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Abstract: Tubulins are an ancient family of eukaryotic proteins characterized by an amino-terminal
globular domain and disordered carboxyl terminus. These carboxyl termini play important roles in
modulating the behavior of microtubules in living cells. However, the atomic-level basis of their
function is not well understood. These regions contain multiple acidic residues and their overall
charges are modulated in vivo by post-translational modifications, for example, phosphorylation. In
this study, we describe an application of NMR and computer Monte Carlo simulations to investi-
gate how the modification of local charge alters the conformational sampling of the y-tubulin car-
boxyl terminus. We compared the dynamics of two 39-residue polypeptides corresponding to the
carboxyl-terminus of yeast y-tubulin. One polypeptide comprised the wild-type amino acid
sequence while the second contained a Y>D mutation at Y11 in the polypeptide (Y445 in the full
protein). This mutation introduces additional negative charge at a site that is phosphorylated in
vivo and produces a phenotype with perturbed microtubule function. NMR relaxation measure-
ments show that the Y11D mutation produces dramatic changes in the millisecond-timescale
motions of the entire polypeptide. This observation is supported by Monte Carlo simulations that—
similar to NMR—predict the WT y-CT is largely unstructured and that the substitution of Tyr 11
with Asp causes the sampling of extended conformations that are unique to the Y11D polypeptide.
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Introduction

Tubulins comprise an ancient and evolutionarily
conserved family of globular proteins found in all
eukaryotic cells. a- and B-tubulins associate as het-
erodimers and assemble into highly dynamic micro-
tubule biopolymers, while the dominant pathway for
the nucleation of the microtubule polymer is pro-
moted by vy-tubulin. Together, a-, B-, and y-tubulins
coordinate the dynamical properties and plastic
organization of microtubules, giving rise to cell
shape and orchestrating the segregation of chromo-
somes during cell division. High-resolution crystal
structures of members of the tubulin family (a-, B-,
and vy-tubulins) revealed that tubulins consist of an
evolutionarily conserved globular domain™? and an
acidic, solvent-accessible and generally disordered
carboxyl terminus (CT) whose length varies across
members of the tubulin family. Regions within the
globular domain, for example, those involved in GTP
binding and interaction surfaces responsible for
dimerization and polymerization are some of the
most conserved among all eukaryotic proteins. In
contrast, the primary amino acid sequences of a-, B-,
and vy-tubulin CTs are generally divergent, yet all
contain clusters of Glu and Asp residues. These neg-
atively charged clusters are particularly prominent
in the CTs of a- and B-tubulin (a-CTs and B-CTs),
which are frequently referred to as “E-hooks” as
they are thought to project outward from the micro-
tubule with  the
environment.

The biological function of a-CTs and B-CTs has
been strongly linked to the electrostatic interactions
between the negatively charged “E-hook” and the
surface of the o,B-heterodimers and with microtu-
bule associating proteins (MAPs) such as the molec-
ular motors kinesin and dynein and other proteins
that modulate the dynamical properties of microtu-
bules. Residues in the CTs of a- and B-tubulins are
targeted for a large number of post-translational
modifications (PTMs) including tyrosinylation, gluta-
mylation, and phosphorylation.® The diversity of
known modifications to the CTs of a- and B-tubulins
is viewed as a large and complex “tubulin code” for
which the functional significance and biophysical
mechanisms are only now emerging.* However it
appears that a combination of sequence diversity,
specific motifs, and PTMs all contribute to how «-
and B-CTs control their interaction with molecular
motors and MAPs that expand the functional reper-
toire of microtubules.’

The biological function of the y-tubulin CT is far
less understood than for a- or B-tubulins. Similar to
the o-CT and B-CT, the length of the y-CT varies
between organisms and it is characterized by
sequence diversity and structural disorder. Few
PTMs have been identified for y-CTs. One exception
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is the in vivo phosphorylation of an evolutionarily
conserved Tyr residue in the y-tubulin orthologue of
the budding yeast Saccharomyces cerevisiae (Y443 in
human, Y445 in yeast; S.c.).®” Mutation of Y445 to
an acidic residue (Asp or Glu) alters microtubule
dynamics and perturbs the function of the mitotic
spindle but does not appear to alter microtubule
nucleation,® suggesting the S.c. y-CT may function
in postnucleation organization and function of micro-
tubules. This Tyr residue together with the hydro-
phobic residues at positions +1 and +2 are
invariant across y-tubulins from fungi, animals, and
plants,” suggesting that this aspect of y-CT regula-
tion is also evolutionarily conserved.

Despite their functional significance, little is
known regarding the structure and dynamics of the
CTs of a-, B-, and y-tubulins, as their conformational
flexibility makes them difficult to study by X-ray
crystallography or electron microscopy. The struc-
tures of a mammalian «o,B-tubulin dimer and human
v-tubulin have been solved by X-ray crystallogra-
phy.2 However, flexible regions including loops and
the 35 residues C-terminal to the end of helix 12
(i.e., y-CT) were not visualized. Our understanding
of the dynamic structure of tubulin CTs is currently
based on molecular dynamics simulations of the -
tubulin CT which focused on conformational sam-
pling® and interactions between CT residues and
residues in the globular domain located at the micro-
tubule surface.® To date, the conformational sam-
pling and biophysical properties of tubulin CTs have
not been investigated experimentally.

A combination of Nuclear Magnetic Resonance
(NMR) spectroscopy and Monte Carlo (MC) com-
puter simulations are ideally suited for characteriz-
ing the structural and dynamical properties of the -
CT. This combination of techniques has been previ-
ously applied to intrinsically disordered proteins,
providing detailed atomic resolution insight into the
relationship between conformational sampling and
biological function.'® We used NMR spectroscopy
and MC simulations to study the last 39 residues of
yeast y-tubulin, both of the wild-type (WT) and the
previously characterized Y >D mutation.® Surpris-
ingly, we find that the Tyr to Asp substitution
(Y445D full-length, Y11D v-CT) induces globally con-
certed dynamics occurring on the millisecond time-
scale. This is likely due to additional electrostatic
repulsion involving D11. We hypothesize that the
negative charge accompanying phosphorylation of
this tyrosine has a similar effect as the Y >D muta-
tion, potentially modulating the accessibility of the
v-CT for interactions with binding partners. To our
knowledge, such cooperative transitions occurring
exclusively between unfolded sub-populations have
not been previously reported, and represent a novel
way to regulate the function of intrinsically disor-
dered protein domains.
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Figure 1. NMR data for the y-tubulin CT. (A) NMR gradient diffusion data. The natural logarithms of normalized 'H methyl peak
intensities (In{//lo}) are plotted as a function of the square of the strength of the magnetic field gradient (G2) applied during a diffusion
delay for WT (filled squares) and Y11D (hollow squares) y-CT polypeptides. The slopes (solid lines) are proportional to the transla-
tional diffusion constants. Experimental uncertainties are smaller than the symbols used. The dashed line corresponds to the
expected In{l/lo} versus G2 relationship for a typical random coil polypeptide of 39 amino acids.'? (B) "H-'°N correlation spectra of
WT (black) and Y11D (red) y-CT polypeptides. The blue inset shows an enlargement of the central region. Residue-specific assign-
ments are indicated for each peak. Black labels correspond to the WT and overlaying Y11D peaks. Assignments of perturbed Y11D
peaks are indicated in red. (C) Secondary structure content determined from backbone NMR chemical shifts using 52D software®
plotted as a function of residue number for WT (solid line) and Y11D y-CT (dashed line) polypeptides with black, blue, green, and
red indicating the percentage of random coil, a-helical, B-sheet, and poly-proline Il helical conformations, respectively.

Results thus obtained for the WT ~-CT polypeptide

= + -6 2 ioni
Hydrodynamic radii of the WT and Y11D y-CT (Ds = 1252001 X 1077 em'/s) was significantly
. larger than that of the Y11D v-CT polypeptide
polypeptides

=1.15+0.01 X 1076 cm? X 107°). -
We used NMR pulsed field gradient diffusion experi- (Ds = 1.156=0.01 . 107 em™s, p < 1 ,1,0 ). We cal
ments™ to determine the effective hydrodynamic radii culated the effective hydrodynamic radii of the v-CT
of the WT and Y11D y-CT polypeptides. Figure 1(A) polypeptides using the Stokes—Einstein equation:
shows the peak intensities of well-resolved up-field kT
methyl 'H peaks, plotted as a function of the square of 5T 6mr
the magnetic field gradient strength. The slopes of the
fitted lines give the translational diffusion coefficients =~ where Dy is the experimentally determined diffusion
(Dg, see Methods section). The diffusion coefficient  coefficient, kg is the Boltzmann constant, T' is the

(D)
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temperature in degrees Kelvin,  is the viscosity of
the medium, and r is the Stokes radius of the mole-
cule. We obtained effective hydrodynamic radii of
142+0.2 A for the WT v-CT polypeptide and
15.6 = 0.2A for the Y11D v-CT polypeptide. We com-
pared these values to those found for library of
denatured proteins in which the logarithm of the
Stokes radius was found to depend linearly on loga-
rithm of the number of residues such that'?

r=2.518N0522 (2)

where N is the number or residues. This empirical
relationship predicts that 39-residue denatured poly-
peptides have Stokes radii of 17 A, that is, more
expanded than what we observe for either y-CT.
Notably, the 39-residue WT ~-CT has an even
smaller Stokes radius (r=14.2 A) than the 32-
residue fibronectin binding protein D3 in 8M urea
(r=14.9 A).13

Chemical shift-based secondary structure
predictions

'H-N HSQC correlation spectra of the WT and
Y11D v-CT polypeptides are shown in Figure 1(B).
The lack of dispersion in the 'H dimension is charac-
teristic of wunstructured polypeptide chains, as
expected.'* We assigned 38 'H-'°N correlations to 38
of 39 residues for both molecules using a combination
of HNCA, HNCO,”® HNCACB,'®* CBCA(CO)NH,'
C(CO)NH,'® and HCCONH?!® experiments. The larg-
est differences in chemical shift between the WT and
Y11D v-CT polypeptides were observed for residues
surrounding the Y11D mutation site [Q442, D443,
S444, 1.446, D447, and D448, Fig. 1(B), inset]. NMR
data for the two polypeptide chains were analyzed
using 82D software,'® which compares the experimen-
tal backbone chemical shifts to those expected for dif-
ferent types of protein secondary
Predictions for the most populated secondary struc-
ture have been found to be accurate to within 10%,
and differences between two related samples are
within 2%.'° According to the 82D predictions [Fig.
1(C)], the WT and Y11D v-CT polypeptides are pre-
dominantly random coils with regions of weak (5—
10%) a-helical and B-sheet propensity. The percentage
of random coil character increases from about 88% in
the WT v-CT polypeptide to about 96% in the Y11D v-
CT polypeptide for residues near Y11D, suggesting
that the Y>D mutation leads to a modest local
increase in flexibility.

structure.

Nanosecond-picosecond dynamics y-CT
polypeptides

We characterized the dynamics of the WT and Y11D
v-CT polypeptides using '°N spin relaxation NMR
experiments. Initially, we measured longitudinal
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Figure 2. Experimental >N NMR spin relaxation parameters
plotted as a function of residue number for WT (black
squares) and Y11D (red triangles) y-CT polypeptides for (A)
longitudinal and (B) transverse '°N spin relaxation rates (R
and Ry, Rq,) and (C) steady-state heteronuclear NOE (hnNOE)
data. In C, '®N transverse relaxation rates obtained with refo-
cusing pulses applied during the relaxation delay (R.) are
indicated with solid symbols while those obtained with a '°N
spin-lock applied during the relaxation delay (R+,) are indi-
cated with hollow symbols. Gaps in the data are due to over-
lap in the "H="°N correlation spectra.

relaxation rates (R;),2° transverse relaxation rates
(R9),?* and steady-state 'H-'°N heteronuclear NOE
(hnNOE) values.?! The Ry, Rs, and hnNOE measure-
ments are sensitive to motions on the nanosecond to
picosecond timescales. R, relaxation rates are addi-
tionally influenced by dynamics on the millisecond
to microsecond timescales. As seen in Figure 2(A,B),
the values of Ry and hnNOE obtained for the WT
and Y11D polypeptides are nearly identical, sugges-
ting that the mutation does not significantly affect
motions of the backbone on the nanosecond to pico-
second timescales. In contrast, R, values for the
Y11D v-CT polypeptide are significantly larger than
those of the WT [Fig. 2(C)]. These differences could
be attributed to motions on the microsecond to milli-
second timescales that lead to peak broadening and
elevated transverse relaxation rates.?? To test this
hypothesis, we performed additional R, transverse
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relaxation experiments. The R, and R, are experi-
ments essentially identical with the one major differ-
ence that, during the relaxation delay, the R, pulse
sequence applies a train of refocusing pulses while
the R, pulse sequence applies a spin-lock. The spin-
lock is more efficient at quenching dynamical broad-
ening under our experimental conditions, therefore
if broadening contributes to the observed Ry values,
we would expect to observe R, < Ry. As seen in Fig-
ure 2(C), the Ry, values are much lower than R, val-
ues for the Y11D v-CT polypeptide while R, ~ R,
for the WT +-CT. Furthermore, the R, values of the
Y11D v-CT polypeptide approach the Ry and R, val-
ues obtained for the WT ~-CT. This strongly suggests
that the Y11D v-CT polypeptide undergoes motions
on the microsecond to millisecond timescale that are
absent in the WT v-CT polypeptide.

Microsecond-picosecond dynamics of y-CT
polypeptides

To gain further insight into the microsecond to milli-
second timescale dynamics produced by the Y >D
mutation, we performed the Carr—Purcell-Meiboom—
Gill (CPMG) relaxation dispersion experiments? on
the WT and Y11D v-CT polypeptides using an 18.8 T
(800 MHz) NMR spectrometer. Exchange among dif-
ferent conformational states can produce fluctua-
tions in chemical shifts that lead to spectral
broadening and elevated transverse relaxation rates
(R3). In a CPMG experiment, this dynamical broad-
ening is quenched by applying variable numbers of
180° refocusing pulses during a constant relaxation
delay. As the pulse repetition rate (vgpyg) increases,
the broadening due to microsecond—millisecond
dynamics is reduced leading to lower transverse
relaxation rates. Ry versus vgpmg plots for the Y11D
v-CT polypeptide exhibit decreasing profiles that are
characteristic of dynamical broadening [Fig. 3(A)].
In contrast, dispersion profiles for the WT -CT are
flat, suggesting that this polypeptide does not
undergo microsecond-millisecond timescale dynam-
ics. The broadening exhibited by the Y11D ~-CT
polypeptide could be due to intra-molecular confor-
mational exchange, intermolecular association/disso-
ciation, or a combination of the two. In order to
discriminate between these possibilities, the Y11D v-
CT sample was diluted twofold and the CPMG
experiment was repeated. The shapes and magni-
tudes of the dispersion curves were not affected by
dilution [Fig. 3(A)]l, indicating that the spectral
broadening exhibited by the Y11D -CT polypeptide
is due to conformational exchange not intermolecu-
lar self-association.

CPMG data can be analyzed to yield quantita-
tive information on the underlying molecular
motions. For instance, if it is assumed that the spec-
tral broadening is due to dynamical exchange
between two different conformations, CPMG data
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Figure 3. NMR CPMG relaxation dispersion data. (A) '°N
CPMG profiles for Val 15 (449 in the full-length protein) of WT
(filled squares) and Y11D (hollow triangles) y-CT polypeptides.
Data for a 50%-diluted Y11D sample are shown with filled trian-
gles, aligned along the vertical axis to superpose the 25 Hz
vepma data points. Solid curves correspond to the best fit to a
dynamical model comprising concerted exchange between two
conformational states. (B) Magnitudes of '°N relaxation disper-
sion profiles, ARy = Rao(vepma = 25 Hz) — Rao(vepma = 1000 Hz),
plotted as a function of residue number for WT (squares) and
Y11D (triangles) y-CT polypeptides. Gaps in the data are due to
overlap in "H-"N correlation NMR spectra.

can be fit to a model that yields the populations of
the two states (pao and pgp), the exchange rate
(kex =kap + kpa), and the difference in the reso-
nance frequencies of the two states (Aw).?% To obtain
reliable exchange parameters, it is preferable to
acquire CPMG data at two different static magnetic
fields, as the magnetic field dependence of dynami-
cal broadening is closely related to the timescale of
the dynamics.?* We therefore repeated the CPMG
experiments at 11.7 T (500 MHz). In this case, the
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magnitudes of the dispersions were ~1.5-fold
smaller at 500 MHz compared to 800 MHz [Fig.
3(A)]. This is consistent with dynamics on the inter-
mediate timescale regime with ke, ~ Aw.?® We fit all
dispersion profiles to a two-state exchange model
(see Methods). The extracted values of k., and pg
were similar for all dispersions, which suggested
that all the nuclei might be sensing the same global
exchange process (data not shown). We therefore
repeated the analysis fitting all dispersion profiles
with identical (global) values of pg and k., and opti-
mizing Aw on a per-residue basis. Excellent agree-
ment was obtained for all residues [Fig. 3(A) and
Supporting Information, Fig. S1], implying that the
CPMG data are consistent with concerted motions
involving the entire y-CT polypeptide chain. In other
words, the Y11D v-CT polypeptide populates two dis-
tinct states, a major form populated to about 97.5%
and a minor form populated to about 2.5%, which
exchange with a rate of 2252 s 1. Residues that
show large dispersions have different chemical shifts
in the two states, while residues in the Y11D ~-CT
polypeptide that have smaller or flat dispersions
have similar chemical shifts in the two states and
are less affected by the conformational exchange
process. Interestingly, the residues with the largest
dispersions, that is, those whose local environments
are most affected by conformational exchange, are
located throughout the Y11D ~v-CT polypeptide, up
to 23 amino acids distant from the site of the D11
mutation. Figure 3(B) shows dispersion magnitude
(ARy = Ro(vepmc = 25 Hz) — Ro(vepme = 1000 Hz))
plotted as a function of residue number for both WT
and Y11D polypeptides. The WT ~CT yielded
ARy =~ 0 throughout the length of the polypeptide,
consistent a complete absence of millisecond to
microsecond timescale motions. The Y11D -CT poly-
peptide contains multiple residues with large relaxa-
tion dispersions, as indicated by large values of AR..
These predominantly fall into two clusters, the first
located close to the mutation site (S10, V15, D18,
D19, and E20) and the second involving several
hydrophobic residues (L30, A32, and G34), which
are located within a larger cluster of hydrophobic
residues near the C-terminus [Fig. 3(B)]l. Thus, a
single Y>D substitution produces large concerted
motions of the y-CT involving dozens of residues,
despite the observation that the ground state is
almost entirely in a random coil state, according to
backbone chemical shifts.

Monte Carlo (MC) simulations of conformational
ensembles of the WT and Y11D y-CTs

Our NMR experiments revealed that the Y11D -CT
polypeptide populates two distinct states, which
exchange on millisecond timescale. While the major
state of Y11D (97.5%) behaves similarly to WT, the
minor state of Y11D (2.5%) structurally differs from
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both major states (WT and Y11D). To provide struc-
tural insight into the observed difference between
the v-CTs, we performed MC simulations of the WT
and Y11D variants. Since both polypeptides are
highly negatively charged, the pK, of the sidechain
group of His 36 is expected to be larger than those of
His residues in neutral peptides (up to ~7.1 from 6.0,
unpublished results), which significantly increases
the fraction of protonated His 36 (HisH+) in the popu-
lation. Therefore, we simulated conformational
ensembles of both WT and Y11D v-CTs with neutral
or charged His 36 (Supporting Information, Fig. S2).
Based on 1,200,000 conformations sampled for each -
CT variant, we plotted distributions of radii of gyra-
tion (R) for WT versus Y11D and WT HisH+ versus
Y11D HisH+ [Fig. 4(A,B)]. Interestingly, when His 36
is taken to be neutral, the shapes of R, distributions
are similar for WT and Y11D with median R, values
of 14.7 and 14.8 A, respectively. Protonation of His 36
results in higher population of extended conforma-
tions for Y11D HisH+ compared to WT HisH+. As a
result, the median R, value for Y11D HisH+
increases to 15.1 A while the median R, value of 14.7
A remains for WT HisH +.

We calculated average diffusion coefficients for
the sampled conformational ensembles of the four -
CT variants: D, = 1.21 X 10¢ em?s for WT, Y11D,
and WT HisH+, and 1.2 X 107 em?s for Y11D
HisH+. NMR diffusion measurements indicate that
the average diffusion coefficients of the WT and
Y11D v-CTs are 1.25 X 107 % and 1.15 X 10~ ¢ ecm?/s,
respectively, which are in a good agreement with
their theoretical values, considering an expected
range of error of (0.02-0.12) X 10 ¢ ¢cm?s.2% The
smaller NMR-derived diffusion coefficient for the
Y11D v-CT polypeptide is consistent with its access-
ing more extended states that diffuse more slowly in
solution. The MC simulations similarly show an
expansion of the Y11D HisH+ relative to the WT
[Fig. 4(B)] but interestingly not for the species con-
taining a neutral His residue [Fig. 4(A)].

We also determined secondary structure content
of the WT, Y11D, WT HisH+, and Y11D HisH+
ensembles based on backbone @/¥ angles (Support-
ing Information, Fig. S3). In agreement with the
experimental analysis of secondary structure [Fig.
1(C)], all four y-CTs are mostly disordered with per-
centages of random coil of 82-83% and weak «-
helical and B-sheet propensities corresponding to
only 2-5%. The PPII population is more prominent
than «-helical and B-sheet content and reaches 10—
11% according to both MC and experimental results
[Supporting Information, Fig. S3 vs Fig. 1(C)]. In
summary, we found that WT, Y11D, WT HisH+, and
Y11D HisH+ adopt similar conformational ensem-
bles with a larger fraction of extended conformations
in Y11D HisH+, which correlates with our experi-
mental observations.

Dynamics of the Gamma Tubulin Carboxy Terminus
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Figure 4. Monte Carlo simulation results for the WT vs Y11D y-CT polypeptide (left panels) and the WT HisH+ vs Y11D HisH+ -
CT polypeptide (right panels). (A,B) Histograms of radius of gyration (Rg) calculated for the conformational ensembles of the four y-
CT variants. The histograms of the wild-type and mutant variants are shown as blue and red lines, respectively. (C,D) Cluster distri-
butions calculated based on the simulated polypeptide conformations. Cluster analyses were performed on the joined WT plus
Y11D and WT HisH+ plus Y11D HisH+ ensembles. Clusters are shown as circles with a radius corresponding to cluster size (i.e.,
number of conformations) and plotted as a function of percentages of the WT/WT HisH+ conformations in a cluster vs average Rq
of the cluster. Clusters, which include >50% of WT or WT HisH+ conformations, are colored in blue, clusters with <50% of WT or
WT HisH+ are colored in red. The six largest clusters and clusters, which are unique for the mutant variants, are labeled for conve-
nience. Full lists of clusters with % of the WT and mutant variants and average Ry values are provided in Supporting Information,
Tables S1 and S2. (E,F) Relative theoretical "®N chemical shifts of the mutant ensembles and clusters plotted as a function of resi-
due number. Differences in the theoretical chemical shifts between the Y11D and WT ensembles and between the Y11D HisH+
and WT HisH+ ensembles are shown as red lines. Differences in the theoretical chemical shifts between the unique mutant clusters
and corresponding wild-type ensembles are shown as black and green lines. The median Rq values indicated as dashed lines in
panels A-D are 14.7,14.8, 14.7, and 15.1 Afor the WT, Y11D, WT HisH+, and Y11D HisH+ ensembles, respectively.

Cluster analysis of conformational ensembles the MC simulations by conformations corresponding
sampled for the WT and Y11D y-CTs to highly populated major state, which represent the
The minor state of the Y11D y-CT detected by NMR  overwhelming majority of the ensemble. To identify
is populated to only 2.5% and hence it is masked in  conformers that are good candidates for the minor
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state of Y11D, we performed cluster analysis on the
joined ensembles of WT plus Y11D and WT HisH+
plus Y11D HisH+. Combining the wild-type and
mutant ensembles allowed us to distinguish confor-
mations that were sampled preferentially or exclu-
sively by the Y11D or Y11D HisH+ v-CTs. Only the
C* atoms were included in the cluster analysis. In
total, 32 and 42 clusters were distinguished for the
v-CTs with neutral and protonated forms of His 36,
respectively (Supporting Information, Tables S1 and
S2). Supporting Information, Figures S4(A) and
S5(A) illustrate polypeptide conformations in the six
largest clusters for the both forms of His 36. We cal-
culated average R, and percentage of wild-type con-
formations for each cluster (Supporting Information,
Tables S1 and S2) and plotted the cluster analysis
data as scatter plots [Fig. 4(C,D)].

The largest clusters consist of 40-60% WT and
60-40% Y11D conformers for neutral His 36 and of
30-70% WT HisH+ and 70-30% Y11D HisH+ con-
formers for protonated His 36. In other words, most
of the conformations sampled by the WT and Y11D
polypeptides are structurally similar and fall into
these large clusters. Notably, several smaller clus-
ters contain 100% Y11D/Y11D HisH+ conformers
(21, 25, 26, 27, 28, and 29 for Y11D, and 26, 28, 29,
30, 35, and 36 for Y11D HisH+). Therefore, they
consist of conformations sampled exclusively by the
mutant, corresponding to 4.5 and 4.0% of the entire
Y11D and Y11D HisH+ ensembles, respectively.
Supporting Information, Figures S4(B) and S5(B)
show polypeptide conformations in the -clusters
observed only in the mutants for each protonated
state of His 36. In the case of Y11D HisH+ (but not
Y11D) many of these unique clusters have expanded
radii of gyration, consistent with the overall expan-
sion of the Y11D HisH+ ensemble seen in Figure
4(B). Interestingly, there are no clusters sampled by
the WT that are not also well sampled by the
mutant. In other words, the Y11D substitutions
causes the y-CT to broaden its overall conforma-
tional sampling to include new conformations not
adopted by the WT with a concomitant expansion of
the hydrodynamic radius.

Both the MC simulations and CPMG experi-
ments detected minor (<5%) states populated exclu-
sively by the Y11D v-CT. In the case of NMR, the
pervasive spectral broadening indicates that the
local environments of residues throughout the poly-
peptide chain are affected by excursions to the
minor state. To test whether the same is true for the
MC-derived minor state(s), we estimated the aver-
age backbone °N chemical shifts for all conformers
subjected to cluster analysis. Differences between
the mean chemical shifts of the WT and Y11D poly-
peptides and the WT HisH+ and Y11D HisH+ poly-
peptides, averaging over all conformers, showed the
largest changes in local environments of residues 3—
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22 [Fig. 4(E,F)], which correspond to the more com-
pact N-terminus region of the polypeptides (Support-
ing Information, Figs. S4 and S5), in agreement
with the NMR results. Interestingly, average °N
chemical shifts of the unique Y11D/Y11D HisH+
clusters differ from the overall ensemble averages
over the entire length of the sequence [Fig. 4(E,F)].
Thus, rare excursions to these clusters would be
expected to modulate the chemical shifts of residues
far from the site of the Y >D mutation, as seen by

NMR.

Discussion

We performed a combination of NMR experiments
and computer simulations to investigate the struc-
tural and dynamical consequences of introducing
negative charge at a site in the y-tubulin CT that is
phosphorylated in vivo. The results derived from the
two techniques were remarkably similar. Both
showed that the WT v-CT is largely unstructured,
and that the substitution of Tyr 11 (Y445 in the full-
length protein) with Asp leads to an increased frac-
tion of extended conformations. The Y >D substitu-
tion causes pervasive dynamical broadening in NMR
spectra that agrees quantitatively with a model in
which the entire polypeptide chain undergoes tran-
sient excursions on the millisecond timescale to a
set of rare conformations that are populated to about
2.5%. The WT does not exhibit these millisecond
timescale motions. Similarly, the MC cluster analy-
sis predicts that the Y > D substitution causes the -
CT to adopt unique conformations that are not popu-
lated by the WT [Fig. 4(C,D)]. Most of these clusters
have radii of gyration greater than the median, con-
sistent with increased intramolecular electrostatic
repulsion due to the introduction of additional nega-
tive charge to an already negatively charged mole-
cule. Interestingly, the fraction of Y11D chains in
these “unique” clusters is about 4%, while the frac-
tion of chains in conformations similar to those
adopted by the WT is 96%, on the same order as the
populations of the excited and ground states deter-
mined by NMR. The MC simulations do not provide
information on the heights of barriers and therefore
do not make predictions regarding the timescale of
exchange within and between the conformational
clusters; exchange must be on the millisecond to
microsecond timescales to produce NMR broadening.
However, the fact that both Y11D and Y11D HisH+
polypeptides adopt rare conformations not populated
by the WT in the MC simulations suggests that one
or more of these unique clusters are representative
of the excited state detected by the NMR CPMG
analysis. This idea is supported to some extent by
the chemical shifts predicted for the unique MC
clusters. In order for NMR broadening to occur, the
chemical shifts of nuclei of interest must be different

in the different states undergoing millisecond
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timescale exchange. The observation of NMR broad-
ening for residues throughout Y11D implies that the
15N chemical shifts of the excited state are different
than those of the ground state throughout the poly-
peptide chain. In qualitative agreement with the
NMR results, the predicted chemical shifts of the
MC clusters unique to Y11D are different from those
of the ground state [Fig. 4(E,F)]. The differences are
largest near the site of the Y>D substitution, but
substantial differences are obtained for 15 residues
or more toward the C-terminus. The agreement is
not quantitative, as extensive spectral broadening is
observed as far as position 34 by NMR, while the
chemical shift difference found in MC calculations is
more modest. Nevertheless, the computational pre-
diction that the Y >D substitution leads the y-CT to
populate new conformations with distinct chemical
shift patterns to a level of a few percent bears a
striking similarity to what is observed by NMR.
Both NMR chemical shifts and MC simulations
show that the yeast y-tubulin CT polypeptide lacks
persistent secondary or tertiary structure, that is, it
is an intrinsically disordered region (IDR) domain.
Intrinsically disordered proteins (IDPs) and IDRs
are increasingly being recognized as a ubiquitous
feature of the proteome with particular relevance to
protein—protein interactions.?” For example, the CTs
of a- and B-tubulin are also IDRs that regulate
microtubules via intermolecular interactions.®®?®
Local charge, for example the phosphorylation state
of a residue within the IDR or the IDP, is frequently
associated with the control of conformation and
serves as a regulatory switch for protein—protein
interactions and functionality.?®2° In the case of the
v-CT polypeptide, a Y>D substitution at a known
in vivo phosphorylation site causes it to undergo
global cooperative transitions between different con-
formational states. Other intrinsically disordered
protein domains have also been observed to undergo
global cooperative conformational changes. In many
cases, IDPs fold, that is, acquire regular secondary
and higher order structure, upon interacting with a
binding target.?! Other IDP domains naturally exist
in a dynamic equilibrium between disordered and
ordered forms.2° In an example of special relevance
to this study, phosphorylation of the neuronal IDP
4E-BP2 causes it to fold into a four-stranded B-sheet
and modulates its interactions with the el-F4E initi-
ation factor.2? What sets the Y11D v-CT polypeptide
apart from previous observations is that in other
cases transitions occur between disordered and
ordered states. Cooperativity in these examples, and
protein folding in general, is believed to arise from
specific steric requirements of forming a well-packed
ordered structure containing long-range interac-
tions.?273* In contrast, global concerted conforma-
tional transitions of the Y11D v-CT occur between
states that are entirely disordered. Long-range
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interactions are present, particularly, in more com-
pact conformations (Supporting Information, Figs.
S4 and S5). However, the y-CT polypeptide lacks
persistent secondary structure and specific, stable
packing, or hydrogen bonding is absent. Thus, a
Y11D substitution in a polypeptide corresponding to
the v-CT causes it to undergo a previously unre-
ported type of protein motion involving collective
transitions between two largely disordered confor-
mational states. These results offer tantalizing clues
as to how the post-translational modifications of the
v-CT contribute to its function in living cells. Preor-
dering of unstructured peptides has been shown to
modulate both the affinity and kinetics of binding to
targets.®>2® Phosphorylation of Tyr 11 could thus
exert long-range effects on the kinetics and affinity
of interactions targeting sites along the entire length
of the y-CT by modulating global conformational
sampling.

The primary sequences of y-CTs are distinct
from the “E-hook” CTs of a- and B-tubulins, as y-CTs
contain stretches of hydrophobic residues inter-
spersed with acidic (Asp, Glu) and polar residues.
While both B-CTs and y-CTs are intrinsically disor-
dered, B-CTs carry higher net charge per residue
comparing to y-CTs and as result prediction of the
conformational space of B-CTs suggests an extended
ground state®%2628 relative to the more compact
ground state of the y-CT in our study. Previous stud-
ies suggest a combination of PTMs and residues spe-
cific to a given B-tubulin isoform controls a
multitude of microtubule-MAP interactions with an
extended and negatively charged B-CT®®. In con-
trast for the y-CT, PTMs such as phosphorylation
could stimulate the transition from the more com-
pact ground state to extended conformations, where
charged and hydrophobic surfaces of the y-CT are
accessible. Intrinsically disordered regions of other-
wise structured proteins frequently act to tune activ-
ity.2” In a similar manner, control of conformational
switching of the y-CT may provide a tunable
antenna for selective recruitment of proteins to -
tubulin and as a consequence to new microtubules
nucleated from y-tubulin.

The idea that the y-CT and specifically the Y11
phosphorylation state (Y445 in the full-length pro-
tein) serves as a tunable antennae for microtubule/
MAP interactions is supported by our observations
that an internal deletion of four residues (D443,
S444, Y445, and L446) increases microtubule stabil-
ity by altering the interaction between microtubule
+ends and the microtubule tracking proteins EB1/
Bim1 and Kar9; mutations that block the interaction
between these proteins and the microtubules restore
microtubule dynamical properties.?” Furthermore,
we recently found that the Y445D is correlated with
partial collapse of the metaphase spindle, and is
lethal when combined with mutations that disrupt
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Figure 5. Visualization of the full yv-TURC with the compact (A) and extended (B) conformation of the y-CT sampled during the
MC simulations. Structure of the y-TURC is taken from pdb 5FLZ. The compact and extended conformations of the y-CT corre-
spond to radii of gyration of 11.9 and 23.5 A, respectively. Protein structures are shown as spheres. The y-Tu, y-CT, SPC97,
SPC98, and SPC110 and are colored in gold, pink, cyan, blue, and light green, respectively.

cross-linked microtubules that maintain the stability
of both metaphase and anaphase spindles.>® This
suggests that the phosphorylation state of Y445 may
modulate the degree to which MAPs cross-link
microtubules in the spindle. Deletion of the entire -
CT (residues 444-475) has a profound effect on
microtubule stability and the functions of the cyto-
plasmic microtubules and the mitotic spindle in liv-
ing cells.?®

We propose that the conformational sampling of
the y-CT is altered by the phosphorylation state of
Y11 (Y445 in the full-length protein) and that this,
in turn, modulates recruitment of MAPs, altering
microtubule stability and function. The addition of
negative charge via the Y11D substitution leads to
increased sampling of extended conformations, likely
in part due to increased electrostatic self-repulsion
of the highly acidic polypeptide chain. The addition
of a phosphate group at this position might be
expected to have an even larger effect due to the
greater negative charge (-1 for Y>D, -2 for
Y >pY). To visualize the effects of altered conforma-
tional sampling of the y-CT on MAP interactions, we
have modeled it in a structural context more repre-
sentative of the minus end of a microtubule. Two
copies of full length vy-tubulin associate with the
structural proteins SPC97 and SPC98 to form the
heterotetrameric y-tubulin small complex (y-TUSC),
which is stabilized by the N-terminal domain of
SPC110.° The ~-TUSCs associate to form the
vy-tubulin ring complex (y-TURC), containing 13
vy-tubulins per turn, which is believed to nucleate
microtubule formation.*® In budding yeast cells,
phosphorylation of Y445 occurs only in the pool of
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v-tubulin bound to the spindle poles in the context
of a y-TURC.” We docked two simulated y-CT struc-
tures, one drawn from the compact cluster 1 that is
well populated by both WT and Y11D ~-CTs
(Ry = 11.9 A), and another from the extended clus-
ter 25 that is exclusively populated by Y11D
(Ry = 23.5 A) (Supporting Information, Table S1 and
Fig. S4) into the full y-TURC to visualize the possi-
ble range of extension of y-CT in relation to the rest
of the complex (Fig. 5). The extended v-CT
[Fig. 5(B)] projects from the outer surface of the
v-TURC and is accessible relative to the collapsed
v-CT [Fig. 5(A)], with an exposed surface rich in
non-polar and charged residues. A combination of
hydrophobic and electrostatic interactions has been
shown to be the basis of protein interactions with
microtubules.*’ If Y445 phosphorylation is rare or
occurs in a subpopulation of y-TURCs (e.g., nuclear
or cytoplasmic compartments), its combination with
conformational switching of the y-CT may regulate
the interactions of individual microtubules with the
diverse set of MAPs that endow microtubules with
specific functions in the cell.

Materials and Methods

Protein production

The 35 C-terminal residues of S.c. y-tubulin (y-CT)
were cloned into an His6 Sumo expression vector
(Addgene plasmid #29711) with an SUMO domain
and 6-histidine purification tag fused N-terminally,
using standard techniques. >N and '?N/**C-enriched
samples were prepared as follows:*2 Escherichia coli
bacteria (BL21-DE3; EMD Biosciences, San Diego
CA, USA) were transformed with the 6 XHis-SUMO-
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vCT fusion plasmid. Bacteria were grown at 37°C in
4 L of LB broth to an ODggyg 0.7, pelleted by centrifu-
gation and resuspended in 1 L of M9 minimal media
with C/'H glucose (Sigma-Aldrich, St. Louis MO,
USA), and/or *NH,C] (Cambridge Isotope Laborato-
ries, Andover MA, USA) as the sole sources of car-
bon and/or nitrogen. One hour after transfer to M9
medium, expression of 6XHis-SUMO-yCT was
induced with 200 mg isopropyl b-p-thiogalactoside
(IPTG, Chem-Impex International Wood Dale IL,
USA) and induction was allowed to proceed at 37°C.
Bacteria were harvested after 6 h by centrifugation
(4000 g 20 min). Cells were resuspended in a buffer
containing 50mM potassium phosphate, 150mM
potassium chloride, ImM magnesium chloride, pH
7.5. The cells were disrupted by sonification and the
insoluble material was separated by centrifugation
(44,000 g 20 min). The SUMO-yCT was purified by
using Toyoperl AF Chelate 350 His-tag affinity col-
umn (Tosoh bioscience, Montgomeryville PA, USA)
and size exclusion chromatography using a HilLoad
16/60 Superdex 75 FPLC column (GE Healthcare,
Little Chalfont, UK). The N-terminal 6xHis-SUMO
tag was removed by incubation with 30pM SUMO
protease (Ulpl, Addgene Sydney, Cambridge, USA)
for 5 h at 30°C in 50 mM sodium phosphate, 100mM
sodium chloride, pH 7.2, releasing a 39 residue y-CT
polypeptide WIT' +~CT: LLRGAAEQDSYLD
DVLVDDENMVGELEEDLDADGDH
KLV;YIIDyCT: LLRGAAEQDSDLDDV
LVDDENMVGELEEDLDADGDHKL
V, in which Y11 corresponds to Y445 in the full pro-
tein). The y-CT polypeptides were isolated by ion
exchange chromatography using a HiTrap Q Sephar-
ose FF FPLC column (GE Healthcare, Little Chal-
font, UK). The v-CT sample was then dialyzed
against ddH,O and 20 mM ammonium bicarbonate
(ACP Chemicals Inc., Quebec, Canada). The solvent
was removed via lyophilization. NMR samples
(~1 mM) were prepared by dissolving the lyophilized
powder in 50 mM sodium phosphate, 100 mM
sodium chloride, 10% D50, 50 uM ethylene-diamine-
tetraacetic acid (EDTA, VWR West Chester PA,
USA), 50 pM sodium azide (Sigma-Aldrich, St. Louis
MO, USA) and the pH was adjusted to 6.5. 2,2-
Dimethyl-2-silapentane-5-sulfonate (DSS, Sigma-
Aldrich, St. Louis MO, USA, 0.35 mM) was used as
an internal chemical shift reference.

NMR spectroscopy

NMR data for both WT and Y11D v-CT polypeptides
were recorded at 15°C using Varian INOVA spectrome-
ters at 'H Larmor frequencies of 500 MHz (11.7 T) and
800 MHz (18.8 T). The temperatures on both instru-
ments were calibrated using a methanol reference.*?
Backbone assignments were obtained using °N/3C
labeled samples and HNCA, HNCO,®* HNCACB,'
CBCA(CO)NH,'” C(CO)NH,'®* HCCONH,'® and
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NOESY** experiments performed at 11.7 T. The data
were processed using the NMRPipe/NMRDraw*® suite
of programs and analyzed using NMRView.*® Residues
(38 of 39) were assigned to 38 N-H correlations. A miss-
ing peak is attributed to the N-terminal residue. Several
peaks in the Y11D v-CT polypeptide could not be distin-
guished due to overlap of the peaks, and were therefore
excluded from the backbone relaxation experiments.

Diffusion measurements

The self-diffusion coefficients (Dg) of the WT and
Y11D v-CT polypeptides were obtained at 11.7 T
using an NMR PFG—water-sLED pulse sequence.™!
The gradient strengths were calibrated by using a
10% D3O sample in a Shigemi tube (Shigemi Inc.,
Allison Park PA, USA). Data were acquired as
arrays of 15 spectra (128 transients, 2 s recycle
delay) with different gradient strengths (G,) ranging
from 1 to 30 G/cm. The ratio of intensities for a reso-
nance with the gradient on (I) to that with the gra-
dient off (I,) is given by*!

- =exp[(=16.0)°D. (4=, ®)

where 7 is the gyromagnetic ratio of 'H (2.675 x 10*
G ts™Y; G, and ¢ are the magnitude and duration
of the gradient pulses, respectively; and A is the
time between the gradient pulses. For our studies,
the following parameters were used: 6=2 ms,
G, =1-30 G/cm, A =200 ms, and a longitudinal eddy
current delay of 2.0 ms. Diffusion coefficients were
obtained from the slopes of plots of In{l/Iy} versus
G?. The uncertainties in D; were calculated as the
standard deviations of values obtained from 5
methyl peaks that appeared in both wild-type and
Y11D spectra.

Spin relaxation measurements

N R1,%° Ro,?! and R1p47 relaxation rates were mea-
sured at 11.7 T. The R, experiments employed relax-
ation delays of 0.011, 0.089, 0.1779, 0.278, 0.400,
0.533, 0.667, and 0.889 s. The R, experiments
employed relaxation delays of 0.01, 0.05, 0.09, 0.15,
0.21, 0.25, 0.35, and 0.45 s, during which refocusing
pulses were applied every 1.2 ms (effective vepmg
field of ~400 Hz). The R;, experiments employed
relaxation delays of 0.01, 0.02, 0.03, 0.04, 0.05, 0.06,
0.08, and 0.1 s and spin-lock field of 1.5-1.6 kHz.
Relaxation rates were determined by nonlinear
least-squares fitting of the peak intensities to the
exponential decay function,

I(Trelax) = IO - exp (_RTrelax) (4)

where Treax is the delay time, Ij is the initial peak
intensity, and R is the relaxation rate.
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Uncertainties in R;, Ry, and R;, were estimated
from the deviations between experimental peak
intensities and their back-calculated values. Ry val-
ues were calculated from experimental R, and Ry,
measurements according to the expression

R1,= Ricos?0+ Rysin0 (5)

where

0=tan"1("t/,), (6)

Av is the offset of the peak from the carrier fre-
quency and vgy, is the strength of the spin lock, in
Hz. {('H}'®N steady-state NOE values were calcu-
lated as the ratio of peak volumes obtained with 5 s
of proton presaturation and a 7 s interscan delay,
relative to those obtained with no proton saturation
and a 12 s interscan delay. Uncertainties were

obtained from noise-level estimates in NMRDraw.*®

CPMG measurements

'H-decoupled 15N Carr—Purcell-Meiboom—Gill
(CPMG) experiments?® with power compensation
8 were performed with a 40 ms relaxation
delay, 23 data points of vepmg ranging from 25 to
1000 Hz, and 'H decoupling fields of 12-13 kHz.
Transverse relaxation rates, Ry, and their associated
uncertainties, oro, were calculated as described pre-
viously.*® We fitted CPMG relaxation dispersion pro-
files using equations that describe conformational
exchange between two states, A and B, associated
with spin precession frequencies of wa and wg, and
first-order rate constants kap and kpa:

schemes*

kap
AD
WA wWB. (7)
—
kpa

This can be parameterized in terms of the exchange
rate, kex = kap +kpa, the population of the minor
(B) state, pg = kap/kex, and the squared difference
in precession frequency (or chemical shift) between
the two states, Aw? = (wg — wa)?. In the intermedi-
ate timescale regime, where k., ~ |Awl, the trans-
verse relaxation rate is given by>2

Ra(vepma)

= % (Rg_A +RY e —2UCPMGcosh*1<D+cosh(m)—D,cosh(n,)))

2
Di:% i1+l//+2Aw
¢2+€2

V2 /12, .2

= i+ +

4vcpma vy
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2
v= <R(2)A —R) p+ppkex *PAkex> — Aw®+4p,ppkes”
éZZACU <R(2)A 7R(2),B +kaex7pAkeX)7 (8)

We fitted the relaxation dispersion profiles assuming
that R, = RY,. This is typically done in analyses of
CPMG data, as it is not possible to reliably extract
separate values for R), and RJ;.*® This assumption
is applicable to the Y11D v-CT polypeptide as both
states are disordered and thus likely have similar
spin relaxation properties. Dispersion profiles were
initially fitted by adjusting the values of k., pp, Aw,
R2°(500 MHz), and R2°(800 MHz) on a per-residue

basis to minimize the chi-squared function:

((Rgalc)i,(REXP)Jz

(‘712%2)i ’

9

2=y
i

where R$ is calculated using Equation (8), and the
sum runs over all R, values for a single residue at
both 500 and 800 MHz for individual fits. CPMG
data were then fit simultaneously such that one
value of k., and one value of pg were optimized glob-
ally while Aw, R,°(5600 MHz), and R,°(800 MHz)
were optimized on a per-residue basis to minimize
¥%, and the sum in Equation (9) runs over all resi-
dues at both 500 and 800 MHz. Uncertainties in the
extracted parameters were estimated using a Monte
Carlo approach in which the group fitting procedure
was repeated for subsets of residues selected accord-
ing to a bootstrap procedure.’® Ten thousand boot-
strap iterations were performed. The standard
deviations of the k., and pp estimates thus obtained
were taken as the uncertainties in global k., and pg
values.

Monte Carlo simulations

Monte Carlo (MC) simulations on WT and Y11D v-
CTs were carried out by the CAMPARI package
using the ABSINTH implicit solvation model and
force-field paradigm® (http://campari.sourceforge.
net/) with parameters adopted from the OPLS-AA
(Optimized Potential for Liquid Simulations—All
Atom) force field.’> We considered two protonation
states of His 36: neutral e-protonated and positively
charged ¢,5-protonated. In total, four different var-
iants of v-CT (WT, Y11D, WT HisH+, and Y11D
HisH+) were computationally studied (Supporting
Information, Fig. S2). The polypeptides were placed
in spherical droplets of 75 A° radius and neutralized
with Na* ions. Excess Na* and CI~ ions were also
added to the systems to mimic an ion concentration
of 15 mM. A previous study®® showed that the con-
centration of NaCl does not significantly affect the
polymeric properties of the sampled conformational
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ensembles but since ions are explicitly included in
the MC simulations, adding a large number of ions
results in high computational costs (see Supplemen-
tary Material for more information). The Van der
Waals and electrostatic interactions between groups
that are net neutral were cutoff at 10 and 14 A,
respectively. No cutoffs were used for electrostatic
interactions involving ions and charged sidechains.
The simulation temperature was also increased to
27°C to enhance conformational sampling. Confor-
mational space for each polypeptide was sampled in
15 independent runs of 82,000,000 steps each using
Markov Chain Metropolis Monte Carlo moves, where
starting conformations of polypeptides and ion posi-
tions were randomly generated. The first 2,000,000
steps of each run were omitted, while the rest of tra-
jectories were saved every 1,000 steps for the confor-
mational analysis. In total, 1,200,000 conformations
were used to calculate the polymeric properties of
each polypeptide. A cluster analysis based on the
positional RMSD of the Cartesian coordinates of Ca
atoms was performed on every 10th conformation
from the joined ensemble of both WT and Y11D -
CTs as well as every 10th conformation from the
joined ensemble of both WT HisH+ and Y11D
HisH+ v-CTs. Replicate cluster analysis calculations
performed on different windows of 10 conformers
from the joined ensembles (i.e., conformers
1,11,21,...; 2,12,22,...; 3,13,23,...; etc.) gave essen-
tially identical results. A threshold radius of 10 A’
was selected to define clusters. The SHIFTX pro-
gram® was used to calculate N chemical shifts of
the backbone atoms of the sampled conformational
ensembles. To estimate average diffusion coeffi-
cients, we calculated the diffusion coefficient for
every 1000th conformation of the wild-type or
mutant ensembles using the HydroNMR7 program®®
and found their mean values. Parameters for diffu-
sion coefficient calculations were adopted from Mao
et al.2® The polypeptide conformations were visual-
ized in the VMD software.’® All calculations were
performed on a CentOS 5 Calcul Québec high-
performance computational cluster.

Other details of the simulation setup—including
move sets used, choice for droplet size, number of
replicate simulations, and number of steps—are pro-
vided in Supporting Information. A structure of the
full v-TURC (pdb 5FLZ) was used for visualization
of the ring complex with the compact and extended
conformations of the v-CT. The compact and
extended conformations of the vy-CT were selected
from clusters 1 and 25, respectively, with neutral
His 36. The visualization was performed in Discov-
ery Studio Visualizer.®”
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