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The mitotic spindle, essential for segregating the sister chromatids into the two evolving daughter cells,
is composed of highly dynamic cytoskeletal filaments, the microtubules. The dynamics of microtubules
are regulated by numerous microtubule associated proteins. We identify here Developmentally
regulated GTP binding protein 1 (DRG1) as a microtubule binding protein with diverse microtubule-
associated functions. In vitro, DRG1 can diffuse on microtubules, promote their polymerization, drive
microtubule formation into bundles, and stabilize microtubules. HeLa cells with reduced DRG1 levels
show delayed progression from prophase to anaphase because spindle formation is slowed down.

To perform its microtubule-associated functions, DRG1, although being a GTPase, does not require
GTP hydrolysis. However, all domains are required as truncated versions show none of the mentioned
activities besides microtubule binding.

Microtubules are key cytoskeletal structures that play a vital role in a variety of cellular processes such as intra-
cellular trafficking, regulation of cell polarity, cell shape maintenance, and chromatid segregation during cell
division. Microtubules are polar assemblies built from «-/3-tubulin heterodimers, both of which are GTPases.
The most prominent aspect of microtubules is their dynamic instability: Microtubules can shift rapidly between
growth and shrinkage, especially at the plus tip. This instability is more pronounced during mitosis when the
mitotic spindle forms.

Several types of microtubules are found in the mitotic spindle. The microtubules of the kinetochore, a pro-
tein complex assembled on centromeric chromatin, connect the centrosome with the kinetochore. Usually
20-30 kinetochore microtubules are bundled into stable k-fibers, which mediate chromosomal movement. The
non-kinetochore microtubules are part of the spindle body, without being attached to the kinetochore. They are
important for separating the poles and mitotic spindle stability. Lastly, astral microtubules radiate from the cen-
trosomes toward the cell cortex and position the spindle (reviewed in detail in refs 1, 2).

In the presence of GTP, pure o/f tubulin dimers are sufficient to generate microtubules in vitro. In cells,
however, nucleating factors are additionally required (reviewed in detail in refs 1-3). For the mitotic spindle,
centrosomes are the most prominent nucleation centers but other nucleation pathways also exist. Microtubules
can nucleate around chromosomes, a process which is regulated by the small GTPase Ran. Additionally, microtu-
bules can nucleate from already existing microtubules within the spindle. These other pathways can predominate
if no centrosomes are present, e.g. during the second meiotic division in vertebrates, or when centrosomes are
artificially removed. However, these other pathways are also crucial for timely spindle assembly in the presence
of centrosomes. The additional nucleation pathways increase the probability that a microtubule finds a kineto-
chore by elevating microtubule density around chromosomes. In addition, other microtubule associated pro-
teins, and mechanical processes such as cell rounding, are also involved in spindle assembly and facilitate the
microtubule-kinetochore attachment during mitosis™2.

Several classes of microtubule-associated proteins are known. These include microtubule polymerases and
de-polymerases, nucleation factors, severing enzymes, microtubule bundling/crosslinking proteins, motor
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proteins that are essential to establish the bipolar array e.g. by sliding microtubules, microtubule capping/
end-binding/tracking factors and many more (reviewed in ref. 3). The further elucidation of unknown pathways
and factors involving microtubules is challenging due to a high degree of redundancy in mitotic spindle processes.
However, errors in chromosome segregation occur more often even when the functions of single factors are
removed. The presence of numerous diverse yet partially redundant factors and pathways most likely represents
an inbuilt security mechanism of the cell. Hence, it is crucial as well as challenging to identify such partially
redundant factors during spindle assembly and maintenance, which are deregulated in many disease contexts*-°.

Here, we identify Developmentally regulated GTP-binding protein 1 (DRG1) as a microtubule polymerase
that also bundles and stabilizes microtubules. Developmentally regulated GTP-binding proteins (DRGs) are a
deeply conserved group of proteins belonging to the subfamily of Obg GTPases’. They were independently iden-
tified in a variety of organisms in the 1990’s®-'%. DRGs are conserved from archaebacterial having one DRG
to eukaryotes from yeast to human, containing DRG1 and DRG2". Plants even have three DRGs'®. Beside the
canonical G-domain they do not share similarities with other known GTPases and their function is still largely
unclear. As DRGI is highly upregulated in mouse embryonic brain it was suggested to act as a developmental
factor’. However, DRGs are also expressed widely in adult tissue® 1> 1.

DRGs associate with DRG family regulatory proteins (DFRPs) which stabilize DRGs and prevent their ubig-
uitination and degradation by the proteasomes'® '°. Consistently, DRG1 is substantially downregulated after
DFRP1 knock-down. While DRG1 and DRG2 are highly similar (58% identity for human proteins), the two
DFRPs, DFRP1 and DFRP2 share only similarities in their DFRP domain. This domain is important for DRG
interaction but the binding area extends further?”. DFRP1 binds specifically to DRG1 while it is under debate
if DFRP2 binds exclusively to DRG2 or also to DRG1'% %21, Like other Obg GTPases, DRGI and its interac-
tion partner DFRP1 might be involved in translation because they co-sediment with polysomes'*-2? and bind
RNAs!”. However, the precise role of DRGL1 in the process is ambiguous. The crystal structure of the yeast DRG1
homolog, Rbgl (Ribosome binding GTPase 1), together with a C-terminal fragment of the yeast homolog of
DFRP1 (Tma46), shows that the canonical G-domain of the DRGs is interrupted by another domain, the SSD2L
domain?. DRG1 seems to have an intrinsic GTPase activity that does not necessarily need a GTPase activating
protein as is usually the case for most small GTPases!'® 2% 2, Potassium ions stimulate this activity as well as
DFRP1 binding. It is unclear whether DFRP1 functions as a GTPase activating protein as it binds opposite to
the GTP binding pocket suggesting it stimulates the GTPase activity differently e.g. by improving the affinity to
potassium ions. Despite their deep conservation, the functions of DRGs are still mostly unknown, though previ-
ous studies have suggested roles in development and cell growth® 242,

Here, we identify Developmentally regulated GTP-binding protein 1 (DRG1) as a microtubule binding pro-
tein. Using in vitro approaches, we show that DRG1 bundles and stabilizes microtubules. Furthermore, DRG1
can promote polymerization of microtubules. Consistent with this observation, DRG1 is involved in spindle
dynamics in human cells.

Results

DRG1 directly interacts with microtubules. DRGI has been recently shown to localize at the mitotic
spindle?, which raises the question whether the protein can interact with microtubules. To test this, Xenopus
laevis egg extracts, arrested in a mitotic state, were incubated with polymerized, taxol-stabilized microtubules.
After sedimentation of the microtubules by centrifugation, the tubulin-bound fraction was eluted with a high salt
buffer (Fig. 1a). Whereas DRGI and its interaction partner DFRP1 were not pelleted in the absence of microtu-
bules, both proteins were found in the pellet fraction in the presence of microtubules. Both, DRG1 and DFRP1
were eluted with high salt from microtubules indicating that they bind specifically to microtubules. Similar results
were obtained from experiments using HeLa nuclear extracts (Supplementary Fig. S1a, only the eluate is shown).
DRGI and DFRP1 can be pelleted with microtubules and eluted with high salt, similar to two known microtu-
bule-associated proteins MEL28/ELYS and chTOG, the human homolog of XMAP215. In contrast, we did not
find the chromatin-associated condensin subunit CAP-G and DFRP2 in the microtubule-bound fraction.

To test whether DRG1 and DRFP1 bind directly to microtubules we incubated taxol-stabilized microtu-
bules with recombinant DRG1, DRFP1 or DFRP2 (Fig. 1b and ¢, purified proteins are shown in Supplementary
Fig. S1b). Whereas DRG1 and DFRP1 pelleted with microtubules, DFRP2 and a negative control protein
remained in the supernatant. Addition of 500 mM NaCl to the incubation buffer prevented DRG1 and DFRP1
microtubule association indicating that the binding is specific and occurs via polar/charge interactions. Titration
of the microtubule amount in the microtubule pelleting assay showed that DRG1 can be saturated and has a dis-
sociation constant Ky, of 0.47 (4-/—0.05) uM at 1 uM DRG (Fig. 1d and e).

DRG1 diffuses on microtubules. To confirm and characterize DRG1 binding to microtubules further, we
used a total-internal-reflection-fluorescence (TIRF) microscopy-based assay to observe the DRG1 binding and
mobility with single-molecule resolution. We observed that DRGI interacted with microtubules in two different
ways (see methods and Fig. 2a): DRGI transiently bound to microtubules either in an immobile (green arrows)
or diffusive manner (cyan arrows). Note that fluorescent signals that appear as small horizontal stripes in the
kymographs of Fig. 2a are due to non-specific, transient encounters of larger molecules that diffuse in 3D and
come into proximity of the surface (Supplementary Fig. S2). Such events typically lasted only for one frame with
an image acquisition time of 0.1s. For the specific interactions, we analyzed the relative proportions of DRG1
binding modes as a function of the DRG1 concentration (Fig. 2b). With increasing DRGI1 concentrations from
80 pM to 40 nM, we observed an increase of the DRG1 fraction showing diffusive microtubule binding and,
conversely, a decrease in the proportion showing immobile binding. We calculated the average residence or dwell
time - i.e. the average time that a DRG1 molecule spends on the microtubule lattice — for the different popula-
tions. Note that the inverse of the average residence time is the off-rate constant. For the immobile DRG1 species,
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Figure 1. DRG1 and DFRP1 bind microtubules. (a) 4 uM taxol-stabilized microtubules (MTs) were incubated
with Xenopus cytostatic factor arrested (CSF) extract. Microtubules were co-sedimented together with MT-
binding proteins and eluted by 500 mM NaCl in CSF-XB buffer. The pellet and the elution were analyzed

by western blotting. (b) Recombinant Xenopus laevis DRG1 and DRFP1 as well as human DFRP2 were
incubated with 12 uM taxol-stabilized microtubules to test if the observed binding is direct. RanQ69L served
as a negative control (neg. ctrl.). S: supernatant, P: pellet. (c) Coomassie stainings of recombinant proteins in
binding experiments as in (b) were quantified using Image]. The columns represent the averages of the protein
fractions found in the pellet from at least three different experiments with the individual data points indicated.
(d) Recombinant Xenopus laevis DRG1 was incubated with different concentrations of taxol-stabilized
microtubules. (e) Coomassie staining of recombinant DRG1 from (d) was quantified using ImageJ and blotted
in dependence to the microtubule concentrations. The binding curve was fitted to the data points calculating a
Kp 0f 0.47 (+/—0.05) uM.

the average residence time decreased from about 125 to 55, while the residence time of the diffusive DRG1 pop-
ulation increased slightly with increasing DRG1 concentrations. Interestingly, different DRGI intensities visible
on the kymograph suggest that DRG1 may bind microtubules not only as a monomer but also as a multimer.
However, our signal-noise-ratio did not allow us to quantify oligomerization based on the fluorescence emission.

To test if the two binding modes represent different nucleotide binding states of DRG1, we repeated the exper-
iment in the presence of the non-hydrolysable GTP analogue GTP~S (Supplementary Fig. S3). DRG1 also bound
to microtubules in the presence of GTP~S. We did not see a significant difference in the proportions of the dif-
fusive versus the immobile DRG1 populations in comparison to experiments performed in the presence of GTP
suggesting that DRG1 binding to microtubules is not determined by the nucleotide state of DRGI. For the lower
concentrations of DRG1, the residence times of the immobile population of DRG1 decreased slightly in the pres-
ence of GTP~S compared to GTP. The diffusive movements on the microtubule lattice has also been observed for
the plus-end tracking protein EB1? or for the MCAK motor protein, a microtubule depolymerase that diffuses
on the microtubule to target both ends and performs its function there?. In both cases, the diffusion facilitates
“end-finding” of the microtubules and thus, increases the concentration of the proteins at the microtubule ends as
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Figure 2. DRGI interacts with the microtubule lattice in distinct binding modes. (a) Kymographs showing two
different binding modes (diffusion and immobile) of eGFP-DRG1 over four different concentrations (0.08 nM,
0.4nM, 4nM, 40nM). On top of each kymograph, the respective image of the rhodamine-labelled microtubule
is shown. Every kymograph represents a microtubule on its horizontal axis observed over time (vertical). (b)
The proportions of the different DRG1 binding populations are shown at the aforementioned concentrations.
(c) Residence times of diffusive and immobile DRG1 molecules on microtubule lattice are 12.0 0.8 s
(mean+S.E.M., 0.08nM), 12.4+0.95 (0.4nM), 11.1£0.9s (4nM), 5.4+ 0.6 s (40 nM) for the immobile
fraction and 2.2+ 0.2s (4nM) and 2.6 +- 0.5 s (40 nM) for the diffusive population. Color scheme: diffusion
(cyan), immobile (green). Exemplary events are pointed out by arrows.

compared to random diffusion in solution. We did not observe any preference for end binding on taxol-stabilized
microtubules (Fig. 2a). However, these microtubules do not have a GTP cap at the end. To mimic the GTP cap, we
used microtubules grown in the presence of GTP~S. However, also for these microtubules we did not observe a
qualitative difference in the binding behavior (Supplementary Fig. S4). Since microtubule binding did not depend
on the nucleotide state of DRG1 or the microtubules, the different behavior might be due to oligomerization of
DRGT1 or due to the interaction of different binding domains.

DRG1 binds microtubules via multiple regions. Having observed a direct microtubule interaction of
DRG1, we were wondering which domains of the protein are required for microtubule binding. DRG1 consists
of an N-terminal helix-turn-helix (HTH) motif, followed by the GTPase domain, which is interrupted by the
S5D2L domain; the TGS domain constitutes the C-terminal part of the protein®® (Fig. 3a). As observed in Fig. 1,
full-length DRG1 pelleted together with taxol-stabilized microtubules in a high salt sensitive manner (Fig. 3b).
The truncated proteins lacking the N-terminal HTH or the C-terminal TGS domain were similarly pelleted with
microtubules. A varying fraction, depending on the truncation, was also in the supernatant indicating a weaker
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Figure 3. Different DRGI domains interact with microtubules. (a) Scheme of DRGI indicating the different
domains. (b) Full-length and truncated versions of Xenopus laevis DRG1 were incubated and co-sedimented
with taxol-stabilized MTs as in Fig. 1b. (c) Full-length DRG1 and its truncated versions lacking both the HTH
and TGS domains were incubated and co-sedimented with taxol-stabilized MTs. (d) Coomassie stainings

of recombinant proteins in binding experiments as in (b) and (c) were quantified using Image]J. The column
represents the average of the protein fractions found in the pellet from three different experiments with the
individual data points indicated (e) Structure prediction of Xenopus DRG1 modeled with Swiss-Model*. Blue
color represents the positively charged surface and red the negative charges (£5 kT/e). Lower structure shows
a cartoon representing the different domains using the color code from (a). (f) Taxol-stabilized MTs were
digested by the protease subtilisin and employed in the co-sedimentation assay with full-length DRG1.

and differential association with microtubules (Fig. 3d). Interestingly, both the HTH and the TGS domain indi-
vidually bound microtubules whereas the isolated SSD2L domain did not show this association. We also detected
salt sensitive microtubule binding for a truncated DRG1 version lacking both the HTH and TGS domain, indicat-
ing that the GTPase domain of DRG1 also interacts with microtubules (Fig. 3c). These results show that several
domains of DRGI are able to bind microtubules. We modeled the Xenopus DRGL structure based on the avail-
able yeast Rbgl structure (Fig. 3e). When calculating the electrostatic surface potential, we found an extensive
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positively charged surface formed by parts of the TGS, the HTH, the S5D2L and the G-domain opposite of
the GTP-binding site as previously observed for Rbg1*. As microtubule-associated proteins often interact with
microtubules via positively charged domains this entire region might be the microtubule binding site of DRGI.

DRG1 binds to microtubules lacking the negatively charged C-terminus of tubulin. Many
microtubule-binding proteins bind tubulin via its acidic, negatively charged, unstructured C-terminus, which
is also the site of many posttranslational modifications?® . This C-terminus can be cleaved off by the protease
subtilisin. Repeating the microtubule co-sedimentation assay using subtilisin-digested microtubules showed that
DRGTI still bound tubulin lacking the negatively charged C-terminus although the binding affinity might have
been reduced (Fig. 3f).

DRG1 bundles microtubules. Since multiple domains of DRG1 were binding microtubules, we tested
whether DRG1 could bundle them. To this end, we incubated taxol-stabilized, fluorescently-labeled microtubules
with DRG1. Addition of 1 uM recombinant DRG1 induced microtubule bundling as observed by fluorescence
microscopy (Fig. 4a). Electron microscopy analysis confirmed microtubule bundling in the presence of DRG1
(Fig. 4b). This bundling activity is consistent with DRG1 having multiple microtubule binding sites.

DRG1 promotes microtubule polymerization. Many microtubule binding proteins regulate microtu-
bule dynamics®. When we added DRGI to a fluorescently-labeled tubulin solution provided below the critical
concentration for spontaneous microtubule growth®, we observed microtubule polymerization. A control with-
out DRG1 showed no microtubule growth (Fig. 4c). We confirmed this observation by light scattering experi-
ments: polymerization of tubulin at a relatively low concentration of 2.5 uM was observed when DRG1 was added
(Fig. 4d). Thus, DRGI is a GTPase that induces microtubule polymerization.

DRGL1 stabilizes microtubules. The bundling and polymerization activities of DRG1 could indicate that
DRG1 might also have a stabilizing effect on microtubules. To test whether DRG1 stabilizes microtubules, we
polymerized microtubules from a high concentration of tubulin (12 uM) in the presence or absence of DRG1
at 37 °C for one hour and afterwards placed the sample on ice for 30 minutes. Note that we did not use taxol.
Polymerized and stabilized microtubules were pelleted by centrifugation. The microtubules polymerized effi-
ciently under these conditions but disassembled upon placing on ice in the buffer control. In the presence of
DRG], microtubules remained in the polymerized state despite the incubation on ice (Fig. 5a). The effect was
dependent on the DRG1 concentration showing full microtubule stabilization at 5uM DRG1 (Supplementary
Fig. S5).

This in vitro stabilization effect was confirmed in HeLa cells stably expressing histone H2B-mCherry and
eGFP-tubulin. For this purpose, DRG1 expression was downregulated by siRNA for 72 hrs (Fig. 5b). Afterwards,
the cells were placed for one hour on ice which induced spindle disassembly in the mitotic population. Then,
warm medium was added and the re-growth of microtubules was analyzed by fixing and analyzing the samples
at different time points. Microtubules re-grew much slower in cells with reduced levels of DRG1 compared to the
control cells (Fig. 5¢c and d). Thus, mitotic spindles recover much faster after a cold shock in cells having endog-
enous DRG] levels suggesting that DRG1 either accelerates microtubule re-polymerization once warm medium
is added, or DRG1 prevents the complete disassembly of the spindle upon cold treatment. Noticeably, remnants
of the mitotic spindle are often observed in control cells after 1h on ice (insert Fig. 5d, 0 min) but less frequent
in cells lacking DRG1. These remnants might cause a faster re-assembly of the mitotic spindle. Both hypotheses
are in agreement with our in vitro findings that DRG1 promotes microtubule polymerization and stabilization.

The GTPase activity of DRGL1 is not necessary for its microtubule functions. DRGI is a member
of the small GTPase superfamily. To test whether its GTP binding and hydrolyzing activity is required for its
microtubule functions, we used a dominant positive Xenopus DRG1 mutant, with a P73V exchange in the G1 box
of the GTPase domain, which stabilizes the GTP-bound state’!, and a dominant negative mutant, DRG1 S78N,
which represents the GDP- bound or nucleotide free state of the GTPase?”?2. Both mutants were still able to bind
microtubules (Fig. 6a, Supplementary Fig. S6a), which is consistent with our observation that several domains
are able to bind microtubules on their own (Fig. 3b and d). This indicates that the GTPase activity of DRG1 is not
required for microtubule binding. Indeed, no difference was observed when GTP was replaced in the microtubule
pelleting assay by the non-hydrolysable analogue GTP~S (Supplementary Fig. S6b). This is consistent with the
TIRF based assays which showed not significant difference in DRG1 microtubule binding and mobility between
GTP and GTPAS (Fig. 2 and Supplementary Fig. S3).

The DRG1 S78N and P73V mutants are also able to polymerize tubulin (Fig. 6b, Supplementary Fig. S6¢) and
bundle (Fig. 6¢) as well as to stabilize microtubules (Fig. 6d). This suggests that DRG1 does not require its GTPase
activity for its microtubule-associated functions.

Full-length DRG1 is necessary to bundle, polymerize and stabilize microtubules. As shown
above, most truncated versions of DRG1 were capable of binding microtubules. We were curious to see if they
are also able to bundle, polymerize and stabilize microtubules. Therefore, we repeated the previously described
assays using the recombinant DRGI fragments. Fragments lacking the HTH, the TGS domain or both, as well as
the HTH, the TGS or the S5D2L domain individually were neither able to bundle microtubules (Supplementary
Fig. S7a), nor promoted polymerization (Supplementary Fig. S7b) nor stabilized them upon cold stress
(Supplementary Fig. S7¢) under the same conditions used for the wild-type (Figs 4 and 5a). It was observed before
in a different context that the full-length protein is necessary for its in vivo function®.
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Figure 4. DRGI bundles and polymerizes microtubules in vitro (a,b) 0.3 uM taxol-stabilized, Cy-3 labeled
MTs were incubated with 1 uM DRG1, BSA or buffer for 10 min at RT. Samples were analyzed by confocal
microscopy (a) or electron microscopy (b). (¢) 5uM tubulin (mixed in a 1:4 Cy3 labeled:unlabeled ratio)

were incubated with 1 mM GTP and 1 uM DRGI1, BSA or buffer for 30 min at 37 °C, fixed with BRB80 buffer
containing 0.25% glutaraldehyde, 10% glycerol and 0.1% Triton X-100, spun down on coverslips and post-
fixed with cold methanol. Samples were analyzed by confocal microscopy. MT only polymerized if DRG1 was
present. (d) Light-scattering experiments were carried out by mixing 2.5 uM tubulin, I mM GTP and 1 uM
DRGl in a 96-well plate which was followed by immediately measuring absorbance at 340 nm every 38 seconds
for 2:10hours.
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Figure 5. DRG1 stabilizes microtubules in the cold. (a) 12 uM tubulin was polymerized in the absence or
presence of 5uM DRG1 for 1 h at 37 °C and placed on ice for 30 min. MTs were then pelleted by centrifugation,
while free tubulin stays in the supernatant. Pellet and supernatant were analyzed by SDS-PAGE. The
quantification shows the tubulin fraction found in the pellet. Columns represent the average of five independent
experiments with the individual data points indicated. (b) Western blotting shows that DRG1 was knocked-
down in HeLa cells stably expressing histone H2B-mCherry and eGFP-tubulin by siRNA 72 h post-transfection.
(c) siRNA treated HeLa cells were placed 72 hrs after transfection on ice for 1 hour to induce MT disassembly.
Warm medium was then added to the cells which were fixed with 4% PFA at indicated time points. Maximum
intensity projections of Z-stacks from representative prometaphase cells at the given time points are shown. (d)
The spindle size in voxels was quantified in 20 random prometaphase cells (from 2 independent experiments)
per time point and siRNA (mean and SD are plotted). ***P < 0.001; **P < 0.01; *P < 0.01. Insert shows the
spindle size at 0 min enlarged.
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Figure 6. Microtubule binding, bundling, polymerization and stabilization activity of DRG1 does not require
GTP hydrolysis. (a) MT co-sedimentation with 12 uM taxol-stabilized microtubules and DRG1 WT, DRG1
S78N and DRG1 P73V. The quantification shows the fraction of the proteins in the pellet. Columns represent
the average of three independent experiments, individual data points are indicated. (b) MT-polymerization
assay was done as in Fig. 4 using 1 uyM DRG1 WT, S78N and P73V. (c) MT bundling assay was done as in Fig. 4
using 1 uM DRG1 WT, S78N and P73V. (d) DRG1 S78N and DRG1 P73V were employed in the microtubule
stabilization assay as in Fig. 5. The quantification shows the tubulin fraction found in the pellet. Columns
represent the average of four independent experiments, individual data points are indicated.

DRG1 impacts spindle dynamics in cells.  Our results show that DRG1 influences microtubule behav-
ior. To assess its impact on microtubule dynamics in cells, we analyzed HeLa cells stably expressing histone
H2B-mCherry and tubulin-eGFP while passing through mitosis. DRG1 expression was down-regulated by
siRNA. 24 hours post-transfection, live-cell imaging was carried out for 48 hours (Fig. 7a). Analysis of chromatin
features using the software CellCognition®? showed that the time from prophase to anaphase onset was extended
upon DRG1 downregulation as compared to the control conditions (Fig. 7b). Analyzing the spindle features
showed that a partial knock-down of DRG1 does not change the size or intensity of the spindle (data not shown),
but the time from aster to the anaphase spindle formation was extended (Fig. 7c).

Recently, Stolz et al.** introduced an assay to identify microtubule plus-end regulators: Inhibition of the
mitotic kinesin Eg5 by monastrol, which prevents centrosome separation in the beginning of mitosis, causes
monoaster formation. Stolz et al. observed that these monoasters are asymmetric if microtubule plus-end assem-
bly rates are increased and that this asymmetry can be rescued by low doses of taxol. We knocked down DRG1 by
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Figure 7. DRG1 regulates mitotic progression and spindle assembly in cells. (a) HeLa cells stably expressing
histone H2B-mCherry and tubulin-eGFP were transfected with siRNA oligonucleotides against DRG1 or

a control. The cells were imaged every 3 min for 48 h starting at 24 h post-transfection. (b) A cumulative
histogram of the timing from prophase to anaphase onset based on chromatin morphology (based on H2B-
mCherry) and (c) of the timing from aster formation to anaphase spindle (based on eGFP-tubulin) are shown.
Mean and SD from 3 independent experiments containing more than 150 cell trajectories per siRNA and
experiment are plotted.

siRNA and treated the cells with monastrol. Indeed, spindles in cells with reduced DRG1 level showed much more
asymmetric monoasters when compared to the control (Fig. 8a and b). This phenotype was also rescued by addi-
tion of low doses of taxol (Fig. 8c). This phenotype again suggests an involvement of DRG1 in spindle dynamics.

Discussion

The function of DRGI has been long debated. Considering its high evolutionary conservation, it was suggested
that DRGI has an important function in a fundamental cell biological process. We identify here that DRG1 is
involved in spindle assembly. DRG1 binds microtubules and can diffuse on the microtubule lattice in vitro. DRG1
promotes microtubule polymerization and bundling and stabilizes them. To perform these latter activities, DRG1
does not require GTP hydrolysis, but does require each of its domains as only the full-length protein is functional
in these assays. Consistent with these observations DRG1 is also involved in spindle dynamics in HeLa cells:
microtubules regrow faster after a cold shock induced disassembly if DRG1 is present; early mitotic progression
is extended if DRGI1 is downregulated and a high number of asymmetric monoasters forms upon monastrol
treatment in cells lacking DRG1.

DRGI binds directly to microtubules consistent with its previously shown localization at the mitotic spin-
dle®. The TGS and HTH domains of DRG1, as well as truncated versions of DRG1 lacking the TGS and/or HTH
domain are able to bind microtubules. The S5D2L domain alone is not sufficient to bind to microtubules; how-
ever, we cannot be certain that it is properly folded. Electrostatic surface potential analysis shows that DRG1 has
a highly positively charged surface stretching over the TGS, the HTH, the S5D2L and the G-domain opposite of
the GTP-binding site. Many microtubule binding proteins are highly positively charged. Therefore, this positively
charged region might be the binding region of DRG1 to microtubules. This would also explain why most of the
domains bind microtubules individually. The interaction of positively charged microtubule binding proteins with
microtubules usually occurs via the negatively charged C-terminus of tubulin. However, DRGL still binds to
microtubules lacking the C-terminal ends after subtilisin digestion indicating that this is not the major binding
site. Similarly, the drosophila non-claret disjunctional (Ncd) kinesin-like protein does not strictly depend on the
C-terminus of tubulin for microtubule interaction®.

In addition to binding microtubules as an immobile molecule, DRGI can also diffuse on the microtubule
lattice. This behavior resembles e.g. the microtubule depolymerase MCAK?”. MCAK functions at both ends of
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Figure 8. DRGI plays a role in spindle dynamics in vivo. (a) HeLa cells were seeded on glass coverslides and
transfected with DRG1 or control siRNA oligonucleotides. 72 h post-transfection cells were incubated with

70 uM monastrol with or without 2 nM taxol for 3 h¥, fixed and stained with antibodies against o-tubulin
(green) and anti-human centromere (magenta). DAPI in blue. (b,c) Quantitation of cells with asymmetric
asters. Z-Stacks from five to eight random positions per condition were acquired and quantified (4 independent
experiments for monastrol treatment (b) and two independent experiments (represented by the two dots/
squares) for monastrol treatment with rescue by taxol (c)). Between 15 and 98 cells with monopolar spindles
were evaluated per siRNA knockdown per experiment. Mean and SD are plotted. ***P < 0.001; **P < 0.01;
*P<0.01.

microtubules. Its random diffusion towards the ends enhances the chances that MCAK binds microtubule ends
compared to simple diffusion in solution. It is possible that DRG1 also targets to the microtubule ends of dynamic
microtubule to promote microtubule polymerization there. The proportion of the two different binding modes,
immobile and diffusive, depended on the concentration of DRG1. The lower the concentration, the more immo-
bile and the less diffusive DRG1 was. It is unlikely that the two different binding modes represent DRG1 in two
different nucleotide bound states, GTP-bound, GDP-bound or nucleotide free, as we observed similar propor-
tions of the two different binding modes in the presence of the non-hydrolysable GTP analogue GTP~S. The two
binding modes might perform different functions such as polymerization versus bundling, and could represent
different binding sites or different oligomeric states.

While the GTP hydrolysis is not necessary for the microtubule-related functions of DRG1 shown here, the
truncated versions of DRG1 have highly reduced or no bundling, polymerization or stabilization activity. It was
previously shown that the severe growth phenotype caused by triple deletion of the DRG1 and 2 homologs, Rbgl
and 2 together with the ATPase Slhl in yeast can be rescued by full-length Rbg1 but not by any of the tested
truncations.
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The polymerization, bundling and stabilization activities of DRG1 could be completely independent functions
or connected to each other: the bundling of microtubules could also stabilize them; the polymerization activity
could increase the amount of microtubules in a population that is in the growth phase and thereby stabilize them;
the bundling could increase polymerization by increasing the microtubule density close to DRGI. In this respect,
it is surprising that the GTPases - and 3-tubulin are directly regulated by another GTPase, DRG1, although not
using its GTP hydrolysis activity in this context.

Consistent with the biochemical assays, HeLa cell microtubules that were depolymerized on ice regrew faster
if DRG1 was present. This faster recovery can be either explained by the polymerization activity of DRG1 or by
the stabilization activity, which might stabilize small microtubule remnants that regrow faster afterwards when
cells were provided with fresh, warm medium. It was observed before that DRG1 shows some thermophilic
behavior: DRG1 hydrolyzes GTP over a wide range of temperatures with an optimum at 42 °C*. Maybe DRG1 is
also more active at cold temperatures compared to other proteins or performs its functions mainly under extreme,
stress-situations.

Microtubules have important functions in mitosis and interphase. Our in vitro data shows that DRGI has
many functions connected to microtubules but the assays cannot distinguish between mitotic and interphasic
functions. The cold shock experiment in HeLa cells suggests that DRG1 performs its function in the mitotic spin-
dle, which is confirmed by our observation that the timing from prophase to anaphase is extended in HeLa cells
when DRG1 was downregulated by siRNA. Cells treated with monastrol after DRG1 knock down showed a higher
proportion of asymmetric spindles compared to the control cells, and this phenotype could be rescued with low
doses of taxol. This effect was observed before when negative growth, plus tip regulators were downregulated®.
In our biochemical analysis, DRG1 promoted microtubule polymerization and acted rather as a positive growth
factor. It was shown before for XM AP215 that it can act as a microtubule polymerase or de-polymerase depending
on the conditions, like a classical metabolic enzyme catalyzing a reaction theoretically in both direction®>*. We
cannot exclude that this is also the case for DRG1. However, as we do not fully understand the reason for asym-
metric aster formation, it is more likely that the monastrol assay scores similarly for down-regulating positive and
negative regulators.

DRGI1 has been suggested to possess a function connected to ribosomes and translation as it co-fractionates
with ribosomes. Its function in this context is still not fully understood. The likely independent functions of
DRG] concerning microtubules and translation could be spatially or temporally regulated e.g. DRG1 might have
different functions during different cell cycle stages or one of the functions could be induced upon stress situa-
tions as previously suggested!®. Likewise, its function could be regulated by its binding partners.

Together, our analysis shows that DRG1 is a microtubule binding, bundling, polymerization and stabilization
factor. It does not need its GTPase activity to perform these functions. Truncated versions bind microtubules but
have highly reduced or none of the other activities. Downregulation of DRGI in HeLa cells indicated that the
protein is involved in mitotic spindle assembly. Deregulation of DRG1 was suggested to be involved in cancer
formation® and it is conceivable that the function of DRGI in mitotic spindle assembly is connected to this. It
is also possible that the microtubule function of DRGI is not limited to mitosis. How DRG1 potentially affects
interphase microtubule function is an interesting question awaiting detailed investigation.

Methods

Protein expression and purification.  Constructs for Xenopus laevis full-length DFRP1 and DRG1 as well
as DRGI fragments and human full-length DFRP2 were generated from a synthetic DNA optimized for codon
usage in E. coli (Geneart) and cloned into a pET28a vector or modified pET28a vectors with a SUMO or eGFP-
tag. Recombinant protein was expressed in E. coli and purified by Ni-affinity chromatography. For fluorescently
labeled DRG1, the eGFP-tag was N-terminal. For motility binding assays, the recombinant protein was further
purified by ion exchange chromatography (Tricorn High Performance Columns, Mono Q 5/50GL, GE). Proteins
were dialyzed against the individual assay buffers.

To gain dominant GTPase mutants, we designed point mutations in the GTPase domain by sequence align-
ment to other GTPases: to obtain a dominant-negative DRG1 mutant we mutated serine 78 to asparagine, which
is a conserved residue that causes a dominant negative mutant e.g. in the small GTPase Ran*” and in Rbg1%*%2,
To obtain a dominant-positive DRG1 mutant we exchanged proline 73 to valine according to the dominant pos-
itive mutant of the Streptomyces coelicolor GTPase Obg’!. The DRG1 S78N and P73V mutants were generated
by mutagenesis using the QuickChange site-directed mutagenesis kit (Agilent). DRG1 fragments used were aa
49-367 (AHTH), aa 1-293 (ATGS), aa 1-46 (HTH), aa 293-367 (TGS), aa 175-238 (S5D2L) and aa 49-293
(AHTHATGS), all based on the Xenopus laevis sequence and expressed as His¢-tagged protein from a pET28a
vector.

Antibodies. Polyclonal antibodies against full-length Xenopus and human His-DRG1, Xenopus His;- DFRP1
and Xenopus His,-SUMO-DFRP2A were raised in rabbits and used 1:1,000 in western blotting. Antibodies
against MEL28/ELYS?*® and chTOG? as well as CAP-G*° have been described previously. The 3-actin (A5441),
B-tubulin (T7816) and a-tubulin (DM1A) antibodies were obtained from Sigma and the centromere (CREST)
antibody (15-234) from Antibodies Incorporated.

Preparation of taxol-stabilized microtubules. To polymerize microtubules for the co-sedimentation
assay, porcine brain tubulin (Cytoskeleton, T240) was resuspended in BRB80 (80 mM PIPES, 1 mM MgCl,,
1 mM EGTA, pH 6.8) to 10 mg/ml. The microtubules were polymerized by adding 2mM GTP and incubation
for 30 minutes at 37 °C. Taxol was added to a final concentration of 20 uM. After 10 min incubation, the solution
was centrifuged for 10 min at 110,000 x g in a TLA120 rotor (Beckman) and 37 °C. The pellet was resuspended in
BRB80 + 20 uM taxol and the concentration was measured using a Bradford assay.
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Microtubules for the bundling assay were prepared in a slightly modified way*': 10 mg/ml unlabeled tubu-
lin, 2 mg/ml Cy3-labeled tubulin and 1 mM GTP were incubated at 37 °C for 30 minutes. The solution was then
diluted tenfold with BRB80 + 20 uM taxol, the microtubules were pelleted by centrifugation for 10 min at maxi-
mum speed in a 1.5 ml reaction tube centrifuge at RT and resuspended as above.

Microtubule binding assay with extracts. HeLa nuclear extracts (4 C Biotech) were diluted with CSF-
XB buffer (100 mM KCl, 0.1 mM CaCl,, 2mM MgCl,, 50 mM sucrose, 10 mM Hepes, 5mM EGTA, pH 7.7) to
1 mg/ml. CSF (cytostatic factor arrested)-Xenopus egg extracts were diluted 1:3 with CSF-XB buffer. After centrif-
ugation at 100,000 g for 10 min at 20 °C the supernatant was incubated with 2 uM taxol-stabilized microtubules
(for CSF extracts 4uM) at RT for 15 min in the presence of 1 mM GTP and 10 uM taxol. The samples were cen-
trifuged at 100,000 g for 10 min at 20 °C through a cushion of 40% glycerol in CSF-XB containing 20 uM taxol.
Pellets were resuspended in wash buffer (CSF-XB buffer containing 1 mM DTT, 1 mM GTP, and 20 uM taxol) and
spun for 10 min at 100,000 x g. The washing was repeated one more time. Microtubules binding proteins were
eluted with 500 mM NaCl and the pellet and eluate were analyzed by SDS-PAGE and immunoblotting.

Microtubule binding, bundling and polymerization assays with recombinant protein. The
microtubule binding, bundling and polymerization assays were done as in ref. 42. In short, recombinant protein
in CSF-XB buffer was incubated with 2mM GTP (or if indicated GTP~S), with or without 12 uM (or as indi-
cated) taxol-stabilized microtubules and with or without 500 mM NaCl in CSF-XB + 20 uM taxol for 15 min at
RT. Afterwards, the solution was spun for 10 min at 100,000 x g in a TLA100 rotor and 20 °C. The supernatant
and pellet were analyzed by SDS-PAGE. Coomassie staining of recombinant microtubule binding proteins was
quantified using Image].

For microtubule bundling, 0.1-0.3 uM Cy3-labeled microtubules*! were incubated with 1 uM recombinant
protein in 10 ul BRB80 buffer + 20 uM taxol for 10 minutes at RT. Samples were squashed between a coverslip
and slide without fixation and analyzed by confocal microscopy using a LSM780 Zeiss microscope equipped
with a Plan-Apochromat 63x/1.4 Oil DIC objective and 561nm-Diode Lasers. For electron microscopy, the sam-
ples were stained in 2% uranyl acetate. Images were acquired with a CMOS camera (TemCam-F416, TVIPS,
Gauting, Germany) mounted on a Tecnai Spirit (Thermo Fisher Scientific, Eindhoven, The Netherlands) operated
at 120kV.

For microtubule polymerization, 1 UM recombinant protein was incubated with 4 uM porcine brain tubulin
and 1 pM Cy3-labeled tubulin and 1 mM GTP for 30 min at 37 °C in BRB80 buffer. The samples were fixed in
400 ul BRB80 buffer containing 0.25% glutaraldehyde, 10% glycerol and 0.1% TritonX-100 for at least 10 min.
Samples were spun through 2ml 25% glycerol in BRB80 for 20 min at 4,600 x g in a Sorvall Heraeus 75002027 K
swing rotor and RT onto a coverslip. The coverslips were post-fixed with methanol at —20°C for 10 min, washed
with PBS and mounted with Mowiol. Samples were imaged by a LSM780 Zeiss equipped with a Plan-Apochromat
63x/1.4 Oil DIC objective and 561nm-Diode Lasers.

To digest the taxol-stabilized microtubules with subtilisin, the protease was added to 0.3 mg/ml for 3 hrs.
Another 0.3 mg/ml subtilisin were added after the first 90 minutes. The digestion was stopped by addition of
7mM PMSF and 1:19 of a protease inhibitor mix (10 mg/ml AEBSE, 0.2 mg/ml leupeptin, 0.1 mg/ml pepstatin,
0.2 mg/ml aprotinin) for 15min. Another 1:12 of protease inhibitor mix was added followed by 40 min of incuba-
tion. The microtubules were pelleted by centrifugation, washed several times and resuspended in BRB80 + 20 uM
taxol. (Concentrations of taxol-stabilized microtubules were decreased in the co-sedimentation assay to reach for
the same amount of subtilisin-digested and not digested microtubules).

Microtubule motility binding assay. For microtubule polymerization 20-30 pM porcine tubulin were
incubated with 5% DMSO, 4mM MgCl,, 1 mM ATP in BRB80 (pH 6.9) for 1h at 37°C. Upon finishing, BRB80
supplemented with 10 uM taxol was added to the reaction tube. Afterwards, the microtubules were spun down at
22 psi using a Beckman airfuge. The pellet was re-suspended in BRB80 containing 10 pM taxol.

The flow cell was constructed as described in ref. 43, but the surface was coated with Chlorotrimethylsilane
(MTS, Merck Millipore 102333). The flow channels were washed 4-5 times with sterile filtered BRB80 buffer,
followed by incubation with anti-8-tubulin (Sigma Aldrich, T7816) for 15-20 minutes at RT. Afterwards, the
channels were washed once with BRB80 and blocked using 1% Pluronic F-127 (Sigma-Aldrich, P2443) in BRB80
for 20-25 minutes, followed by 5 times washing with BRB80 and incubation with 10% rhodamine labelled
taxol-stabilized microtubules for 15 minutes. The assay buffer (BRB80, 112.5mM Casein, ] mM GTP, 20 mM
D-Glucose, 250 nM glucose oxidase, 134nM catalase, 0.5% 3-mercaptoethanol) containing the protein was added
after a quick wash of the channel. Samples were imaged at 25 °C on a home built total internal reflection fluores-
cence (TIRF) microscope combined with epifluorescence. The TIRF microscope was equipped with a sSCMOS
camera (Orca Flash 4.0, Hamamatsu Photonics) and an oil immersion TIRF objective (60x, Nikon). To visualize
DRG] binding, 40 s time-lapse videos were recorded at 10 fps using a continuous image acquisition mode at 100
ms exposure at various concentrations. The fluorophore/protein was excited using 488 laser line (Omicron, LuxX
488-100). Data was primarily processed using Fiji (http://fiji.sc/Fiji). The kymographs were generated by a custom
written macro, auto-contrasted, and analyzed for the two different populations. Within our resolution, one frac-
tion appeared to be immobile and one fraction showed diffusive interactions. The criteria for diffusion were that
interactions were longer than 0.3 s and appeared qualitatively as “wiggly lines”. The immobile fraction typically
also had extended durations and appeared stationary (“vertical lines” in the kymographs). The different popula-
tions were manually identified for each concentration from the kymographs. The error bars for the stacked col-
umns for DRG1 proportions were calculated based on a binomial distribution and the error is given by p;
(p;— 1)/-/N, where p; is the probability of one fraction in the whole population and N is the total number of
events. The residence time was also calculated from the kymographs and box plots were plotted with individual
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data points overlaid and 5-95 percentile whiskers including the median (horizontal line) and mean (black
square). The data was not corrected for bleaching.

Microtubule polymerization measured by light-scattering. The protocol for the light scattering
experiment was adapted from*%. 1 uM recombinant protein was mixed with 2.5 uM tubulin and 1 mM GTP in
polymerization buffer (80 mM PIPES, 2mM MgCl,, 0.5mM EGTA and 10% glycerol) in a total volume of 200 ul
in a 96-well plate with flat bottom. The absorbance at 340 nm and 37 °C was measured for up to 2:15 hrsin a
BioTek Synergy H4 Hybrid Multiplate reader. Data was collected every 38 seconds.

Microtubule stabilization in the cold. The protocol was adapted from**: tubulin (12 uM) was polymer-
ized in the absence or presence of recombinant protein (5uM or as indicated), GTP (1mM) and DTT (1 mM) in
BRB80 buffer for 1 h at 37 °C. Afterwards the sample was incubated on ice for 30 min, followed by centrifugation
at 312,000 x g for 20 min at 4 °C. The supernatant and pellet were analyzed by SDS-PAGE. Coomassie staining of
tubulin was quantified using Image].

Cell Culture and transfection. Cell culture experiments were performed according to ref. 45. HeLa cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2mM L-glutamine, 10%
fetal bovine serum (FBS) and 500 units/ml penicillin-streptomycin (all from Gibco). The H2B-mCherry and
tubulin-eGFP cell line*? was a gift from Daniel Gerlich (IMBA, Vienna) and was maintained in DMEM sup-
plemented with 2 mM L-glutamine, 10% fetal bovine serum (FBS) and additionally with 0.5 ug/ml puromycin
(Gibco) and 500 pg/ml G-418 (Geneticin; Life Technologies). The knockdown experiments were performed with
the following siRNA oligonucleotides: siDRG1-1 (HSS107061), 5-GAAGGCUUUGGCAUUCGCUUGAACA-3/,
siDRG1-2 (HSS181476), 5-CAGCACACCACUUAGGGCUGCUUAA-3', siDRG1-3 (HSS181477),
5-CCUGUAACUUGAUCUUGAUUGUUCU-3’ (Thermofisher), and AllStars negative control siRNA (from
Qiagen). HeLa cell suspensions were transfected with 40 nM siRNA using Lipofectamine RNAiMAX (Invitrogen)
according to the manufacturer’s instructions.

Live-cell imaging experiments. Live-cell imaging was adapted from**. HeLa H2B-mCherry and tubu-
lin-eGFP cells were transfected with siRNA oligonucleotides in 8-well p-slide chambers (Ibidi). The cells were
imaged for 48 h starting at 24 h post-transfection (approx.), using a Plan-Apochromat 20 x NA 0.8 objective and
a 488-nm and 561-nm diode lasers on a LSM 5 live confocal microscope (Zeiss) equipped with a heating and
CO, incubation system (Ibidi). ZEN software (Zeiss) was used to acquire images from seven 3.6-um-spaced
optical z-sections at various positions every 3 min. Then, single position files were generated from the maximum
intensity projections in ZEN and converted into image sequences with free licensed AxioVision software (LE64;
V4.9.1.0). Segmentation, annotation, classification and tracking of cells progressing through mitosis were per-
formed using the Cecog analyser (http://www.cellcognition.org/software/cecoganalyzer)®. The subsequent anal-
ysis was performed in Microsoft excel and GraphPad Prism. Three independent experiments were performed.

Cold shock regrowth experiments. HeLa cells expressing H2B-mCherry and tubulin-eGFP were seeded
on glass coverslides and transfected with siRNA oligonucleotides in 24-well well plates (Greiner Bio-One). 72h
post-transfection the cells were incubated on ice for 1h allowing to depolymerize spindle microtubules*. Then,
cold media was replaced with warm medium and the cells were incubated at 37 °C. The cells were fixed at indi-
cated times in 4% PFA after one wash with PBS. Afterwards, Z-Stacks (z-scaling 250 nm / Pinhole 26 ym) from ten
random prometaphase cells per siRNA, time point and experiment (n =2) were acquired using a LSM780 Zeiss
equipped with a Plan-Apochromat 63x/1.4 Oil DIC objective and 488nm-Argon and 561nm-Diode lasers. The
spindle size quantitation in voxels was obtained using Imaris (Bitplane) by absolute intensity based segmentation
of the tubulin-eGFP signal in the spindle. The data was exported as excel files and analyzed using GraphPad
Prism.

Evaluation of monoastral mitotic spindles. HeLa cells were seeded on glass coverslides and transfected
with siRNA oligonucleotides in 24-well well plates (Greiner Bio-One). 72 h post-transfection the cells were incu-
bated with 70 uM monastrol (Sigma) in the presence or absence of 2nM taxol for 3 h*, washed with PBS and
fixed for immunofluorescence with 4% PFA. For immunofluorescence staining samples were incubated for 1h in
blocking buffer (PBS + 0,1% Triton-X100 + 3% BSA). Afterwards the samples were incubated for 2 hrs at RT with
anti-a-tubulin (mouse DM1A; Sigma) and anti-human centromere (CREST) (Antibodies Incorporated 15-234)
antibodies. As secondary antibodies anti- Alexa-Fluor-488-anti-mouse and anti- Alexa-Fluor-647-anti-human
(Life technologies) were used (1h at RT). After staining with DAPI for 10 min, samples were mounted in mowiol
4-88 (Calbiochem). Z-Stacks (z-scaling 350 nm/Pinhole 25um) from five to eight random positions per siRNA
and condition were acquired using a LSM780 Zeiss equipped with a Plan-Apochromat 40x/1.3 Oil DIC M27
objective and 405nm-DPSS, 488nm-Argon and 633nm-Diode lasers. The quantification of asymmetric monop-
olar spindles is based on at least 4 independent experiments with monastrol treatment and on two independ-
ent experiments with monastrol and monastrol + taxol treatment. Per condition between 15 and 98 cells with
monopolar spindles were analyzed.

Statistical analysis for experiments in HeLa cells. When possible the data was tested for normality
by D’Agostino & Pearson omnibus normality test and the variances were compared using an F test (P < 0.05).
If a Gaussian distribution could be assumed for the data series and they had no significantly different variances,
a two-tailed student’s t-test was performed. If a Gaussian distribution could be assumed for the data series and
they had significantly different variances, a two-tailed student’s t-test with Welch’s correction was performed. If a
Gaussian distribution could not be assumed, a Mann-Whitney test was performed.

SCIENTIFICREPORTS |7: 9996 | DOI:10.1038/s41598-017-10088-5 14


http://www.cellcognition.org/software/cecoganalyzer

www.nature.com/scientificreports/

References

1.

2.

3.

w

[=2)

10.

11.

12.

13.

14.

15.
16.

17.

1

el

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

—

32

33.

34.

35.
36.

37.

38.

39.

Heald, R. & Khodjakov, A. Thirty years of search and capture: The complex simplicity of mitotic spindle assembly. J Cell Biol 211,
1103-1111, doi:10.1083/jcb.201510015 (2015).

Prosser, S. L. & Pelletier, L. Mitotic spindle assembly in animal cells: a fine balancing act. Nat Rev Mol Cell Biol 18, 187-201,
doi:10.1038/nrm.2016.162 (2017).

Petry, S. Mechanisms of Mitotic Spindle Assembly. Annu Rev Biochem 85, 659-683, doi:10.1146/annurev-biochem-060815-014528
(2016).

. Schneider, M. A. et al. AURKA, DLGAP5, TPX2, KIF11 and CKAPS5: Five specific mitosis-associated genes correlate with poor

prognosis for non-small cell lung cancer patients. International journal of oncology 50, 365-372, doi:10.3892/ij0.2017.3834 (2017).

. Kumar, M. et al. End Binding 1 (EB1) overexpression in oral lesions and cancer: A biomarker of tumor progression and poor

prognosis. Clinica chimica acta; international journal of clinical chemistry 459, 45-52, doi:10.1016/j.cca.2016.05.012 (2016).

. Du, Y. et al. TACC3 promotes colorectal cancer tumourigenesis and correlates with poor prognosis. Oncotarget 7, 41885-41897,

doi:10.18632/oncotarget.9628 (2016).
Leipe, D. D., Wolf, Y. L., Koonin, E. V. & Aravind, L. Classification and evolution of P-loop GTPases and related ATPases. ] Mol Biol
317,41-72, doi:10.1006/jmbi.2001.5378 (2002).

. Lee, E. H. et al. Molecular cloning of a novel GTP-binding protein induced in fish cells by rhabdovirus infection. FEBS Lett 429,

407-411 (1998).

Sazuka, T., Tomooka, Y., Ikawa, Y., Noda, M. & Kumar, S. DRG: a novel developmentally regulated GTP-binding protein. Biochem
Biophys Res Commun 189, 363-370 (1992).

Schenker, T., Lach, C., Kessler, B., Calderara, S. & Trueb, B. A novel GTP-binding protein which is selectively repressed in SV40
transformed fibroblasts. ] Biol Chem 269, 25447-25453 (1994).

Shimmin, L. C. & Dennis, P. P. Characterization of the L11, L1, L10 and L12 equivalent ribosomal protein gene cluster of the
halophilic archaebacterium Halobacterium cutirubrum. EMBO ] 8, 1225-1235 (1989).

Hudson, J. D. & Young, P. G. Sequence of the Schizosaccharomyces pombe gtp1 gene and identification of a novel family of putative
GTP-binding proteins. Gene 125, 191-193 (1993).

Kumar, S., Iwao, M., Yamagishi, T., Noda, M. & Asashima, M. Expression of GTP-binding protein gene drg during Xenopus laevis
development. The International journal of developmental biology 37, 539-546 (1993).

Sommer, K. A, Petersen, G. & Bautz, E. K. The gene upstream of DmRP128 codes for a novel GTP-binding protein of Drosophila
melanogaster. Mol Gen Genet 242, 391-398 (1994).

Li, B. & Trueb, B. DRG represents a family of two closely related GTP-binding proteins. Biochim Biophys Acta 1491, 196-204 (2000).
O’Connell, A., Robin, G., Kobe, B. & Botella, J. R. Biochemical characterization of Arabidopsis developmentally regulated G-proteins
(DRGs). Protein expression and purification 67, 88-95, doi:10.1016/j.pep.2009.05.009 (2009).

Ishikawa, K. et al. Cloning and characterization of Xenopus laevis drg2, a member of the developmentally regulated GTP-binding
protein subfamily. Gene 322, 105-112 (2003).

. Ishikawa, K., Azuma, S., Ikawa, S., Semba, K. & Inoue, J. Identification of DRG family regulatory proteins (DFRPs): specific regulation of

DRG1 and DRG2. Genes to cells: devoted to molecular & cellular mechanisms 10, 139-150, doi:10.1111/j.1365-2443.2005.00825.x (2005).
Ishikawa, K., Akiyama, T, Ito, K., Semba, K. & Inoue, J. Independent stabilizations of polysomal Drgl/Dfrpl complex and non-
polysomal Drg2/Dfrp2 complex in mammalian cells. Biochem Biophys Res Commun 390, 552-556, d0i:10.1016/j.bbrc.2009.10.003
(2009).

Francis, S. M., Gas, M. E., Daugeron, M. C., Bravo, J. & Seraphin, B. Rbg1-Tma46 dimer structure reveals new functional domains
and their role in polysome recruitment. Nucleic Acids Res 40, 11100-11114, doi:10.1093/nar/gks867 (2012).

Wout, P. K., Sattlegger, E., Sullivan, S. M. & Maddock, J. R. Saccharomyces cerevisiae Rbgl protein and its binding partner Gir2
interact on Polyribosomes with Genl. Eukaryotic cell 8,1061-1071, doi:10.1128/EC.00356-08 (2009).

Daugeron, M. C., Prouteau, M., Lacroute, F. & Seraphin, B. The highly conserved eukaryotic DRG factors are required for efficient
translation in a manner redundant with the putative RNA helicase Slh1. Nucleic Acids Res 39, 2221-2233, doi:10.1093/nar/gkq898
(2011).

Perez-Arellano, I., Spinola-Amilibia, M. & Bravo, ]. Human Drgl is a potassium-dependent GTPase enhanced by Lerepo4. The FEBS
journal 280, 3647-3657, doi:10.1111/febs.12356 (2013).

Devitt, M. L., Maas, K. J. & Stafstrom, J. P. Characterization of DRGs, developmentally regulated GTP-binding proteins, from pea
and Arabidopsis. Plant molecular biology 39, 75-82 (1999).

Lu, L., Lv, Y,, Dong, J., Hu, S. & Peng, R. DRGI1 is a potential oncogene in lung adenocarcinoma and promotes tumor progression via
spindle checkpoint signaling regulation. Oncotarget 7, 72795-72806, doi:10.18632/oncotarget.11973 (2016).

Chen, Y,, Rolls, M. M. & Hancock, W. O. An EB1-kinesin complex is sufficient to steer microtubule growth in vitro. Curr Biol 24,
316-321, doi:10.1016/j.cub.2013.11.024 (2014).

Helenius, J., Brouhard, G., Kalaidzidis, Y., Diez, S. & Howard, J. The depolymerizing kinesin MCAK uses lattice diffusion to rapidly
target microtubule ends. Nature 441, 115-119, doi:10.1038/nature04736 (2006).

Cooper, J. R. & Wordeman, L. The diffusive interaction of microtubule binding proteins. Curr Opin Cell Biol 21, 68-73, doi:10.1016/j.
ceb.2009.01.005 (2009).

Redeker, V., Melki, R., Prome, D., Le Caer, J. P. & Rossier, J. Structure of tubulin C-terminal domain obtained by subtilisin treatment.
The major alpha and beta tubulin isotypes from pig brain are glutamylated. FEBS Lett 313, 185-192 (1992).

Fygenson, D. K., Braun, E. & Libchaber, A. Phase diagram of microtubules. Physical review. E, Statistical physics, plasmas, fluids, and
related interdisciplinary topics 50, 1579-1588 (1994).

Okamoto, S. & Ochi, K. An essential GTP-binding protein functions as a regulator for differentiation in Streptomyces coelicolor.
Molecular microbiology 30, 107-119 (1998).

Held, M. et al. CellCognition: time-resolved phenotype annotation in high-throughput live cell imaging. Nat Methods 7, 747-754,
doi:10.1038/nmeth.1486 (2010).

Stolz, A., Ertych, N. & Bastians, H. A phenotypic screen identifies microtubule plus end assembly regulators that can function in
mitotic spindle orientation. Cell Cycle 14, 827-837, doi:10.1080/15384101.2014.1000693 (2015).

Karabay, A. & Walker, R. A. Identification of Ncd tail domain-binding sites on the tubulin dimer. Biochem Biophys Res Commun 305,
523-528 (2003).

Brouhard, G.J. et al. XMAP215 is a processive microtubule polymerase. Cell 132, 79-88, doi:10.1016/j.cell.2007.11.043 (2008).
Howard, J. & Hyman, A. A. Microtubule polymerases and depolymerases. Curr Opin Cell Biol 19, 31-35, d0i:10.1016/j.
ceb.2006.12.009 (2007).

Dasso, M., Seki, T., Azuma, Y., Ohba, T. & Nishimoto, T. A mutant form of the Ran/TC4 protein disrupts nuclear function in
Xenopus laevis egg extracts by inhibiting the RCC1 protein, a regulator of chromosome condensation. EMBO ] 13, 5732-5744
(1994).

Franz, C. et al. MEL-28/ELYS is required for the recruitment of nucleoporins to chromatin and postmitotic nuclear pore complex
assembly. EMBO Rep 8, 165-172 (2007).

Yokoyama, H. et al. The nucleoporin MEL-28 promotes RanGTP-dependent gamma-tubulin recruitment and microtubule
nucleation in mitotic spindle formation. Nature communications 5, 3270, doi:10.1038/ncomms4270 (2014).

SCIENTIFICREPORTS |7: 9996 | DOI:10.1038/s41598-017-10088-5 15


http://dx.doi.org/10.1083/jcb.201510015
http://dx.doi.org/10.1038/nrm.2016.162
http://dx.doi.org/10.1146/annurev-biochem-060815-014528
http://dx.doi.org/10.3892/ijo.2017.3834
http://dx.doi.org/10.1016/j.cca.2016.05.012
http://dx.doi.org/10.18632/oncotarget.9628
http://dx.doi.org/10.1006/jmbi.2001.5378
http://dx.doi.org/10.1016/j.pep.2009.05.009
http://dx.doi.org/10.1111/j.1365-2443.2005.00825.x
http://dx.doi.org/10.1016/j.bbrc.2009.10.003
http://dx.doi.org/10.1093/nar/gks867
http://dx.doi.org/10.1128/EC.00356-08
http://dx.doi.org/10.1093/nar/gkq898
http://dx.doi.org/10.1111/febs.12356
http://dx.doi.org/10.18632/oncotarget.11973
http://dx.doi.org/10.1016/j.cub.2013.11.024
http://dx.doi.org/10.1038/nature04736
http://dx.doi.org/10.1016/j.ceb.2009.01.005
http://dx.doi.org/10.1016/j.ceb.2009.01.005
http://dx.doi.org/10.1038/nmeth.1486
http://dx.doi.org/10.1080/15384101.2014.1000693
http://dx.doi.org/10.1016/j.cell.2007.11.043
http://dx.doi.org/10.1016/j.ceb.2006.12.009
http://dx.doi.org/10.1016/j.ceb.2006.12.009
http://dx.doi.org/10.1038/ncomms4270

www.nature.com/scientificreports/

40. Magalska, A. et al. RuvB-like ATPases function in chromatin decondensation at the end of mitosis. Dev Cell 31, 305-318,
doi:10.1016/j.devcel.2014.09.001 (2014).

41. Cahu, J. et al. Phosphorylation by Cdk1 increases the binding of Eg5 to microtubules in vitro and in Xenopus egg extract spindles.
PLoS One 3, €3936, doi:10.1371/journal.pone.0003936 (2008).

42. Yokoyama, H., Rybina, S., Santarella-Mellwig, R., Mattaj, I. W. & Karsenti, E. ISWI is a RanGTP-dependent MAP required for
chromosome segregation. J Cell Biol 187, 813-829, doi:10.1083/jcb.200906020 (2009).

43. Bormuth, V., Varga, V., Howard, J. & Schiffer, E. Protein Friction Limits Diffusive and Directed Movements of Kinesin Motors on
Microtubules. Science 325, 870-873, doi:10.1126/science.1174923 (2009).

44. Patel, K., Nogales, E. & Heald, R. Multiple domains of human CLASP contribute to microtubule dynamics and organization in vitro
and in Xenopus egg extracts. Cytoskeleton 69, 155-165, d0i:10.1002/cm.21005 (2012).

45. Schooley, A., Moreno-Andres, D., De Magistris, P., Vollmer, B. & Antonin, W. The lysine demethylase LSD1 is required for nuclear
envelope formation at the end of mitosis. J Cell Sci 128, 3466-3477, d0i:10.1242/jcs.173013 (2015).

46. Biasini, M. et al. SWISS-MODEL: modelling protein tertiary and quaternary structure using evolutionary information. Nucleic Acids
Res 42, W252-258, doi:10.1093/nar/gku340 (2014).

Acknowledgements

We thank Dr. Stanley Neufeld for critical reading of the manuscript. This work was supported by the German
Research Foundation and the ERC (AN377/3-2, AN377/6-1 and 309528 CHROMDECON to W.A.), a PhD
Fellowship of the Boehringer Ingelheim Fonds to A.K.S and PhD Fellowship of the IMPRS “From Molecules to
Organisms” to M.C.

Author Contributions

AXK.S. and W.A. designed experiments and wrote the manuscript. A.K.S. and A.M. did the cloning of DNA
constructs. A.K.S. purified the proteins and performed bundling, polymerization and stabilization experiments.
AK.S. and H.Y. performed MT co-sedimentation assays. M.C. performed TIRF experiments, supervised by E.
S. D.M.-A. performed all experiments in HeLa cells. K.H. made the electron microscopy. E.B. performed the
structure modelling. S.D. built the TIRF microscope. All authors discussed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10088-5

Competing Interests: The datasets generated during and/or analysed during the current study are available
from the corresponding author on reasonable request.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 9996 | DOI:10.1038/s41598-017-10088-5 16


http://dx.doi.org/10.1016/j.devcel.2014.09.001
http://dx.doi.org/10.1371/journal.pone.0003936
http://dx.doi.org/10.1083/jcb.200906020
http://dx.doi.org/10.1126/science.1174923
http://dx.doi.org/10.1002/cm.21005
http://dx.doi.org/10.1242/jcs.173013
http://dx.doi.org/10.1093/nar/gku340
http://dx.doi.org/10.1038/s41598-017-10088-5
http://creativecommons.org/licenses/by/4.0/

	Developmentally Regulated GTP binding protein 1 (DRG1) controls microtubule dynamics

	Results

	DRG1 directly interacts with microtubules. 
	DRG1 diffuses on microtubules. 
	DRG1 binds microtubules via multiple regions. 
	DRG1 binds to microtubules lacking the negatively charged C-terminus of tubulin. 
	DRG1 bundles microtubules. 
	DRG1 promotes microtubule polymerization. 
	DRG1 stabilizes microtubules. 
	The GTPase activity of DRG1 is not necessary for its microtubule functions. 
	Full-length DRG1 is necessary to bundle, polymerize and stabilize microtubules. 
	DRG1 impacts spindle dynamics in cells. 

	Discussion

	Methods

	Protein expression and purification. 
	Antibodies. 
	Preparation of taxol-stabilized microtubules. 
	Microtubule binding assay with extracts. 
	Microtubule binding, bundling and polymerization assays with recombinant protein. 
	Microtubule motility binding assay. 
	Microtubule polymerization measured by light-scattering. 
	Microtubule stabilization in the cold. 
	Cell Culture and transfection. 
	Live-cell imaging experiments. 
	Cold shock regrowth experiments. 
	Evaluation of monoastral mitotic spindles. 
	Statistical analysis for experiments in HeLa cells. 

	Acknowledgements

	Figure 1 DRG1 and DFRP1 bind microtubules.
	Figure 2 DRG1 interacts with the microtubule lattice in distinct binding modes.
	Figure 3 Different DRG1 domains interact with microtubules.
	Figure 4 DRG1 bundles and polymerizes microtubules in vitro (a,b) 0.
	Figure 5 DRG1 stabilizes microtubules in the cold.
	Figure 6 Microtubule binding, bundling, polymerization and stabilization activity of DRG1 does not require GTP hydrolysis.
	Figure 7 DRG1 regulates mitotic progression and spindle assembly in cells.
	Figure 8 DRG1 plays a role in spindle dynamics in vivo.




