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Abstract

Tubulin is important for a wide variety of cellular processes including cell division, ciliogenesis,
and intracellular trafficking. To perform these diverse functions, tubulin is regulated by post-
translational modifications (PTM), primarily at the C-terminal tails of both the a- and B-tubulin
heterodimer subunits. The tubulin C-terminal tails are disordered segments that are predicted to
extend from the ordered tubulin body and may regulate both intrinsic properties of microtubules
and the binding of microtubule associated proteins (MAP). It is not understood how either
interactions with the ordered tubulin body or PTM affect tubulin’s C-terminal tails. To probe these
questions, we developed a method to isotopically label tubulin for C-terminal tail structural studies
by NMR. The conformational changes of the tubulin tails as a result of both proximity to the
ordered tubulin body and modification by mono- and polyglycine PTM were determined. The C-
terminal tails of the tubulin dimer are fully disordered and, in contrast with prior simulation
predictions, exhibit a propensity for B-sheet conformations. The C-terminal tails display
significant chemical shift differences as compared to isolated peptides of the same sequence,
indicating that the tubulin C-terminal tails interact with the ordered tubulin body. Although mono-
and polyglycylation affect the chemical shift of adjacent residues, the conformation of the C-
terminal tail appears insensitive to the length of polyglycine chains. Our studies provide important
insights into how the essential disordered domains of tubulin function.

Graphical abstract

“Corresponding Author: hough@colorado.edu.
Author Contributions
These authors contributed equally to this work

Notes
The authors declare no competing financial interest.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acschembio.6b00507.
Experimental procedures, NMR chemical shift values, secondary structure prediction, and mass spectrometry data (PDF)



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wall et al.

Page 2

Differences between peptides Differences between different
and C-terminal tail of tubulin maodification states

ASIETAEGEGEeeG _,.F_EEEEGEN
oap, s

/ ‘eﬁ‘f:(“{ 5 EEEE. O
7 Pt cen | . By

\ )
K‘s\ | _..FEEEEC;E__N £
g

Y ¢

Intrinsically disordered domain containing proteins (IDPs) possess protein regions without a
fixed structural conformation. These proteins have the unique advantage that their structural
architecture rapidly moves between many conformations. The collection of conformations in
rapid equilibrium is called the conformational ensemble. The conformational ensembles
sampled by IDPs are thought to be a key determinant of protein functions—impacting, for
example, the protein accessibility for binding, size, and electrostatic distributions.1:2
Disordered proteins can operate v/a either a conformational-selection mechanism (in which
the bound conformation is present in the disordered conformational ensemble) or an
induced-fit-type mechanism (in which the final bound protein achieves a significantly
different conformation than found in the disordered conformational ensemble).34 An
example of the conformational selection mechanism is the disordered nuclear pore proteins
containing phenylalanineglycine repeats (FG Nups), which adopt conformations primed for
interactions with transport factors. This conformational-selection-type mechanism allows for
diffusion-limited association of Nups and transport factors, enabling rapid transport into and
out of the nucleus.>6 Alternatively, in some systems, significant changes in conformation
occur only after binding (induced fit), so that the final conformation does not significantly
contribute to the original ensemble, greatly slowing the association time. The c-Myb
interaction with the KIX domain of the CREB-binding protein involves a transient encounter
complex that enables the large conformational change between the unbound disordered state
and the bound state.” The intrinsic flexibility of disordered proteins allows for significant
advantages including speed of interaction and versatility to interact with a large number of
binding partners. How IDPs perform their functions depends on their conformational
ensemble in both the bound and unbound states.

Despite the importance of disordered protein conformational ensembles, the physical
ingredients that determine these ensembles remain poorly understood. Several lines of
evidence support the importance of protein sequence in determining the conformational
ensemble. First, chemical shift values for IDPs, a measure of the conformational ensemble,
show a relatively narrow distribution once corrected for effects of amino acid sequence.® The
chemical shift is the difference relative to a reference of the nuclear spin of an atom.
Chemical shifts depend on the environment of an amino acid, including its chemical
bonding, motion, and interactions with nearby atoms. For an IDP in rapid exchange between
many different conformations, the NMR chemical shift depends on the average environment
provided by an ensemble of interactions. The narrow distribution of chemical shifts in
disordered proteins implies that the average environment is strongly constrained by the
amino acid sequence, though interactions and modifications can have a significant effect.
Second, the NMR spectrum of isolated IDP fragments is typically reproduced when that

ACS Chem Biol. Author manuscript; available in PMC 2017 December 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wall et al.

Page 3

fragment is studied in the context of the full length protein.>® This means that the local
sequence, rather than interactions between domains, is the primary determinant of the
domain’s conformational ensemble. Third, IDPs typically lack intramolecular interactions of
sufficient strength to bias the conformational ensemble.

However, if the ensemble is actively regulated in cells, then factors other than primary
sequence should play a significant role in determining the accessible conformations. Some
IDPs exhibit significant changes upon interaction with binding partners, even while
remaining disordered and highly dynamic. Thus, proximity to another protein surface can be
an important determinant of the IDP conformational ensemble. Moreover, these cases make
clear that small changes in chemical shift values for disordered proteins can signify
significant interaction. In addition to protein binding, post-translational modifications (PTM)
influence the structure of disordered proteins. Phosphorylation of the 4E-BP2 IDP causes the
disordered domain to fold into a well-defined structure.1% Thus, both protein association and
post-translational modifications significantly influence the conformations of IDPs. However,
our understanding of these binding events and modifications remains limited because of the
difficulties in studying IDPs; for example spectral overlap leading to ambiguities in NMR
and their inaccessibility by X-ray crystallography or electron microscopy.

Microtubules are cytoskeletal polymers of a—g-tubulin heterodimers that form structural
elements in all eukaryotic cells. The C-terminal tails of both the a- and S-tubulin monomers
are important regulators of protein binding and are a primary site of PTM.11 The binding or
activity of microtubule associated proteins (MAP) is altered when the C-terminal tails are
cleaved by subtilisin or modified by PTM.12:13 Genetic deletion of the C-terminal tails from
budding yeast sensitizes microtubules to destabilizing drugs and, in the case of the S-tubulin
C-terminal tail, causes mitotic defects.14 In addition, glycylation of the tubulin C-terminal
tails (see Figure 1) is generally found in the stable pool of tubulin residing in the cilia of
Tetrahymena thermophila and is important for ciliary formation and function.1%:16 Despite
their importance and regulation, the intrinsic flexibility of the C-terminal tails of tubulin has
hindered direct interrogation of their conformational ensemble, except in cases where the
tails are bound to associated proteins. X-ray crystallography and cryo-electron microscopy
reveal the conformation of the bound state of only a limited number of tubulin C-terminal
tail residues in complex with a small number of binding partners.17-19 Several studies have
used NMR to probe the conformations of peptides with a similar sequence to the C-terminal
tails, though with limited chemical shift data or in an organic solvent.20-22 NMR has also
been used to determine the structure of peptides bound to the CAP-Gly-2 domain of
Clip-170.23

Until now, NMR has not been available for study of the C-terminal tails of the full tubulin
dimer. This is because the quantities of heavy isotope labeled tubulin required for NMR
studies have been limiting. Here, we use NMR to determine the effects of the adjacent
ordered tubulin protein domain (which we call the “tubulin body”) on the disordered protein
environment and of mono- and polyglycine PTM on the C-terminal tails of tubulin.11:24.25
We developed a technique for 15N, 13C labeling of tubulin, allowing for NMR studies of the
C-terminal tails of tubulin in the context of the full dimer. The environment of the disordered
tails, as determined by chemical shift values, differs from isolated C-terminal tail peptides,
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indicating that the interaction with the ordered tubulin body influences the conformation of
the tubulin C-terminal tails. Moreover, the C-terminal tails show heterogenity in association
with the tubulin body. Our work suggests that proximity to a protein surface significantly
affects the disordered protein domain’s conformational ensemble and suggests that cells
could regulate the ensemble by modulating accessibility to the adjacent protein surface.
Finally, we show that mono- and polyglycine modifications appear to affect the chemical
shift of residues adjacent to the modified residue, but not beyond. This suggests that glycine
PTM do not have a significant effect on the tubulin C-terminal tails” conformational
ensemble. The biological regulation of tubulin function by mono- and polyglycylation could
be due to blocking or creating binding surfaces, rather than directly modifying the C-
terminal tail conformational ensemble.

RESULTS AND DISCUSSION

We purified polymerization-competent endogenous tubulin from 7. thermophila using a
TOG affinity column (Figure S1).26 A difficulty with endogenous tubulin purification is that
the sample can be complex, containing a mixture of tubulin isotypes (unique sequences) and
isoforms (unique PTM).2527 To characterize the isotype and isoforms present in our
samples, we performed liquid chromatography and tandem mass spectrometry (LC MS/MS)
on both trypsin- (a-tubulin C-terminal tail) and chymotrypsin- (S-tubulin C-terminal tail)
generated peptides. Although 7. thermophila contain several tubulin isotypes, our growth
and purification strategy produced a single isotype as detected by LC MS/MS (Atul and
Btu1/2).2” The BTUI and BTUZ2genes encode for the same protein.2” Tubulin isolated using
the TOG affinity column was entirely detyrosinated. Moreover, it contained primarily
glycylated tubulin but no detectable glutamylation modifications. We presume that the TOG
affinity purification strategy excludes glutamylated 7. thermophilatubulin. A relatively
homogeneous sample lacking C-terminal tail PTM has also been produced using a TOG
purification strategy from human cells (tsA201).28.29 The lack of glutamylation in the
purified 7. thermophila tubulin was surprising, given that it was a prominent tubulin PTM in
Tetrahymena cells®0 and was not excluded by a TOG purification of Chlamydomonas
tubulin.3 Our relatively homogeneous population of glycylated tubulin allowed us to
quantify how the conformational ensemble was affected by the presence of glycylation.

To produce heavy labeled tubulin for NMR, we made use of the ability of 7. thermophilato
subsist by eating only bacteria. In their native environment, 7. thermophila prey on bacteria
and readily consume bacteria in culture. We grew bacteria on media containing the heavy
isotopes 15N and 13C and then used these as the sole nitrogen and carbon source for a
bacterized minimal media. 7. thermophila cells were inoculated to this bacterized media at a
cell density of 103 cells/mL and harvested when they grew to 10° cells/mL. Our labeling
efficiency using 99% 15N or 13C starting material is expected to be 98% for every
macromolecule within 7. thermophila.

We confirmed the incorporation of 1°N into our purified tubulin by mass spectrometry
(Figure 2, blue peaks). Incorporation of 15C was expected to be similar and so was not
independently confirmed. Figure 2 shows the spectra corresponding to a representative
tubulin peptide (INVYYNEATGGR). The position of the peaks (mass to charge ratio, 1/2)
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for each condition was determined by the amount of heavy isotope incorporation into the
peptide. The green spectrum represent protein from 7. thermophila containing natural
abundance nitrogen and carbon (99.6% 14N and 98.9% 12C). The highest peaks correspond
to the peptide containing entirely 14N and 12C atoms. We also observed peptides containing
one or two atoms of either 13C or 15N, as expected from the small natural abundance of
these isotopes. The blue spectra represent protein from 7. thermophila fed 1°N-labeled
bacteria. We observed nearly complete labeling of the representative peptide with 1°N. The
highest blue peak shows that every nitrogen atom in the peptide was 1°N labeled. As
expected, we observed peptides containing one to two 1N atoms, since our starting material
was only 99% 15N, as well as peaks from the natural abundance of 13C. In summary, 1°N
incorporation was essentially complete and comparable to that obtained in prokaryotic or
yeast sources for protein production.32 As 7. thermophila offers a robust protein
overexpression system, this system should be useful for purification of a wide range of
endogenous and exogenous proteins containing the isotopes necessary for NMR
studies.33-35

To determine the average chemical environment and flexibility of the tubulin C-terminal tails
attached to the tubulin body, we performed standard solution NMR experiments of the TOG-
purified tubulin. These NMR experiments are specific to domains that rotate faster than a
globular protein of approximately 40 kDa. The ~110 kDa tubulin dimer is too large for these
types of experiments. The residues in the ordered tubulin body rotate slowly, and relaxation
of the nuclear spins causes the corresponding peaks to be too broad to measure. However,
regions of the tubulin dimer that are disordered or flexible rotate much faster than the
macromolecular tumbling time, have reduced relaxation, and therefore appear as sharp,
defined peaks in the spectrum. We observed the C-terminal tails in the 2D (H-N) plane of a
3D HNCO spectrum taken on 15N, 13C labeled tubulin dimers (Figure 3). In this projection,
directly bonded H-N pairs (i.e., from backbone amines) appear as a single peak with the 1H
chemical shift on the x-axis and the 15N chemical shift on the y~axis. The chemical shift is
the difference in resonance frequency of each atom from the standard and gives information
about the average environment. In this case, the peak positions were fully consistent with the
supposition that the C-terminal tails are disordered.

In order to assign which peak corresponds to which residue in the protein C-terminal tail, we
utilized standard 3D NMR experiments to link sequential residues (HNCO, HNcaCO,
HNCACB and CBCAcoNH, and HNN) on TOG-purified, 1°N,13C labeled tubulin, to
correlate each peak with residues on the C-terminal tails (Figure 5). We labeled the peaks
beginning with S-tubulin D427 (B1) and a-tubulin D431 (A1) in the 7. thermophila
sequences for Btul and Atul, respectively. Because the peaks corresponding to the repeated
glutamate residues were similar, we were unable to resolve which of the peaks labeled EEx
in Figure 3 (purple text) corresponded to amino acids B13 Glu or B14 Glu in the g-tubulin
C-terminal tail. We were not able to resolve this ambiguity using carbon detection
experiments due to the lack of sufficiently concentrated samples for these relatively
insensitive experiments.36 Neighbor corrected chemical shift predictions8 indicated that the
C-terminal tails have a slight propensity for g-sheet formation (Figure S2). This result is in
contrast to computer simulations showing a bias of the C-terminal tails of human tubulin
isoforms toward a-helical conformations when simulated in isolation.3” This could mean
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that the C-terminal tails would more readily bind proteins whose binding pocket constrains
them to a B-sheet like conformation.

In our NMR spectra, we identified peaks corresponding to a variety of modifications. We
observed distinct peaks for monoglycine modifications. For polyglycine chains, we observed
distinct peaks for the first, penultimate, and terminal glycine residues (Figure 3). All other
glycines in the polyglycine chains (from the second glycine to the third to last in the chain)
appeared as one cluster. The peaks from the monoglycine modifications were shifted
downfield relative to the typical nitrogen chemical shift values for random coil glycine
residues. The most dispersed peaks corresponded to glycine residues that were directly
attached to the C-terminal tails, as expected, since these represent modifications of different
C-terminal tail amino acids. However, we were unable to identify to which amino acids each
particular glycine was conjugated.

For those amino acids with an /- 1 glutamate neighbor, we were able to directly identify the
modification state of that neighbor (stars in Figure 3). This identification was possible
because the modified side chain C,, was shifted relative to the unmodified case, and this shift
was different for mono- and polyglycine chains (Figure S3). For example, the terminal
residues of both a- and SB-tubulin C-terminal tails were present in our spectrum in multiple
peaks, each corresponding to a different modification state of the /- 1 glutamate neighbor.
The significant intensity of the modified form of these residues is consistent with our mass
spectrometry results showing that the most C-terminal glutamate residues were the primary
sites of modification. Glycylation had a significant effect on the chemical environment of
neighboring residues, as expected due to nearest-neighbor interactions in the disordered
domain of the tubulin protein. The relative simplicity of our spectra excluded large-scale
conformational changes as a result of differing levels of polyglycylation. An extreme
conformational change would be for the protein to fold into an ordered state upon PTM, as
seen upon the phosphorylation of the 4E-BP2 IDP.10 In contrast, several other disordered
proteins show only minimal changes upon post-translational modification.38:3% The C-
terminal tails remained disordered upon glycylation and did not appear to show any shift in
the conformation ensemble of the disordered domain upon modification. This spectrum
would have many dispersed peaks corresponding to the range of modification states if the
conformation depended strongly on the degree of modification. For example, the peak
corresponding to the polyglycine modification on B17 or A18 would be a broad smear rather
than a relatively sharp peak, because the sample include a wide range of polyglycine chain
lengths (Table S2). However, we did not see this, indicating that polyglycylation does not
appear to regulate the tubulin C-terminal tail’s conformational ensemble. However, mono-
and polyglycine modifications do modulate tubulin function.2® 7. thermophila containing
mutations in the C-terminal tail residues that are modified, or deletions of the enzymes that
add mono-and polyglycine modifications, exhibit ciliogenesis defects.1> We hypothesize that
these glycine modifications affect MAP binding by blocking or creating binding surfaces,
rather than directly modifying the C-terminal tail conformational ensemble.

We next probed the degree and location of PTM using LC MS/MS (Figure 4, Table S2). We
detected detyrosinated a-tubulin, consistent with our NMR results and previous
observations.2%40 As determined from label-free quantification, approximately 50% of the
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a-tubulin peptide in our sample was otherwise unmodified, with the remainder being both
detyrosinated and glycylated. Glycylation was observed at levels ranging from 1 to 40
glycines for a-tubulin, and 2-26 glycines for g-tubulin. We used MS/MS to localize the
glycine modifications for a range of modification states (Table S2). The primary glycine
modifications of a-tubulin occurred on the final two glutamate residues (A16 GIu/A17 Glu).
However, additional glycines were detected on the A15 Glu and A13 Glu for peptides with
greater than 4 and 20 additional glycines, respectively. The glycylation on S-tubulin was
dispersed over the final four glutamate residues. This direct mapping of glycylation on 7.
thermophila C-terminal tails is consistent with observations of polyglutamylation in
Parameciun?! and mutagenesis studies of polyglycylation in Tetrahymena16:29

Our mass spectrometry results and NMR results were consistent, showing both mono- and
polyglycylation at a variety of modification sites. Interestingly, we observed differences in
the localization and extent of modification as measured by NMR and mass spectrometry. For
example, we observed a significant fraction of monoglycine on the penultimate amino acid
of B-tubulin. This was, at first glance, at odds with the mass spectrometry results, where we
did not detect monoglycine modifications of the g-tubulin C-terminal tail. It is possible,
though unlikely, that this particular peptide had low sensitivity in the mass spectrometry,
because the peptide with three glycine additions was apparent. Our results suggest that
particular glutamate is only monoglycated when other residues on the chain are also
glycylated. In contrast, we did not detect by NMR a monoglycine addition on the
penultimate glutamate of a-tubulin, even though the mass spectrometry strongly suggested
that this modification occurred. It could be that this species was not sufficiently abundant in
our sample to be detected by NMR, which is not sensitive to low-abundance states. NMR
provides valuable complementary information on the degree and position of post-
translational modifications, especially in situations where the modification is hard to
precisely localize by mass spectrometry.

In contrast to the small effect of glycylation on the conformational ensemble, our NMR
results suggested that the ordered tubulin body significantly influences the conformational
ensemble of the C-terminal tail. Several residues (B2-5, A3) primarily near the ordered
domain of S-tubulin were clearly assignable to two distinct sets of peaks of approximately
equal intensity, suggesting that they existed in two distinct conformational ensembles. These
groups did not correlate with specific PTM on the tail. Moreover, they were relatively far
from the mono- and polyglycine modifications, with intervening residues apparent as only a
single peak. This indicates that the two different conformations are more likely to be a result
of interactions with the surface of the tubulin body, rather than a result of C-terminal tail
glycylation. A lower bound on the exchange rate between the two conformations was
determined from the difference in chemical shift between the two peaks. Based on analysis
of the B3 threonine (Figure 4), the exchange rate between these two states was slower than
30 Hz, or the lifetime of each state was greater than 30 ms. This is slower than would be
expected for any local conformational exchange, but could be consistent with ligand binding
or a stable modification.*? It is not expected that these differences were a result of
acetylation, as no structural differences have been found using cryo-electron microscopy to
compare modified and unmodified tubulins.#3 However, this cryo-EM work was of lower
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resolution than more recent studies that revealed conformational differences in tubulin as a
function of nucleotide state.44:45

The suggestion that the C-terminal tails might be interacting with the ordered tubulin body
led us to compare the C-terminal tails in the context of the dimer to bacterially produced
peptides. We hypothesized that the peptides would overlay with unmodified residues of the
C-terminal tails, because of the strong dependence of disordered-protein chemical shift on
protein amino acid sequence.8 In contrast, transient interactions with the ordered tubulin
body would result in differences in chemical shifts between the C-terminal tails and the
peptides. Such changes could also arise from the differences in sequence of the peptides, for
example in the linker regions used to attach the peptides to the GST tag, though we aimed to
design our GST fusion constructs to be sufficiently long to reduce this possibility.

We performed standard 2D and 3D NMR experiments on bacterially produced GST-peptide
fusions (Figures 5 and 6). The NMR spectra of the peptides were unchanged when the GST
was removed by thrombin cleavage (data not shown). This indicates that the peptides did not
have significant interactions with GST. This may also indicate that the C-terminal tails did
not have strong self-interactions, as GST forms a dimer. However, the two tails could also be
sufficiently far away to prohibit this interaction. In general, the spectra of the C-terminal
tails and the peptides were similar; the peak corresponding to a particular residue on the C-
terminal tails was near that same residue’s peak on the peptides (Figure 3). This was
expected, given the strong effect of amino acid neighbors on disordered protein chemical
shift values.8 Among residues represented by multiple peaks in the NMR spectrum due to
different modification states, the isolated peptides overlaid most closely with those peaks
corresponding to residues with unmodified /- 1 neighbors. This strengthens our supposition
that a significant portion of our signal is from the fraction of nonglycylated tubulin.

Several of the residues showed significant differences in chemical shift values of the tubulin
dimer as compared to the tubulin peptide. As the C-terminal tails are adjacent in sequence to
terminal a-helical segments of the ordered tubulin body, we considered whether the C-
terminal tails in the context of the dimer might be biased toward a-helical conformations
due to their proximity. However, as discussed above, secondary structural predictions
indicate that the C-terminal tails’ conformational ensembles are biased toward S-sheet rather
than a-helical conformations. Moreover, there is not a significant shift toward a-helical
conformations of the C-terminal tail residues linked to the tubulin dimer as compared to the
isolated peptide. For example, the value of 6Ca — 8CB was not shifted measurably higher, as
would be expected for a more a-helical structure.*6

The chemical shift changes we observed were small when compared to differences in shift
values for ordered proteins undergoing large conformational changes or disordered proteins
that become ordered or immobilized upon interaction.#” However, these differences were
similar to those seen upon binding in several other disordered systems*8-50 and larger than
those for disordered protein domains that are nearby, but not interacting with another protein
or domain.>6:9 For example, focusing on the amide proton and nitrogen chemical shifts, our
average magnitude of chemical shift change was A&y = 0.02 ppm for the proton and Aéy =
0.08 ppm for nitrogen chemical shifts. The average of the weighted total shift change
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(D ota) = {[(WHASH)? + (MAASN)?IH2), where Wy = 1 and Wy = 0.2) was {Adiotal) =
0.03 ppm. These shifts were more than twice that seen for either the interaction of PAGE4
with ¢c-Jun*8 or the interaction of Pin1 with c-Myc.4® Though their shift was not quantified,
it was similar in appearance to that for the tail domain of Nipah virus nucleoprotein
interacting with the x-domain.®? In contrast, disordered proteins’ chemical shifts can remain
unchanged when the domain is fused to a larger protein or macromolecular complex. For
example, all residues that remain visible upon formation of a measles nucleocapsid retain
the chemical shifts of the isolated tail domain.® Additionally, the FG Nups that form the
selective barrier to nucleocytoplasmic transport show virtually no shifts aside from the FG
repeats that bind to transport factors.>® Thus, in comparison to other disordered protein
systems, the chemical shift differences we observed when comparing the spectrum of the C-
terminal tails to the spectra of the peptides were consistent with a transient protein—protein
interaction between the C-terminal tails and the ordered tubulin body.

We propose that transient interactions with the ordered dimer body are responsible for both
the slight differences in chemical shift between the C-terminal tails and the peptides as well
as for the two conformational ensembles present in residues B2-5, A3 (see Figure 7). These
observed chemical shift differences are consistent with simulations showing differences in
the conformation ensemble of the C-terminal tails in isolation as compared with the full
dimer.51 Direct interactions have also been predicted between the C-terminal tail and
charged regions of the tubulin body, because of the high charge of the C-terminal tails.52 Our
results indicate that the C-terminal tail do not simply project unhindered from the tubulin
body surface, but are in close proximity to the surface to engage in transient interactions
with the tubulin body.

CONCLUSION

Our experiments demonstrated the successful production of 1°N,13C labeled, full length
tubulin for analysis by NMR. We focused on the C-terminal tails of a- and B-tubulin, which
remained disordered even as part of the full tubulin heterodimer and were not adhered to the
dimer surface, as has been proposed.>2 The chemical shift values for the C-terminal tails
were consistent with other disordered proteins, with a slight propensity for B-sheets (Figure
S2). All of our sample was detyrosinated, with additional glycine PTM on the C-terminal
tails of a- and g-tubulin (Figures 3 and 4, Table S2). These modifications had large effects
on the chemical environment of adjacent residues, but did not appear to cause large
conformational changes. Isolated peptides showed chemical shifts significantly different
from the C-terminal tails attached to the tubulin body, with differences as large in magnitude
as those for binding partner interactions in other disordered protein systems. We observed
two distinct conformational ensembles for g-tubulin residues B2-5 and a-tubulin residue
A3. This suggests that the C-terminal tails are sensitive to the tubulin body conformation or
ligand binding state, and so studies of the tail using only peptides should be interpreted with
caution.

The C-terminal tails impact tubulin and MT function, including both intrinsic and extrinsic
properties (polymerization rates,>3 bending rigidit,y>* and binding of MAP13:5%). Several
models could explain this behavior. First, charge-based repulsion between the tails of
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adjacent dimers could alter both polymerization dynamics and bending rigidity. For
example, increasing microtubule curvature would bring some tails closer together, which
might be energetically unfavorable. However, in physiological buffers, the length scale over
which the electric field decays (the Debye screening length) is ~1 nm,%® sufficiently small to
raise questions about the potential impact of tail-tail charge—charge interactions for
unmodified tails. We hypothesize that heavily polyglutamylated microtubules may exhibit
such charge repulsion between tails. Second, changes in the tail could induce conformational
changes in the ordered dimer. However, electron microscopy studies have not detected any
such changes.1”18 Qur data suggest a third possibility; the tails could interact with the
tubulin body on adjacent dimers (Figure 8), providing additional stabilizing interactions.
This has been proposed to be a mechanism for the C-terminal-tail-dependent variability in
bending rigidity at high salt concentrations;>* our observations indicate that this this
mechanism is still at play even in low salt. Tail-body interactions could occlude the interface
between adjacent tubulin dimers, which would have the most pronounced effect on
modulating polymerization rates. We propose that the C-terminal tail modulates intrinsic
tubulin behavior through interactions with the dimer surface.

It has been proposed that the conformational ensemble of a disordered protein is important
for its cellular function and might be regulated in cells.>’ In this work, we found that the
conformational ensemble of the disordered tubulin C-terminal tails is relatively insensitive to
the level of glycylation but appeared to be sensitive to the presence of the ordered tubulin
body. This suggests that C-terminal tail conformation could be regulated by proteins which
obscure the sites of interaction on the tubulin body surface. Moreover, the C-terminal tails’
conformational ensembles appear sensitive to either ligand binding or the conformational
state of the tubulin body, acting as another mechanism to regulate binding of MAP. More
broadly, the cellular regulation of disordered proteins through transient interactions could
prove an important mechanism for their regulation.

METHODS

We used progeny from a cross between the B2086 and CU428 strains as the 7. thermophila
strain (a gift from Mark Winey). 7. thermophila were grown initially in SPP (2% protease
peptone, 0.2% glucose, 0.1% yeast extracts and 0.003% EDTA ferric salts) then inoculated
at a concentration of 103 cells/mL into a variant of CDMA media®® lacking all amino acids,
sugars, and nucleotides, but containing the cell pellet from a confluent bacterial culture half
of the volume of the T. thermophila culture (grown in M9 complete), as well as penicillin
and streptomycin. Cells were grown for 24-48 h, shaking gently at 30 °C until they reached
a cell density greater than 10° cells/mL, harvested by centrifugation, and snap frozen and
stored at —70 °C until further use.

Tubulin was purified on a TOG affinity column as described previously.26 An NHS-activated
column was conjugated with GST-TOG protein. 7. thermophila cell pellets were lysed by
sonication in BRB80 buffer containing protease inhibitors (PMSF [0.5 mM], benzamadine
[1 mM] and leupeptin [25 pg/mL]) and passed over the TOG affinity column. The column
was washed with BRB80 containing 1 mM GTP (wash 1), 4.6 mM ATP, 1 mM GTP and 10
mM MgCI2 (wash 2), 1 mM GTP (wash 3), and BRB80 with 10% glycerol and 0.1% Tween
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20 (wash 4). The protein was eluted in buffer A (5 mM MES, 0.25 mM EGTA and 0.25 mM
MgCI2) with 380 mM ammonium sulfate. The protein was immediately dialyzed into buffer
A overnight and concentrated in a spin column. Protease inhibitors and GTP were added to a
final concentration of 1 mM GTP. We typically obtained 3 mg of tubulin from 8 L of 7.
thermophila cell culture (4 L of bacterial culture).

Synthetic tail peptides were produced in BL21 DE3 bacterial cells as GST fusion constructs.
The protein sequences after thrombin cleavage are a-peptide,
GSEKDYEEVGIETAEGEGEEEG; S-peptide, GSPNSRVDY QDATAEEEGEFEEEGEN.
NMR assignment experiments were performed in buffer A on the full GST fusion protein.

All NMR experiments were performed on Agilent 800 MHz VNMRS or 600 MHz INOVA
spectrometers using standard BioPac experiments utilizing nonuniform sampling.
Nonuniform sampling reconstructions were performed using software from the Wagner
lab.59

Mass spectrometry samples were digested with either trypsin (a-tubulin) or chymotrypsin
(B-tubulin) and eluted from a Waters nanoAcquity UPLC column directly onto a Thermo
Fisher Scientific Orbitrap Velos for MS-MS analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Differences between peptides Differences between different
and C-terminal tail of tubulin modification states

a-tubulin

Figure 1.
NMR chemical shifts (peak position) of C-terminal tail residues differing from those same

residues within peptides of the same sequences. Mono- and polyglycylation (green Gs)
affect the chemical shift of adjacent residues but do not appear to have a significant
influence on the conformational ensemble of the domain.
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Relative Abundance (AU)
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B)
N | Abund . 5 Complete 15N
P;;‘;’daes Uneeanee Tubulin peptide: Labeled Peptides
INVYYNEATGGR
4 AN
T. thermophila T. thermophila
fed 14N fed 15N
bacteria bacteria

679.0

peptide mass/charge ratio (m/z) 689.0

Labeling method and confirmation of heavy isotope incorporation. (A) We fed heavy
bacteria grown on 15N to 7. thermophila. We then purified endogenous 7. thermophila
tubulin; our protocol resulted in full incorporation of 1°N into tubulin. (B) Mass
spectrometry showing two degrees of incorporation of 1°N into the tubulin peptide
(INVYYNEATGGR). The highest green peak appears at the /m/z position expected for the
fully 14N, 12C peptide. The cluster of three peaks result from the incorporation of single
heavy atoms, primarily 13C carbon, which has a natural abundance of 1.1%. In blue are the
fully 15N labeled peptides, with a similar peptide distribution to the natural abundance
peptides, but at a mass increased by the number of nitrogen atoms in the peptide.
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Figure 3.
A 2D projection of a 3D HCNO spectrum of the C-terminal tails of tubulin in the context of

the full TOG-purified tubulin dimer. Several modification states are represented (denoted by
colored stars), resulting in more than one peak for several residues. Distinct clusters of peaks
appeared for glycine residues in polyglycine modifications (the beginning, middle,
penultimate, and final residues of the chain) as well as for monoglycine modifications. The
residues at the beginning of the chain (those directly conjugated to a glutamate) were
separated into two clusters, corresponding to monoglycine (light blue text) and polyglycine
(orange text) modifications. Peaks are numbered relative to the start of the C-terminal tail, as
indicated in the inset; the corresponding residues are S-tubulin D427 (B1) and a-tubulin
D431 (Al) inthe 7. thermophila sequences for BTUL and ATU1, respectively.
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Tandem mass spectrometry (MS-MS) spectra using CID fragmentation of a- (top) and 5
tubulin(bottom) C-terminal tail peptides, each modified with 10 glycine residues. Fragments
containing the C-terminus are “y” ions, while those containing the N-terminus are labeled as

“b” ions. The fragments are color coded according to how many glycine residues were

present on that fragment. For the a-tubulin peptide, most modifications occurred on the final
two glutamic acid residues, while the modifications were more dispersed between the final

six residues for S-tubulin.
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A comparison of the 2D projection of a 3D HCNO spectrum of the C-terminal tails of
tubulin in the context of the full TOG-purified dimer as compared to bacterially produced
GST-fusion peptides of the C-terminal tail sequences. The spectrum of the GST-a fusion
peptide is shown in red, overlaid with the tubulin spectrum; similarly, the spectrum of the
GST-gfusion peptide is shown in green, overlaid with the tubulin spectrum. Significant
differences between the tubulin and peptide spectrum could be due to the presence of post-
translational modification on our endogenous tubulin samples or due to interactions of the
C-terminal tails with the rest of the tubulin dimer. As the majority of our endogenous sample
was unmodified, we expect interactions with the rest of the dimer played the dominant role.
Peaks with a small black asterisk have been assigned to the linker region between the
peptides and GST and thus do not overlay with the C-terminal tails.
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B17 Asn

Figure®6.
Insets of the spectra of Figure 5 with modification states of previous residue annotated,

comparing the chemical shifts of C-terminal tails of tubulin with GST-fusion peptides. The
peptides overlaid closely with the peaks corresponding to the unmodified form of the C-
terminal tail residue. We observed significant chemical shift changes due to the change in
the local chemical environment of the residue due to the presence of glycine modifications.
Modifications are indicated by stars as in Figure 4.
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Figure7.
Residues closest to the ordered tubulin body that appeared to be present in two

conformational ensembles, presumably due to interaction with the tubulin body surface.
These residues appeared in the spectrum as two peaks, neither of which overlayed exactly
with the peptide peak.
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Figure8.
Tubulin C-terminal tails, which can modulate intrinsic properties of microtubules through

their intertail electrostatic repulsion and inter- and intradimer tail-body interactions. Our
data suggest a significant role for tail-body interactions.
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