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The Golgi Protein p115 Associates with y-Tubulin and Plays a
Role in Golgi Structure and Mitosis Progression™
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The Golgi apparatus is a network of polarized cisternae local-
ized to the perinuclear region in mammalian cells. It undergoes
extensive vesiculation at the onset of mitosis and its reassembly
requires factors that are in part segregated via the mitotic spin-
dle. Here we show that unlike typical Golgi markers, the Golgi-
protein p115 partitioned with the spindle poles throughout
mitosis. An armadillo-fold in its N terminus mediated a novel
interaction between p115 and y-tubulin and functioned in its
centrosomal targeting. Both the N- and C-terminal regions of
pl15were required to maintain Golgi structure. Strikingly, p115
was essential for mitotic spindle function and the resolution of
the cytokinetic bridge because its depletion resulted in spindle
collapse, chromosome missegregation, and failed cytokinesis.
We demonstrate that p115 plays a critical role in mitosis pro-
gression, implicating it as the only known golgin to regulate
both mitosis and apoptosis.

The mammalian Golgi apparatus is a polarized organelle
consisting of a series of stacked, highly specialized cisternae
located at the pericentriolar region of interphase eukaryotic
cells. At the onset of mitosis, the Golgi ribbon disassembles into
vesicles and tubules that distribute stochastically within the
cytoplasm to ensure equal partitioning into the daughter cells
(1) and reassembly of a fully functional Golgi apparatus upon
mitotic exit. Numerous components involved in Golgi biogen-
esis have been identified (2—4), however, the details of the
mechanism whereby the Golgi apparatus regains its complex
organization are not well understood.

The microtubule cytoskeleton is closely associated with the
Golgi apparatus in interphase cells (5) and it provides structural
integrity to its stacks. Conventionally, the centrosome has been
known as the major microtubule organizing center in higher
eukaryotes. In animal cells, the centrosome consists of two
daughter centrioles surrounded by a proteinaceous pericentri-
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olar material. The pericentriolar material promotes the major-
ity of microtubule polymerization in the cell via a y-tubulin-
containing complex, the key component responsible for
microtubule nucleation (6). In addition, microtubules can be
nucleated at secondary, non-centrosomal microtubule organiz-
ing centers such as the Golgi apparatus by y-tubulin-dependent
(7, 8) or y-tubulin-independent (9) mechanisms. Although the
centrosomal microtubules are mainly involved in Golgi posi-
tioning, the Golgi apparatus-derived microtubules provide
structure to the organelle (10).

In addition, interactions between golgins (i.e. GM130, gian-
tin, and p115) and the GRASP family of Golgi stacking proteins
(i.e. GRASP65 and GRASP55) have been shown to play critical
roles in maintaining the structure and dynamic nature of the
Golgi apparatus (11-15). Depletion of the Golgi-associated
protein p115 leads to disruption of the organelle, implicating it
as an important component of Golgi structure (16, 17). p115 is
a 962-residue peripheral membrane protein present in the
intermediate compartment and cis-Golgi vesicles that func-
tions in endoplasmic reticulum to Golgi trafficking (13, 18, 19).
pl15 exists as a homodimer; each molecule contains a poorly
characterized N-terminal globular head and an extended C-ter-
minal tail region (20) consisting of an acidic domain and four
sequential coiled coils (21, 22). It has been proposed that the
cis-Golgi cisternae are generated by heterotypic fusion of
mitotic vesicles mediated by the interaction between the acidic
C terminus of p115 and the Golgi-associated proteins giantin
and GM130 (23, 24). More recent studies have also implicated
the interaction between the first coiled-coil (CC1) of p115 and
SNARESs in the maintenance of Golgi structure (16, 17). During
apoptosis, the acidic C terminus of p115 is cleaved, translocates
to the nucleus, and plays a pro-apoptotic role (25-27). Recently,
the N terminus of p115 was shown to interact with the BCOP
subunit of the COPI (Coat protein I) coat (28) and the COG2
subunit of the conserved oligomeric Golgi (COG) complex (29),
suggesting an additional membrane recycling model whereby
both the p115 N and C termini may be required for COPI ves-
icle tethering and interphase Golgi integrity.

Recent studies have suggested a functional association
between Golgi components and the mitotic apparatus. GM130
and GRASP65 were proposed to regulate the morphology and
function of the interphase centrosome and the mitotic spindle
(30, 31). In addition, Golgi proteins as well as post-Golgi mem-
brane trafficking have been implicated in cytokinesis comple-
tion (32-35).

Here we demonstrate that p115 associates with y-tubulin
throughout the cell cycle and that p115 is required for the struc-
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ture and function of the late mitotic spindle as well as for the
resolution of the cytokinetic bridge. We speculate that p115
knockdown results in a spindle defect due to unstable spindle
poles under conditions of chromosome tension and in failed
cytokinesis due to impaired Golgi reassembly and post-Golgi
trafficking.

EXPERIMENTAL PROCEDURES

Reagents, Transfection, and Synchronization—HeLa, NRK,
COS7, U208, and 293T cells were grown in DMEM supple-
mented with 10% FCS, glutamine, and penicillin/streptomycin,
at 37 °C in 5% CO,. The HeLa GalNAcT2-GFP cell line was a
gift from Dr. Adam Linstedt (Carnegie Melon University, Pitts-
burg, PA); the HeLa a-tubulin-YFP and the HeLa a-tubulin-
YFP/H2B-RFP cell lines were provided by Dr. Don Cleveland
(University of California at San Diego, La Jolla, CA). The pSG5-
FLAG-human p115 construct was provided by Dr. Yukio Ike-
hara (Fukuoaka University School of Medicine, Fukuoaka,
Japan) and was used as a template to generate all p115 con-
structs used in this study. A bovine p115 plasmid was provided
by Dr. Gerry Waters. siRNA sequences against the human p115
(17, 36) were obtained from Ambion (Applied Biosystems)
and transfected using Oliogofectamine (Invitrogen). Controls
included either mock transfection or treatment with a prede-
signed non-silencing siRNA from Ambion (Applied Biosys-
tems). Both mock and non-silencing siRNA treatments gave
identical results and were used interchangeably. Plasmids were
transfected using Effectene (Qiagen). HeLa or NRK cells were
synchronized in S-phase by a 14-h treatment with 2.5 ug/ml of
aphidicolin (Calbiochem). Following release, cells were allowed
to progress through mitosis and either fixed for indirect immu-
nofluorescence or collected for electron microscopy or total
lysate preparation.

GST Pull-down, Immunoprecipitation, and Sucrose Gradient
Sedimentation—GST-p115 constructs were transformed into
Escherichia coli DH5a cells and induced with 1 mm isopropyl
B-p-1-thiogalactopyranoside. Equimolar amounts (20 pmol) of
the glutathione-Sepharose 4B beads containing the GST fusion
pl15 constructs were incubated with 500 ug of postnuclear
lysate containing 20 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1%
Nonidet P-40, 1 mm EDTA. For immunoprecipitation, HeLa
cells were transfected with ¢cDNA encoding the various
3XFLAG-pl15 constructs. At 18 h post-transfection, the post-
nuclear supernatant was prepared as above and pre-cleared
with preimmune IgG coupled to Affi-Gel® 10 (Bio-Rad). The
pre-cleared lysates were incubated with anti-y-tubulin anti-
body after which Protein G-coupled beads (GE Healthcare)
were added to the lysates for 3 h. Interphase 293T postnuclear
supernatant was prepared in lysis buffer without detergent.
Cells were broken using a ball bearing homogenizer. 200 ug of
lysate were loaded on top of a continuous 5-40% sucrose gra-
dient and spun at 35,000 X g in a Beckman SW55Ti rotor for
20 h. Protein standards were run in parallel. 1-ml fractions were
collected from the top of the gradient, precipitated using tri-
chloroacetic acid (TCA), and resolved by SDS-PAGE.

Immunofluorescence and Electron Microscopy—Cells grown
on coverslips were fixed in 3% paraformaldehyde and processed
for immunofluorescence microscopy as described previously
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(25). Confocal images were acquired by capturing Z-series with
a 0.25-um step size on a Leica TCS SP2 AOBS confocal micro-
scope (Leica, Dearfield, IL) using a X63 oil immersion objective
(1.4NA). Laser lines at 405, 488, 546, and 633 nm were provided
by 20-mW Diode, 100 mW Ar, 1.5 mW HeNe, and 10 mW
HeNe lasers. The Z-series were projected using the maximum
intensity method (Image]; rsb.info.nih.gov/ij/). Alternatively,
images were acquired using a Nikon PlanApo X60 A/1.40 oil
objective on a Nikon Eclipse TE300 inverted microscope
equipped with a Nikon Digital Sight DS-2MBW CCD camera.
For electron microscopy HeLa cells were either grown on poly-
lysine-coated glass coverslips or on 60-mm plastic dishes and
transfected with either predesigned non-silencing siRNA or
p115 siRNA for 96 h. The glass coverslips were fixed with 2.5%
glutaraldehyde and postfixed with 1% osmium tetroxide fol-
lowed by 1% uranyl acetate. The cells on plastic dishes were
synchronized with 2.5 ug/ml of aphidicolin as described above.
Mitotic cells in cytokinesis were collected 10 h after release
from the aphidicolin block, pelleted, and fixed as above. The cell
pellets were processed for EM as described previously (37).

Microinjection—HeLa cells stably expressing a-tubulin-YFP
were microinjected in prometaphase with preimmune IgG (5
pg/ul) or p115 IgG (5 pg/wl) mixed with the injection marker
Alexa Fluor 568 hydrazide (Invitrogen), on a Nikon TE2000-
inverted microscope equipped with a cooled charge-coupled
device (CCD) camera (Orca-ER; Hamamatsu Photonics, Japan)
and a X40 PlanApo (NA 0.95) objective. Injection pressure was
provided by a Pneumatic PicoPump (PV820) (World Precision
Instruments, Sarasota, FL). Cells were fixed with 4% paraform-
aldehyde at 45 or 240 min postinjection and stained with
Hoechst 33342 (Invitrogen).

Time Lapse Microscopy—HeLa cells stably co-expressing
a-tubulin-YFP and H2B-RFP were mock or pll5 siRNA
treated. Between 72 and 96 h, cells were imaged with a tem-
perature-controlled DeltaVision RT deconvolution system
(Applied Precision Inc.) on an Olympus IX70 microscope,
using the softWoRx Suite software (Applied Precision, Inc.).
For each field, a Z-series was acquired on a UApo/340 X40/1.35
oil immersion objective, at 5-min intervals for a duration of 8 h,
at 37 °C. Z-series were projected using soft WoRx Suite. Time
lapse movies were generated using Image] and are shown at a
display rate of 10 frames/s.

RESULTS

p115 Contains an N-terminal Armadillo-fold That Mediates
Its Association with y-Tubulin—Although several studies sug-
gest that Golgi matrix components are inherited in an orderly
fashion, via the mitotic spindle and/or spindle poles (38 —40),
other reports propose that the Golgi matrix undergoes exten-
sive disassembly in mitosis and that the Golgi apparatus reas-
sembles de novo (41). To distinguish between these proposals,
interphase (Fig. 14, a—e) and mitotic (Fig. 14, f~o) cells were
stained with antibodies against several cis-, medial-, and trans-
Golgi marker proteins. During metaphase, GM130, giantin,
ManlI, and TGN38 displayed the well characterized dispersed-
punctate staining pattern typical of the Golgi redistribution
into mitotic clusters (Fig. 14, f~i). In contrast, p115 maintained
a spindle pole localization throughout mitosis in several differ-
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FIGURE 1. p115 segregates with the spindle poles throughout mitosis, whereas most Golgi-associated proteins distribute stochastically. A, indirect
immunofluorescence of NRK cells with antibodies against Golgi markers (green) in interphase (a-e), metaphase (fj), and telophase (k-o0) cells. Arrows, p115
enrichment in spindle poles. B, indirect immunofluorescence with antibodies against p115 (green) and y-tubulin (red). Blue, Hoechst 33342. Images were
acquired at equivalent exposures on an inverted microscope, deconvolved, and projected using the IPLab software. Scale bars, 10 wm.

ent cell types (Fig. 14, j, arrows, and supplemental Fig. S14,
arrows). As previously described p115 also displayed significant
cytoplasmic staining throughout the cell cycle (Fig. 14, e, j, and
0). During telophase, the distribution of all tested Golgi pro-
teins coincided in the pericentrosomal region (Fig. 14, k—o).
We verified the localization of p115 to the centrosomal area by
co-staining with y-tubulin, a bona fide centrosomal marker
(Fig. 1B), and show that p115 segregates with the spindle poles
and partially with centrosomes in mitotic cells from two differ-
ent cell lines (Fig. 1B, d—i, and supplemental Fig. S14). GM130,
which was previously suggested to have a role in spindle func-
tion (30), was not present in the spindle pole region or on
mitotic spindles, but rather in mitotic remnants stochastically
distributed in the cytoplasm (Fig. 14, f).

To determine how p115localized to mitotic spindle poles, we
analyzed the human and mouse pl15 protein sequence for
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putative domains that might function in intracellular targeting
(www.ebi.ac.uk/interpro/). The globular N-terminal region was
predicted to possess an armadillo repeat (residues 60-97) as
well as an armadillo-like helical-fold (residues 1-321) (Fig. 24).
The existence and nature of this domain has been confirmed by
x-ray crystallography studies (42, 43). Armadillo repeats have
been implicated in interactions between cell adhesion proteins
and the cytoskeleton (44). Interestingly, an armadillo-fold is
absent from other mammalian golgins including GM130,
GRASP55 and -65, golgin84, and the cis-Golgi associated pro-
tein GMAP-210. We hypothesized that the observed mitotic
localization of p115 to spindle poles was mediated by interac-
tions between its armadillo-like helical region and a centro-
somal y-tubulin-containing complex. To test this idea, we per-
formed in vitro binding studies in which purified recombinant
full-length p115, as well as truncated forms of the molecule
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FIGURE 2. Sequence requirements for p115-y-tubulin interaction. A, schematic of the p115 homodimer: the C terminus (amino acids 636 -962) contains 4
coiled-coil domains (CC7-CC4) and an acidic region (black line). Previously described interactions are noted in the figure and text. The N-terminal armadillo
repeat (black square, amino acids 60-97) and the armadillo-fold domain (light gray, amino acids 1-321) were identified by a bioinformatics approach (www.
ebi.ac.uk/interpro/). B, Western blot analysis of p115-y-tubulin binding following incubation of equimolar amounts of GST-fused p115 truncation fragments
with 500 ng of NRK interphase postnuclear cytosol. Binding efficiency of each construct is shown in the graph, and was quantified by densitometric measure-
ment of y-tubulin immunoreactive band intensity (ImageJ) normalized to the GST input (bottom panel). Low molecular weight bands are degraded GST
peptides. For GST purification, we obtained a dimerized GST band of ~50 kDa. Asterisks indicate the correct molecular weights of the purified proteins.
C, Western blot (WB) of overexpressed 3XFLAG-p115 deletion constructs immunoprecipitated (/P) with y-tubulin and a-tubulin antibodies from Hela cells.

(residues 1-636, 1-321, and 636 —962) were fused to GST and  construct was less efficient than that of the full-length molecule
incubated with postnuclear cytosolic extracts from interphase  (Fig. 2B and supplemental Fig. S1B). Importantly, the binding
(Fig. 2B) or mitotic (supplemental Fig. S1B) cells. Neither con-  profiles were not cell cycle- or GTP-dependent (supplemental
trol GST alone nor the C terminus of p115 (residues 636 -962),  Fig. S1B).* The observed interaction is specific because neither
which includes the four coiled-coil domains (Fig. 2A4), associ-  the full-length nor the N-terminal region of p115 showed asso-
ated with y-tubulin (Fig. 2B and supplemental Fig. S1, Band C).  ciation to either a-tubulin (Fig. 2B) or B-tubulin,* which are
In contrast, full-length p115, the N-terminal 1-636 construct major components of microtubules and mitotic spindles. The
as well as the armadillo-like helical-fold (1-321) pulled down
y-tubulin efficiently (Fig. 2B and supplemental Fig. S1, Band C),
although the binding of the N-terminal region and the 1-321  *A.E.Radulescu, S. Mukherjee, and D. Shields, unpublished data.
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y-tubulin interaction was saturable by either full-length p115
or the N-terminal 1- 636 construct (supplemental Fig. S1C). To
determine whether p115 associates with y-tubulin or a y-tubu-
lin-containing complex in vivo, 293T cells were transfected
with constructs encoding FLAG-tagged versions of full-length,
N- or C-terminal domains of p115, and immunoprecipitated
with a y-tubulin antibody (Fig. 2C). In agreement with our in
vitro pull-down data ~5% of both full-length and the N-termi-
nal region of p115 co-immunoprecipitated with endogenous
y-tubulin, whereas no co-precipitation of the C-terminal
region was observed. This is similar to the well characterized
interaction between p115 and GM130, which was also only
observed under conditions of p115 overexpression (24, 45). In
support of these observations, fractionation of 293T cell lysates
by sucrose gradient sedimentation revealed that p115 and y-tu-
bulin co-sediment in vivo with the microtubule polymerizing
small and large complexes, yTuSC and yTuRC, respectively
(supplemental Fig. S1D) (46). Together, our data provide evi-
dence that p115 and y-tubulin exist in the same complex and
that the N-terminal armadillo-fold of p115 is critical for this
association. Further studies will be necessary to characterize
the nature of the association between pl15 and <y-tubulin
within this complex.

The p115 N Terminus Is Required for Golgi Structure in
Interphase—To characterize the targeting information in p115,
we expressed a series of p115-GFP fusion proteins in COS?7 cells
(Fig. 3A). As previously observed, overexpressed full-length
p115 was targeted to the juxtanuclear region of the cell (Fig. 3B,
a) and co-localized with the Golgi marker protein, GRASP65
(Fig. 3B, a—d). Surprisingly, the C-terminal region (residues
322-962), which includes the giantin and GM130-acidic bind-
ing domain (23, 24), did not localize to the Golgi apparatus (Fig.
3B, e—h) but instead manifested a diffuse distribution through-
out the cytoplasm (Fig. 3B, e), suggesting that the C terminus
was not sufficient to effect Golgi localization. Unexpectedly, the
N-terminal 636 amino acids, which contain the armadillo-fold,
did not localize to the Golgi (Fig. 3B, i—[) or centrosomal (sup-
plemental Fig. S2, i—l) regions and remained dispersed in the
cytoplasm (Fig. 3B, i). Significantly, the minimal requirement
for Golgi localization was a construct that included both the
N-terminal 321 residues and the coiled-coil containing C ter-
minus (construct A322-636) (Fig. 3B, m—p) suggesting that
both the N- and C-terminal regions of p115 were required for
Golgi targeting (Fig. 3B, o and p). In contrast, the minimal
requirement for centrosomal targeting was the construct con-
taining the armadillo-fold (amino acids 1-321). This construct
localized to only a subset of the Golgi apparatus (Fig. 3B, g—t)
and almost exclusively to the centrosome (supplemental Fig.
S2, a—d). Full-length p115 (supplemental Fig. S2, e- /) and the
A322-636 construct (supplemental Fig. S2, i-/) exhibited par-
tial localization with the centrosomal marker as predicted.
These findings suggest that the armadillo-fold (amino acids
1-321) is sufficient for centrosome targeting of p115, likely
through its interaction with y-tubulin, however, it requires the
p115 C terminus for Golgi targeting.

Previous studies showed that knockdown of p115 leads to
Golgi fragmentation, and that the structure and function of the
fragmented Golgi could be rescued by constructs lacking most
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of the C-terminal region but including the first coiled-coil
domain of p115 (17). By using two previously published and
well characterized siRNA sequences (17, 36), we achieved
quantitative depletion of p115 in HeLa and RPE cells (Fig. 44)
that as expected, led to complete fragmentation of the Golgi
apparatus (Fig. 4B and supplemental Fig. S3, A and B). We then
tested the ability of siRNA-resistant, GFP-tagged bovine p115
deletion constructs to rescue the normal Golgi morphology in
the p115-depleted cells (Fig. 4C). As predicted, the N-terminal
1-636 residues were unable to restore Golgi structure (Fig. 4C,
g—i), much like the negative control, the GFP vector alone (Fig.
4C, a-c). The construct that included all four coiled-coil
regions but lacked the N-terminal armadillo-like helical-fold
(322-962; Fig. 2A) also failed to correct the fragmented pheno-
type (Fig. 4C, m—o0). In contrast, both the full-length and A322-
636 p115 constructs effectively restored Golgi morphology (Fig.
4C, d—fand j-[). These data demonstrated that Golgi integrity
required the N-terminal, y-tubulin interacting region of p115
in addition to the previously proposed, golgin interacting C
terminus.

p115 Is Required for Spindle Maintenance and Completion of
Cytokinesis—In the course of these experiments, we observed
that the nuclei of p115-depleted cells were 40 to 50% larger than
in control cells (supplemental Fig. S44). We hypothesized
therefore, that the increase in nuclear size was due to an inabil-
ity of p115-depleted cells to either enter or complete mitosis.
To investigate the possibility that p115-depleted cells display a
cell cycle defect, cells were synchronized using an aphidicolin
block (“Experimental Procedures”) and analyzed for spindle
morphology, chromosome alignment, and centrosome integ-
rity (Fig. 5A4). Although in control transfected cells the chromo-
somes aligned at the metaphase plate and bipolar, focused spin-
dles were readily evident (Fig. 54, a—d), ~80% of p115-depleted
cells exhibited abnormal, multipolar spindles with a range of
aberrant morphologies and misaligned chromosomes (Fig. 54,
e—h, and supplemental Fig. S4B). The multipolar spindles were
likely a consequence of mitotically disrupted centrosomal
integrity, as shown by multiple, smaller pericentrin positive foci
(Fig.5A, h', p’, and t') compared with two large pericentrin foci
in control treated cells (Fig. 54, d' and ["). Pericentrin is a com-
ponent of the pericentrosomal matrix, which also contains
y-tubulin as a component of the yTuRC and yTuSc micro-
tubule nucleating complexes. Importantly, the centrosome
defects were mitosis specific, because p115 depletion per se did
not affect centrosome morphology or number in interphase
cells, as shown by co-staining with pericentrin (supplemental
Fig. S3C) and y-tubulin (supplemental Fig. S3D). The aberrant
chromosomal arrangement was also evident when the synchro-
nized cells were examined by electron microscopy where there
was no evidence of equatorially aligned chromosomes (supple-
mental Fig. S4C).

In addition, a subset of the p115 knockdown cells displayed a
dramatic cytokinesis defect in which a normal cytokinetic
bridge (Fig. 54, i—/, and B, a and ¢) failed to form, and resulted in
cell fusion (Fig. 54, m—t, and B, b and d). This failed cytokinesis
phenotype led to a significant decrease in growth rate over a
period of 4 days following siRNA treatment (Fig. 5C). Despite
the growth reduction, we did not observe mitotic arrest or any
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FIGURE 3. Localization of p115 to the Golgi apparatus requires both the N- and C-terminal domains. A, schematic of p115 constructs used in this
experiment. B, COS7 cells were transfected with the indicated GFP-tagged p115 constructs for 24 h and processed for indirect immunofluorescence with an
anti-GRASP-65 antibody. Arrows indicate localization of the transfected constructs (FL, 1-321, A322-636) to GRASP65 positive structures. The armadillo-fold
(1-321) localizes to only a subset of the Golgi apparatus. Images are projected confocal Z-sections. Blue, Hoechst 33342. Scale bar, 10 um.

mitosis-related apoptosis* and because the difference in growth
was ~2-fold at each time point, we conclude that the growth
defect was a consequence of failed cytokinesis (Fig. 5, A and B,
and see below) and daughter cell fusion.

Because 2 to 4 days were required to achieve quantitative
siRNA-mediated p115 knockdown, it was possible that the
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effects on spindle morphology and cytokinesis could be due to
secondary effects accumulating during multiple cell cycles. To
address this, prometaphase cells were injected with either pre-
immune serum or a purified monoclonal anti-p115 IgG (Fig. 6).
The p115 antibody showed no detectable immunoreactivity in
pl15-depleted cells (Fig. 4B) and microinjection of this anti-

GRS

VOLUME 286+NUMBER 24+JUNE 17,2011



A
2 < o
S g £ g
c Z 7]
g § 7
g 0 = 3
2 o 12 e
ok - oK =
cwn o cwn Qo

HelLa RPE
B
GRASP65

K3

[%]

(<]

E .

<

4

['4

p115 and vy-Tubulin in Golgi Biogenesis and Mitosis

GRASP65

% GFP MERGE INSET

A322-636 1-636 FL GFP

322-962

n =100 cells

% Rescue
- N W g o D N
o o o o o oo

]

FL  1-636 322636 322-962

[]

GFP

FIGURE 4. Depletion of p115 results in complete vesiculation of the interphase Golgi, which is rescued by a construct containing both the N and C
termini. A, Western blot of p115 protein levels in HeLa and RPE cells, following 4 days of either non-silencing or p115 siRNA treatment. Comparable knockdown
levels and phenotypes were obtained with siRNA1 (17) and siRNA2 (36) in HeLa and RPE cells. Loading controls: actin and clathrin heavy chain (CHC). B, efficient
p115 depletion results in a fragmented Golgi phenotype. C, HelLa cells were treated with the p115 siRNA for 3 days after which they were transfected for 24 h
with the indicated GFP-tagged, siRNA-resistant bovine p115 constructs. Cells were fixed and processed for indirectimmunofluorescence with the Golgi marker
GRASP65. The rescue efficiency was quantified by scoring the Golgi morphology in 100 transfected cells. Asterisks denote fragmented Golgi in p115-depleted,
untransfected/unrescued cells. Images are projected confocal Z-series. Blue, Hoechst 33342. Scale bars, 10 wm.

body in interphase cells led to Golgi fragmentation.* Following
injection in prometaphase, cells were allowed to progress
through mitosis for either 45 or 240 min (Fig. 6A). At 45 min
postinjection, cells injected with control IgG underwent mito-
sis with normal kinetics and were now in cytokinesis (Fig. 6B,
a—d), the p115 IgG-injected cells exhibited mitotic delay and
aberrant, multipolar spindles with misaligned chromosomes
(Fig. 6B, e—h, arrows) similar to those observed in pll5
siRNA-treated cells (Fig. 5B). Consistently, at 240 min follow-
ing microinjection, the p115 IgG-injected cells appeared to
have exited mitosis despite the apparent delay (Fig. 6B, f),
however, the cells displayed the bi-nucleated phenotype indic-
ative of failed cytokinesis (Fig. 6B, m—p). Given the immediate
response to antibody injection, these results confirmed the
requirement for p115 in spindle integrity and suggested that the
p115 siRNA effects were not secondary to interphase effects on
the Golgi or centrosome structure.

The presence of mitotic spindles, albeit disorganized, dem-
onstrated that pl15-depleted cells entered mitosis but were
unable to maintain the spindle. To test this, we employed live
cell imaging of mock or p115 siRNA-treated cells stably co-ex-
pressing YFP-tagged a-tubulin and RFP-tagged histone H2B
(Fig. 7 and supplemental Movies S1-S6). This cell line allowed
us to monitor both the mitotic spindle and chromosome segre-
gation. Interestingly, in absence of p115, two mutually exclusive
phenotypes were observed: 1) normal spindle assembly fol-
lowed by spindle collapse and chromosome missegregation
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(Fig. 7A, compare a and ¢) and 2) a cytokinesis phenotype in
which the spindle was formed and maintained normally, but the
cytokinetic bridge failed, resulting in cell fusion and multinu-
cleated cells (Fig. 7B, compare a and b).

Mock-treated cells displayed normal mitosis progression
whereby normal spindles were assembled and maintained and
cells entered anaphase within ~50 min of mitosis onset (Fig.
7A, cand d and supplemental Movies S3 and S4). In contrast, in
asubset of p115-depleted cells, a spindle formed and was main-
tained for 80 min (Fig. 7A, a, 20—100 min, and supplemental
Movie S1). Despite this seemingly normal spindle, chromo-
somes failed to efficiently align at the metaphase plate (Fig. 74,
compare b, arrowheads, and d, and supplemental Movie S2)
and the spindle collapsed at ~2 h following mitotic entry. Inter-
estingly, spindle collapse did not result in mitotic arrest and cell
death, suggesting it occurred after chromosome alignment and
the metaphase-anaphase checkpoint (47). Because cells com-
pleted mitosis with an abnormal spindle (Fig. 74, a, 120-240
min), this resulted in aberrant chromosome segregation where
asmall subset of chromosomes was partitioned into one daugh-
ter cell (Fig. 7A, b, arrows) and most of the duplicated genome
was inherited by the second daughter cell.

In addition, our statistical analysis of siRNA (Fig. 7B, 4, and
supplemental Movie S5) and mock (Fig. 7B, b, and supplemen-
tal Movie S6) treated cells showed that p115 depletion resulted
in ~2.5 times more multinucleated cells (Fig. 7B, d) and almost
8 times more failed abscission (Fig. 7B, c). The higher frequency
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of failed abscission compared with the frequency of multinucle-
ated cells could be explained by nuclear fusion and/or postmi-
totic cell death.

Taken together, our findings from three independent
approaches suggest that p115 functions in the maintenance of
the mitotic spindle and the abscission of the cytokinetic furrow.
Both roles are likely to be dependent on p115-vy-tubulin associ-
ation and involve maintenance of centrosome integrity in mito-
sis and Golgi structure/function during cytokinesis completion
and then in interphase. These functions thus distinguish the
mitotic role of p115 from that of other golgins such as GM130
or GRASP65 (30, 31).

DISCUSSION

Here we show that p115 is the first golgin to associate with
the spindle poles throughout mitosis and implicate it in Golgi
biogenesis and mitosis progression. Our studies were prompted
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by two observations: 1) only p115 and no other golgin remained
at the spindle poles of mitotic cells and 2) the prediction that the
pll5 N terminus possesses an armadillo-like helical-fold,
which could promote interactions with cytoskeletal proteins.
Indeed, the N-terminal armadillo-fold mediated association
with y-tubulin, the main microtubule nucleating component
and was essential for Golgi structure. Recently, the crystal
structure of the p115 N terminus has been solved by two groups
(42, 43) and these studies support our bioinformatics data on
the existence of the armadillo domain.

The finding that the p115 N-terminal armadillo domain
mediates association with a y-tubulin-containing complex and
is required for Golgi structure, together with the segregation of
p115 with the spindle poles during mitosis suggest a mecha-
nism whereby p115 maintains a centrosomal localization to
provide a recruiting site for post-mitotic Golgi reassembly.
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Interestingly, the S. cerevisiae p115 homolog, Usolp, lacks a
classical armadillo domain and in contrast to mammalian cells,
the yeast Golgi apparatus exists as dispersed ministacks (48).
These differences support a model in which the association
between the p115 armadillo-fold and a y-tubulin-containing
complex may be in part responsible for the pericentrosomal
anchoring of the mammalian Golgi complex. Earlier studies
suggested that Golgi protein GMAP210 recruits y-tubulin to
Golgi membranes and mediates the Golgi localization to the
centrosome (49). Although the role of GMAP210 in centro-
somal Golgi localization has been questioned (50, 51), it
remains possible that other factors mediate interactions
between Golgi components and the centrosome. Given the
association of p115 with a y-tubulin-containing complex (i.e.
yTuRC), it would be of interest to determine whether compo-
nents such as y-complex proteins could act as adaptors for this
association. In addition to the centrosomal pool, y-tubulin has
been proposed to exist in soluble form and on various mem-
branes, at non-centrosomal microtubule nucleation sites (7).
v-Tubulin may be recruited to microtubule nucleation sites on
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Golgi membranes by a GM130/Golgi-tethered p115, however,
this model remains to be tested further.

In pl15-depleted cells, both the N-terminal armadillo-like
helical-fold and the C-terminal region of p115 were required to
restore normal Golgi morphology. Significantly, the armadillo-
like helical domain (residues 1-321) was targeted almost exclu-
sively to the centrosome, possibly due to its high affinity for
v-tubulin. Notably, no other p115-derived fragment showed
centrosomal localization, suggesting a specific association of
the 1-321 domain with centrosomal components. This impli-
cates the armadillo-fold as the minimal sequence required for
centrosome targeting. Although the details of these interac-
tions are yet to be determined, failure of the extended N-termi-
nal domain (residues 1-636) to target to the Golgi or the cen-
trosome, together with its decreased 7y-tubulin association
compared with that of the full-length p115 suggest an impor-
tant functional role for the proposed hairpin conformation of
p115 (52).

Previous studies implicated Golgi proteins GM130 and
GRASP65 in mitotic events (31, 53) and showed that their
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depletion leads to multiple centrosome-like structures, possibly
due to centrosome overduplication in interphase. This was fol-
lowed by aberrant spindle assembly, mitotic arrest, and apopto-
sis. In contrast, pl15-depleted cells displayed normal inter-
phase centrosomes and spindle assembly, which collapsed late
in mitosis and interestingly, did not result in mitotic arrest or
mitosis-related apoptosis. The spindle collapse coincided with
fragmentation of the pericentrosomal matrix, as shown by the
increased number of pericentrin positive foci and resulted in
chromosome missegregation. The observation that spindles
can form in the absence of p115 suggests that pl15 is not
required for interphase centrosome function or for its duplica-
tion cycle and that its role is mitosis specific. This is in contrast
to the proposed role for GM130 in stabilizing interphase cen-
trosomes (30) and suggests that p115 and GM130 play distinct
roles outside of their overlapping function in Golgi structure.

Previous evidence suggested a role for the Golgi apparatus
and Golgi-associated proteins in cytokinesis (54). We showed
that p115 depletion led to a dramatic cell fusion phenotype, a
novel observation for a golgin. Because p115 knockdown results
in fragmentation of the interphase Golgi, the cytokinesis phe-
notype may be due to impaired post-Golgi trafficking of mem-
branes and proteins to the cleavage furrow. Alternatively,
Gromley et al. (34, 35) suggested that furrow abscission
involves the exocyst complex and SNARE-mediated membrane
fusion. Consistent with this model, the CC1 region of p115
interacts with the Golgi-associated SNARE, syntaxin5 (22), and
interestingly, a hypomorphic allele of the Drosophila syntaxin 5
orthologue has been shown to produce a phenotype similar to
that of p115 depletion (55). In this scenario, p115 could func-
tion to deliver SNARE:s to the cytokinetic furrow (21, 22). Dif-
ferentiating between a function for post-Golgi trafficking versus
a direct p115 involvement in SNARE targeting to the furrow
will provide an important advance in understanding the role of
the trafficking machinery in cytokinesis.

Overall, our studies propose a model whereby the p115-y-
tubulin association may support microtubule nucleation in
interphase and mitosis at the Golgi and the centrosome, respec-
tively (supplemental Fig. S5). In this model, during interphase
p115 interacts with Golgi-associated proteins (i.e. GM130) via
its C terminus and y-tubulin through its N-terminal armadillo-
fold, thus providing a mechanism for y-tubulin recruitment to
Golgi membranes. This is consistent with our finding that both
the C- and N-terminal domains of p115 are required for the
Golgi structure and with previous findings that Golgi-nucle-
ated microtubules maintain the structure of the Golgi ribbon
(8). Therefore, p115 molecules could recruit y-tubulin to the
Golgi membrane for the establishment of non-centrosomal
microtubule organizing centers, similarly to the GM130-
mediated recruitment of the y-TuRC-interacting protein,
AKAP450, which has been proposed to be required for Golgi-
dependent microtubule nucleation (9). It remains to be deter-
mined if p115 associates with centrosomal y-tubulin or with
the soluble y-tubulin pool, however, both interactions could be
relevant to Golgi positioning and structure in interphase and
during post-mitotic reassembly. Whether a reformed, fully
functional Golgi apparatus is required for sorting and targeting
of membrane and proteins to the cytokinetic bridge awaits fur-
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ther investigation and will require high resolution spatial and
temporal analysis of Golgi reassembly.

In addition, we show for the first time a role for p115 in the
maintenance of the mitotic spindle under conditions of chro-
mosome tension and propose that this function is likely to be
mediated by the interaction between p115 and +y-tubulin. Fur-
thermore, the mitotic spindle pole segregation of a golgin (i.e.
p115) may be required to dictate efficient post-mitotic pericen-
trosomal recruitment and reassembly of the highly organized
Golgi apparatus. Upon exit from mitosis, the centrosome-asso-
ciated p115 could recruit Golgi-derived components via inter-
action of its C-terminal region with SNAREs and Golgi proteins
such as GM130. This would establish a scaffold for the sequen-
tial assembly of the membranous cisternae. If this scenario is
correct and the main y-tubulin-dependent role of p115 is in
Golgi biogenesis, its mitotic function in stabilizing the centro-
some may have evolved as a result of its maintenance at the
spindle poles.

We suggest that the cytokinesis and spindle phenotypes are
independent of each other, and that although the cytokinesis
defect may be a direct consequence of disrupted Golgi structure
and function in p115-depleted cells, the spindle phenotype is
likely due to centrosome instability in the absence of the p115-
y-tubulin association.
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