a second detyrosination system

The persistence of residual detyrosination activity in cells lacking VASH/SVBP had long
suggested the existence of an unidentified enzyme. Landskron et al. [32] identified this enzyme
through a genetic screen and named it MATCAP (microtubule-associated tyrosine carboxypeptidase)
(Figure 2C; Figure 3). This enzyme was shown to play an important role in regulating microtubule
dynamics during neurogenesis and brain development, with broader relevance to behavior, and
detyrosination status has separately been associated with mitotic fidelity; MATCAP is capable of
acting without requiring a binding partner analogous to SVBP. Nicot et al. [33] subsequently classified
MATCAP (designated TMCP1) together with its paralog KIAA0895 (TMCP2) within a common
TMCP (tubulin metallocarboxypeptidase) family. Assays for measuring the activity of these enzymes
had historically relied heavily on antibody-based detection, making it difficult to determine kinetic
parameters such as Michaelis—Menten constants. Simon et al. [34] developed a real-time FRET-based
assay that now enables quantitative measurement of activity, although it still relies on peptide
substrates and therefore remains limited in evaluating inhibitors that target lattice-specific enzyme—
substrate interactions.

4.7. TTL and re-tyrosination: completing the cycle

While VASH/SVBP and MATCAP target polymerized microtubule lattices, the enzyme
responsible for re-tyrosination, tubulin tyrosine ligase (TTL), binds free, soluble af-tubulin dimers
released upon microtubule depolymerization, thereby resetting and renewing the modification state of
the tubulin pool [35]. Pietsch et al. [36] demonstrated that chronic AAV-mediated TTL overexpression
dramatically reduced the abnormally elevated levels of detyrosinated microtubules (dTyr-MTs) and
restored normal tyrosination levels in a hypertrophic cardiomyopathy mouse model and in patient-
derived induced pluripotent stem cell (iPSC) cardiomyocytes. In a complementary engineered heart
tissue (EHT) system, CRISPR/Cas9-mediated knockout of SVBP, rather than TTL overexpression,
was used to chronically activate tubulin tyrosination: SVBP-deficient EHTs displayed improved force
development and faster relaxation, whereas TTL-knockout EHTs showed the opposite phenotype,
together confirming that the detyrosination/re-tyrosination cycle bidirectionally regulates cardiac
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mechanical function.
4.8. a-tubulin AY — A2 processing cascade

The a-tubulin C-terminal glutamate residue exposed by detyrosination is further removed by the
cytosolic carboxypeptidase family, generating A2-tubulin. A2-tubulin cannot be re-tyrosinated by TTL
and accumulates on stable microtubule subpopulations as an irreversibly modified state. Beyond this
Tyr/Glu removal cascade, other TMCP family members additionally possess deglutamylase activity, a
mechanistically distinct process that removes post-translationally added polyglutamate side chains
rather than genetically encoded C-terminal residues [33], indicating that tubulin tail processing by the
TMCP family extends beyond AY—A2 generation to encompass polyglutamylation removal as well.
The spatiotemporal regulation of this cascade remains unresolved and constitutes an important
direction for future research.

5. Microtubule structure, mechanics, and end-state dynamics
5.1. Lattice structure and GTP hydrolysis-driven conformational transitions

Microtubules are hollow cylindrical polymers assembled from o/B-tubulin heterodimers that
polymerize head-to-tail to form protofilaments, which associate laterally to generate the tubular wall.
The conformation of tubulin is dictated by the identity of the bound nucleotide. Free GTP-bound
tubulin adopts a curved conformation in solution, but upon incorporation at the growing plus-end, it is
constrained into a straight configuration. Alushin et al. [2] resolved the structural consequences of GTP
hydrolysis within the assembled lattice at unprecedented resolution using cryo-EM and Rosetta
modeling. Conversion from a GTP-state to a GDP-state lattice is accompanied by longitudinal
compaction of the tubulin dimer; release of inorganic phosphate generates a cavity at the E-site that
drives inward contraction of [-tubulin, storing mechanical strain that disfavors the straight
protofilament conformation and propagates a destabilizing stress throughout the lattice. Taxol
alleviates this strain by binding allosterically to B-tubulin and stabilizing a conformation resembling
the GMPCPP-bound (GTP-mimetic) state, thereby suppressing the structural transitions associated
with hydrolysis.

Lattice conformation is not exclusively governed by the intrinsic GTPase cycle. Allosteric
effectors, MAPs, motor proteins, and pharmacological agents can independently trigger
conformational switching upon engagement with the lattice surface. Locally induced conformational
changes propagate beyond the immediate binding site, transmitting structural information deep into
the assembled lattice. The physical mechanism underlying this cooperative propagation remains
incompletely characterized, and there is emerging evidence that the susceptibility to conformational
switching (i.e., lattice plasticity) differs among tubulin isotypes in their response to Taxol and MAP
binding, although the isotype-specific determinants of this plasticity have not been systematically
resolved [37].

5.2. Plus-end dynamics: from single states to conformational ensembles

Building on structural analyses of the GTP-cap model of dynamic instability by Alushin et al. [2]
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and others, integrated cryo-ET and coarse-grained modeling, supported by atomistic simulations, has
revealed that protofilaments at the growing plus-end do not behave as independent entities but instead
form transient lateral clusters with neighboring protofilaments. Whether a microtubule grows or
catastrophizes is determined by a process of conformational selection: The nucleotide state of the
terminal tubulin dictates which type of cluster assembles at the end. GTP-bound protofilaments are
flexible and tend to form short-lived but stable clusters that favor continued elongation, whereas GDP-
bound protofilaments are rigid and form heterogeneously elongated clusters in which internal pressure
accumulates until structural failure triggers catastrophe [14].

Complementary to this structural perspective, Cleary et al. [38] used interference reflection
microscopy (IRM) to quantify growth-rate fluctuations with high precision as a function of GTP
hydrolysis status. Under conditions that suppress hydrolysis, microtubules elongate with remarkably
low variance. This stabilization implies that hydrolysis proceeds in close proximity to the growing tip,
such that GDP-bound tubulin is transiently exposed at the plus-end even during active growth, and it
is this transient GDP exposure that is the primary source of growth-rate fluctuations. These findings
support models in which longitudinal interactions are strong and the GTP-cap is thin rather than a thick
protective buffer.

5.3. The GTP cap: evidence from mosaic microtubules

Direct characterization of the GTP-cap has historically been complicated by the fact that available
tools, non-hydrolyzable GTP analogs such as GMPCPP, and hydrolysis-deficient tubulin variants,
perturb lattice biochemistry and geometry in ways that confound interpretation. Estévez-Gallego et al.
[39] circumvented this limitation by designing “mosaic microtubules” in which two variants were
mixed at an optimized ratio to faithfully mimic the GTP-cap. Cryo-EM structural analysis of this
system revealed that the principal structural feature distinguishing GTP-state from GDP-state tubulin
within the lattice is longitudinal expansion of the lattice spacing rather than protofilament twist. In a
parallel approach, Zhou et al. [40] resolved the structural trajectory of tubulin polymerization by cryo-
EM, showing that soluble GDP- and GMPCPP-bound tubulin dimers are both substantially curved and
that GTP binding primarily increases conformational flexibility and favors productive lateral-contact
formation; it is the progressive closure of these lateral contacts during assembly, rather than GTP
binding, that drives the transition to the straightened, polymerized conformation.

Integrating these findings, free GTP-bound tubulin dimers are curved prior to polymerization; the
essential contribution of GTP is to lower the energetic barrier for lateral contact formation. As lateral
bonds close sequentially, the curved heterodimers are mechanically straightened. These insights extend
the classical GTP-cap concept beyond a purely biochemical definition: The plus-end must be
understood as a physical entity whose behavior is shaped not only by nucleotide identity, but also by
the balance of longitudinal and lateral interaction energies and by the conformational ensemble of the
terminal protofilaments [1,14].

5.4. Lattice defects, repair, and a hypothesis linking detyrosination
The microtubule lattice, once viewed as a geometrically uniform cylinder, is a structurally

heterogeneous assembly. Stochastic variability in GTP hydrolysis timing and mechanical stresses
imposed on the lattice generate local sites of structural irregularity, lattice defects, characterized by
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variations in protofilament number or by discontinuities in the tubular wall [1]. Incorporation of fresh
GTP-bound tubulin at these defect sites can restore lattice continuity, and the resulting locally GTP-
state domains may function as kinetic barriers against depolymerization, constituting a self-repair
mechanism that extends the microtubule lifetime.

In the context of Section 4, where Yue et al. [9] demonstrated that VASH/SVBP preferentially
acts on expanded, GTP-mimetic lattice conformations, an intriguing, as-yet experimentally untested
hypothesis emerges: We speculate that VASH/SVBP may preferentially recognize and detyrosinate
GTP-state tubulin incorporated at lattice repair sites, thereby linking the local structural state of the
lattice to the spatial patterning of detyrosination. This hypothesis is not supported by direct
experimental evidence; its verification would require correlated imaging of lattice-repair events and
detyrosination activity at single-molecule resolution. Experimental verification of this hypothesis
represents an important direction for future work.

5.5. Invivo lattice states: correspondence and divergence from in vitro data

The lattice conformational transitions extensively characterized in vitro had not been directly
verified in the cellular context until recently. Cryo-ET analysis of microtubules decorated with
StableMARK, a fluorescent probe that selectively binds stable microtubule subpopulations within
living cells, demonstrated that StableMARK -positive microtubules predominantly adopt an expanded
lattice conformation, establishing a correlation between the stable, MAP-decorated microtubule
population and lattice expansion in vivo [41].

A particularly striking finding comes from the in situ structural analysis of axonal microtubules.
Zehr et al. [30] applied cryo-EM to microtubules within axons of cortical neurons differentiated from
human iPSCs, achieving 2.7 A resolution. Despite being fully GDP-bound, these microtubules
maintained a lattice expansion characteristic of the GTP state, a conformation that was absent in
undifferentiated iPSCs, whose microtubules adopted the compacted GDP-state lattice. This finding
demonstrates that lattice expansion is not a passive consequence of nucleotide binding state but an
actively regulated cellular feature acquired during the differentiation program that produces mature
neurons with stable axons. It further challenges the in vitro-derived generalization that GDP-bound
lattices are invariably compacted, highlighting the need to critically evaluate the in vivo relevance of
all in vitro structural observations. The possibility that lattice conformation encodes a physical memory
of differentiation state is revisited in Section 6. The molecular basis for this actively maintained
expansion remains speculative. A straightforward hypothesis would invoke stabilization by axon-
enriched MAPs; however, the principal axon-enriched MAP, tau, has been reported to recognize or
induce a compacted rather than an expanded lattice in vitro [11], while MAP2, an expander-lattice-
associated MAP in some contexts, is largely somatodendritic and excluded from mature axons. This
apparent paradox, an axon-specific compacting MAP coexisting with an axon-specific expanded lattice,
underscores how incompletely the maintenance mechanism is understood and argues against a simple
compactor/expander-MAP explanation. More plausible candidate mechanisms include local, persistent
occupancy by expander MAPs or motors characterized in non-neuronal contexts, such as kinesin-1,
MAP7, or CAMSAP family proteins [11]; continuous mechanical loading from axonal transport and
cytoskeletal cross-linking; and isotype-specific differences in lattice plasticity, since the neuron-
enriched BIII-tubulin isotype has been reported to respond differently to expansion-inducing ligands
and MAPs than other B-tubulin isotypes [37]. Directly testing these candidate mechanisms in axonal
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preparations is an important priority, raised again in Section 5.6.
5.6. Open questions and next experimental steps

Three open questions emerge from the structural and mechanical framework developed in this
section. First, the ensemble of plus-end states defined in vitro, protofilament clustering, transient GDP
exposure, and GTP-cap dimensions, has not been directly characterized under the biochemical
conditions prevailing within the cell, where MAPs, mixed isotype composition, and molecular
crowding may substantially alter these properties. Second, the spatial relationship between lattice
defect and repair sites and the preferred substrates of detyrosination enzymes remains unknown;
establishing whether locally GTP-state domains at repair sites function as detyrosination hotspots
would directly address the unresolved mechanistic competition between the models proposed by Yue
et al. [9] and Tang et al. [31] (Section 4). Third, the quantitative relationship between isotype
composition (Section 3) and lattice conformation or end-state dynamics has not been resolved;
systematic comparison of GTP-cap dimensions and catastrophe thresholds across defined single-
isotype microtubules using correlated cryo-ET and single-molecule imaging remains an important
unmet need. Experimentally, establishing a workflow that applies iISCAT or TIRF-based kinetic
measurements and cryo-EM structural analysis to identical defined-isotype, defined-PTM samples in
a coordinated manner represents the most direct path toward resolving these questions and forms the
methodological foundation for the integrated analysis discussed in Section 6.

6. Transport sorting, physiology, disease, integrated model, and perspectives
6.1. Detyrosination as a directional routing signal for intracellular transport

It had long been assumed that the long lifetime and stability of detyrosinated microtubules
reflected an intrinsic physical hardening or resistance to depolymerization. Chen et al. [16]
demonstrated, however, that detyrosination does not directly alter intrinsic microtubule dynamics,
neither the polymerization rate nor the depolymerization rate, but instead exerts its effects through the
selective recruitment of effector proteins such as MAPs and motor proteins (kinesins and dyneins),
dramatically altering their binding affinities. Detyrosination is therefore understood to function as a
directional routing signal for intracellular cargo transport. Consistent with this, CLIP-170, a
representative +TIP protein harboring a CAP-Gly domain, was found to bind preferentially to
tyrosinated microtubules and track their plus-ends; similarly, p150°"® another CAP-Gly-domain
protein, is excluded from detyrosinated microtubules, demonstrating that this domain recognizes the
terminal tyrosine residue.

The most spatially precise illustration of code-dependent transport directionality comes from the
intraflagellar transport (IFT) system. Axonemal microtubule doublets consist of A- and B-tubules;
anterograde IFT trains travel along the B-tubule while retrograde trains return via the A-tubule,
enabling bidirectional traffic without collision. The mechanism underlying this sorting had remained
elusive until Chhatre et al. [17] focused on the differential tubulin modification states of each tubule.
Using VashL-knockout Chlamydomonas reinhardtii mutants in which the tyrosination/detyrosination
balance was disrupted, IFT train stalling was frequently observed and cilia failed to elongate normally;
direct measurement revealed that anterograde and retrograde trains possess distinct affinities for A-
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and B-tubules that depend on their tyrosination status.

Girdo et al. [42] further showed that a-tubulin detyrosination plays a critical role in accurate
chromosome segregation at the molecular level. Detyrosinated microtubules stabilize kinetochore
attachment and help maintain the tension required to pull chromosomes toward the poles; when
detyrosination is impaired, kinetochore—microtubule attachment errors arise, and the risk of
chromosome mis-segregation increases. At the cell level, kinesin-1-mediated transport of APC to the
cell cortex along detyrosinated microtubule tracks may constitute the basis of a positive feedback loop
in which local microtubule stabilization reinforces further detyrosination [16]. Detyrosination-driven
symmetry breaking has also been shown to control directional cell migration, underscoring the broad
spatial role of the tubulin code in establishing cellular polarity [43].

6.2. Neuronal physiology: axon regeneration and neurodegeneration

Cryo-EM analysis of axonal microtubules in cortical neurons differentiated from human iPSCs
revealed that, despite being GDP-bound, the lattice maintains a GTP-like expanded conformation [30].
Separately, it has been established that CNS injury induces excessive detyrosination in neurons, and
that this over-modification acts as an inhibitory factor for axonal regeneration. Leibinger et al. [44]
demonstrated that administration of parthenolide, which acts as an irreversible inhibitor of
VASH/SVBP cysteine protease activity through alkylation of the catalytic cysteine residue,
significantly promotes axonal regeneration in cultured mouse CNS neurons and human retinal
ganglion cells (RGCs), indicating that modulating the tubulin code represents a promising therapeutic
strategy for neural regeneration.

Tau pathology and the tubulin tyrosination cycle converge on microtubule dynamics and synaptic
vulnerability in Alzheimer’s disease. Peris et al. [45] found reduced tubulin tyrosine ligase (TTL)
expression in sporadic and familial Alzheimer’s disease, increased detyrosinated and A2 tubulin in
patient brain, and reduced microtubule dynamics in human neurons carrying the APP-V7171 mutation.
In TTL-heterozygous mice, reduced tyrosination was accompanied by loss of dendritic spines,
impaired synaptic plasticity, and memory deficits; conversely, restoring TTL protected dendritic spines
from oligomeric amyloid-B-induced loss [45]. These findings place defective re-tyrosination upstream
of a measurable synaptic phenotype and provide a direct disease link for the tyrosination/detyrosination
cycle, although the extent to which this pathway interacts causally with tau aggregation remains
unresolved [45,46].

Neurodegeneration can also result from dysregulation of another arm of the tubulin code,
polyglutamylation. In CCP1-deficient mice, excessive tubulin polyglutamylation causes cell-
autonomous neuronal degeneration and reduces the efficiency of neuronal cargo transport; deletion of
the counteracting polyglutamylase TTLL1 rescues susceptible neurons [47]. The subunit specificity of
this pathway is important: TTLL1-dependent a-tubulin polyglutamylation, but not TTLL7-dependent
B-tubulin glutamylation, drives hyperglutamylation and degeneration in the CCP1-deficient
background [20]. In humans, biallelic loss-of-function variants in CCP1/AGTPBPI cause infantile-
onset neurodegeneration affecting the cerebellum, spinal motor neurons, and peripheral nerves [48].
Together, these studies broaden the disease relevance of the tubulin code beyond detyrosination and
illustrate how imbalance between PTM writers and erasers can disrupt transport and neuronal survival.
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6.3. Tubulinopathies and inherited disorders of the tubulin code

Tubulinopathies provide a direct route from the genetic axis of the tubulin code to altered
microtubule PTM landscapes. Jaramillo-Restrepo et al. [21] examined the taiep rat, which carries the
TUBB4A A302T mutation and models hypomyelination with atrophy of the basal ganglia and
cerebellum (H-ABC). White-matter regions displayed increased tubulin acetylation and detyrosination
together with altered tubulin phosphorylation, and elevated acetylated tubulin was observed in
oligodendrocyte-marker-positive cells. Structural modeling suggested that the A302T substitution can
alter local interactions involving phosphorylated B-tubulin, consistent with increased microtubule
stability [21]. Importantly, this study establishes an association rather than a direct kinetic link between
the P-tubulin mutation and o-tubulin detyrosination. Whether the mutation modifies lattice
conformation, microtubule lifetime, or access of detyrosinating enzymes remains to be determined.
The oligodendrocyte phenotype also emphasizes that disease-causing tubulin-code dysregulation is
not restricted to neurons.

Inherited defects in the detyrosination machinery provide a complementary example. Igbal et
al. [49] reported that biallelic loss-of-function mutations in SVBP cause severe intellectual disability,
microcephaly, ataxia, and hypotonia, establishing an essential role for the VASH/SVBP system in
neurodevelopment. Launay et al. [50] subsequently used patient-derived fibroblasts and SVBP-
deficient cells to show that altered detyrosination is accompanied by centrosome-cohesion defects,
impaired pericentriolar-material trafficking, mitotic abnormalities, cytokinesis failure, and premature
cellular senescence, linking SVBP malfunction to a complex hereditary spastic paraplegia. Together
with the TUBB4A and CCP1 disorders described above, these human genetic data illustrate that
disease can arise from disruption of distinct layers of the tubulin code: The tubulin building block, a
PTM-writing enzyme complex, or a PTM-erasing enzyme.

6.4. Cardiac physiology: detyrosination and heart function

In cardiomyocytes, microtubules are not merely structural scaffolds but dynamic elements that
actively regulate the mechanical properties of the cell; detyrosinated microtubules support the
cytoskeleton under the mechanical demands of cyclic contraction, helping to distribute stress across
the cell. Under conditions of mechanical cardiac overload associated with heart failure, this balance
shifts markedly toward detyrosination, and detyrosinated microtubules (dTyr-MTs) accumulate
abnormally. The resulting dense, stiff MT network mechanically impedes the contraction—relaxation
cycle of cardiomyocytes, contributing to disease progression [35]. Inhibition of detyrosination in
human cardiomyocytes, or restoration of tyrosinated tubulin through TTL introduction, produced
significant improvements in contractility and measurable reductions in stiffness in heart failure
cardiomyocytes [36], suggesting that the detyrosination/re-tyrosination cycle is an essential regulator
of cardiac mechanical function.

Mechanistic studies in failing human cardiomyocytes strengthen this link. Chen et al. [51] showed
that failing hearts contain dense, heavily detyrosinated microtubule networks associated with increased
myocyte stiffness and impaired contractility; pharmacological or genetic reduction of detyrosinated
microtubules softened cardiomyocytes and restored a substantial fraction of lost contractile function.
Subsequent depletion experiments identified VASH1/SVBP as a predominant cardiac detyrosinase:
VASHI1 knockdown reduced stiffness and accelerated contraction and relaxation in failing human
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cardiomyocytes, including cells from patients with heart failure with preserved ejection fraction,
without requiring altered Ca®* cycling [52]. Together with the demonstration that sustained activation
of tubulin tyrosination improves cardiac function [36], these findings connect the enzymatic
detyrosination/re-tyrosination balance directly to tissue mechanics and identify this cycle as a
potentially druggable component of cardiac disease.

6.5. Cancer and therapeutic response

Microtubule-targeting agents make cancer a particularly direct context in which tubulin-code state
can influence therapeutic response. Lopes et al. [53] profiled tubulin PTM signatures across the NCI-
60 cancer cell panel and found that acetylated, detyrosinated, and A2 a-tubulin can become uncoupled
across tumor cell lines. Experimentally increasing a-tubulin detyrosination enhanced taxol cytotoxicity,
in part through suppression of the detyrosination-sensitive microtubule depolymerase MCAK, thereby
increasing mitotic errors and cell death [53]. Thus, detyrosination can modify the cellular response to
a drug that acts by stabilizing the microtubule lattice.

However, the relationship is context dependent rather than monotonic. In ovarian cancer cells,
CRISPR-mediated loss of VASH2 reduced detyrosinated tubulin yet increased paclitaxel sensitivity
[54]. This apparent contrast with the MCAK-based mechanism underscores that drug response depends
on the broader cellular context, including the relative abundance of VASH isoforms, TTL,
depolymerizing kinesins, other PTMs, and cell-cycle state. Accordingly, tubulin PTMs may serve as
biomarkers or therapeutic modifiers rather than simple universal predictors of taxane sensitivity. The
dual intracellular tubulin-carboxypeptidase activity and extracellular angiogenesis-related functions of
vasohibins further make this enzyme family an unusual interface between cytoskeletal regulation and
tumor biology [54,55].

6.6. Integrated model: evidence for the causal cascade

In Section 3, we proposed that the tubulin code functions as a causal cascade: “isotype — lattice
mechanical state — PTM enzyme accessibility — reader recruitment”. We present this cascade not as
an established mechanistic pathway but as a working hypothesis, a roadmap intended to organize
existing evidence and prioritize experiments for the coming decade (Figure 4; Section 6.7). As detailed
below, only individual fragments of this chain have been directly tested, typically two adjacent steps
within a single study; no experiment to date has traced three or more consecutive steps in the same
system. The subsequent sections have provided experimental support for each step of this chain. First,
quantitative analysis using defined-isotype recombinant microtubules demonstrated that isotype
composition directly changes microtubule growth and catastrophe behavior and is associated with
differences in plus-end taper and tubulin curvature [3], while the expanded-to-compacted
conformational transition of the lattice was visualized at atomic resolution [2]. Second, MD
simulations and live-cell biosensor experiments established that lattice expansion shifts the a-tubulin
CTT from a “stored” to an “accessible” state [11], and that the catalytic activity, but not the binding of
VASHI1/SVBBP, is specifically enhanced on expanded lattices [9]. How this conformation-dependent
activity regulation is integrated with the stochastic stability-dependent feedback loop proposed by Tang
et al. [31] remains unresolved, and mechanistic understanding of this step is developing. Third, A/B-
tubule sorting of IFT trains [17] and kinesin-1-mediated APC transport [16] constitute the most direct
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experimental evidence that specific PTM patterns recruit specific effectors. Nevertheless, no single
experimental system has demonstrated this causal cascade in its entirety; the connections between
individual steps remain inferential, and their complete experimental validation is the central challenge
addressed in the following section.

A Proposed Causal Cascade of the Tubulin Code

LS
Genetic Programs Lattice Conformation Lattice State Regulates Modified Tracks Bias Code Dysregulation
Define Tubulin Stores Mechanical aCTT Accessibility and Motor and MAP Contributes to Disease
Building Blocks Strain Detyrosination Recruitment Phenotypes
M ible aCTT
Bxjendss  Compaciad ot Kinesin-1 Other MAPs Neurodevelopmental
attice attice (e.g., CAP-Gly) disorders
D@ o g (e.g., Microcephaly /
@ HSP)
G0, 8% @ { 2 o . @ % ) ',,: ' "1 N(zaurod}:g:@ration
i \ I3 e.g., Alzheimer’s
- &Y o o AY &Y ¢ disease)

VASH1-SVBP MATCAP1

Heart failure
VASH1-SVBP: MATCAP1:
activity enhanced preferential binding
stored strain  stored strain and activity
Detyrosination
~® —— A+ 0O Cancer
2 5 progression
Tubulin genes are Huckatide state, MARbnding, o e Tubulin PTMs bias
i b ubuli s bia:
and mechanical inputs regulate i ion i
transcribed and translated o bl Expande§ jattice c?nforn_\atxon ncionses the recruitment and activity Disruption of the tubulin-code
o transitions between expanded a-tubulin C-terminal tail accessibility i
to generate distinct : ST of specific motors and MAPs, cascade is associated with
d bulin and compacted lattice and promotes detyrosination by . R : :
a- and B-tubulin isotypes. conformations. VASH1-SVBP and MATCAP1 through |nfluencmg intracellular t@nsport neurological, cardiac, and
Rtk mechanis s and microtubule function. cancer-related phenotypes.
g . e Tyrosinated aCTT Detyrosinated «CTT
O a-tubulin c B-tubulin ~0 (aCTT-Y) ~ (aY)

Figure 4. A proposed five-step causal cascade linking tubulin genetics to disease phenotypes.

Integrated summary of the causal chain proposed throughout this review (Section 6.6). Step 1:
Transcription and translation of distinct tubulin genes generate the a- and B-tubulin isotype repertoire
(Section 3.2) [3]. Step 2: Nucleotide state, MAP binding, and mechanical inputs drive transitions
between expanded (lower stored strain) and compacted (higher stored strain) lattice conformations
(Section 5.1) [2]. Step 3: Lattice expansion increases a-tubulin CTT accessibility and promotes
detyrosination, enhancing VASH1/SVBP catalytic activity and the binding and activity of MATCAP
through distinct mechanisms (Section 4.4) [9,11,29]. Step 4: The resulting tubulin PTM patterns bias
the recruitment and activity of specific motors (e.g., kinesin-1) and MAPs (e.g., CAP-Gly domain
proteins), shaping intracellular transport and microtubule function (Section 6.1) [16,17]. Step 5:
Disruption of this cascade is associated with neurodevelopmental and hereditary motor-neuron
disorders (e.g., microcephaly, hereditary spastic paraplegia), neurodegeneration (e.g., Alzheimer’s
disease), heart failure, and cancer progression (Section 6.2—6.5) [21,45,49-55]. As emphasized in the
main text, each individual link in this cascade is supported by independent experimental evidence, but
no single study has traced the complete chain within one integrated system (Section 6.6). Arrows in
this diagram therefore denote proposed, not experimentally proven, causal links; the Step 2—3 link
(quantitatively coupling lattice mechanics to enzyme kinetics in one system) and the Step 4—5 link
(tracing specific PTM-effector events causally to organismal phenotypes) are the weakest-supported
and most speculative transitions in the cascade.
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6.7. Future experimental priorities and concluding remarks

To resolve the open questions identified throughout this review, the following experimental
approaches represent the most critical priorities. First, while biosensors capture CTT exposure, the
development of a complementary “lattice-state sensor” capable of reporting the expanded versus
compacted conformation in real time, combined with in situ cryo-ET of cells under defined stimuli to
directly visualize the local lattice state alongside bound PTM enzymes and motor proteins at atomic
resolution, would close the most fundamental observational gap. Second, integrating the stochastic
enzyme kinetics and stability feedback loop proposed by Tang et al. [31] will require optogenetic
probes that enable light-controlled manipulation of enzyme activity with millisecond temporal
resolution, together with multi-color PTM imaging to track the precise timing and position of enzyme
recruitment to the lattice. Third, an in vitro reconstitution system that polymerizes microtubules of
defined isotype composition, introduces PTM enzymes, and continuously quantifies the resulting
modification state together with downstream effector recruitment in a single integrated pipeline would
provide the most direct test of the integrated tubulin code model. Fourth, CRISPR/Cas9-based genetic
strategies that introduce disease-relevant isotype compositions or PTM enzyme activities into normal
cells, and then monitor which step in the code cascade fails, would localize the points of breakdown
in pathological contexts and generate actionable therapeutic targets.

Microtubules are not merely a passive cytoskeletal scaffold; they constitute a biological
information processing system in which isotype composition, lattice mechanical properties, and an
elaborate repertoire of post-translational modifications are integrated with precision. As this review
has illustrated, the convergence of structural biology and quantitative biochemical approaches is
progressively revealing the depth to which the tubulin code governs cell fate and function.
Demonstrating this multi-layered integration in a single, unified experimental system will stand as the
central challenge of microtubule biology in the coming decade.
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