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Abstract

Microtubule-associated proteins (MAPs) play important roles in cellulose biosynthesis in plants. However, the molecular mechanisms
mediating their interactions with cortical microtubule (MT) arrays remain to be elucidated. Here, we investigated the companion of
cellulose synthase 1 (CC1), an Arabidopsis (Arabidopsis thaliana) MAP that stabilizes cellulose biosynthesis during salt stress by
maintaining the integrity of the cortical MT array. The N-terminal domain of CC1 (CCINTD) is sufficient to restore cellulose
biosynthesis in Arabidopsis cclcc2 knockout mutants. We used a combination of small-angle X-ray and neutron scattering (SAXS and
SANS), single-molecule Forster resonance energy transfer, and computational modeling to determine the structural characteristics of
CCINTD and its interactions with MTs. SANS measurements combined with deuterium labeling of CCINTD allowed the structural
features of CCINTD and MTs to be deconvoluted and analyzed separately. CCINTD bound to the MT surface and promoted
interactions between neighboring MTs to form tightly associated arrays. In addition, CCINTD appeared to be in an extended
conformation during MT interactions, which could be important for forming cross-bridges between MTs during salt stress. Overall,
this study provides structural insights into the mechanisms associated with a disordered MT-binding region in an MAP and provides
an explanation for CC1’s efficient organization of MTs, highlighting its importance in cellulose biosynthesis under stress conditions.

Introduction structural MAPs have been identified as having roles in
MT-related diseases. For instance, tau, a well-known human
structural MAP, is involved in stabilizing MTs but when produced
as a truncated mutant form in the brain, tau aggregates forming
fibril structures that prevent its interaction with MTs and has
been implicated in several neurodegenerative diseases, including
Pick’s disease and cerebral palsy, that are collectively known as
tauopathies (Morris et al. 2011; Arendt et al. 2016). Similarly, in
spinal muscular atrophy, a motor neuron disorder, upregulated
levels of stathmin impair the formation of MT assemblies (Wen
et al. 2010). Thus, it is important to understand MAP structure
as well as the interactions that affect MT assembly and dynamics.

Plants also possess plant-specific MAPs that regulate plant cell
morphology and physiology (Gardiner 2013). Plant MTs appear as

Microtubules (MTs) are the primary component of the eukaryotic
cytoskeleton and support and maintain the cell shape while also
playing important roles in cellular functions such as cell division
and cell motility, as well as guiding intracellular transport of pro-
teins, ligands, and vesicles. MT structure is very well conserved
across taxa and is composed of a- and B-tubulin heterodimers,
which polymerize into hollow cylindrical tubes (Brouhard and
Rice 2018; Goodson and Jonasson 2018). In addition, they are
very dynamic complexes that undergo structural reorganization
through depolymerization and repolymerization events in re-
sponse to cellular processes that are controlled by
microtubule-associated proteins (MAPs). MAPs are broadly classi-

fied as either motor proteins or nonmotor structural MAPs
(Bodakuntla et al. 2019): motor proteins, such as dynein or kinesin
transport molecules along MTs, while structural MAPs, such as
tau and stathmin, are proteins that stabilize and/or destabilize
the MT structure (Wen et al. 2010; Zhernov et al. 2020). Many

bundled arrays close to the plasma membrane near the cell cortex
and are therefore known as cortical MTs. During cell elongation,
cortical MTs guide the orientation of newly synthesized cellulose
microfibrils in the cell wall (Green 1980). However, the relation-
ship between cortical MT arrangement and cellulose organization
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is complex, and the roles of MAPs in mediating MT plasma mem-
brane interactions are not fully understood (Dixit and Cyr 2004).
Many MAPs are known to be intrinsically disordered proteins
(IDPs) or possess extensive intrinsically disordered regions (IDRs)
that play roles in facilitating interactions with MTs (Guharoy
et al. 2013). The IDRs are proposed to enable structural flexibility
and support multiple binding interactions that are important for
fine-tuning MT dynamics. A recent review catalogued plant
MAPs with IDRs in the context of their roles in MT interactions, in-
cluding stabilization, organization, and response to environmen-
tal stimuli (Gonzalez et al. 2023). They reported that stretches of
amino acids (7 to 12 residues) known as short linear motifs
(SLiMs) may be directly or indirectly involved in facilitating
weak but dynamic interactions with MTs (Gonzalez et al. 2023).
For instance, QWRF is a well-conserved SLIM in plant MAPs such
as endosperm defective 1 and augmin 8 that play an important
role in plant growth and development (Pignocchi et al. 2009;
Albrecht et al. 2010). Interestingly, bioinformatic analyses reveal
that QWRF motifs are present in the IDR of these proteins
(Gonzalez et al. 2023). Another example is the Arabidopsis
(Arabidopsis thaliana) AtMAP65 protein family, which is important
for maintaining cortical MT assemblies (Gaillard et al. 2008; Lucas
et al. 2011). The dimeric form of AtMAP65-1 from this family pro-
motes MT stabilization and bundling through binding of the
C-terminal IDRs with the MTs (Li et al. 2007). Phosphorylation at
the C-terminus has been shown to reduce the MT bundling func-
tion of this protein (Sasabe et al. 2006; Smertenko et al. 2006),
highlighting the importance of posttranslational modifications
in MAP functions.

Plant cells have a specialized set of MAPs that are involved in
connecting cortical MTs to the cellulose synthesis complex
(CSC) and helping in maintaining MT structure and organization.
One example is the cellulose synthase interacting (CSI) family of
proteins that have at least 3 isoforms (CSI-1, -2, and -3) in
Arabidopsis. CSI-1 has been shown to interact with the cortical
MTs and colocalize with cellulose synthase A (CESA) proteins in
the plasma membrane (Gu et al. 2010). It has been proposed
that this family of proteins links MTs to the CSC to facilitate its
movement in the plasma membrane. However, even in csil-3
knockout mutants, CESA proteins were still able to traverse along
MTs (Gu et al. 2010), suggesting that there could be other MAPs
that play roles in connecting CESA proteins to MT arrays (Lei
et al. 2014). Many studies have highlighted the lack of molecular
details in understanding how MAPs are involved in cellulose syn-
thesis and the role of cortical MT arrays and their association with
the plasma membrane in this process (Yang et al. 2019; Ma et al.
2021). Furthermore, although the functional importance of
MAPs has been demonstrated, the mechanisms by which they in-
teract with cortical MT arrays or how MAPs help in stabilizing and
assembling MTs are poorly understood (Hashimoto 2015; Elliott
and Shaw 2018). Elucidating the structural details on how plant
MAPs interact with MTs will shed light on other MT-associated
processes, such as cellulose synthesis and plant growth.

In this study, we focus on the companion of cellulose synthase
(CC) protein MAP family, which has been identified as playing a
role in supporting cellulose synthesis during exposure to salt
stress conditions in Arabidopsis. Knockout mutants of combina-
tions of 4 members of this family (CC1 to 4) were generated that
included single, double, triple, and tetra-knockout mutants—
these showed that only the plants that had both CC1 and CC2 mu-
tations showed a phenotype. These plants presented as shorter
hypocotyls compared with the wild type. In addition, when
cclec2 plants were supplemented with 150 mm NaCl (mimicking

salt stress) during growth, cellulose synthesis was greatly re-
duced, suggesting a role for CC1 and CC2 in maintaining cellulose
synthesis during stress conditions. This is also supported by an in
vivo split ubiquitin assay that showed CC1 interacts with CESA1,
CESA3, and CESA6 (Endler et al. 2015). Finally, cclcc? plants also
displayed disorganized MT arrays under salt stress, supporting
the fact that CC proteins are important in maintaining cortical
MT arrays (Endler et al. 2015).

Of the CC proteins identified in Arabidopsis, only the properties
of CC1 have been extensively characterized (Endler et al. 2015;
Endler et al. 2016; Kesten et al. 2019a, 2019b ). Based on the anal-
ysis of its amino acid sequence, CC1 has 3 major domains: an in-
trinsically disordered cytosolic domain (aa 1 to 120), a putative
transmembrane domain (aa 130 to 152), and a C-terminal folded
domain (aa 153 to 342) that is thought to be in the intercellular
apoplast region, as shown in Fig. 1 (Endler et al. 2015). The CC1 cy-
toplasmic N-terminal region (CCINTD) interacts with MTs both in
vitro and in vivo (Endler et al. 2015; Kesten et al. 2019b). In cclcc2
knockout Arabidopsis mutants in which the CCINTD has been re-
introduced, plants were rescued from growth defects (Endler et al.
2015). Previously, CCINTD was found to diffuse along MTs, and
using NMR, 4 hydrophobic motifs (R23-S30, F45-M54, F74-G83,
and Q103-1110) were identified as being important for interactions
with MTs (Supplementary Fig. S1A; Kesten et al. 2019b). In partic-
ular, 2 tyrosine residues (Y26Y27) are required for MT interactions
(Kesten et al.2019b). In addition, several phosphorylation sites
have been identified in CCINTD whose roles remain unknown
(Colin et al. 2023). Confocal imaging and electron microscopy ex-
periments also showed that the CCINTD bundles MTs (Kesten
et al. 2019b). Despite the functional importance of CC1, the lack
of structural information about this protein has impeded the in-
vestigation of its mechanism of action and how it interacts with
MTs to prevent their disintegration during salt stress.

The overall goal of the present study was to improve our under-
standing of the role of CC1 as a plant MAP. We investigated
CCINTD using a combination of small-angle X-ray and neutron
scattering (SAXS and SANS) as well as fluorescence microscopy
and electron microscopy to determine the structural characteris-
tics of this CC1 domain and its interactions with MTs. SANS meas-
urements that were combined with deuterium-labeling of the
recombinantly expressed CCINTD protein and computational
modeling allowed the structural features of the CCINTD and
MTs to be deconvoluted and analyzed separately. The results
show that CCINTD binds to the surfaces of the MTs and promotes
interactions between neighboring MTs to form tightly associated
arrays. In addition, the CCINTD appears to be in an extended con-
formation during MT interactions, which could be important for
forming cross-bridges between MTs during salt stress. The un-
structured nature of IDRs poses challenges for structural studies
of MAPs, complicating efforts to determine their mechanism
and role. This study shows how combining multiple structural
techniques can provide structural insights into the mechanism
of action of a disordered MT-binding region in an MAP and paves
the way for future studies of flexible and disordered proteins that
interact with MTs.

Results

Bioinformatics analysis of Arabidopsis CC1

Previous analyses of CC1 have shown that the N-terminal
domain (CCINTD, 1 to 120 aa) is an IDR and predicted that CC1
has a putative transmembrane domain and an apoplastic region
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Figure 1. Structural model of Arabidopsis CC1. A) Schematic illustration of full-length CC1 with CCINTD interacting with MTs. B) AlphaFold2 model of
CC1 with the disordered region CCINTD (1 to 120) in green, transmembrane region TM (121 to 150) in purple, and apoplastic region (151 to 343) in pink.

(Supplementary Fig. S1A) (Endler et al. 2015; Kesten et al. 2019b).
The CC1 amino acid sequence was analyzed using different bioin-
formatic tools to learn more about its structural features. The
Consensus Constrained TOPology (CCTOP) algorithm predicts pu-
tative transmembrane alpha helix regions in proteins from their
amino acid sequence and also their topology for membrane inser-
tion (Dobson et al. 2015). Using this approach, the full-length CC1
was found to have a single transmembrane helix region (residues
130 to 152) with the N-terminal end of the protein in the cytosol
and the C-terminal end in the extracellular space or apoplast
(Supplementary Fig. S1B). An ab initio structural model of full-
length CC1 was obtained using Alphafold2 (Jumper et al. 2021;
Varadi et al. 2022) and showed that the apoplastic region is rich
inbeta sheets and that there is a single alpha-helixin the same po-
sition predicted by CCTOP (Supplementary Fig. S1C). These do-
mains of CC1 are predicted with high confidence based on the
predicted local distance difference test score (pLDDT > 90%) com-
puted for every residue (Mariani et al. 2013; Jumper et al. 2021). In
contrast, the CCINTD has a very low pLDDT score (<50%) because
of its disordered nature, as reported previously (Endler et al. 2015).
Although there are no known sequence homologs for CCINTD,
the apoplastic domain shares 20% sequence identity with Late
Embryogenesis Abundant family 2 (LEA) proteins, LEA14 and
LEA2 of Arabidopsis, which are involved in heat and drought
stress, supporting a functional role for CC1 in the stress response
(Mertens et al. 2018).

CC1NTD structure in solution

Recombinant CCINTD (1 to 120 aa) was expressed and purified
from Escherichia coli extracts under nonreducing conditions using
Ni-NTA affinity chromatography and size-exclusion chromatog-
raphy (SEC) as described in the Materials and Methods section
(Supplementary Fig. S2A). SEC showed 2 peaks that eluted at
14.8 mL (Peak 1) and 16 mL (Peak 2). Analysis by SDS-PAGE deter-
mined that the major species in Peak 1 had a molecular mass of
40 kDa and thatin Peak 2 had a molecular mass of 20 kDa, indicat-
ing that CCINTD is present as a monomer—dimer equilibrium
(Supplementary Fig. S2C). The CCINTD dimers were able to be dis-
rupted by the addition of a reducing agent (2mwm tris(2-
carboxyethyl)phosphine [TCEP]), which resulted in a single peak
by SEC (Supplementary Fig. S2A). A site-specific CCINTD mutant

made by substituting the single cysteine residue (C107) with ala-
nine also resulted in a monomeric protein, demonstrating that di-
merization occurs by forming an intermolecular disulfide bond.
The CD (Circular Dichroism) spectrum of CCINTD
(Supplementary Fig. S2B) under reducing conditions showed a
strong negative ellipticity at about 200 nm, which is similar to
the previously reported data (Kesten et al. 2019b). Although the
Alphafold2 model does not predict the presence of any secondary
structure, CD secondary structure analysis showed that 78% of
the protein is disordered and the remaining 22% is beta strands
(Supplementary Fig. S2B, Supplementary Table S1) (Micsonai
et al. 2015).

We performed size-exclusion chromatography coupled SAXS
(SEC-SAXS) to obtain the structural characteristics of the individ-
ual species in the monomer-dimer equilibrium purified under
nonreducing conditions. For this, ~350 individual SAXS profiles
were collected across the SEC elution profile (Fig. 2A). Guinier
analysis of each individual profile showed that the R, values fol-
low a decreasing slope supporting that the sizes of scattering par-
ticles decrease with elution volume (Fig. 2A). The data were
analyzed using singular value decomposition-evolving factor
analysis approach (Meisburger et al. 2016). This approach re-
vealed 2 major species and analysis of the structural parameters
obtained from the deconvoluted scattering profiles showed that
they represent CCINTD dimers and monomers (Fig. 2, B and C
and Supplementary Fig. S3). Based on Guinier analysis, the
CCINTD monomer has an R, value of 28.2+0.3 A, and the pair-
wise distribution function analysis (P(r)) has an extended tail
that is characteristic of a disordered protein and an estimated Rg
and Dmayx values of 28.4+0.3 and 99 A. CCINTD dimers have a
slightly increased R, value of 35.3+0.3 A and a Dy« value of 119
A, obtained from P(r) analysis. The R, of dimers estimated from
Guinier analysis is 33.5+0.4 A. The details of the structural pa-
rameters from the deconvoluted profiles are summarized in
Supplementary Tables S2 and S3 (Fig. 2, B and C). The relative
amounts of monomer and dimer were calculated from the decon-
voluted scattering profiles based on their molecular masses from
Io (Equation S1; Supplementary Table S2). This yielded a 0.4/
0.6 mol fraction of dimer to monomer in the mixture. Kratky anal-
yses showed that the CCINTD dimer had a partially folded protein
conformation, whereas the monomer was fully extended
(Supplementary Fig. S4). Other analysis approaches, including
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Figure 2. SEC-SAXS of CCINTD under nonreducing conditions. A) The Y axis is mean intensity values between the Q ranges 0.01 and 0.05 and plotted as
open black circles across the frames after buffer subtraction. The Rg distribution (open magenta squares) decreased across the peaks, indicating the
presence of a mixture of monomers and dimers. B) Deconvoluted SEC-SAXS profiles corresponding to dimers (open black circles) and monomers (open
red circles). Uncertainties in SAXS data are shown as solid vertical lines and are derived from counting statistics errors (N*/N), where N is the number of
detector counts. C) Pairwise distribution functions of CCINTD dimers (open black circles) and monomers (open red circles). Errors on P(r) are standard
deviations obtained by propagating the experimental uncertainties in I(Q) through the indirect Fourier transform.

the polymer physics rule of Flory theory, Ensemble Optimization
Method (EOM), and dimensionless Molecular Form Factor (MFF)
approach, yielded similar values to those above. Details are pro-
vided in Supplementary Fig. S5 and Supplementary Table S3.
SEC-SAXS of CCINTD under reducing conditions (in 2 mm TCEP)
and CCINTD_C107A under nonreducing conditions did not show
any evidence of dimers (Supplementary Fig. S6), confirming that
the dimerization was through the intermolecular disulfide bond
of the single cysteine residue.

Structural analysis of CCINTD-MT bundles

Paclitaxel-stabilized MTs were formed as described in the
Materials and Methods section. Initial characterization of
CCINTD interactions with MTs was carried out with Differential
Interference Contrast (DIC) confocal microscopy using a mixture
of Alexa488 NHS-labeled CCINTD and unlabeled CCINTD atara-
tio of 1:4, and paclitaxel-stabilized MTs formed using HiLyte647
labeled tubulin at a ratio of 1:20 with its unlabeled counterpart.
The images clearly show that CCINTD colocalizes with the MTs
and provides evidence for the formation of MT bundles
(Supplementary Fig. S7). Negative-stain Transmission Electron
Microscopy (TEM) showed a random distribution of MTs in the ab-
sence of CCINTD, which changed to a regular arrangement of MTs
after mixing with CCINTD, providing further evidence of CCINTD
associating with MTs to form bundles (Supplementary Fig. S8). In
addition, TEM images show that the overall morphology of MTs is
cylindrical rod-like particles in the presence and absence of
CCINTD.

We also used SAXS and SANS to characterize the CCINTD:MTB
complexes under reducing conditions. SAXS provided structural
information about the MTs alone and the overall structure of
the CCINTD:MTB complex. Using SANS with contrast variation,
it was possible to structurally characterize CCINTD and MTs in
the assemblies separately by using partially deuterated CCINTD
(CCINTDp) to provide contrast with the nondeuterated MTs
(Fig. 3). The CCINTDp:MTB complex was studied in 42% D,O
and 85% D,O buffers to selectively highlight the scattering

contribution from CCINTDp and protiated MTs, respectively,
while minimizing the scattering contribution from their
counterparts.

By combining the structural parameters obtained from SAXS
and SANS analysis, we obtained a model of the organization of
the CCINTD:MTB complex. SAXS of free MTs were fitted using a
hollow cylinder model, yielding a wall thickness of 47.9+3.2 A
and an inner radius of 84.8+2.0 A (Fig. 3A), which corresponds
to an MT diameter of ~265 A and is similar to previously reported
values (Ojeda-Lopez et al. 2014). The MT length was greater than
the spatial range accessed in the SAXS measurements and was
not used as a fitting parameter. However, negative-stain TEM
(Supplementary Fig. S8) shows they are approximately ~2 ym
long, which is consistent with previously reported values for
paclitaxel-stabilized MTs (Arnal and Wade 1995). The cross-
sectional diameter calculated from the TEM micrographs is
roughly 260 A, consistent with the value we obtained from SAXS.

After adding CCINTD, SAXS revealed peaks that indicated a
more organized arrangement of particles than what we observed
with MTs alone (Fig. 3A). As the concentration of CCINTD was in-
creased, a peak emerged at 0.022 A~ in the SAXS data along with a
series of reflection peaks (Supplementary Fig. S9, Supplementary
Table S4). This arrangement followed a consistent spacing be-
tween peaks, represented by a ratio of Qui/Qio of 1: /3: V4: /7:
/9, which can be interpreted as hexagonal arrays of cylinders.
Here, Qny is the peak center, where hk represents hexagonal indi-
ces with Q;o marking the first peak at 0.022 A~%in this sequence, as
shown in Fig. 3B (Warren 1941; Alexandridis et al. 1998; Dorin et al.
2012). A squared-Lorentzian function structure factor (Rappolt
et al. 2003; Huang et al. 2020) (Equation 1) was used to fit the
SAXS data with a CCINTD-to-tubulin molar ratio of 5.5 (Fig. 3A,
Supplementary Table S4).

The SANS profile of CCINTDp:MTB in 42% D,0O buffer selec-
tively highlights the CCINTD in the complex and shows peaks at
similar positions to the SAXS data. This supports the idea that
CCINTD binds along the surface of the MTs and that it is impor-
tant for the ordered arrangement of the CCINTD:MTB complex
(Fig. 3C). The primary and secondary peaks at Q;0=0.022 A~*
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Figure 3. SANS and SAXS of free MTs and the CCINTD:MTB complex under reducing conditions. A) SAXS of free MTs (open red circles) at a tubulin
concentration 18 uM (1 mg/mL) and the CCINTD:MTB complex (18 uM [1 mg/mL]:100 uM [1.5 mg/mL]) shown as open black rectangles. The red line
shows the hollow cylinder fit to free MTs, and the black line shows the Lorentzian structure factor fit to the CCINTD:MTB complex. B) Kratky
representation of SAXS CCINTD:MTB data highlighting peak positions of hexagonal array with arrows. C) SANS of CCINTDp:MTB complex in 42% D,0
buffer (open green diamonds; CCINTDp, at 337 uM [5 mg/mL] and tubulin concentration of 60 uM [3.3 mg/mL]) and 85% D,0 buffer (open blue
diamonds; CCINTDp at 168 uM [2.5 mg/mL] and tubulin concentration of 30 uM [1.6 mg/mL]) and model fits (green and blue lines). Dashed vertical lines
indicate Qo and Q47 peak positions discussed in the text. D) Kratky representation of SANS CCINTD:MTB in 42% and 85% D,0 buffer conditions and
peak positions for both data are highlighted by green and blue arrows. E) Schematic representation of MTs bundling by CCINTD based on scattering
parameters. CCINTD monomers (green) interacting with MTs (blue) leads to cross-linking of adjacent MTs. All measurements were under reducing
conditions in the presence of 2 mm TCEP. Uncertainties in SAXS and SANS data (Panels A) to D)) are shown as solid vertical lines and are derived from
counting statistics errors (N*/N), where N is the number of detector counts.

and Q;,=0.039 A~ are clearly visible in the scattering profiles but
because of the low signal-to-noise separation in 42% D,0 buffer
higher-order peaks are not well resolved for this neutron contrast
condition. In an 85% D,O buffer, the peak at 0.022 A~ in the 42%
D,0 condition is absent, and instead, presents as a minimum at Q
=0.0243 A~" in the SANS profile. (Fig. 3D). This minimum occurs
due to the destructive interference of the scattered neutrons
from the protiated MTs and deuterated CCINTD that have a peri-
odic arrangement in the CCINTDp:MTB complex (Tainer 2023).

The secondary peak at Q=0.04 A=! becomes prominent in 85%
D,0 (Fig. 3D) because it is a superposition of Q1 and Qs at 0.038
and 0.0446 A~ respectively, which are well resolved in the
SAXS data (Fig. 3D and Supplementary Fig. S10). The peaks were
fitto a squared Lorentzian function (Equation 1, Table 1) to obtain
the peak centers.

We recognize that the hexagonal arrangement of the CCINTD:
MTB complexes is unlikely to reflect the state of the complex in
vivo because CC1 is predicted to be a membrane-associated

GZ0Z J8qWIBAON /( UO Jasn saleiqi] 99ssauua| 1o Alsiaaiun Aq y0£Sy28/z6s1em/ L /661 /21one/sAyd|d/woo dno-oiwapeoe)/:sdiy woil papeojumoc]


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf392#supplementary-data

6 | Plant Physiology, 2025, Vol. 199, No. 1

Table 1. Fitting parameters obtained from fitting SAXS and SANS of the CCINTD:MTB complexes

Parameter Peak positions

Q (A~hsAxs 0.023 0.040 0.046 0.060 0.065

d-spacing® (A)5A%S 274.4 158.3 136.6 104.7 96.7

Q (A~1)SANS (42% D;0) 0.022 0.041° 0.066°

d-spacing (A)SANS (42% Dz0) 281.7 154.1 95.2

Q (A~%)SANS (85% D20) 0.040° 0.058° 0.092
d-spacing (A)SANS (85% Dz0) 158.1 107.4 68.5

Calculated using Equation 2.

PThe Q-resolution is broad in the SANS data; these peaks were fitted with a single squared Lorentz function, corresponding to the superposition of Q11 + Qoo and Qoo +

Qo reflections (Supplementary Fig. S10).

protein (see above). It is more likely that membrane-bound CC1
forms linear arrays of MT bundles in cells (Kesten et al. 2019b).
However, the observed hexagonal packingis indicative of a strong
association of CCINTD with the MTs during in vitro studies
(Needleman et al. 2004). We calculated the relevant structural pa-
rameters of the assembly from SAXS and SANS based on the hex-
agonal array model (Supplementary Fig. S11). The primary peak
position represents an interplanar distance of d;o of 277 +39 A in
the array, which can be used to determine the center-to-center
spacing (ay) of 325+49 A of CCINTDp:MTB complexes, using
Equation 2. Since the diameter of free MTs is 265+ 7 A, the dis-
tance between adjacent MT walls in the assembly is ~60 A, indi-
cating a ~30 A layer of CCINTD around the surface of each MT,
consistent with the Rg of CCINTD in solution. We present an over-
all structural model that shows the spatial dimensions of the ar-
rangement of the CCINTD with a pair of MTs with CCINTD
forming bridges between MTs to form tightly packed MT arrays
(Fig. 3E). These parameters were used as a starting point for the
computational analysis described later.

We also compared CCINTD interactions with MTs under non-
reducing conditions to determine if CCINTD dimerization affects
binding. The peak positions in the SANS profiles were the same as
in reducing conditions, but the peak intensity was lower
(Supplementary Fig. S12). SEC-SAXS showed a 0.4 mol fraction
of dimer in the monomer:dimer equilibrium in the absence of a re-
ducing agent, and that the CCINTD dimer conformation is more
compact than the CCINTD monomer conformation (Table 1).
Thus, the disulfide bond in the CCINTD dimer may affect the ac-
cessibility of other residues interacting with MTs, causing
CCINTD dimers to be less likely to interact with MTs. Also,
SAXS experiments of CCINTD_C107A were compared to the wild-
type protein under similar concentrations, supporting that C107 is
not important for MT binding (Supplementary Fig. S13). In pre-
vious work, confocal microscopy imaging of CCINTD C107 labeled
with a maleimide fluorophore did not affect bundling MTs (Kesten
et al. 2019b), also supporting that C107 does not prevent MT from
bundling.

Molecular interaction dynamics of CCINTD and
MTs

Doublylabeled CCINTD with an Alexa488 fluorophore attached to
the N-terminal amino group and an Alexa594 residue attached to
C107 was used to investigate CCINTD conformations during MT
interactions using single-molecule fluorescence (or Forster) reso-
nance energy transfer (SmFRET). This construct showed an aver-
age FRET efficiency <E> of 0.39+0.002 (Fig. 4A) (Equations S7
and S8) after fitting the FRET histogram to a Gaussian function
(Fig. 4C). The apparent end-to-end distance, Ree, calculated from
<E> is 63.8+0.09 A assuming unbound CCINTD behaves like a
Gaussian coil (Equation S9). These values are comparable to an
end-to-end Ca—Co value of 76.8A for CCINTD monomers

obtained from EOM analyses. To infer the R, from Re. using rela-
tion G=R32./R2, we again assumed that G~6 (a valid assumption
for a Gaussian coil-like polymer). The inferred Ry is 25.01+
0.05 A is slightly lower than the SAXS-derived R, value of ~28 A
can be attributed to the position of the fluorophore at C107 rather
than at the C-terminal residue for smFRET studies. Similarly, from
the MFF approach, comparable values of Ree and Ry of CCINTD
monomers fit to SAXS data were obtained (Supplementary
Table S3).

Upon MT binding, the <E> value decreased to 0.28+0.01 as
compared to that with unbound CCINTD with <E>=0.39+0.002
(Fig. 4B). The apparent Ree, under the same assumptions that
CCINTD behaves like a Gaussian coil, is 66.15+0.05 A, indicating
that CCINTD has a more extended conformation compared to un-
bound CCINTD. Similarly, the calculated Ryis 27 +0.02 A as com-
pared with the unbound CCINTD value of ~25A. In summary,
smFRET shows that CCINTD has a more extended conformation
when bound to MTs with no evidence of it folding into a compact
conformation during MT interactions (Fig. 4C). SANS data also
show no evidence of compact or folded CCINTD structures in
the presence of MTs. Therefore, we can conclude that CCINTD re-
tains its disordered conformation and has a large surface accessi-
ble area that helps in making fuzzy interactions with MTs to form
bundles.

Theoretical model of CCINTD-MT bundles

The outputs from SAXS, SANS, and smFRET were used to provide
the initial structural parameters to guide computational model-
ing. We built all-atom models of 13 protofilaments and 4 tubulin
dimer long (13PF:4) MTs (PDB 3jal) (Zhang et al. 2015) and
docked CCINTD conformations to the MTs using LightDock
(imenez-Garcia et al. 2018; Roel-Touris et al. 2020). As described
in the Materials and Methods section, the top conformers were se-
lected for docking to the MT based on the docking score, Y26 dis-
tance to the MT, and orientation along the MT long axis
(Supplementary Table S5). The CCINTD:MTB complex was ar-
ranged in a single ring hexagonal bundle with a lattice parameter
of 322 A, randomizing the individual CCINTD:MTB complex at
each lattice site. We calculated the SANS profiles for the 42%
D,0 and 85% D,O experimental conditions using Pepsi-SANS
(Grudinin et al. 2017) with CCINTD deuterated to be contrast
matched at 85% D,0 (Fig. 5). A workflow of the docking to SANS
calculation is shown in Supplementary Fig. S14. The initial model
system of 85% D,0 (Fig. 5A) results did not capture the minimum
in the experimental results that correspond to the Qo peak found
at 0.022 A='in 42% D,0: instead, in the model, there is a peak at
the same place. However, the second peak in the calculated 85%
data at Q~=0.039 A=? (~161.1 A) does correspond with experi-
ments. Thus, the docked conformations (13PF:4-Docked) did not
align with the Qq0, while the Q4 peak is split between 2 shoulders
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Figure 4. smFRET of CCINTD labeled with Alexa488 NHS at N-terminus and Alexa594 maleimide at C107, unbound and bound with MTs under
reducing conditions. A) smFRET traces for unbound CCINTD and B) CCINTD bound with MTs expressed as fluorescence intensity in arbitrary units
(a.u.) vs. time (top graphs). Representative data of a single molecule trace of CCINTD showing single-step photobleaching with the donor trace in blue
and acceptor trace in red and (bottom) corresponding FRET efficiency data of the trace in black; black arrows show the single-step photobleaching;
C) Comparison of FRET histograms of unbound CCINTD (blue); N=62 events and CCINTD during MT interactions (magenta); N =82 events. All
measurements were under reducing conditions in the presence of 2 mwm TCEP.

Figure 5. Calculated scattering profiles of the docked and shifted CCINTD:MTB complexes compared to SANS. A) 85% D,O SANS comparison with the
experiment (open blue diamonds), the docked CCINTD:MTB (red line), and shifted CCINTD 40 to 45 A away from the MTB surface (yellow line). B) The
same as A) except calculated for 42% D,0 SANS (open green diamonds). C) Example of docked CCINTD:MTB 13PF:4 complex arranged in the hexagonal
lattice. CCINTD is shown in red. D) Example of shifted CCINTD:MTB 13PF:4 complex arranged in a hexagonal lattice. CCINTD is shown in yellow. The
color of CCINTD matches the legend in A) and B), and MTB is shown in cyan. The solid lines (red/yellow) in A) and B) are the average scattering profiles
from 10 randomized CCINTD:MTB hexagonal bundles, while the error bars are the standard deviation over the same 10 samples. Uncertainties in SANS
data (Panels A) and B)) are shown as solid vertical lines and are derived from counting statistics errors (N*/N), where N is the number of detector counts.
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Q=0.0360 A*and Q=0.0465 A~1. These shoulders match the fea-
tures in the experimental scattering profile.

The Qq0 peak in the calculated 42% D,0 model gives the lattice
parameter, 292 A, and the calculated Qi peak follows the ex-
pected hexagonal packing ratio, indicating that the calculation
produced the correct structure factor. However, the position of
the Qi peak in the experimental and theoretical curves did not
match. Therefore, we hypothesized that the center of mass asso-
ciated with the deuterated CCINTD should be centered further
away from the MT surface. We tested this by shifting CCINTD
over arange of distances between 15 and 50 A from the MT surface
and found that the best match to the experimental Qi and Qi1
peaks is obtained when the CCINTD is between 35 and 45 A
from the surface of the MTs (Supplementary Fig. S15). Although
the model Q;0 and Qi; peaks now align with experimental Qo
and Q. peaks with a 40 + 10 A shift (Fig. 5, B and D), the alignment
of the shoulder from the docked structures around the Q;; peak is
lost (Q=0.0465 A~%). The agreement of the shoulder from the
docked model and the Q0/Qq; peak agreement in the shifted en-
semble, we hypothesize that the 42% CCINTD SANS data are
best explained by an equilibrium between bound CCINTD and in-
terstitial CCINTD between MTBs arranged in the hexagonal
assembly.

Discussion

Understanding the structural properties of IDRs and IDPs and how
they relate to function continues to be of great interest to the
structural biology community because the structure-function
paradigm is not understood for these proteins, even though IDRs
and IDPs are known to play importantroles in a variety of different
biological processes (van der Lee et al. 2014). One of the challenges
associated with characterizing IDR/IDPs is that traditional struc-
tural biology techniques such as protein crystallography, single-
particle cryo-electron microscopy, and NMR are not suitable for
characterizing these proteins due to their lack of a defined folded
structure. This has been addressed by integrating the information
from lower-resolution characterization tools such as small-angle
scattering, light scattering, smFRET, and analytical ultracentrifu-
gation to extract complementary structural parameters that can
be combined with computer modeling and simulation to obtain
a molecular model of these systems (Naudi-Fabra et al. 2021).

In this work, we investigated the N-terminal domain of CC1, an
IDR, to gain insights into its structure in solution and also when
interacting with MTs, where it is proposed to sustain cellulose
synthesis by protecting MTs during salt stress. This builds on pre-
vious work by Persson and co-workers (Endler et al. 2016; Kesten
et al. 2019b ), who identified the role of CC1 proteins in maintain-
ing cellulose synthesis and showed the important role of the
N-terminal domain in binding to and organizing the MTs under
stress conditions. Our motivation was to determine a structural
model for the CCINTD and investigate how its structure may
change when it interacts with MTs.

SEC-SAXS revealed that CCINTD exists as a mixture of mono-
mers and dimers when it is purified under nonreducing condi-
tions. Dimerization is disrupted by the addition of a reducing
agent, and we confirmed that the dimerization occurred via
C107 through mutation to Ala, which is a monomer. Kratky anal-
ysis showed that the dimer has a more compact conformation
than the monomer, but that their overall sizes, estimated from
Dmax, are similar. Interestingly, dialysis of a CCINTD monomer
preparation against a buffer solution with no reducing agent re-
sulted in an equilibrium mixture of monomer and dimer similar

to that obtained during the nonreducing purification procedure.
SANS showed a weaker interaction of the CCINTD monomer:
dimer equilibrium with the MTs, with the inference that the dimer
(0.4 mol fraction in the monomer:dimer equilibrium) has a lower
affinity for MTs than the monomers (Supplementary Fig. S12).
This also suggests that CCINTD dimerization may restrict its con-
formation space or prevent critical residues from interacting with
MTs. Although the CC1INTD preparation purified under nonreduc-
ing conditions provided interesting insights into the CCINTD con-
formation, it was not clear if this dimerization was an artifact of
the extraction and purification procedure or represents the in cel-
lulo state of this protein. For this reason, we selected to study the
protein under reducing conditions, which favored a homogeneous
monomer population, for further characterization of its structure
alone and when it was interacting with MTs.

Analysis of the monomer using SAXS, smFRET, and CD all indi-
cate a disordered and extended conformation for the protein. CD
showed only a small fraction of a-helices and B-sheets, with the
majority of the polypeptide chain having a disordered conforma-
tion. The EOM analysis of the SAXS data supports an ensemble of
conformations that range in Rg and Dpax values of 30 to 50 and 80
to 150 A, respectively. The R, and end-to-end distance values (29
and 72 A, respectively) obtained from smFRET measurements
are comparable to SAXS results, further confirming that
CCINTD is a disordered extended polypeptide chain in solution.

The second goal of our study was to investigate the interaction of
the N-terminal domain with MTs. As described above, Persson and
co-workers have previously identified CC1 as an MAP and showed
that it bundles MTs (Endler et al. 2015; Kesten et al. 2019b). We
were interested in understanding this interaction in more detail.
Using SANS with contrast variation, it was possible to separate
out structural features of CCINTD from MTs in the complex. Two
different contrast conditions were measured using SANS that either
selectively highlighted the structure of the bound deuterated
CCINTD (42% D,O condition) or the protiated MTs (85% D,0).
These measurements were complemented by SAXS characteriza-
tion of the complex. The addition of CCINTD to the paclitaxel-
stabilized MT preparation resulted in a significant reorganization
of the MTs from random hollow cylinders to well-organized MT
bundles that were arranged in a hexagonally packed configuration.
A similar observation of higher-order bundling of MTs has been re-
ported by SAXS studies of Tau-mediated MT bundling as well as
cation-dependent bundling (Needleman et al. 2004; Choi et al.
2009; Chung et al. 2015; Chung et al. 2016).

The contrast-matching SANS experiments revealed 2 impor-
tant findings. First, the individual scattering profiles of CCINTD
and MTs from SANS in combination with the overall CCINTD:
MTB from SAXS demonstrate that the structure of the complex
was dominated by the hexagonal packing of the MT bundles.
The second finding was that at the contrast match point for the
MTs chosen to selectively highlight the CCINTD structure,
the scattering profile only revealed how CCINTD is organized
in the MT bundles but did not provide structural information
about the conformation of individual CCINTD proteins bound to
MTs. Thisis because the scattering signal was dominated by a reg-
ular MT arrangement, which suppressed the signal from the indi-
vidual CCINTD proteins. However, smFRET showed that the
CCINTD proteins are in a more extended conformation when
bound to the MTs. The combined structure analyses of CCINTD:
MTB show that MTs are efficiently organized into regular arrays
by the disordered and extended conformation of CCINTD. A sim-
ilar observation was reported for Arabidopsis MAP65-1, which was
found to retain its disordered structure during MT interaction,
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allowingit to efficiently form cross-bridges between MTs (Gaillard
et al. 2008; Tulin et al. 2012).

The structural parameters obtained from the data fitting show
that the center-to-center distance between adjacent MTs is 325 A
and the wall-to-wall distance is ~60 A. This bundling is signifi-
cantly more compact than thathas been observed in other in vitro
studies of MTs (Chang-Jie et al. 1992). NMR established that R23-
S30 and Q103-1110 regions interact with MTs (Kesten et al.
2019b). From EOM analysis of the SAXS data, CCINTD can extend
up to 80 A, which is sufficient to bridge the adjacent MTs based on
a wall-to-wall distance of 60 A (Supplementary Fig. S5, C and D).
Computational modeling showed that there are 2 populations of
CCINTD associated with MTs; a bound fraction and a fraction
that is unbound but present in the interstitial space between the
MTs. This supports a dynamic interaction between CCINTD that
could favor transient bridging between adjacent MTs. It is impor-
tant to note that the dissociation constant of CCINTD is ~10 uM
(Endler et al. 2015), which is significantly weaker (~10 times)
than a related MAP, CSI protein-1, which is proposed to facilitate
the movement of the CSC in the plasma membrane guided by
the cortical MT arrays (Li et al. 2012). A possible reason for this
is that disordered MAPs display multivalency in MT interactions,
i.e. the presence of multiple binding motifs along their polypep-
tide chain (Drechsler et al. 2019). This multivalency facilitates
weak binding with MTs, also called fuzzy interactions (Tompa
and Fuxreiter 2008), in which the disordered MAP retains its disor-
derliness during interactions. Hence, by retaining a disordered
conformation, CCINTD can make multiple relatively weak inter-
actions alongindividual MT surfaces and between other proximal
MTs, which may help maintain cortical MT arrays under stress
conditions. Overall, based on our analysis, we can propose that
the CCINTD remains disordered and retains an extended confor-
mation, which then helps CCINTD to cross-bridge adjacent MTs.
This aligns with an emerging paradigm of MAP MT interactions,
which proposes that MAPs can randomly decorate MTs and,
through attractive interactions between MAPs, cross-bridge adja-
cent MTs (Méphon-Gaspard et al. 2016).

In plants, different microscopy studies have reported differen-
ces in MT arrangements. For instance, microscopy analyses of
paclitaxel-stabilized MT bundles extracted from carrot suspen-
sion cells report a center-to-center distance of 340 A (Cyr and
Palevitz 1989), and tobacco (Nicotiana tabacum) cell MT extracts
in the absence of paclitaxel have 2 populations of MTs with
wall-to-wall distances in the range of 120 to 150 and 200 to
250 A (Chang-Jie et al. 1992). Also, very few MAPs have been char-
acterized during MT interactions. For instance, MAP65 has been
identified to cross-link MTs with a wall-to-wall distance of 250
to 300 A using electron microscopy (Chan et al. 1999), but the
molecular-level characterization of plant MAPs remains to be
understood. Here, the interactions of CCINTD with MTs appear
very different compared to these other studies; we observe rela-
tively tight binding with MTs. This resembles how human tau in-
teracts with MTs, as described in an earlier study (Kesten et al.
2019b). The structure of tau and how it interacts with MTs have
been characterized extensively. (Barbier et al. 2019). Tau has an
anionic projection domain that has been identified to control the
space between MTs, followed by a proline-rich domain and then
the 4 hydrophobic regions known as R repeats (Trinczek et al.
1995). Although there is no sequence homology between tau and
CCINTD, they do share similar structural features, such as the
R repeats in tau that have been compared to similar hydrophobic
regions in CCINTD that have been proposed to be the MT interac-
tion sites (Kesten et al. 2019b). NMR (Fung et al. 2020) and smFRET
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(Melo et al. 2016) studies have shown that tau makes fuzzy inter-
actions with tubulin and retains its disorder during MT interac-
tions, similarly to our present conclusion for CCINTD. Total
internal reflection fluorescence microscopy and cryo-electron mi-
croscopy showed that removal of the anionic projection in tau in-
creased the MT bundling efficiency better than the full-length tau,
i.e. truncated tau, equivalent to CCINTD here, bundles MTs into
compact arrays (Prezel et al. 2018). Interestingly, the lack of a pro-
jection domain in tau (containing only the MT-binding region with
4 Rs) has been shown to bundle MTs more tightly with a
wall-to-wall distance of 50 to 60 A from a SAXS study (Chung et al.
2016), comparable with our observation of CCINTD-induced MT
bundling. Similar to the previous SAXS studies of tau and MTs
(Choi et al. 2017), we also observe that CCINTD increases MT bun-
dling with increasing concentration, and the Q;o peak of the hexag-
onal phase structure factor becomes sharper with increasing
concentrations (Supplementary Fig. S9). This indicates that
CCINTD may exhibit a similar behavior to tau and that CCINTD
affects MT structure in a manner that may eventually influence
the binding of other MAPs with MTs during stress and modulate cel-
lulose synthesis (Safinya et al. 2019).

Conclusions and future directions

Overall, our SAXS, SANS, smFRET, and modeling data show that
CCINTD has an extended conformation and bundles MTs into
compact arrays. The hexagonal arrangement found here may
not occur under native conditions because the full-length CC1 is
predicted to be a membrane-associated protein, but it shows effi-
cient bundling of MTs by CCINTD, which may be important for
cortical MT assembly during salt stress. We also determined
that CCINTD retains its disordered conformation during MT in-
teractions. This is likely to permit, possibly nonspecific, cross-
bridging of MTs so as to maintain cortical MT arrays required for
cellulose synthesis. As the current study is limited to only the
N-terminal domain, future studies on full-length will provide
more insights into how membrane interaction affects MT bun-
dling. While our in vitro results indicate that dimerization of
CCINTD reduces MT bundling, it is possible that oligomerization
of full-length CC1 in vivo could enhance its MT association or bun-
dling function. In a cellular context, CC1 may engage in higher-
order assemblies through self-interactions or interactions with
other proteins. For instance, it has previously been reported that
CC1linteracts with CESA proteins, supporting the idea that it plays
a role in maintaining CSC function during stress (Endler et al.
2015; Endler et al. 2016). Such oligomerization could promote
crosslinking or stabilization of MTs, especially under stress condi-
tions where CC1 is known to support MT organization and cellu-
lose synthesis. Further studies will be needed to determine the
oligomeric state of CC1 in vivo and its functional relevance to
MT dynamics. CC1 is only one of the members of the CC family
of proteins that has been studied so far. Future efforts to compare
different CC proteins will shed light on their importance in
cellulose synthesis and whether there are any preferential
interactions of CCs with different CESAs. In addition, posttransla-
tional modification of MAPs, specifically phosphorylation, affects
their structure and possibly their interactions with MTs
(Mietelska-Porowska et al. 2014; Ramkumar et al. 2018).
Phosphorylation has been identified in many MAPs to dynamically
control on/off interactions with MTs (Ramkumar et al. 2018) and
can also lead to structural changes in IDPs (Schwalbe et al.
2015). Many phosphoproteomic studies have shown that the
CSC and associated proteins are phosphoregulated, including
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CC1 (Speicher et al. 2018; Colin et al. 2023). These studies will also
determine how posttranslational modifications of CC1 influence
its structure and MT interactions.

Materials and methods

Arabidopsis CCINTD overexpression and
purification and formation of MT complexes
Recombinant Arabidopsis (A. thaliana) companion of cellulose
synthase 1 N-terminal domain (CCINTD) (1 to 120 aa) and mutant
CCINTD_C107A were over-expressed and purified from E. coli
BL21(DE3) cultures. Deuterated proteins were produced in a sim-
ilar manner, except H,O was substituted for 70% D,0O in the
growth media. For purification under reducing conditions, the
gel filtration buffer was supplemented with 2 mu TCEP. A detailed
description of the expression and purification protocols is pro-
vided in Supplementary Text S1. The protocol for circular dichro-
ism analysis is provided in Supplementary Text S2. MTs were
prepared using porcine brain tubulin (Cytoskeleton, Inc., T240)
in the presence of 2 mwm paclitaxel following the manufacturer’s
protocol. For the formation of a CCINTD:MTB complex, an MT
pellet was first resuspended either in protiated or deuterated gen-
eral tubulin buffer (80 mm PIPES, 2 mm MgCly, 0.5 mm EGTA dis-
solved in H,O or D,0O, pH 6.9) as required for X-ray or neutron
scattering experiments. This was followed by the addition of
CCINTD (1.5 mg/mL, 100 M) to the polymerized MTs (1 mg/mL
tubulin, 18 uM) in a final volume of 100 xL, as previously described
(Kesten et al. 2019b). The CCINTD:MTB mixture was incubated at
room temperature for 30 min before measurement.

Small-angle X-ray scattering

SAXS measurements of MTs alone and the CCINTD:MTB mixture
were carried out using a Rigaku BioSAXS-2000 (Rigaku, Tokyo,
Japan). The instrument was first calibrated using silver behenate us-
ing a configuration with a minimum Q of ~0.008 A™. Q is defined as
Q=4n sin 6/2, with scattering angle as 20 and X-ray or neutron wave-
length is A. In total, 24 images were collected during a total of
240 min exposure time for each sample. The raw data were reduced
to 1D data using the SAXSLab software package (Rigaku). All images
with similar profiles were averaged and buffer subtracted using
bioXTAS RAW software (Hopkins et al. 2017) for further analysis.
SEC-SAXS of CCINTD was conducted at the Life Science X-ray
Scattering (LiX) beamline of the National Synchrotron Light Source
II, Brookhaven National Laboratory, and details of data collection
and analysis are presented in detail in Supplementary Text S3.

Small-angle neutron scattering

SANS studies were performed using the Bio-SANS instrument lo-
cated at the High Flux Isotope Reactor in Oak Ridge National
Laboratory (Heller et al. 2014). The instrument was configured
with 4 collimation guides in the neutron flight path, the main de-
tector positioned at 7 m from the sample position, and the wing
detector positioned at 1.13 m from the sample and rotated to an
angle of 3.2° from the direct beam. This configuration has a Q
range of 0.007 <Q (A7) <0.9 using 6 A neutrons with a relative
wavelength spread (AMA) of 13.2%. The data were corrected for in-
strument background, detector sensitivity, and instrument geom-
etry using facility data reduction software, drt-SANS (Heller et al.
2022), using a Python script wrapper. All SANS measurements
were performed using cylindrical quartz cuvettes of 1 mm path-
length and 280 uL chamber volume (model 120-000-1-40 Hellma,
Millheim, Germany) at 20 °C.

SAXS and SANS data analysis

CC1INTD solution structures were sampled using the EOM from the
ATSAS package (Bernado et al. 2007; Tria et al. 2015). More details
can be found in Supplementary Text S3. Free MTs were modeled
as homogenous hollow cylinders as described in the
Supplementary Text S4. The structure factor for MT bundles was fit-
ted to a squared-Lorentzian function using the following equation:
S(@)=c+ & X #
T 4Q - Qu) +w?
where, Q. = Qio x vh2 + k2 + Ik, A is the area of the peak, w is the
full width at half maximum, and cis the offset. Here, hk indices refer
to 2D hexagonal lattices corresponding to 10, 11, 20, 21, 30, 22, and so
on, and Qqo is the first peak from a hexagonal lattice. The lattice pa-
rameter (ay) of bundled MTs (Alexandridis et al. 1998) and interpla-
nar d-spacing (dio, d11, SO 0n) is given by the following equation:

©)

= 4 _ 2*d10
" V3% Quo V3

Additional details about SAXS and SANS analysis are provided in
Supplementary Text S4.

=2x% dll (2)

Fluorescence microscopy

For single-labeled CCINTD, the primary amine of the N-terminal
amino acid of CCINTD was covalently labeled with Alexa Fluor
488 NHS succinimidy! ester (Invitrogen, USA). For double-labeled
CCINTD, the single cysteine residue C107 was labeled using Alexa
Fluor 594 maleimide dye in addition to the N-terminal labeled
Alexa Fluor 488. The labeled proteins were immediately flash-
frozen using liquid nitrogen and stored at —80 °C until further
use. Detailed procedures for the labeling reactions and micro-
scopy measurements are provided in the Supplementary Text S5.

SmMFRET experiments were carried out using a custom-built
prism-based total internal reflection fluorescence microscope
based on an inverted IX73 microscope (Olympus) and customized
TIRF stage (TIRF Labs Inc., Cary, NC, USA) as described previously
(Lamichhane et al. 2010; Baker et al. 2016). 100 pM of doubly la-
beled CCINTD with the C-terminal hexa-histidine tag was immo-
bilized onto a biotin-conjugated antihexa-histidine antibody on
poly-ethylene glycol passivated quartz microscope slide through
biotin-streptavidin interaction in an imaging buffer (20 mm
HEPES, 150 mm NaCl, and 2 mm Trolox, pH 8.0). Before imaging,
the sample chamber was rinsed using protocatechuic acid/
protocatechuate-3,4-dioxygenase oxygen scavenging system to
prevent free radical-induced damage of fluorophores (Aitken
et al. 2008). The labeled proteins were excited with a 465 nm cable
laser (TIRF Labs Inc.). Emission wavelengths were split with a di-
chroic mirror (T5651pxr-UF2) and were filtered through the filters:
ET525/50m and ET605/70m (Chroma Technology Corp.) assembled
in a CAIRN cube and Optosplit (CAIRN Research Inc.). The inten-
sities of the donor and acceptor, ID and IA, were detected using
an electron-multiplying CCD camera (Andor Technology), which
collected data every 100 ms with a gain setting of 300, utilizing a
custom single-molecule data acquisition program (Stefanski
et al. 2021). Single-molecule time trajectories were obtained using
custom scripts written for Interactive Data Language software
(Harris Geospatial Solutions Inc., USA). The data acquisition was
performed using a program made available by the Ha laboratory
(https:/github.com/Ha-SingleMoleculeLab). Every molecule was
characterized by single-step photobleaching, and the traces were
truncated before the photobleaching. All traces were binned to
generate histograms. At least 5 independent movies of CCINTD
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only and CCINTD with MTs were used to generate histograms to
estimate standard error values from histograms. Details of the
analysis of smFRET data can be found in Supplementary Text S6.

Computational modeling

To determine the localization of CCINTD with respect to MTs, a mPF:n
CCINTD:MTB complex was built, where PF stands for protofilament,
m is the number of protofilaments, and n is the number of tubulin
dimers in a protofilament. The 3jal PDB (3PF:2) (Zhang et al. 2015)
with the EM2-MAP removed was used as the template for the MT,
as it gives the correct 13 PF MT used in the experiments. The 3PF:2
structure was replicated longitudinally and rotationally to form a
full 13PF:4 MT by aligning the terminal dimer or protofilament with
the first dimer/protofilament. The individual tubulin monomers,
GTP, and Mg®* ions were saved to separate PDB files. One thousand
CCINTD monomers were generated using the EOM (Bernado et al.
2007; Tria et al. 2015), which produced coarse-grained random coils
with the monomer SEC-SAXS data as constraints. These were con-
verted to all-atom models, energy minimized, and refined to 30 struc-
tures (see Supplementary Text S7 for details). The 30 conformers were
docked to a 3PF:4 MT patch with LightDock (Jimenez-Garcia et al. 2018;
Roel-Touris et al. 2020), a protein—protein docking software that uses a
glowworm swarm optimization algorithm to optimize binding poses
of proteins according to a docking score (fastDFIRE) (Zhang et al.
2005), with 30 swarms and 100 structures per swarm. We applied
the cross-linked mass spectrometry data (Kesten et al. 2019b) as active
restraints, i.e. the restraints contribute to the scoring during docking.
We restrained E111:E158 on the B-tubulin as the receptor and K40/
K94/K96 on CCINTD as the ligands. Nineteen docked poses
(Supplementary Table S5) were selected from the pool of 90,000 poses
for building the CCINTD:MTB complex (see Supplementary Text S7
for further details).

The CCINTD:MTB complex was built with psfgen in VMD
(Humphrey et al. 1996) by aligning the 3PF:4 MT patch with the
docked CCINTD monomer to a B-tubulin on the 13PF:n MT.
During this step, a CCINTD conformer was randomly selected
from the set of top-ranked poses and positioned along the PF.
This was repeated over the full 13PF:4 MT until all dimers had
one CCINTD bound. Subsequently, the CCINTD:MTB complexes
were bundled into a specific geometry by loading a random set of
CCINTD:MTB complexes and moving them to the necessary lattice
sites with a provided lattice parameter. The final bundled complex
was saved as a dcd trajectory file, then concatenated into a single
pdb with mdtraj (McGibbon et al. 2015) to calculate the SANS pro-
files using Pepsi-SANS (Grudinin et al. 2017). In this study, 10 hexag-
onal CCINTD:MTB bundles were generated from 20 CCINTD:MTB
(13PF:4) complexes with a lattice parameter of 322 + 10 A for 2 con-
ditions, keeping the docked structures (Docked) and shifting the
CCINTD perpendicularly from the surface by 40+10 A (Shifted).
Small-angle scattering profiles were calculated using Pepsi-SAXS/
SANS (Grudinin et al. 2017) from 0.0 to 0.5 A~ with 250 data points
and out to the 75th order in the multipole expansion. CCINTD was
51% deuterated at the nonexchangeable sites to match the protein
at 85% D,0. A complete workflow is shown in Supplementary Fig.
S14. Further analysis was performed with in-house Python scripts
and plotted using seaborn and/or matplotlib in Python.

Accession numbers
Sequence data for Arabidopsis CC1 used in this article can be

found in the GenBank/EMBL data libraries under accession num-
ber Q9C636.
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