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Post-translational modifications to tubulin are important for
many microtubule-based functions inside cells. It was recently
shown that methylation of tubulin by the histone methyl-
transferase SETD2 occurs on mitotic spindle microtubules
during cell division, with its absence resulting in mitotic de-
fects. However, the catalytic mechanism of methyl addition to
tubulin is unclear. We used a truncated version of human wild
type SETD2 (tSETD2) containing the catalytic SET and C-ter-
minal Set2–Rpb1–interacting (SRI) domains to investigate the
biochemical mechanism of tubulin methylation. We found that
recombinant tSETD2 had a higher activity toward tubulin di-
mers than polymerized microtubules. Using recombinant
single-isotype tubulin, we demonstrated that methylation was
restricted to lysine 40 of α-tubulin. We then introduced path-
ogenic mutations into tSETD2 to probe the recognition of
histone and tubulin substrates. A mutation in the catalytic
domain (R1625C) allowed tSETD2 to bind to tubulin but not
methylate it, whereas a mutation in the SRI domain (R2510H)
caused loss of both tubulin binding and methylation. Further
investigation of the role of the SRI domain in substrate binding
found that mutations within this region had differential effects
on the ability of tSETD2 to bind to tubulin versus the binding
partner RNA polymerase II for methylating histones in vivo,
suggesting distinct mechanisms for tubulin and histone
methylation by SETD2. Finally, we found that substrate
recognition also requires the negatively charged C-terminal tail
of α-tubulin. Together, this study provides a framework for
understanding how SETD2 serves as a dual methyltransferase
for both histone and tubulin methylation.

Microtubules are dynamic cytoskeletal polymers that
maintain cell shape, serve as tracks for intracellular trafficking,
provide a structural framework for cell division, and form the
structural elements of cilia. How microtubules achieve their
many varied cellular functions comes, in part, from a tubulin
code of multiple isoforms of α- and β-tubulin dimers and
varied post-translational modifications (PTMs) (1–3). For
example, differentiated cells express varying amounts of α- and
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β-tubulin isotypes to perform specialized roles (4). In addition,
within each cell, there are subpopulations of microtubules with
PTMs that further regulate microtubule-based functions.
Analogous to how the histone code directs chromatin func-
tion, the combination of tubulin isotypes and PTMs comprises
a tubulin code that specializes microtubule function in cells.

One key chromatin modifier that contributes to both the
histone and tubulin codes is SET domain containing 2
(SETD2). SETD2 is an SAM-dependent lysine methyl-
transferase, which on chromatin is responsible for histone-3
lysine 36 trimethylation (H3K36me3), a mark associated with
gene transcription (5, 6). Loss of SETD2 is embryonic lethal in
part because its ability to trimethylate H3K36 is nonredundant
(7). Many cancers including kidney, lung, bladder, glioma, and
leukemia have inactivating mutations in SETD2 (8–12). In
clear cell renal cell carcinoma (ccRCC), SETD2 is the second
most frequently mutated gene, contributing to 10 to 15% of all
ccRCC cases (6, 13–16). For example, pathogenic arginine-to-
cysteine mutation at position 1625 (R1625C), found within the
catalytic SET domain, ablates methyltransferase activity and is
associated with poor prognosis. Another mutation, arginine-
to-histidine at position 2510 (R2510H), occurs in the Set2–
Rpb1–interacting (SRI) domain at the C terminus of SETD2
but does not result in loss of H3K36me3 (17–19), suggesting
that pathogenicity associated with this SRI domain mutation is
not due to loss of histone methylation.

Our previous work demonstrated that SETD2 can methylate
tubulin and that methylation occurs at lysine 40 of α-tubulin
(αTubK40me3) (19). In dividing cells, αTubK40me3 localizes to
the minus ends of microtubules that form the mitotic spindle
(19). Loss of SETD2 in ccRCC andKOof SETD2 in cells resulted
in genomic instability and mitotic defects such as multipolar
spindles, lagging chromosomes during anaphase, chromosome
bridging during cytokinesis, and micronuclei (19, 20).
These phenotypes correlated with a drastic reduction in both
H3K36me3 and αTubK40me3methylation. Reintroduction of a
truncated form of humanWT SETD2 (tSETD2) containing the
SET and SRI domains rescued both histone and tubulin
methylation as well as the mitotic defects (18, 19). In contrast,
expression of tSETD2 with the R2510H mutation in the SRI
domain rescued histone methylation but was unable to rescue
J. Biol. Chem. (2021) 297(1) 100898 1
Biochemistry and Molecular Biology. This is an open access article under the CC

https://doi.org/10.1016/j.jbc.2021.100898
https://orcid.org/0000-0001-5640-909X
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0002-4233-3247
Delta:1_given name
Delta:1_surname
mailto:mcianfro@umich.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2021.100898&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Tubulin methylation by SETD2
tubulin methylation or the mitotic defects (18, 19), suggesting
that a loss of SETD2 activity can result in increase of mitotic
defects in a tubulin-dependent manner.

Many aspects of SETD2 function are still unexplained, such
as how SETD2 recognizes and differentiates between methyl-
ation substrates. Structural information has been difficult to
obtain, given the large size of SETD2 and the presence of
multiple unstructured regions; to date, only two domains have
been structurally characterized, the SET domain by crystal-
lography (PDB ID: 4H12) and the SRI domain by NMR (PDB
ID: 2A7O) (21, 22). Here, we took a biochemical reconstitution
approach to define the minimal components required to
methylate tubulin in vitro. Using purified tSETD2 and re-
combinant human tubulin (23–25) enabled precise control of
tubulin isotype and PTM state in vitro and allowed us to
generate mutant versions of both proteins to probe site
selectivity of SETD2 methylation. We demonstrate that
tSETD2 is sufficient to methylate tubulin in vitro and has a
higher activity toward tubulin dimers over microtubules. We
find that αTubK40, the same site that can be acetylated
(26–29), is the only site methylated by tSETD2. We also find
that the SRI domain of SETD2 is important for binding tubulin
substrate as the tSETD2–R2510H mutant can neither pull
down nor methylate tubulin. Because the SRI domain of
SETD2 makes protein–protein interactions with RNA poly-
merase II (RNA Pol II) during transcription (22), we investi-
gated residues that could distinguish binding between tubulin
and RNA Pol II. We found that positively charged residues
within the SRI domain are more important for tubulin binding
Figure 1. tSETD2-FLAG methylates tubulin in vitro. Schematic of (A) full-leng
green), AWS (dark red), SET (red), LCR (light blue), WW (dark blue), SRI (purple), F
analyzed by (C) size-exclusion chromatography and (D) Coomassie-stained g
methyltransferase activity over time. 2 μM tSETD2-FLAG was incubated with th
or porcine brain tubulin (gray) substrate. Automethylation (negative control)
ground values were subtracted from the histone peptide and porcine tubulin r
0 for both histone peptide and porcine tubulin traces. Data are presented a
purifications. For some data points, the SD is smaller than the symbol. AWS
serine/arginine-rich; SRI, Set2–Rpb1–interacting; tSETD2-FLAG, FLAG-tagged ve
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where aromatic residues are more critical for RNA Pol II
binding. In addition, we found that SETD2 recognizes the
negatively charged C-terminal tail (CTT) of α-tubulin, likely
through electrostatic interactions. Together, this work further
establishes SETD2 as a tubulin methyltransferase and provides
a molecular basis for changes in tubulin and histone methyl-
ation derived from ccRCC mutations in SETD2 because of
SRI-domain regulation.
Results

SETD2 methylates tubulin in vitro

To reconstitute tubulin methylation in vitro, we purified a
truncated form of human WT SETD2 (tSETD2, aa1418–2564,
Fig. 1, A and B) containing both SET and SRI domains. The
smaller size of tSETD2 made it more amenable for biochemical
purification, and previous work indicated that tSETD2 is suffi-
cient to rescue SETD2 loss of function (18, 19). When expressed
in mammalian cells, a FLAG-tagged version of tSETD2
(tSETD2-FLAG) localized to the nucleus during interphase and
was dispersed throughout mitotic cells (Figs. S1 and S2), similar
to the localization of expressed full-length and endogenous
SETD2 (30, 31). Recombinant tSETD2-FLAG was purified from
HEK293 cells, yielding a single species on size-exclusion chro-
matography (Fig. 1C) and a single band detected by SDS-PAGE
(Fig. 1D). We confirmed that this band was SETD2-FLAG via
Western blot against the FLAG epitope (Fig. 1D).

To measure the enzymatic activity of tSETD2-FLAG, we
adopted a fluorescence-based assay that monitors S-adenosyl
th and (B) tSETD2-FLAG domain organization. Pro (light green), Ser/Arg (dark
LAG-tag (yellow). C and D, tSETD2-FLAG was purified from HEK293 cells and
el (left) and anti-FLAG Western blot (right). E, fluorescence-based assay of
e methyl donor SAM and 5 μM of either histone H3 peptide (aa 21–44, black)
of tSETD2-FLAG with SAM, but no substrate is shown in blue. These back-
eactions before plotting the graph; hence, absorbance units (AU) = 0 at time
s an average ± SD of n = 4 experiments with two different tSETD2-FLAG
, associated with SET; LCR, locus control region; Pro, proline-rich; Ser/Arg,
rsion of tSETD2; WW, tryptophan-rich.



Tubulin methylation by SETD2
homocysteine production, the product of SAM-dependent
methyl transfer. In this assay, an increase in fluorescence
directly corresponds to tSETD2 activity (Fig. 1E). Thus,
tSETD2-FLAG was incubated with porcine brain tubulin
protein and the methyl donor SAM. As a positive control, we
used an H3 peptide (residues 21–44) that can be methylated by
tSETD2 (32). As a negative control, we measured fluorescence
activity of tSETD2-FLAG in the presence of SAM but the
absence of any substrate. In this case, any methyltransferase
activity is indicative of automethylation that can then be
subtracted out of substrate-containing reactions. Both histone
peptide and tubulin protein substrates produced an increase in
fluorescence activity over time (Fig. 1E), indicating that the
reconstituted tSETD2-FLAG protein has activity toward
tubulin substrate.

tSETD2 displays a higher activity toward tubulin dimers than
microtubule polymer

Our previous work showed that glutathione-S-transferase-
tagged SETD2 (1392–2564) was capable of methylating
Figure 2. tSETD2-FLAG has higher activity toward tubulin dimers than mic
red and SRI domain in purple) methylation on either tubulin dimers or polymer
was polymerized and stabilized with taxol or treated with podophyllotoxin (p
crotubules and (right) tubulin dimers in a Tris-based buffer to prevent polyme
microtubules were pelleted by centrifugation, and the pellet and supernatant f
methyltransferase assay. 2 μM of purified tSETD2-FLAG was incubated with S
microtubules (with taxol, black) substrates, and methyltransferase activity was
activity. E, each dot indicates the methyltransferase activity measured in a s
three experiments. SRI, Set2–Rpb1–interacting; tSETD2-FLAG, FLAG-tagged ve
tubulin in both soluble dimeric and polymerized
microtubule states (19); however, the relative ability of SETD2
to methylate these substrates was not tested. To do this,
we measured tSETD2-FLAG activity against microtubules
maintained in a polymerized state with taxol as compared with
porcine brain tubulin dimers maintained in an unpolymerized
state with podophyllotoxin (33, 34) (Fig. 2, A–C). We found
that tSETD2-FLAG has higher activity toward tubulin
dimers at 5 μM (5.08 ± 0.06 nmol/min) than polymerized
microtubules at the same concentration (3.19 ± 0.05
nmol/min) (Fig. 2, D and E). This finding is consistent with the
K40 methylation site on α-tubulin, which is luminal in
polymerized microtubules, being more accessible in a tubulin
dimer context. Microtubule methylation may then
occur via the incorporation of methylated dimers into
microtubules.

SETD2 does not methylate sites other than α-tubulin at K40

We previously determined that SETD2 can methylate
α-tubulin at K40 (αTubK40) using recombinant glutathione-
rotubule polymer. A, schematic showing tSETD2 (enzymatic SET domain in
ized microtubules. B and C, verification of the polymer state. Porcine tubulin
odo) to prevent polymerization. B, micrographs of (left) taxol-stabilized mi-
rization (see Experimental procedures). The scale bar represents 100 nm. C,
ractions were separated by SDS-PAGE and stained with Coomassie. D and E,
AM and 5 μM porcine brain tubulin dimers (with podophyllotoxin, gray) or
monitored over time. D, representative fluorescence traces of tSETD2-Flag
ingle experiment, and error bars show the average ± SD across a total of
rsion of tSETD2.
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Tubulin methylation by SETD2
S-transferase-tagged SETD2 (1392–2564) and porcine brain
tubulin followed by MS (19). However, brain tubulin contains
numerous isotypes and premodified tubulin proteins, and thus,
it has been difficult to determine whether there are additional
sites for SETD2 methylation on α- or β-tubulin.

To determine if there are other methylation sites on tubulin,
we utilized recombinant human tubulin. Recent advances in
the expression and purification of recombinant single-isotype
tubulin (23–25) allowed us to purify human αTub1B/βTub3
tubulin dimers (hereafter referred to as αβ-tubulin) from insect
cells using the baculovirus expression system (Fig. 3, A and B).
This system allowed us to mutate the known methylation site
K40 on α-tubulin by purifying αβ-tubulin dimers with a mu-
tation of K40 to alanine [αβ-tubulin(αK40A)]. We confirmed
that αβ-tubulin, both WT and K40A, were functional by
observing their ability to polymerize into microtubules from
GMPCPP-tubulin seeds (Fig. S3).

The ability of tSETD2-FLAG to methylate WT αβ-tubulin
versusmutant αβ-tubulin(αK40A) was then measured using the
methyltransferase assay. We found that the tubulin methyl-
transferase activity of tSETD2-FLAG was decreased when
provided with the mutant αβ-tubulin(αK40 A) as a substrate
(1.28 ± 0.19 nmol/min) as compared with the methyltransferase
activity toward WT αβ-tubulin (3.73 ± 0.04 nmol/min)
Figure 3. αTubK40 is the primary site for methylation by tSETD2. A and B,
(black) and the αK40A (yellow) mutant, were purified from Hi Five insect cells an
SDS-PAGE gel. C, methyltransferase activity of 2 μM of tSETD2-FLAG incubated w
Each dot indicates the methyltransferase activity from a single experiment, and
of tubulin methylation. The table lists the sequence of the only peptide found
followed by the number of unmodified or K40 monomethylated peptides iden
osf.io/m62x7/. αTubK40, α-tubulin at K40; K40, lysine 40; tSETD2, truncated fo
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(Fig. 3C). This result suggests that although αTubK40 is the
major site for methylation by tSETD2, there may be additional
methylation sites on α- or β-tubulin. To identify potential
methylation site(s), we carried out MS analysis of methyl-
transferase reactions containing tSETD2-FLAG and WT or
K40A mutant tubulins. As a negative control, experiments
lacking the methyl donor SAM were carried out in parallel. For
WT tubulin, we could only identify monomethylation on αK40
(Fig. 3D) and only in the presence of both tSETD2-FLAG and
SAM. In the case of αK40A mutant tubulin, we were unable to
identify any methylation sites on α- or β-tubulin (Fig. 3D) even
in the presence of both tSETD2-FLAG and SAM. These results
suggest that αTubK40 is the only site methylated by tSETD2-
FLAG.
An R2510H SRI-domain mutation alters tSETD2’s ability to
bind to and methylate tubulin

SETD2’s methylation of tubulin is dependent on its SET and
SRI domains (19, 20). A ccRCC mutation in the SET domain,
R1625C, abolishes SETD2 catalytic activity, but the molecular
basis for reduced methylation of tubulin by a ccRCC-associated
mutation in the SRI domain (R2510H) remains unclear. To
investigate this, we generated and purified tSETD2(R2510H)-
recombinant single-isotype αTubA1B-βTub3B (αβ-tubulin) proteins, both WT
d analyzed by (A) size-exclusion chromatography and (B) Coomassie-stained
ith 5 μMWT αβ-tubulin or mutant αβ-tubulin(αK40A) recombinant tubulins.
the bar indicates the average value across n = 4 experiments. D, MS analysis
to be methylated on lysine in the presence of both tSETD2-FLAG and SAM
tified in each experiment. The raw MS data have been deposited at: https://
rm of WT SETD2; tSETD2-FLAG, FLAG-tagged version of tSETD2.

https://osf.io/m62x7/
https://osf.io/m62x7/


Tubulin methylation by SETD2
FLAG from HEK293 cells (Fig. 4, A and B). As a control, we
also generated and purified tSETD2-Flag containing a muta-
tion in the catalytic SET domain, tSETD2(R1625C)-FLAG
(Fig. 4, A and B). Using purified tSETD2 proteins and the
methyltransferase assay, we confirmed that mutation of
R1625C in the catalytic domain abolished the ability of
tSETD2-FLAG to methylate both porcine brain tubulin protein
and the control H3 peptide, whereas mutation of R2510H in
the SRI domain only abolished the ability of tSETD2-FLAG to
methylate tubulin protein (Fig. 4C).

We hypothesized that the SRI domain mutation reduced
tubulin methylation by decreasing SETD2’s ability to bind to
tubulin. To test this, we performed coimmunoprecipitation
assays to assess the interaction of WT, R1625C, and R2510H
tSETD2-FLAG with brain tubulin. We found that both WT
tSETD2-FLAG and the SET domain mutant
tSETD2(R1625C)-FLAG bound to tubulin, but that the
tSETD2(R2510H)-FLAG SRI-domain mutation abolished
tubulin binding (Fig. 4D). These results suggest that (1) the
ccRCC-associated mutation of R2510H in the SRI domain
abolishes the ability of tSETD2 to bind to and methylate
tubulin as a substrate and (2) the SRI domain is critical for
interaction with tubulin as a substrate.
Figure 4. ccRCC-associated R2510H mutation in the SRI domain blocks b
mutation of R1625C (red) or R2510H (purple) was purified from HEK293 cells an
gel (left) and anti-FLAG Western blot (right). C, methyltransferase activity of 2
peptide (black) or porcine brain tubulin (gray) substrates. Each dot indicates the
four experiments. D, coimmunoprecipitation of tubulin protein with WT, R16
fractions were blotted with antibodies against the FLAG tag (top) and β-tubu
arginine-to-cysteine mutation at position 1625; R2510H, arginine-to-histidine m
Distinct residues in the SRI domain allow substrate selection
for tubulin or RNA Pol II

The SRI domain of SETD2 has previously been shown to
engage in protein–protein interactions with the highly phos-
phorylated C-terminal domain (CTD) repeat of RNA Pol II for
recruitment of SETD2 to chromatin during transcription
(22, 35). Thus, our finding that mutation of R2510H in the SRI
domain abolishes tubulin binding (Fig. 4D) suggests that the
SRI domain plays a major role in substrate recognition for both
tubulin and RNA Pol II substrates. To test this, we took
advantage of NMR-based studies that identified SRI residues
impacted by binding to peptides mimicking the phosphory-
lated C terminus of RNA Pol II (22, 35). We targeted these
residues and generated tSETD2-FLAG variants with alanine
mutations to V2483, F2505, K2506, R2510, and H2514
(Fig. 5A). We also generated a construct lacking the SRI
domain as a control (Fig. 5A). The mutant and deletion vari-
ants of tSETD2-FLAG were purified from mammalian cells
(Fig. 5, B and C).

We tested the ability of the purified mutant and deletion
tSETD2-FLAG proteins to bind to RNA Pol II and tubulin
using the coimmunoprecipitation assay. The tSETD2-FLAG
proteins bound to anti-FLAG beads were incubated with
inding and methylation of tubulin. A and B, tSETD2-FLAG protein with
d analyzed by (A) size-exclusion chromatography and (B) Coomassie-stained
μM WT, R1625C, or R2510H tSETD2-FLAG proteins against 5 μM histone-H3
methyltransferase activity measured in a single experiment across a total of
25C, or R2510H tSETD2-FLAG proteins. The input and anti-FLAG pellet (IP)
lin E7 (bottom). ccRCC, clear cell renal cell carcinoma; R1625C, pathogenic
utation at position 2510; tSETD2-FLAG, FLAG-tagged version of tSETD2.
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Figure 5. Residues in the SRI domain of SETD2 distinguish tubulin and RNA-Pol II binding. A, schematic of point mutations or deletion of the SRI
domain in tSETD2-FLAG. B and C, purification of tSETD2-FLAG containing mutations in or deletion of the SRI domain. The proteins were analyzed by (B) size-
exclusion chromatography and (C) Coomassie-stained gel. D and E, purified WT, ΔSRI, or mutant versions of tSETD2-FLAG protein were bound to anti-Flag
beads and then incubated with either tubulin protein or HEK293 cell lysate. D, the presence of tSETD2-FLAG variant, tubulin, and Pol II in the bead pellet was
analyzed by Western blotting with antibodies to the FLAG tag, α-tubulin, and Pol II, respectively. The far-right column shows the input for the reaction with
WT tSETD2-FLAG. E, quantification of RNA Pol II (black) and porcine brain tubulin (gray) copelleting with tSETD2-FLAG as a percentage of the input reaction.
Each dot indicates the percent bound in a single experiment across a total of three experiments. RNA Pol II, RNA polymerase II; SRI, Set2–Rpb1–interacting;
SETD2, SET domain containing 2; tSETD2-FLAG, FLAG-tagged version of tSETD2; ΔSRI, construct lacking the SRI domain.

Tubulin methylation by SETD2
either porcine brain tubulin or HEK293 cell lysates con-
taining endogenous RNA Pol II. As expected, deletion of the
SRI domain abolished the ability of tSETD2-FLAG to bind to
both RNA Pol II and tubulin substrates (Fig. 5, D and E).
Interestingly, the SRI-domain mutants varied in their ability
to bind to the two substrates. The V2483A mutant retained
binding to both substrates, the F2505A retained tubulin but
not RNA Pol II binding, the R2510H mutant retained RNA
Pol II but not tubulin binding, and the K2506A and H2514A
mutants lost the ability to bind to both tubulin and RNA Pol
II (Fig. 5, D and E). These results indicate that the SRI
domain is involved in substrate recognition and that distinct
residues in the SRI domain contribute to recognition of
different substrates.
SETD2 recognizes tubulin via α-tubulin’s CTT

The interaction between SETD2 and RNA Pol II involves
the negatively charged phosphorylated C-terminal repeat do-
mains of Pol II (22, 35). This led us to hypothesize that SETD2
recognition of tubulin involves similar charge–charge
6 J. Biol. Chem. (2021) 297(1) 100898
interactions, particularly between positively charged residues
in the SETD2 SRI domain (Fig. 5, D and E) and the negatively
charged CTTs of α- and/or β-tubulin. To test this, we used the
recombinant single-isotype tubulin system to generate αβ-
tubulin proteins containing truncations of the CTTs of either
α-tubulin [αβ-tubulin(ΔαCTT)] or β-tubulin [αβ-tubu-
lin(ΔβCTT)] and purified the tubulin dimers from insect cells
(Fig. 6, A and B).

We tested the ability of tSETD2-FLAG to bind to the
tailless tubulins using a coimmunoprecipitation assay. As
most anti-tubulin antibodies recognize the CTTs, we first
identified conditions for detecting the tailless tubulins by
Western blotting. For this, we used a polyclonal antibody TU-
01 whose epitope resides in the N terminus of α-tubulin. As
expected, the TU-01 antibody was able to detect both
αβ-tubulin(ΔαCTT) and αβ-tubulin(ΔβCTT) proteins by
Western blotting, whereas an antibody against the CTT of β-
tubulin (E7) failed to recognize the αβ-tubulin(ΔβCTT)
protein (Fig. 6C). Immobilized tSETD2-FLAG was incubated
with either αβ-tubulin(ΔαCTT) or αβ-tubulin(ΔβCTT)
tubulin proteins. Whereas t-SETD2-FLAG pulled down



Figure 6. tSETD2-FLAG binds to the C-terminal tail (CTT) of α-tubulin. A and B, tailless forms of recombinant tubulin, αβ-tubulin(ΔαCTT), and αβ-
tubulin(ΔβCTT) were purified from Hi Five insect cells and analyzed by (A) size-exclusion chromatography and (B) Coomassie-stained gel. C, Western blot of
porcine brain tubulin, purified αβ-tubulin(ΔαCTT), and purified αβ-tubulin(ΔβCTT) samples shown in panel B with antibodies that recognize the N terminus
of α-tubulin (TU-01, top) or the CTT of β-tubulin (E7, bottom). D and E, coimmunoprecipitation of tSETD2-FLAG with WT recombinant αβ-tubulin, αβ-
tubulin(ΔαCTT), or αβ-tubulin(ΔβCTT). D, representative Western blots of the immunoprecipitation pellets with antibodies to tSETD2-FLAG (FLAG, top) and
the N terminus of α-tubulin (TU-01, bottom). The far-left column shows the input for the reaction with WT tubulin. E, quantification of the amount of tubulin
copelleting with tSETD2-FLAG compared with the input. Each dot represents the percent bound in one experiment, and the line represents the average
across a total of three experiments. tSETD2-FLAG, FLAG-tagged version of tSETD2.

Tubulin methylation by SETD2
porcine brain and αβ-tubulin(ΔβCTT) tubulins, it showed a
reduced ability to coprecipitate αβ-tubulin (ΔαCTT) tubulin
(Fig. 6, D and E). From these experiments, we conclude that
tSETD2-FLAG binds to tubulin largely via the negatively
charged CTT of α-tubulin.
Discussion

In this study, we utilized in vitro biochemical reconstitution
with recombinant proteins to determine how SETD2 recog-
nizes and methylates tubulin. By exploiting known
tubulin-targeting agents, we found that SETD2 preferentially
methylates the dimeric form of tubulin versus microtubule
polymers. Interestingly, our work indicates that SETD2’s SRI
domain makes electrostatic interactions with the CTT of α-
tubulin in a mechanism distinct from RNA Pol II targeting,
suggesting that this interaction positions the SET domain for
methylation of residue K40 of α-tubulin (Fig. 7). As structural
information is presently only available for the SET domain (PDB
ID: 4H12) and the SRI domain (PDB ID: 2A7O), a future di-
rectionwill be to obtain structures of tSETD2with its substrates.
SETD2 methylation is restricted to K40 of α-tubulin

Our MS analysis identified α-tubulin K40 as the only
detectable site of methylation by tSETD2 on the recombinant
single-isotype αβ-tubulin. This confirms and extends the
previous work where trimethylation was detected at this site in
mammalian cells (19). In our MS experiments, we were only
able to detect a monomethylation mark on αK40, whereas in
cells, trimethylated tubulin was detected (19). The canonical
SETD2 activity is with dimethylated histone substrates.
Although this suggests that mono- or di-methylated tubulin
could be a preferred substrate for SETD2, it is known that
SETD2 can monomethylate substrates (36), but typically
dimethylates or trimethylates substrates. As such, tubulin
methylation may require priming by other methyltransferases
before SETD2 makes its mark in cells.

Although mutation of K40A did not completely abolish
methyltransferase activity measured in the fluorescence-based
assay, we were unable to detect any other methylated peptides
for α- or β-tubulin by MS. It seems unlikely that the residual
methyltransferase activity comes from tSETD2 itself as the
automethylation activity is subtracted from our measurements.
J. Biol. Chem. (2021) 297(1) 100898 7



Figure 7. Proposed model of tubulin methylation by tSETD2. The SRI
domain (purple) recognizes the negatively charged CTT of α-tubulin (gray)
and positions the SET domain (red) for methylation of αtubulin at the K40.
CTT, C-terminal tail; K40, lysine 40; tSETD2, truncated form of WT SETD2; SRI,
Set2–Rpb1–interacting.

Tubulin methylation by SETD2
It is possible that SETD2 is able to methylate another tubulin
residue that we have been unable to detect in our MS analysis,
perhaps because the methylated peptide does not ionize well
or the amount is below the limit of detection. It is also possible
that tSETD2-FLAG or a copurifying methyltransferase enzyme
from HEK293 cells is able to methylate a contaminating pro-
tein that copurifies with tubulin from the insect cells and/or
with tSETD2-FLAG from the HEK293cells. Further work will
be required to discern between these possibilities.
Crosstalk between acetylation and methylation of α-tubulin
K40

The K40 residue resides on a flexible loop of α-tubulin that
is located within the lumen of a polymerized microtubule (37,
38) and could be accessible to modifying enzymes when
tubulin is in either the soluble dimer or microtubule form.
However, given the large size of the SETD2 protein
(�290 kDa) and the restricted size of the microtubule lumen
(�17 nm diameter), it has been puzzling how SETD2 could
access the K40 residue within the microtubule lumen (19). We
demonstrate that tSETD2 has higher methylation activity to-
ward soluble tubulin over microtubules (Fig. 2). Binding of
SETD2 to soluble tubulin requires the SRI domain of tubulin
and the CTT of α-tubulin, an interaction that likely positions
the SET domain for methylation of K40.

TheK40 residue ofα-tubulin is also known to be acetylated by
α-tubulin acetyltransferase (αTAT) (39, 40). Whether SETD2
and αTAT compete for access to the K40 residue has been
unclear. Given our results demonstrating a higher activity of
SETD2 toward soluble tubulin and recent work demonstrating
that αTAT1 preferentially acetylates polymerized microtubules
and enters the microtubule lumen (40–44), the two enzymes
appear to work on tubulin in different contexts. Specifically,
8 J. Biol. Chem. (2021) 297(1) 100898
SETD2 preferentially methylates soluble tubulin, whereas
αTAT preferentially acetylates polymerized tubulin. The
interplay between these enzymes is likely to play a role in specific
cellular events. For example, elevated levels of α-tubulin acet-
ylation correlate positively with metastatic potential (45) and
αTAT inhibits cancer cell motility (46), whereas SETD2-
mediated tubulin methylation corresponds with genomic sta-
bility and correct mitotic spindle formation (19, 20).

Interestingly, both SETD2 (this work) and αTAT (40)
display slow enzymatic rates toward the tubulin substrate
in vitro. SETD2 also shows similar low kcat values toward
purified nucleosome substrate (32). In a histone methylating
context, SETD2 is typically recruited by other protein com-
plexes (e.g., IWS1, SPT6, and RNA Pol II) (47, 48), suggesting
that substrate binding and enzyme kinetics could be higher in
cells.
The role of the SETD2 SRI domain in substrate binding

Previous work demonstrated that the ccRCC-associated
mutation R2510H in the SRI domain abolished the ability of
SETD2 to methylate tubulin but not histone H3 (18, 19). We
provide a mechanism for this finding by demonstrating that
the R2510H mutation abolishes the ability of tSETD2 to bind
to tubulin (Figs. 4 and 5) but has no effect on its ability to
bind to interact with RNA Pol II from cell lysate (Fig. 5). That
the SRI domain is required for binding to tubulin appears to
contradict previous work, suggesting that the SET domain is
sufficient for tubulin binding (19). These discrepancies could
be due to the use of different constructs and expression sys-
tems, as well as differences in experimental protocols. The fact
that the interaction of RNA Pol II is less sensitive to the
R2510H mutation than tubulin may be related to the
sequence and charge of these binding segments. Specifically,
the CTD of Pol II contains 22 heptapeptide (YSPTSS) repeats
and is highly phosphorylated, whereas the CTT of α-tubulin
contains a short sequence of negatively charged residues.
Thus, the interaction between the SRI domain of SETD2 and
RNA Pol II may better tolerate the R2510H mutation than the
interaction of the SRI domain with α-tubulin. If so, caution
should be taken when studying interactions with RNA Pol II
CTD peptides containing fewer repeats, which could produce
different results than using full-length RNA Pol II. Never-
theless, these results provide strong support for the hypothesis
that genomic instability in ccRCC can be driven by tubulin-
dependent functions of SETD2 contributed by the SRI
domain.

By mutagenesis of the SRI domain based on structural in-
formation in the literature (22, 49), we were able to identify
residues that further distinguish the ability of SETD2 to bind
to tubulin versus Pol II. We demonstrate that the ability of
tSETD2 to bind to tubulin requires not only the SRI domain
residue R2510 but also K2506 (Fig. 5). In contrast, the ability of
tSETD2 to bind Pol II is influenced by F2505, K2506, and
H2514. These results are largely consistent with previous
studies using NMR structures of the SRI domain and titration
experiments with phosphorylated Pol II peptides that
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implicated residues V2483, F2505, K2506, R2510, and H2514
in forming part of the SRI-Pol II binding interface (22, 35, 50).
However, although the isolated SRI domain with the R2510H
point mutant showed decreased binding to RNA Pol II CTD
peptides (22), our results suggest that R2510H does not
decrease the ability of tSETD2-FLAG to pull down Pol II from
cell lysates (Fig. 5C). These differences are likely due to dif-
ferences in experimental conditions including the use of an
isolated SRI domain versus tSETD2 and the use of Pol II
peptides versus full-length CTD as mentioned above.

Recognition of the α-tubulin CTT by SETD2

Our results also demonstrate that tSETD2 requires the CTT
of α-tubulin, a negatively charged region of the protein, for
binding (Fig. 6). This is interesting, given previous work
demonstrating that the SRI domain of SETD2 interacts with
the phosphorylated, and thus negatively charged, C-terminal
repeat domains of Pol II (35, 49, 51). It is thus tempting to
speculate that charge–charge interactions are key for recog-
nition of substrates by the SRI domain of SETD2. However,
actin has recently been shown to be methylated by SETD2
(52), and unlike tubulin and RNA Pol II, actin does not have a
long, flexible negatively charged tail or loop within its struc-
ture. However, in these studies, actin methylation by SETD2
required other binding partners, namely the Huntingtin pro-
tein, HTT, and the actin binding adaptor protein HIP1R.
Future work will be required to delineate the mechanism by
which SETD2 recognizes actin and other substrates.

Although our results suggest that SETD2 does not compete
with αTAT for modification of the K40 residue, it likely
competes with other tubulin-interacting proteins and/or
modifying enzymes that target the CTT. The flexible CTTs of
tubulin subunits extend from the surface of the microtubule
and form a negatively charged surface that appears to serve as
a recognition site for a large number of microtubule-associated
proteins. For example, tubulin tyrosine ligase makes critical
electrostatic interactions with α-tubulin CTT residues E445,
E446, and E447 to align the CTT within its active site (53).
Although the density of the CTT was unresolved by both X-
ray crystallography and cryo-EM in the VASH–SVPB complex
(54, 55), electrostatic interactions were observed with a com-
pound, epoY, that mimics the tubulin CTT residues (56).
Similarly, the tubulin CTTs are essential for microtubule
recognition by tubulin tyrosine ligase-like 7, an enzyme that
adds glutamate chains to the CTTs of both α- and β-tubulin
(57, 58). As such, our work adds SETD2 to the growing list of
tubulin-modifying enzymes that recognizes tubulin CTTs.
Furthermore, the glutamate chains added by tubulin tyrosine
ligase-like enzymes increase the negative charge of the CTT
and could therefore alter the binding and activity of SETD2
toward tubulin. Thus, future work will examine the crosstalk
between tubulin PTMs.

Implications in cancer pathologies

Our findings provide further support for a role of SETD2 in
writing both the histone and tubulin codes. As mutations in
SETD2 continue to be identified in a growing list of tumor
types (6, 20), it will be important to discern the relative roles of
histone versus tubulin methylation in contributing to the un-
derlying mechanisms of particular cancer phenotypes. A lack
of tubulin methylation has been documented to result in
multipolar spindles, genomic instability, and formation of
micronuclei (18–20). A better understanding of histone and
tubulin methylation by SETD2 could also drive anticancer
drug development and thus could provide new therapeutic
targets to help cancer patients. Interestingly, the histone H4
lysine 20 methylating enzyme SET8, along with transcription
factor LSF, has been identified as a modifier of α-tubulin at
K311 although the cellular implication of loss of K311
methylation remains to be determined (59). Other tubulin
PTMs have been shown to impact mitotic progression and
may also underlie cancer phenotypes. Recent work has shown
that a disruption of α-tubulin detyrosination leads to reduced
chromosome congression and increased errors of
kinetochore–microtubule attachment (60–63). Further in-
vestigations into tubulin PTMs and their modifying enzymes
are required to understand the nuanced interaction between
histone and tubulin modifications in cells and the implications
for cancer progression.

Experimental procedures

Plasmids

An active truncated SETD2 construct (1418–2564) with a
FLAG affinity tag (tSETD2-FLAG) in the pInducer vector for
mammalian expression was generated by the Walker Lab.
Single isoform αTub1B/βTub3 plasmid cDNA encoding Homo
sapiens α-tubulin 1B (αTub1B, NP_006073.2) and β-tubulin 3
(βTub3, NM_178012.4) in pFastBac Dual vector (Thermo
Fisher 10712024) was obtained from the Kapoor laboratory for
insect cell expression (25). Point mutations and domain de-
letions were generated using QuikChange site-directed muta-
genesis with Q5 Polymerase (NEB). All plasmids were verified
by DNA sequencing.

Purification

SETD2

tSETD2-FLAG was transfected into HEK 293 FreeStyle cells
with FectoPRO transfection reagent (Polyplus, 10118–444),
and cells were harvested 48 h later at 5000 rpm for 15 min
(Beckman JLA 8.1). The pellet was suspended in the lysis
buffer (50 mM Hepes, pH 7.5, 50 mM MgCl2, 150 mM NaCl,
cOmplete protease inhibitor tablet [Sigma Aldrich,
4693159001]), and cells were lysed with 20 strokes of a dounce
homogenizer. The lysate was ultracentrifuged (Beckman Ti70
337922) at 40,000 rpm for 40 min, and the supernatant was
filtered with 1.0-um glass fiber filter (Pall Laboratory) and
incubated with FLAG M2 affinity beads (Sigma Aldrich)
equilibrated in the lysis buffer for 3 h. Beads were rinsed with
three column volumes of the wash buffer (50 mM sodium
phosphate (NaPi), pH 7.2, 150 mM NaCl, 5 mM β-mercap-
toethanol), three column volumes of the salt buffer (wash
buffer with 500 mM NaCl), and again with the wash buffer
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before the elution buffer (wash buffer with 300 ng 3x-FLAG
peptide [Sigma Aldrich]) was added and incubated with beads
overnight. The eluent was then run over an ion-exchange
column (DEAE Sepharose, GE Life Sciences) with a salt
gradient of 0 to 75%, followed by size-exclusion chromatog-
raphy (Superose 6 Increase 10/300, Fisher Scientific) with gel
filtration buffer (50 mM NaPi, pH 7.2, 150 mM NaCl, 5 mM β-
mercaptoethanol, 5% glycerol). Fractions were pooled and
concentrated with an Amicon Ultra 100K MWCO centrifugal
filter unit and snap-frozen in liquid nitrogen and stored
at −80 �C.
αTub1B/βTub3 tubulin

The baculovirus expression plasmid encodes for αTub1B
with an N-terminal 6x-His tag and tobacco etch virus (TEV)
cleavage site and βTub3 with C-terminal TEV cleavage site
and Strep tag. After purification via the His and Strep tags, the
tags are removed via TEV cleavage, leaving an alanine-proline
linker at the N terminus of αTub1B and a glycine-serine linker
at the C terminus of βTub3 (25). Purification was as previously
described (25, 64). Briefly, the Bac-to-Bac system (Life Tech-
nologies) was used to generate recombinant baculovirus in SF9
cells. High Five cells (Thermo Fisher, B85502), grown to three
million cells/ml in Lonza Insect-XPRESS (Fisher Scientific,
BW12-730Q), were infected with P3 viral stocks at 10 ml/L.
Cells were cultured in suspension at 27 �C and harvested at
60 h after infection. The following steps were done on ice or at
4 �C. Cells were lysed in an equal volume of lysis buffer
(50 mM Hepes, 20 mM imidazole, 100 mM KCl, 1 mMMgCl2,
0.5 mM β-mercaptoethanol, 0.1 mM GTP, 3 U/ml benzonase,
1× Roche Complete EDTA-free protease inhibitor, pH 7.2) by
dounce homogenization (20 strokes), and the homogenate was
centrifuged at 55,000 rpm in a Type 70 Ti rotor (Beckman
Coulter) for 1 h. The supernatant was then filtered through a
0.22-μm membrane (Fisher Scientific, 09740113) and loaded
onto a 5-ml HisTrap HP column (GE Life Science 17-5247-01)
pre-equilibrated with the lysis buffer. The column was washed
with 35-ml lysis buffer until the UV absorption reached
baseline, and then, protein was eluted with the nickel elution
buffer (1× BRB80 (80 mM Pipes, 1 mM MgCl2, 1 mM EGTA),
500 mM imidazole, 0.2 mM GTP, 2 mM β-mercaptoethanol,
pH 7.2). The fractions containing proteins were pooled, diluted
3-fold with the lysis buffer, and loaded onto 5-ml StrepTrap
HP column (GE Life Science 29-0486-53). The column was
washed with 25-ml 66% lysis buffer +33% nickel elution buffer,
25 ml of wash buffer 1 (1× BRB80, 1 mM β-mercaptoethanol,
0.1 mM GTP, 0.1% Tween-20, 10% glycerol, pH 7.2), and 25 ml
of wash buffer 2 (1× BRB80 1 mM β-mercaptoethanol, 0.1 mM
GTP, 10 mM MgCl2, 5 mM ATP, pH 7.2). The bound protein
was then eluted with 5-ml StrepTrap elution buffer (1X
BRB80, 20 mM imidazole, 2 mM β-mercaptoethanol, 0.2 mM
GTP, 3 mM desthiobiotin, pH 7.2). The StrepTrap eluate was
mixed with 4 mg of previously purified TEV protease (�8 mg/
ml stored in 40 mM Hepes, 150 mM KCl, 30%(w/v) glycerol,
1 mM MgCl2, 3 mM β-mercaptoethanol, pH 7.5) and incu-
bated for 2 h on ice. The TEV-digested protein solution was
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concentrated with an Amicon Ultra 50K MWCO centrifugal
filter unit (Millipore UFC901024) to 2 ml and loaded onto a
Superdex 200 Increase 10/300GL column equilibrated in the
size-exclusion buffer (1X BRB80, 5%(w/v) glycerol, 0.2 mM
GTP, 2 mM β-mercaptoethanol, pH 6.8). Tubulin was eluted
at �15 ml and concentrated to >3 mg/ml with an Amicon
Ultra 50K MWCO centrifugal filter unit. The purified tubulin
was snap-frozen in liquid nitrogen and stored at −80 �C. Tail-
less tubulin was eluted at �18 ml and concentrated with an
Amicon Ultra 30K MWCO centrifugal filter unit but otherwise
was purified the same way.

Methyltransferase assay

The activity of tSETD2-FLAG constructs was measured
using a Methyltransferase Fluorescence Assay Kit (Cayman
Chemical, 700150). This enzyme-coupled assay continuously
monitors SAM-dependent methyltransferase activity by
generating a fluorescent compound, resorufin, from the re-
action product AdoHcy. Reaction mixtures of SETD2 with
the substrate were assayed in SETD2 gel filtration buffer
(50 mM NaPi, pH 7.2, 150 mM NaCl, 5 mM β-mercaptoe-
thanol, 5% glycerol). Fluorescence is analyzed with an exci-
tation wavelength of 530 to 540 nm and an emission
wavelength of 585 to 595 nm using a PHERAstar Plate
Reader (BMG LABTECH). A standard curve of resorufin
concentration and fluorescence was used to determine
concentration-dependent fluorescence. The initial velocities
of the reaction curves were obtained by linear regression and
used to calculate methyltransferase activity (Prism Version
8.1.1). Methylation activity is plotted for single experiments
over a total of n repeats.

Dimer or microtubule stabilization

Microtubule polymerization was inhibited by the addition of
50 μM of podophyllotoxin provided by Dan Sackett (Millipore
Sigma, P4405). Polymerized microtubules were made with
2.5 mg/ml porcine brain tubulin with 2 mM GTP and 2 mM
MgCl2 in BRB80 buffer and incubated at 37 �C for 45 min
100 μl of 10 μM taxol in BRB80 was added for at least 30 min
and incubated at 37 �C. Microtubules were then spun down at
15K rpm for 10 min at room temperature (RT) and then
resuspended in 100 μM taxol in BRB80. Microtubule stocks
were made at 2 mg/ml and then diluted to perform methyl-
transferase assay in BRB80.

MS

Purified single isoform tubulin and tSETD2-FLAG were
incubated at molar ratio of 5:1 with excess S-adenosylme-
thionine (Sigma Aldrich, 86867-01-8) for 2 h at RT. Cysteines
were reduced by adding 50 μl of 10 mM DTT and incubating
at 45 �C for 30 min. Samples were cooled to RT, and alkylation
of cysteines was achieved by incubating with 65 mM
2-chloroacetamide, under darkness, for 30 min at RT. An
overnight digestion with 1-μg sequencing grade, modified
chymotrypsin (Sigma Aldrich, 11418467001) was carried out
at 30 �C with constant shaking in a thermomixer. Digestion
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was stopped by acidification, and peptides were desalted using
Sep-Pak C18 cartridges using the manufacturer’s protocol
(Waters). Samples were completely dried using Vacufuge.
Resulting peptides were dissolved in 8 L of 0.1% formic acid/
2% acetonitrile solution, and 2 L of the peptide solution was
resolved on a nano-capillary reverse phase column (Acclaim
PepMap C18, 2 micron, 50 cm, ThermoScientific) using a 0.1%
formic acid/2% acetonitrile (buffer A) and 0.1% formic acid/
95% acetonitrile (buffer B) gradient at 300 nl/min over a period
of 180 min (2–22% buffer B in 110 min, 22–40% in 25 min,
40–90% in 5 min followed by holding at 90% buffer B for 5 min
and re-equilibration with buffer A for 25 min). The eluent was
directly introduced into Orbitrap Fusion Tribrid mass spec-
trometer (Thermo Scientific, San Jose, CA) using an Easy-
Spray Source. MS1 scans were acquired at 120K resolution
(automatic gain control target = 1 × 106; max ion trap =
50 ms). Data-dependent collision–induced dissociation MS/
MS spectra were acquired using Top speed method (3 s) after
each MS1 scan (new chemical entity �32%; automatic gain
control target 1 × 105; max ion trap 45 ms). Proteins were
identified by searching the MS/MS data against Homo sapiens
(UniProt; 20,353 reviewed entries; downloaded on June 29,
2019) using Proteome Discoverer (v2.4, Thermo Scientific).
Search parameters included MS1 mass tolerance of 10 ppm
and fragment tolerance of 0.2 Da; two missed cleavages were
allowed; carbamidomethylation of cysteine was considered
fixed modification and oxidation of methionine and deami-
dation of asparagine and glutamine were considered as po-
tential modifications. The false discovery rate was determined
using Percolator, and proteins/peptides with a false discovery
rate of ≤1% were retained for further analysis.
Pull-down assay

FLAG M2 beads were blocked with 3% bovine serum al-
bumin in PBS for 1 h and equilibrated in the reaction buffer
(tSETD2-FLAG gel filtration buffer: 50 mM NaPi, pH 7.2,
150 mM NaCl, 5 mM β-mercaptoethanol, 5% glycerol).
tSETD2-FLAG protein (WT or variants) was added at
20 μM with a putative binding partner for 2 h in the pres-
ence of SAM. For tubulin, 0.25 mg/ml of porcine tubulin
(Cytoskeleton, Inc.) was used, and for RNA Pol II, 10 μl of
HEK293 FreeStyle clarified lysate was used. Beads were spun
down, and the supernatant was collected as the fraction of
unbound substrate. The beads were then resuspended in the
reaction buffer to the total reaction volume, and the same
amount of supernatant and beads was added to SDS-PAGE
gel. Analysis of binding was conducted by Western blot
with the following antibodies: anti-FLAG (1:1000, A9469;
Sigma Aldrich), anti-tubulin E7 (1:1000, AB_528499; DSHB)
and/or TU-01 (1:1000, 625902; BioLegend), and anti-RNA
Pol II (1:1000, ab193468; Abcam), with secondary antibody
anti-mouse (1:1000, ADI-SAB-100-J; Enzo Life Science) or
anti-rabbit (1:1000, ADI-SAB-300-J; Enzo Life Science),
respectively. Binding was quantified by measuring the
background-subtracted intensity of each band with Fiji
ImageJ (65) as a fraction of the input intensity. Each
experiment was performed three times, independently.

Immunohistochemistry

COS7 (ATCC, CRL-1651) cells transiently expressing
tSETD2-FLAG constructs (Lipofectamine 2000 and Opti-
MEM) were fixed with 4% formaldehyde in PBS, treated with
50 mM NH4Cl in PBS to quench unreacted formaldehyde and
permeabilized with 0.2% Triton X-100 in PBS. Subsequently,
cells were blocked in the blocking solution (0.2% fish skin
gelatin in PBS). Primary antibodies against tubulin (1:2000,
AB_528499; DSHB) and FLAG (1:2000, ab205606; Abcam) and
secondary antibodies were applied in the blocking solution at
RT for 1 h each, washing in between with the blocking solu-
tion. Nuclei were stained with 10.9 μM 40,6-diamidino-2-
phenylindole and cover glasses were mounted in ProLong
Gold Antifade Mountant (Life Technologies). Images were
collected on an inverted epifluorescence microscope (Nikon
TE2000E) equipped with a 60×, 1.40 numerical aperture oil-
immersion objective and a 1.5× tube lens on a Photometrics
CoolSnap HQ camera driven by NIS-Elements (Nikon)
software.

Microtubule polymerization

Recombinant tubulin

We first prepared α1B/β3 microtubule seeds. Tubulin was
thawed, mixed with GMPCPP (final 1.5 mM), diluted to
�1.5 mg/ml with 1XBRB80 + 5% glycerol. Aggregates were
cleared by centrifugation at 90,000 rpm for 10 min at 4 �C
(TLA-120.1; Beckman Coulter), and then, microtubules were
polymerized by incubation of the supernatant at 37 �C for
30 min. The microtubules were pelleted at 90,000 rpm for
10 min at 37 �C (TLA120.1; Beckman Coulter) and re-
suspended in warm (37 �C) 1XBRB80 supplemented with
1 mM tris (2-carboxyethyl)phosphine. Next, we used these
microtubule seeds to polymerize GTP-bound α1B/β3-
tubulin. Another aliquot of recombinant tubulin was
thawed, diluted to a final concentration of �3 mg/ml
(1XBRB80, 33% glycerol, 1 mM GTP), and cleared by
centrifugation at 90,000 rpm for 10 min at 4 �C (TLA120.1;
Beckman Coulter). The supernatant was incubated at 37 �C
for 2 min and then mixed with GMPCPP seeds from the prior
step and incubated at 37 �C for 30 min. The microtubules
were pelleted by centrifugation at 90,000 rpm for 10 min at
37 �C (TLA120.1; Beckman Coulter). Microtubule pellets
were rinsed twice with 100-μl warm (37 �C) EM buffer (1×
BRB80, 1 mM DTT, 0.1 mM ATP, 0.05% Nonidet P-40)
before suspending in 30-μl cold EM buffer and then incu-
bated on ice for 1 h. After centrifugation at 90,000 rpm for
10 min at 4 �C, the supernatant containing depolymerized
GDP-tubulin (�2 mg/ml, measured by the Bradford assay)
was mixed with GMPCPP (final 2 mM) and then incubated
on ice for 10 min. After an incubation at 37 �C for 2 min, the
protein solution was mixed with 30-μl warm (37 �C) EM
buffer followed by 37 �C incubation for another 1 h. The
polymerized GMPCPP-microtubules were pelleted by
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90,000 rpm for 10 min at 37 �C (TLA120.1; Beckman
Coulter) and suspended in warm (37 �C) EM buffer.

Cryo-EM grid preparation and imaging

GMPCPP-microtubules were diluted to �0.25 mg/ml in EM
buffer. Microtubules were applied to a glow discharged
Quantifoil R1.3/1.3 300 mesh copper grid (Electron Micro-
scopy Sciences, 350CR1.3) in the chamber of a Vitrobot
(Thermo Fisher) set to 25 �C and 100% relative humidity.
Microtubules were allowed to adhere to the grid for 30 s, and
the grid was then blotted for 4 s and plunged into ethane.
Tubulin dimers were prepared in 25 mM Tris (pH 7.5),
200 mM NaCl, 1 mM MgCl2, and 1 mM EGTA and were
diluted to 2 mg/ml and applied to the cryo-EM grid in the
same manner, however, without a wait time. Micrographs were
collected on a Talos Arctica electron microscope operated at
200 kV equipped with Gatan K2 direct electron detectors.
Micrographs were collected in the counting mode using
Leginon (66) with a nominal magnification of 45,000×, giving a
final pixel size of 0.91 Å per pixel. 40 frames of 200 ms each
were collected with a defocus range from −1.24 to −1.72 μm at
a dose rate of 5.373 e−/Å2/sec for a total dose of 42.90 e-/Å2.
MotionCorr 2.0 (67) was used for frame alignment.

Data availability

All data are contained in the article with the exception of the
raw mass spectrometry data that are deposited at https://osf.
io/m62x7/.

Supporting information—This article contains supporting
information.

Acknowledgments—We would like to thank Venkatesha Basrur,
Alexey Nesvizhskii, and the Proteomics Resource Facility (PRF) at
the University of Michigan, Department of Pathology, for con-
ducting and analyzing the mass spectrometry experiments. We
would like to thank Somaye Badieyan for assistance with taxol and
podophyllotoxin studies. We also acknowledge the generous gifts of
αTub1B/βTub3 plasmids and advice on protein expression and
purification from Tarun Kapoor and members of his laboratory at
the Rockefeller University. We also thank Dan Sackett at the Na-
tional Institutes of Health for advice on podophyllotoxin. We also
thank Bruce Palfey for a helpful discussion of enzyme kinetics. This
work was supported by NIH Grant UL1TR002240 to the Michigan
Institute for Clinical and Health Research (MICHR).

Author contributions—S. K., F. M. M., I. Y. P., K. J. V., and M. A. C.
conceptualization; S. K., K. J. V., and M. A. C. data curation; S. K.
and F. M. M. formal analysis; S. K. validation; S. K. investigation;
S. K. visualization; S. K., F. M. M., K. J. V., and M. A. C. method-
ology; S. K. writing-original draft; S. K., F. M. M., W. K. R., C. W., K.
J. V., and M. A. C. writing–review and editing; F. M. M., W. K. R., K.
J. V., and M. A. C. supervision; W. K. R., C. W., K. J. V., and M. A. C.
resources; W. K. R., C. W., K. J. V., and M. A. C. project adminis-
tration; C. W. and K. J. V. funding acquisition.

Funding and additional information—S. K. is funded by Graduate
Assistance in Areas of National Need (P200A150164) and the
12 J. Biol. Chem. (2021) 297(1) 100898
Chemical Biology Interface Training Grant from the NIH
(5T32GM008597-22). This work was supported by NIH Grants
R01GM070862 and R35GM131744 to K. J. V. The content is solely
the responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ccRCC, clear cell renal
cell carcinoma; CTD, C-terminal domain; CTT, C-terminal tail;
H3K36me3, histone-3 lysine 36 trimethylation; K40, lysine 40; NaPi,
sodium phosphate; PTMs, post-translational modifications;
R1625C, pathogenic arginine-to-cysteine mutation at position 1625;
R2510H, arginine-to-histidine mutation at position 2510; RNA Pol
II, RNA polymerase II; SETD2, SET domain containing 2; SRI,
Set2–Rpb1–interacting; TEV, tobacco etch virus; tSETD2, trun-
cated form of WT SETD2; tSETD2-FLAG, FLAG-tagged version of
tSETD2; αTAT, α-tubulin acetyltransferase; αTubK40, α-tubulin at
K40; αTubK40me3, methylation at lysine 40 of α-tubulin; αβ-
tubulin(αK40A), αβ-tubulin dimers with a mutation of K40 to
alanine; αβ-tubulin(ΔαCTT), αβ-tubulin proteins containing trun-
cations of the CTTs of α-tubulin; αβ-tubulin(ΔβCTT), αβ-tubulin
proteins containing truncations of the CTTs of β-tubulin.

References

1. Verhey, K. J., and Gaertig, J. (2007) The tubulin code. Cell Cycle 6, 2152–
2160

2. Gadadhar, S., Bodakuntla, S., Natarajan, K., and Janke, C. (2017) The
tubulin code at a glance. J. Cell Sci. 130, 1347–1353

3. Roll-Mecak, A. (2019) How cells exploit tubulin diversity to build
functional cellular microtubule mosaics. Curr. Opin. Cell Biol. 56,
102–108

4. Leandro-García, L. J., Leskelä, S., Landa, I., Montero-Conde, C., López-
Jiménez, E., Letón, R., Cascón, A., Robledo, M., and Rodríguez-Antona, C.
(2010) Tumoral and tissue-specific expression of the major human
-tubulin isotypes. Cytoskeleton 67, 214–223

5. Edmunds, J. W., Mahadevan, L. C., and Clayton, A. L. (2008) Dynamic
histone H3 methylation during gene induction: HYPB/Setd2 mediates all
H3K36 trimethylation. EMBO J. 27, 406–420

6. Li, J., Duns, G., Westers, H., Sijmons, R., Van Den Berg, A., and Kok, K.
(2016) SETD2: An epigenetic modifier with tumor suppressor function-
ality. Oncotarget 7, 50719–50734

7. Hu, M., Sun, X.-J., Zhang, Y.-L., Kuang, Y., Hu, C.-Q., Wu, W.-L., Shen,
S.-H., Du, T.-T., Li, H., He, F., Xiao, H.-S., Wang, Z.-G., Liu, T.-X., Lu, H.,
Huang, Q.-H., et al. (2010) Histone H3 lysine 36 methyltransferase Hypb/
Setd2 is required for embryonic vascular remodeling. Proc. Natl. Acad.
Sci. U. S. A. 107, 2956–2961

8. Fontebasso, A. M., Schwartzentruber, J., Khuong-Quang, D.-A., Liu, X.-
Y., Sturm, D., Korshunov, A., Jones, D. T. W., Witt, H., Kool, M.,
Albrecht, S., Fleming, A., Hadjadj, D., Busche, S., Lepage, P., Montpetit,
A., et al. (2013) Mutations in SETD2 and genes affecting histone H3K36
methylation target hemispheric high-grade gliomas. Acta Neuropathol.
125, 659–669

9. Zhu, X., He, F., Zeng, H., Ling, S., Chen, A., Wang, Y., Yan, X., Wei, W.,
Pang, Y., Cheng, H., Hua, C., Zhang, Y., Yang, X., Lu, X., Cao, L., et al.
(2014) Identification of functional cooperative mutations of SETD2 in
human acute leukemia. Nat. Genet. 46, 287–293

10. Mar, B. G., Chu, S. H., Kahn, J. D., Krivtsov, A. V., Koche, R., Cas-
tellano, C. A., Kotlier, J. L., Zon, R. L., McConkey, M. E., Chabon, J.,
Chappell, R., Grauman, P. V., Hsieh, J. J., Armstrong, S. A., and
Ebert, B. L. (2017) SETD2 alterations impair DNA damage recogni-
tion and lead to resistance to chemotherapy in leukemia. Blood 130,
2631–2641

https://osf.io/m62x7/
https://osf.io/m62x7/
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref1
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref1
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref2
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref2
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref3
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref3
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref3
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref4
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref4
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref4
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref4
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref5
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref5
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref5
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref6
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref6
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref6
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref7
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref7
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref7
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref7
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref7
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref8
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref8
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref8
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref8
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref8
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref8
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref9
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref9
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref9
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref9
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref10
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref10
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref10
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref10
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref10
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref10


Tubulin methylation by SETD2
11. Kim, I.-K., McCutcheon, J. N., Rao, G., Liu, S. V., Pommier, Y., Skrzypski,
M., Zhang, Y.-W., and Giaccone, G. (2019) Acquired SETD2 mutation
and impaired CREB1 activation confer cisplatin resistance in metastatic
non-small cell lung cancer. Oncogene 38, 180–193

12. Le, V. H., and Hsieh, J. J. (2018) Genomics and genetics of clear cell renal
cell carcinoma: A mini-review. World J. Urol. 36, 1899–1911

13. Dalgliesh, G. L., Furge, K., Greenman, C., Chen, L., Bignell, G., Butler, A.,
Davies, H., Edkins, S., Hardy, C., Latimer, C., Teague, J., Andrews, J.,
Barthorpe, S., Beare, D., Buck, G., et al. (2010) Systematic sequencing of
renal carcinoma reveals inactivation of histone modifying genes. Nature
463, 360–363

14. Hakimi, A. A., Chen, Y.-B., Wren, J., Gonen, M., Abdel-Wahab, O.,
Heguy, A., Liu, H., Takeda, S., Tickoo, S. K., Reuter, V. E., Voss, M. H.,
Motzer, R. J., Coleman, J. A., Cheng, E. H., Russo, P., et al. (2013) Clinical
and pathologic impact of select chromatin-modulating tumor suppressors
in clear cell renal cell carcinoma. Eur. Urol. 63, 848–854

15. Ho, T. H., Choueiri, T. K., D’Amelio, A., Hsieh, J., De Souza, P. L., Deen,
K. C., Langmuir, P. B., Liu, Y., and Motzer, R. J. (2014) The effect of
SETD2 mutation (mts) on histone 3 lysine 36 tri-methylation
(H3K36me3) and correlation with clinical outcome in patients (pts)
with metastatic clear cell renal cell carcinoma (ccRCC) enrolled in
COMPARZ. J. Clin. Oncol. 32, 4583

16. Liu, W., Fu, Q., An, H., Chang, Y., Zhang, W., Zhu, Y., Xu, L., and Xu, J.
(2015) Decreased expression of SETD2 predicts unfavorable prognosis in
patients with nonmetastatic clear-cell renal cell carcinoma. Medicine 94,
e2004

17. Liu, L., Guo, R., Zhang, X., Liang, Y., Kong, F., Wang, J., and Xu, Z. Loss
of SETD2, but not H3K36me3, correlates with aggressive clinicopatho-
logical features of clear cell renal cell carcinoma patients. Bio Sci. Trends.
11:214-220

18. Hacker, K. E., Fahey, C. C., Shinsky, S. A., Chiang, Y.-C. J., DiFiore, J. V.,
Jha, D. K., Vo, A. H., Shavit, J. A., Davis, I. J., Strahl, B. D., and Rathmell,
W. K. (2016) Structure/function analysis of recurrent mutations in
SETD2 protein reveals a critical and conserved role for a SET domain
residue in maintaining protein stability and histone H3 Lys-36 trime-
thylation. J. Biol. Chem. 291, 21283–21295

19. Park, I. Y., Powell, R. T., Tripathi, D. N., Dere, R., Ho, T. H., Blasius, T. L.,
Chiang, Y. C., Davis, I. J., Fahey, C. C., Hacker, K. E., Verhey, K. J.,
Bedford, M. T., Jonasch, E., Rathmell, W. K., and Walker, C. L. (2016)
Dual chromatin and cytoskeletal remodeling by SETD2. Cell 166, 950–
962

20. Chiang, Y.-C., Park, I. Y., Rathmell, W. K., Walker, C. L., and Ohi, R.
(2018) SETD2 haploinsufficiency for microtubule methylation is an early
driver of genomic instability in renal cell carcinoma. Cancer Res. 78,
3135–3146

21. Zheng, W., Ibáñez, G., Wu, H., Blum, G., Zeng, H., Dong, A., Li, F.,
Hajian, T., Allali-Hassani, A., Amaya, M. F., Siarheyeva, A., Yu, W.,
Brown, P. J., Schapira, M., Vedadi, M., et al. (2012) Sinefungin derivatives
as inhibitors and structure probes of protein lysine methyltransferase
SETD2. J. Am. Chem. Soc. 134, 18004–18014

22. Li, M., Phatnani, H. P., Guan, Z., Sage, H., Greenleaf, A. L., and Zhou, P.
(2005) Solution structure of the Set2-Rpb1 interacting domain of human
Set2 and its interaction with the hyperphosphorylated C-terminal domain
of Rpb1. Proc. Natl. Acad. Sci. U. S. A. 102, 17636–17641

23. Yu, N., Signorile, L., Basu, S., Ottema, S., Lebbink, J. H. G., Leslie, K.,
Smal, I., Dekkers, D., Demmers, J., and Galjart, N. (2016) Isolation of
functional tubulin dimers and of tubulin-associated proteins from
mammalian cells. Curr. Biol. 26, 1728–1736

24. Ti, S.-C., Alushin, G. M., and Kapoor, T. Human β-tubulin isotypes
determine microtubule protofilament number. Dev. Cell. 47:175-190.e5

25. Ti, S.-C., Wieczorek, M., and Kapoor, T. M. (2020) Purification of affinity
tag-free recombinant tubulin from insect cells. STAR Protoc. 1, 100011

26. L’Hernault, S. W., and Rosenbaum, J. L. (1985) Chlamydomonas .alpha.-
tubulin is posttranslationally modified by acetylation on the .epsilon.-
amino group of a lysine. Biochemistry 24, 473–478

27. LeDizet, M., and Piperno, G. (1987) Identification of an acetylation site
of Chlamydomonas alpha-tubulin. Proc. Natl. Acad. Sci. U. S. A. 84,
5720–5724
28. Davenport, A. M., Collins, L. N., Chiu, H., Minor, P. J., Sternberg, P. W.,
and Hoelz, A. (2014) Structural and functional characterization of the α-
tubulin acetyltransferase MEC-17. J. Mol. Biol. 426, 2605–2616

29. Li, L., and Yang, X. J. (2015) Tubulin acetylation: Responsible enzymes,
biological functions and human diseases. Cell. Mol. Life Sci. 72, 4237–
4255

30. Li, C., Diao, F., Qiu, D., Jiang, M., Li, X., Han, L., Li, L., Hou, X., Ge, J.,
Ou, X., Liu, J., and Wang, Q. (2018) Histone methyltransferase SETD2 is
required for meiotic maturation in mouse oocyte. J. Cell. Physiol. 234,
661–668

31. Li, C., Huang, Z., and Gu, L. (2020) SETD2 reduction adversely affects the
development of mouse early embryos. J. Cell. Biochem. 121, 797–803

32. Eram, M. S., Kuznetsova, E., Li, F., Lima-fernandes, E., Kennedy, S.,
Chau, I., Arrowsmith, C. H., Schapira, M., and Vedadi, M. (2015)
Kinetic characterization of human histone H3 lysine 36 methyl-
transferases, ASH1L and SETD2. Biochim. Biophys. Acta 1850,
1842–1848

33. Jordan, M. A., Thrower, D., and Wilson, L. (1992) Effects of vinblastine,
podophyllotoxin and nocodazole on mitotic spindles. Implications for the
role of microtubule dynamics in mitosis. J. Cell Sci. 102, 401–416

34. Ojima, I., Chakravarty, S., Inoue, T., Lin, S., He, L., Horwitz, S. B., Kuduk,
S. D., and Danishefsky, S. J. (1999) A common pharmacophore for
cytotoxic natural products that stabilize microtubules. Proc. Natl. Acad.
Sci. U. S. A. 96, 4256–4261

35. Rebehmed, J., Revy, P., Faure, G., de Villartay, J.-P., and Callebaut, I.
(2014) Expanding the SRI domain family: A common scaffold for binding
the phosphorylated C-terminal domain of RNA polymerase II. FEBS Lett.
588, 4431–4437

36. Chen, K., Liu, J., Liu, S., Xia, M., Zhang, X., Han, D., Jiang, Y., Wang,
C., and Cao, X. (2017) Methyltransferase SETD2-mediated methylation
of STAT1 is critical for interferon antiviral activity. Cell 170, 492–506.
e14

37. Soppina, V., Herbstman, J. F., Skiniotis, G., and Verhey, K. J. (2012)
Luminal localization of α-tubulin K40 acetylation by cryo-EM analysis of
fab-labeled microtubules. PLoS One 7, e48204

38. Eshun-Wilson, L., Zhang, R., Portran, D., Nachury, M. V., Toso, D., Lohr,
T., Vendruscolo, M., Bonomi, M., Fraser, J. S., and Nogales, E. (2019)
Effects of alpha-tubulin acetylation on microtubule structure and stabil-
ity. Proc. Natl. Acad. Sci. U. S. A. 116, 10366–10371

39. Akella, J. S., Wloga, D., Kim, J., Starostina, N. G., Lyons-Abbott, S.,
Morrissette, N. S., Dougan, S. T., Kipreos, E. T., and Gaertig, J. (2010)
MEC-17 is an α-tubulin acetyltransferase. Nature 467, 218–222

40. Shida, T., Cueva, J. G., Xu, Z., Goodman, M. B., and Nachury, M. V.
(2010) The major α-tubulin K40 acetyltransferase αTAT1 promotes rapid
ciliogenesis and efficient mechanosensation. Proc. Natl. Acad. Sci. U. S. A.
107, 21517–21522

41. Kormendi, V., Szyk, A., Piszczek, G., and Roll-Mecak, A. (2012) Crystal
structures of tubulin acetyltransferase reveal a conserved catalytic core
and the plasticity of the essential N terminus. J. Biol. Chem. 287, 41569–
41575

42. Szyk, A., Deaconescu, A. M., Spector, J., Goodman, B., Valenstein, M. L.,
Ziolkowska, N. E., Kormendi, V., Grigorieff, N., and Roll-Mecak, A.
(2014) Molecular basis for age-dependent microtubule acetylation by
tubulin acetyltransferase. Cell 157, 1405–1415

43. Coombes, C., Yamamoto, A., McClellan, M., Reid, T. A., Plooster, M.,
Luxton, G. W. G., Alper, J., Howard, J., and Gardner, M. K. (2016)
Mechanism of microtubule lumen entry for the α-tubulin acetyl-
transferase enzyme αTAT1. Proc. Natl. Acad. Sci. U. S. A. 113, E7176–
E7184

44. Ly, N., Elkhatib, N., Bresteau, E., Piétrement, O., Khaled, M., Magiera, M.
M., Janke, C., Le Cam, E., Rutenberg, A. D., and Montagnac, G. (2016)
αtAT1 controls longitudinal spreading of acetylation marks from open
microtubules extremities. Sci. Rep. 6, 1–10

45. Boggs, A. E., Vitolo, M. I., Whipple, R. A., Charpentier, M. S., Goloubeva,
O. G., Ioffe, O. B., Tuttle, K. C., Slovic, J., Lu, Y., Mills, G. B., and Martin,
S. S. (2015) α-Tubulin acetylation elevated in metastatic and basal-like
breast cancer cells promotes microtentacle formation, adhesion, and
invasive migration. Cancer Res. 75, 203–215
J. Biol. Chem. (2021) 297(1) 100898 13

http://refhub.elsevier.com/S0021-9258(21)00698-0/sref11
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref11
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref11
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref11
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref12
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref12
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref13
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref13
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref13
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref13
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref13
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref14
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref14
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref14
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref14
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref14
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref16
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref16
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref16
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref16
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref18
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref18
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref18
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref18
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref18
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref18
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref19
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref19
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref19
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref19
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref19
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref20
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref20
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref20
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref20
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref21
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref21
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref21
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref21
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref21
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref22
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref22
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref22
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref22
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref23
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref23
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref23
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref23
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref25
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref25
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref26
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref26
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref26
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref27
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref27
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref27
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref28
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref28
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref28
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref29
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref29
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref29
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref30
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref30
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref30
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref30
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref31
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref31
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref33
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref33
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref33
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref34
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref34
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref34
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref34
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref35
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref35
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref35
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref35
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref36
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref36
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref36
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref36
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref37
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref37
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref37
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref38
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref38
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref38
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref38
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref39
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref39
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref39
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref40
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref40
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref40
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref40
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref41
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref41
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref41
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref41
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref42
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref42
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref42
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref42
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref43
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref43
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref43
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref43
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref43
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref44
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref44
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref44
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref44
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref45
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref45
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref45
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref45
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref45


Tubulin methylation by SETD2
46. Lee, C. C., Cheng, Y. C., Chang, C. Y., Lin, C. M., and Chang, J. Y. (2018)
Alpha-tubulin acetyltransferase/MEC-17 regulates cancer cell migration
and invasion through epithelial–mesenchymal transition suppression and
cell polarity disruption. Sci. Rep. 8, 17477

47. Yoh, S. M., Cho, H., Pickle, L., Evans, R. M., and Jones, K. A. (2007) The
Spt6 SH2 domain binds Ser2-P RNAPII to direct Iws1-dependent mRNA
splicing and export. Genes Dev. 21, 160–174

48. [preprint] Cermakova, K., Smith, E. A., Veverka, V., and Hodges, H. C.
(2019) Dynamics of transcription-dependent H3K36me3 marking by the
SETD2:IWS1:SPT6 ternary complex. bioRxiv. https://doi.org/10.1101/
636084

49. Kizer, K. O., Phatnani, H. P., Shibata, Y., Hall, H., Greenleaf, A. L., and
Strahl, B. D. (2005) A novel domain in Set2 mediates RNA polymerase II
interaction and couples histone H3 K36 methylation with transcript
elongation. Mol. Cell. Biol. 25, 3305–3316

50. Vojnic, E., Simon, B., Strahl, B. D., Sattler, M., and Cramer, P. (2006)
Structure and carboxyl-terminal domain (CTD) binding of the Set2 SRI
domain that couples histone H3 Lys36 methylation to transcription. J.
Biol. Chem. 281, 13–15

51. Kanu, N., Grönroos, E., Martinez, P., Burrell, R. A., Yi Goh, X., Bart-
kova, J., Maya-Mendoza, A., Mistrík, M., Rowan, A. J., Patel, H.,
Rabinowitz, A., East, P., Wilson, G., Santos, C. R., McGranahan, N.,
et al. (2015) SETD2 loss-of-function promotes renal cancer branched
evolution through replication stress and impaired DNA repair. Onco-
gene 34, 5699–5708

52. Seervai, R. N. H., Jangid, R. K., Karki, M., Tripathi, D. N., Jung, S. Y.,
Kearns, S. E., Verhey, K. J., Cianfrocco, M. A., Millis, B. A., Tyska, M. J.,
Mason, F. M., Kimryn Rathmell, W., Park, I. Y., Dere, R., and Walker, C.
L. (2020) The Huntingtin-interacting protein SETD2/HYPB is an actin
lysine methyltransferase. Sci. Adv. 6, eabb7854

53. Prota, A. E., Magiera, M. M., Kuijpers, M., Bargsten, K., Frey, D., Wieser,
M., Jaussi, R., Hoogenraad, C. C., Kammerer, R. A., Janke, C., and
Steinmetz, M. O. (2013) Structural basis of tubulin tyrosination by
tubulin tyrosine ligase. J. Cell Biol. 200, 259–270

54. Liu, X., Wang, H., Zhu, J., Xie, Y., Liang, X., Chen, Z., Feng, Y., and
Zhang, Y. (2019) Structural insights into tubulin detyrosination by
vasohibins-SVBP complex. Cell Discov 5, 65

55. Li, F., Li, Y., Ye, X., Gao, H., Shi, Z., Luo, X., Rice, L. M., and Yu, H. (2020)
Cryo-EM structure of VASH1-SVBP bound to microtubules. Elife 9,
e58157

56. Li, F., Hu, Y., Qi, S., Luo, X., and Yu, H. (2019) Structural basis of tubulin
detyrosination by vasohibins. Nat. Struct. Mol. Biol. 26, 583–591
14 J. Biol. Chem. (2021) 297(1) 100898
57. Garnham, C. P., Vemu, A., Wilson-Kubalek, E. M., Yu, I., Szyk, A.,
Lander, G. C., Milligan, R. A., and Roll-Mecak, A. (2015) Multivalent
Microtubule Recognition by Tubulin Tyrosine Ligase-Like Family Glu-
tamylases HHS Public Access molecular basis for specificity among the
enzymes primarily responsible for chemically diversifying cellular mi-
crotubules. Cell 161, 1112–1123

58. Szyk, A., Deaconescu, A. M., Piszczek, G., and Roll-Mecak, A. (2011)
Tubulin tyrosine ligase structure reveals adaptation of an ancient fold to
bind and modify tubulin. Nat. Struct. Mol. Biol. 18, 1250–1258

59. Chin, H. G., Esteve, P.-O., Ruse, C., Lee, J., Schaus, S. E., Pradhan, S., and
Hansen, U. (2020) The microtubule-associated histone methyltransferase
SET8, facilitated by transcription factor LSF, methylates α-tubulin. J. Biol.
Chem. 295, 4748–4759

60. Peris, L., Wagenbach, M., Lafanechère, L., Brocard, J., Moore, A. T.,
Kozielski, F., Job, D., Wordeman, L., and Andrieux, A. (2009) Motor-
dependent microtubule disassembly driven by tubulin tyrosination. J. Cell
Biol. 185, 1159–1166

61. Barisic, M., Silva e Sousa, R., Tripathy, S. K., Magiera, M. M., Zaytsev, A.
V., Pereira, A. L., Janke, C., Grishchuk, E. L., and Maiato, H. (2015)
Mitosis. Microtubule detyrosination guides chromosomes during mitosis.
Science 348, 799–803

62. Liao, S., Rajendraprasad, G., Wang, N., Eibes, S., Gao, J., Yu, H., Wu, G.,
Tu, X., Huang, H., Barisic, M., and Xu, C. (2019) Molecular basis of
vasohibins-mediated detyrosination and its impact on spindle function
and mitosis. Cell Res. 29, 533–547

63. Ferreira, L. T., Orr, B., Rajendraprasad, G., Pereira, A. J., Lemos, C., Lima,
J. T., Guasch Boldú, C., Ferreira, J. G., Barisic, M., and Maiato, H. (2020)
α-Tubulin detyrosination impairs mitotic error correction by suppressing
MCAK centromeric activity. J. Cell Biol. 219, e201910064

64. Ti, S.-C., Alushin, G. M., and Kapoor, T. M. (2018) Human β-tubulin
isotypes can regulate microtubule protofilament number and stability.
Dev. Cell. 47, 1–16

65. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch,
T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y.,White, D. J.,
Hartenstein, V., Eliceiri, K., Tomancak, P., et al. (2012) Fiji: An open-source
platform for biological-image analysis. Nat. Methods 9, 676–682

66. Suloway, C., Pulokas, J., Fellmann, D., Cheng, A., Guerra, F., Quispe, J.,
Stagg, S., Potter, C. S., and Carragher, B. (2005) Automated molecular
microscopy: The new Leginon system. J. Struct. Biol. 151, 41–60

67. Zheng, S. Q., Palovcak, E., Armache, J.-P., Verba, K. A., Cheng, Y., and
Agard, D. A. (2017) MotionCor2: Anisotropic correction of beam-induced
motion for improved cryo-electron microscopy. Nat. Methods 14, 331–332

http://refhub.elsevier.com/S0021-9258(21)00698-0/sref46
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref46
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref46
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref46
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref47
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref47
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref47
https://doi.org/10.1101/636084
https://doi.org/10.1101/636084
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref50
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref50
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref50
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref50
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref51
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref51
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref51
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref51
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref51
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref51
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref52
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref52
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref52
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref52
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref52
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref53
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref53
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref53
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref53
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref54
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref54
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref54
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref55
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref55
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref55
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref56
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref56
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref57
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref57
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref57
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref57
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref57
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref57
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref58
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref58
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref58
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref59
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref59
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref59
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref59
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref60
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref60
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref60
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref60
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref61
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref61
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref61
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref61
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref62
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref62
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref62
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref62
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref63
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref63
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref63
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref63
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref64
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref64
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref64
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref65
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref65
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref65
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref65
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref66
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref66
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref66
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref67
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref67
http://refhub.elsevier.com/S0021-9258(21)00698-0/sref67

	Molecular determinants for α-tubulin methylation by SETD2
	Results
	SETD2 methylates tubulin in vitro
	tSETD2 displays a higher activity toward tubulin dimers than microtubule polymer
	SETD2 does not methylate sites other than α-tubulin at K40
	An R2510H SRI-domain mutation alters tSETD2's ability to bind to and methylate tubulin
	Distinct residues in the SRI domain allow substrate selection for tubulin or RNA Pol II
	SETD2 recognizes tubulin via α-tubulin's CTT

	Discussion
	SETD2 methylation is restricted to K40 of α-tubulin
	Crosstalk between acetylation and methylation of α-tubulin K40
	The role of the SETD2 SRI domain in substrate binding
	Recognition of the α-tubulin CTT by SETD2
	Implications in cancer pathologies

	Experimental procedures
	Plasmids
	Purification
	SETD2
	αTub1B/βTub3 tubulin

	Methyltransferase assay
	Dimer or microtubule stabilization
	MS
	Pull-down assay
	Immunohistochemistry
	Microtubule polymerization
	Recombinant tubulin

	Cryo-EM grid preparation and imaging

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


