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ABSTRACT OF THE DISSERTATION

A declaration of independence: The Golgi apparatirere to stay

by

Matthew Y. Pecot

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2006

Professor Vivek Malhotra, Chair

Professor Scott Emr, Co-Chair

How does the Golgi apparatus maintain its orgdiwaamidst the
constant flow of traffic through the secretory pedly? It was
previously believed that cells maintain biochemicdlstinct
membranes rather than constantly reproducing taeohthat daughter

cells inherit differentiated membrane from the neothHowever, recent
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evidence suggests that the entire Golgi apparapidly cycles through
the Endoplasmic Reticulum (ER), indicating that gsohembranes are
constantly formed from ER membranes. We haveddkis idea with a
procedure that traps Golgi proteins in the ER wiheyy visit there.
Rapamycin induces a specific association betwedBH-&nd FRAP.
Golgi enzymes fused to FKBP can be captured irfcRevhen they visit
there by an ER protein fused to FRAP in the pres@ficapamycin.
With this method the rate at which Golgi proteissariate with the ER
can be measured while the secretory pathway renrdan.

In Chapter | the ER-trapping procedure is utilitedest whether
Golgi membranes fuse with the ER during cell dimisin mammalian
cells. In mitotic cells Golgi membranes are brokemwn into small
elements and then reformed in daughter cellsadtibeen reported that
these small elements fuse with the ER, indicatiag the Golgi is made
de novo from the ER of each daughter cell. A #iagsferase-FKBP
reporter was not captured in the ER of dividingscdemonstrating that
Golgi membranes remain separate from the ER dumitasis.

Chapter Il investigates the behavior of Golgi pnag in non-
dividing cells. We found that, unlike a componefthe ER-Golgi
Intermediate Compartment (ERGIC) both early anel Gblgi enzymes

do not constitutively cycle through the ER. Thsnbined with our
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findings from Chapter | indicate that Golgi memleamare maintained
independent of the ER.

In Chapter Ill the roles of GRASP65 in mitotic Giol
fragmentation and cell cycle progression are ingattd. We
discovered that phosphorylation of GRASP65 is nexglio initiate
Golgi fragmentation and mitotic progression. Weéhalso identified a
75 amino acid region of the protein that interadt the factor(s)

responsible for these events.
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INTRODUCTION

A. History of the Golgi apparatus

In the late 1800’s Camillo Golgi developed a comtaining
procedure that allowed individual neurons to be&iized in their
entirety for the first time (Golgit al., 2001). In his observations he
consistently noticed the presence of a peri-nudtacture he called
“apparato reticulare interno”, which we presen#éfer to as the Golgi
apparatus, the Golgi complex, or oftentimes just@olgi. We now
know that the Golgi apparatus is an intracellul@ambrane-bound
compartment that is involved in a variety of calluhctivities including
protein secretion and glycosylation. Howeverha tlecades following
Golgi's discovery the existence of the Golgi appasavas challenged
and considered by many to be an artifact of hisistg procedure. The
advent of the electron microscope in the early 19&lowed
intracellular structures to be resolved with highalution and in short
time, mostly due to the work of Dalton and Felixa{fon and Felix,
1954, 1956), the existence of the Golgi apparatas generally
accepted. It was found that Golgi’s staining pohee reproducibly
labeled membrane structures called lamellae (cia&)r and in the years
that followed the morphological characteristicsled Golgi apparatus in

many different cell types were documented. It bezgenerally



accepted that the Golgi complex consisted of cisie(the most
prominent Golgi structure), small vesicles, andugdes. It was also
understood that cisternal elements were curvedmbbng arcs with
narrow bodies and dilated rims, and that they pa¢&gether forming
polarized stacks such that one side was convexhendther was
concave. In most cases the convex so® Of cisternal stacks was
found to associate with small vesicles and faceEtidoplasmic
Reticulum (ER), while the concave sideais) was affiliated with
vacuoles and faced the plasma membrane.

The development of phosphatase chemistityarearly 60’s
revealed the heterogeneity of Golgi membranes. atheities of
specific enzymes, as visualized by electron miapggEM), were
found to differ between cisternae of the same staict in some cases
were observed exclusively in cisternal rims, dernraisg that enzymes
are heterogeneously distributed between cisterhaayiven stack as
well as within individual cisternae (Farquletil., 1974; Cheng and
Farguhar, 1976). The asymmetric organization af/eres within the
Golgi apparatus hinted that the latter may condpecialized
compartments for the modification of specific suliss.

In the mid to late 60’s, the applicatmmauto-radiographic
techniques, which allowed researchers to labelfaliav newly
synthesized proteins, revealed the majority of wiaturrently

understand regarding Golgi function. Previousbhtl microscopy



experiments illustrated the close association dgGoembranes with
secretory granules suggesting a role for the Golgrotein secretion.
Electron micrographs confirmed this as they cledrplayed the
contents of secretory granules within the dilaietsrof Golgi cisternae
(Farguhar and Rinehart, 1954, Sjostrand and Har@%v%). The
revolutionary experiments performed by Palade arléagues mapped
the intracellular route taken by newly synthesizatio-labeled
secretory proteins, including the position of th@gbapparatus along
this pathway (Jamieson and Palade, 1967, 1971m Eneir work it
became clear that newly synthesized secretoryipsofiest travel to the
rough ER, and are transported to the Golgi via bvesicles. Although
the mode of transport through the Golgi was notheined (and is still
controversial), it was shown that secretory camgoshipped to
condensing vacuoles (which associate withtthes-Golgi), or are
directly concentrated in the rims of thrans-most Golgi cisternae. In
the latter case the concentrated protein is thotogbtid from the Golgi
in vesicles which fuse to form mature secretoryngles.

Neutra and LeBlond utilized autoradiggmato study intracellular
sugar metabolism. In their experiments animalsevezated with radio-
labeled hexose, and the regions within cells trexevassociated with the
auto-radiographic grains at certain times afterosexreatment were
observed. They discovered that, for the cell typssed, the vast

majority of the autoradiography was found in thdgbapparatus



(Neutra and Leblond, 1966). These findings praditte first evidence
for the Golgi's involvement in the biogenesis ofj@i-proteins. More in
depth analyses performed by LeBlond and colleagaesonstrated that
core glycosylation (mannose) occurs in the rough#iile terminal
glycosylation (galactose, fucose, sialic acid) @san the Golgi
apparatus (Whuet al., 1969; Haddaét al., 1971), documenting the first
example of intracellular separation of labor (Férauand Palade, 1981).
Similarly, Godman and Lane performed autoradiogyaptperiments in
which they observed the initial distribution of r@ldbeled sulfate when
it was introduced into goblet and cartilage ceB®dman and Lane,
1964). They found that the radioactive grains edrately and
explicitly labeled Golgi membranes. It is now urgleod that many
molecules including lipids, glycoproteins, and stéthormones become
sulfated within cells, and it is believed that treaction takes place
exclusively in the Golgi apparatus.

In the late 60’s it became known thahgnsecretory and
membrane proteins undergo proteolysis as a meastivation. One
example of such a protein is pro-insulin, an ingctnsulin precursor
that becomes active upon cleavage. In 1970 Stammrcolleagues
found that inhibiting membrane transport from tie 6 the Golgi
apparatus prevented the production of insulin fpsoinsulin (Steineet
al., 1980). This was the first clue that pro-secrefoteins are

activated via proteolysis in the Golgi complex.day, it is known that



Golgi-specific proteases (e.g. furin) regulate maspgects of physiology
by controlling the biogenesis of growth factorseetokines, and cell
adhesion molecules.

Even though much had been learned abBolgi function in the
60’s Golgi-specific components were yet to be idmat Enzymes
known to be associated with Golgi membranes we falund to
localize to other regions of the cell, and as altggeparations of Golgi
membranes could not be confirmed unambiguouslypwévyer, in 1969
Fleischer and Ozawa discovered that a galactosgleease activity
responsible for terminal glycosylation was highbncentrated in Golgi
membranes purified from bovine liver (Fleiscleeal., 1969). This
discovery revealed for the first time a markerhed Golgi apparatus that
could be used to specifically identify the orgaaelDver the years
reagents that detect glycosyltransferases haveibdepensable to
researchers striving to understand the particidaabior of Golgi
membranes. To this day observing galactosyltraasés is still the

most accurate way to identify the Golgi apparatus.



B. The Golgi apparatus, Endoplasmic Reticulum, andhe

secretory pathway

The secretory pathway describes thedmesis of secretory
proteins inside the cell. Proteins that are iteseinto membranes or
secreted from the cell traverse this pathway teeaehbiological
maturity (become active), and reach their respedat®stinations.
Proteins that make up the cell surface and exitdaematrix, as well
those that signal between cells or function ingkeacellular space are
examples of secretory proteins. These molecukesssential for
intercellular communication and play important sole development
and organizmal homeostasis. In addition, prot#iasfacilitate protein
trafficking and maintain the organization of therstory pathway are
also referred to as secretory proteins.

Nascent secretory proteins (secyatargo) are translated into the
Endoplasmic Reticulum (ER), a vast network of meanbrand protein
that surrounds the nucleus and extends into th@eephery (see Figure
1 for an illustration of the secretory pathway)sitle the ER secretory
cargoes undergo folding and core glycosylation.eWtine proteins are
ready to leave the ER they are packaged into C&Rltled transport
carriers, which bud from the ER (Barlowieal., 1994) and deliver the
cargoes to the Golgi apparatus, a membrane-boungament

localized near the centrioles in mammalian ce@siurently, there are



two models for protein transport between the ER@aldji. The first
model called the Transport Complex (TC) model, mtsdhat COPII
coated transport carriers fuse homotypically toegate the ER-Golgi
Intermediate Compartment (ERGIC) (Bannytlal., 1998). In this
model the ERGIC consists of large membrane clusitetscontain
secretory cargoes and stain positive for the |dERGIC-53, a cargo-
receptor that cycles between the ER and Golgi.s@RGIC elements
are thought to travel to the Golgi through thesasation with
microtubules, and either fuse with or give risé&tlgi membranes.
However, recent evidence supports a different mfmtdt R-Golgi
transport. Live imaging studies investigating tlypamics of secretory
cargo and ERGIC-53 indicate that ERGIC elementsitoonary
compartments that receive secretory cargo fronictReén a COPII
dependent process and sort the cargo into transporers that travel to
the Golgi apparatus (Ben-Tekagtaal., 2005).

The Golgi apparatus is a ribbon of connected statKattened
membrane called cisternae. The cisternae in eattji &ack are
organized cis-trans (early-late) such that thdai-is near the ER, and
the trans-side faces the plasma membrane. Secoetayoes enter the
cis-Golgi and leave through the trans-Golgi. RBeytmove through the
stack they are modified in a sequential mannehbypblarized array of
Golgi enzymes (enzymes that specifically localz&blgi membranes).

Types of Golgi enzymes include; glycosylation enggrthat attach



sugar residues to secretory proteins, sulfatioyraes that attach sulfate
groups to cargo, and proteolytic enzymes that eeand activate
precursor proteins. These enzymes act sequerdiadlyely on the
actions of earlier enzymes to generate the ap@igpsubstrates. Thus,
by regulating the activity of Golgi enzymes thel cain control the
molecular composition of the cell surface (glycasigin pattern) which
Is important for intercellular interactions andpesses to extracellular
signals. Cargoes move through the Golgi stack thay reach the
Trans-Golgi Network (TGN), where they are sorteo idistinct
transport carriers and delivered to their respeati@stinations. The
movement of secretory cargo through the Golgi iswell understood.
Thus far, two models have been proposed to destafie through
Golgi membranes. These models are not mutuallijusixe, and it is
likely that both are correct to a certain degraepresent the ‘cisternal
maturation’ model (Gliclet al., 1997) is the most accepted of these.
This model predicts that secretory cargoes arspa@med through the
Golgi within individual cisterna that mature cisitis by the retrograde
(backward) transport of Golgi enzymes. This mofeamsport explains
how very large secretory cargoes (larger thanitee vesicles) reach
the cell surface without leaving Golgi cisternae¢Ber and Melkonian,
1996). Alternatively, the ‘vesicle shuttle mod@alhotra and Mayor,
2006) predicts that secretory cargoes travel betvwagi cisternae via

COPI coated vesicles. In this model Golgi cisteraee stable



compartments that retain Golgi enzymes within theundaries,
allowing cargo molecules to advance while maintagrthe polarized
organization of Golgi membranes. Much of the enaesupporting this
model comes from in vitro assays that demonsthegeransport of
secretory cargoes between cisternae from diffgreptilations of Golgi
membranes (Fries and Rothman, 1981). Howeveraashgcussed
earlier this model cannot account for the secrediocargo molecules
much too large to fit into COPI coated vesiclesrgMovet al., 2001).
Even so, it is likely that cisternal maturation argsicle shuttling occur
simultaneously, depending on the secretory actratyired and the
types of cargo being secreted.

From the TGN secretory cargoes can be; transportedf the
cell, expressed on the cell surface, or deliveoeshiother membrane
bound compartment called an endosome. Endosormaelyaamic
structures that play major roles in the recyclihgpmteins from the cell

surface and endocytosis.
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C. Golgi fragmentation and a novel cell cycle ch&point

In mammalian cells the Golgi apparatus is a ribbbconnected
stacks that are anchored to the pericentriolaoregDuring mitosis
Golgi membranes are disassembled into small elestieat become
dispersed throughout the cell (Warren, 1993). Pphixess occurs in
two steps (Colanat al., 2003a). First, the Golgi is fragmented into
large pieces that move away from the pericentriagion. Second,
these large fragments are further broken downvagiculo-tubular
elements that appear as a ‘haze’ by fluorescencestopy (Pecot and
Malhotra, 2004). As daughter cells separate Qulginbranes reform
around the centrioles of each new cell (Warren3).99

There has been much interest in understandingimi@atigi
fragmentation on a molecular level because it woeleal how Golgi
membranes are organized under normal conditioms ift vitro assays
that reconstitute this process have been usecttuiig proteins
involved in Golgi fragmentation. One assay devetbpy Malhotra and
colleagues involves incubating permeabilized NorRet Kidney
(NRK) cells with mitotic extract. Under these cdrahs step 1 of Golgi
fragmentation (large fragments) is reproduced (Aghet al., 1998;
Colanziet al., 2000). With this approach it has been shownttieat
MAPK pathway, Polo-like Kinase 1 (Plk1), and thel@associated

proteins GRASP55 and GRASP65 are involved in Gdigassembly
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during mitosis (Acharyat al., 1998; Colanzet al., 2000; Sutterliret

al., 2001; Sutterliret al., 2002). GRASPG65 is a substrate of Plk1 in vivo
(Lin et al., 2000) and it has been shown that ERK2 specificall
phosphorylates GRASP55 during mitosis (Jegah., 2001). The other
approach involves incubating Golgi membranes pdifrom rat liver
with mitotic extract. With this method it was falithat phosphorylation
of the peripheral Golgi protein GM130 by cdc2 waguired for Golgi
fragmentation (Lowet al., 1998). The main theme that can be
extracted from these in vitro studies is that Gdigassembly occurs
through the phosphorylation of structural compose®RASP65 and
GRASPS55 were both discovered as essential profi@iriee stacking of
Golgi cisternae in vitro (Bamt al., 1997). GM130 was identified as a
component of a detergent-resistant matrix thatesharorphological
characteristics with the Golgi apparatus (Nakanetigh., 1995). It has
been reported that GRASP65 is the binding parme&M130 on Golgi
membranes (reference) and that this interactioegsired to maintain
the organization of the Golgi (reference). Theggtwrylation of
structural Golgi proteins may be analogous to wealgethe supports of
a large building. When a building is destroyedlesies take out the
supporting structures that hold the building togetlcausing the
building to collapse. Proteins like GRASP65, GRASPand GM130

may play a similar role for Golgi membranes. Hoerwnlike fallen



12

buildings the Golgi apparatus can be quickly relaylreversing the
phosphorylation of these proteins.

Interestingly, reagents that antagonize GRASPGEGRASP55
prevent Golgi fragmentation and arrest cells in(@kerence). Cells
enter mitosis normally in the presence of thesgeets when the Golgi
is artificially fragmented by the addition of Br&dfen A (BFA), a fungal
metabolite, or nocodazole, a microtubule de-polynrey agent
(Sutterlinet al., 2002). This suggests that Golgi fragmentatiostmu
occur for cells to enter mitosis, and that cellsitay Golgi structure,
possibly through a cell cycle checkpoint. It i alear why Golgi
fragmentation is required for mitotic entry, buétl are many
possibilities. Perhaps, in addition to its funotes a secretory organelle
the Golgi also acts as a scaffold to regulate thigity of proteins that
act at the G2/M transition. Golgi fragmentationulgbrelease such
components, allowing them to travel to their resipecsites of action
and drive cell cycle progression. GRASP65 and GEIFPPhave been
shown to be involved in the formation of the mitadpindle (Sutterliret
al., 2005). Additionally, other Golgi localized praote appear to play
roles in chromosome segregation and cytokinesiergece). Another
possibility is that the physical presence of thégiio the pericentriolar
region prevents cell cycle progression. Mammatiells keep Golgi
membranes anchored to the centrioles, but Golgi ln@nes in

Drosophila, cerevesiae, and plants are randomly dispersed (referecen).
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Additionally, cerevesiae and plants do not fragment their Golgi
membranes (reference), and preventing mitotic desably of the Golgi
in drosophila has no effect on cell cycle progression (reference
Perhaps mammalian cells maintain the Golgi in grécpntriolar region

to possess additional control over ell division.
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D. De novo biogenesis of the Golgi apparatus: faot fiction?

For over a decade it has been debated whether @elgibranes
fuse with the ER or remain as discrete elementsmgwell division.
Specifically, the morphology of the Golgi ‘hazetdp 2 of mitotic Golgi
fragmentation) has been sought after. If Golgi lemes fuse with the
ER during mitosis then they must form de novo fiitbke ER of each
daughter cell. If Golgi elements remain sepamaimfthe ER then the
Golgi is inherited from pre-existing elements. &emical methods
indicate that the Golgi remains separate from tRedlring mitosis
(Jesch and Linstedt, 1998). However, the populatiomitotic cells
collected for this study could have been enrictwectélls in which the
Golgi is in the form of large chunks, before forioatof the ‘haze’.
Fluorescence microscopy has also revealed that Geambranes
remain independent of the ER during cell divisiShi(maet al., 1998).
However, a photo-bleaching study has demonstratedhe mobility of
Golgi enzymes during mitosis is the same as thelityobf Golgi
enzymes in the ER in cells treated with BFA (Zaall., 1999). Thus
the issue remains controversial.

The concept of de novo Golgi biogenesis is sugpdny studies
examining the behavior of Golgi enzymes in non-diivg cells. In cells
treated with BFA, which inhibits the recruitmentAffl to Golgi

membranes, or a dominant-negative form of sarlL{esgr a GTPase
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required for ER exit, protein transport from the ERnhibited (Fujiwara
et al., 1988; Aridoret al., 1995). Since, under these conditions Golgi
enzymes rapidly accumulate in the ER it was progpdisat Golgi
enzymes constitutively cycle through the ER. Fer#inalysis through
use of sarldn revealed that all Golgi proteins ckcthrough the ER
with t ¥2 ~1h (Mileset al., 2001). Based on these findings the entire
Golgi apparatus cycles through the ER every coapleurs, indicating
that Golgi membranes undergo constant biogenesis the ER (Miles
etal., 2001; Warcet al., 2001). The recycling of Golgi membranes has
been proposed to account for Golgi fragmentatiaregponse to
microutubule de-polymerizing agents (Stoetel., 1998). Under these
conditions the Golgi appears as individual stables kocalize adjacent
to ER exit sites (Thyberg and Moskalewski, 1985te@bal., 1996). A
similar situation has been suggested to occur durél division when
microtubules are de-polymerized to form the mitspindle (Altan-
Bonnetet al., 2006), supporting the idea that the Golgi memésdnse
with the ER during cell division.

It seems clear that Golgi enzymes have the cpacrapidly
relocate into the ER under artificial conditionst lvhat happens when

the secretory pathway is not perturbed?
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Plasma
membrane

Secreted Endosomes

frans

|

COPII

!g ER

Figure 1. Newly synthesized secretory proteins are translatedhe Endoplasmic
Reticulum and shipped to the Golgi apparatus vi@{CCoated transport carriers by way
of the ER-Golgi Intermediate Compartment (ERGI@G)side Golgi membranes secretory
proteins are modifiedis-trans by the array of Golgi enzymes. When the carges ha
moved through the Golgi stack into theans-Golgi Network (TGN) they are segregated
into specific transport carriers that will shuttteem out of the cell, to the cell surface, or

to the endosomes.



CHAPTER |

The Golgi apparatus remains segregated from thEndoplasmic

Reticulum during mitosis in mammalian cells

1.1 ABSTRACT

What happens to organelles during mitosid, lzow they are
apportioned to each of the daughter cells, is optpietely clear. We
have devised a procedure to address whether Gelgibranes fuse with
the Endoplasmic Reticulum (ER) during mitosis Via tletection of
interactions between ER and Golgi proteins. Thie@dure involves
coexpressing an FKBP-tagged Golgi enzyme with anrdi&ned
protein fused to FRAP in COS cells. Since treatrmeth rapamycin
induces a tight association between FKBP and FRAP would expect
rapamycin to trap the FKBP-fused Golgi proteinha ER if it ever
visits the ER during mitosis. However, after tloeilly transfected cells
progress through mitosis in the presence of rapamwye find the Golgi
protein in the newly formed Golgi stacks and nothe ER. Based on
these results, we conclude that Golgi membraneaireseparate from

the ER during mitosis in mammalian cells

17
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1.2 INTRODUCTION

In mammalian cells the Golgi apparatus ishamned to the
pericentriolar region and is organized as a ribblbbconnected stacks.
In organisms such as plants, yeast, Bnakophila, the Golgi is
randomly dispersed throughout the cytosol (Pretiak, 1992; Stanley
et al., 1997; Nebenfuhr and Staehelin, 2001). It isahedr why
mammalian cells keep their Golgi membranes neacéhéioles.
During mitosis, mammalian cells sequentially fragirtéeir
pericentriolar Golgi into small pieces (Warren, 39€olanziet al .,
2003a). In general it is understood that this c&eia a two-step
process (Colanat al., 2003a). In prophase pericentriolar Golgi
membranes are fragmented into small elements eef¢oras “Golgi
blobs” (first step). These blobs undergo furthagentation and
appear as a haze by fluorescent microscopy soméetmesen prophase
and anaphase (second step). As daughter cells teegeparate, the
Golgi haze is converted into larger Golgi fragmehts eventually
reform in the pericentriolar region of each daughktdl. For over a
decade, it has been debated whether the Golgirepresents small
Golgi fragments or Golgi membranes fused with tRe(Euthenveedu
and Linstedt, 2001). The lack of conclusive evideaither way has
polarized the field into two ways of thinking abdwtw Golgi

membranes are inherited. In one view, the Golgihgrited
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independent of the ER (Shirmegal., 1997; Jesch and Linstedt, 1998).
The other proposal is that during mitosis, Golgnmbeanes fuse with
the ER and are partitioned into daughter cellsubhothe ER (Thyberg
and Moskalewski, 1992; Zaet al., 1999).

We have designed an assay to address the issueetier Golgi
membranes fuse with the ER during mitotic progssn mammalian
cells. This assay relies on the ability of twotpnos to conditionally
bind in the presence of ligand. Rapamycin, a smalkcule, binds to
the FK506 binding protein (FKBP) (Wiederreehil., 1991). The
FKBP-rapamycin associated protein (FRAP) bindsh&RKBP-
rapamycin complex (Browet al., 1994; Sabatingt al., 1994), and only
in the presence of rapamycin do these moleculesact. We have
fused FKBP to a Golgi enzyme of the medial to tr@odgi cisternae,
sialyltransferase (ST, ST-FKBP), and FRAP to anrERied version
of the human invariant chain protein (li, li-FRARJ.Golgi membranes
are redistributed into the ER with Brefeldin AHRAP quickly and
efficiently captures ST-FKBP in the presence ofaragcin. When pre-
mitotic COS-7 cells expressing ST-FKBP and li-FR#&® treated with
rapamycin, we find that, after cell division, STBR is found in
reforming Golgi membranes and is not retained @BER. We conclude
that, in mammalian cells, the Golgi apparatus erited independent of

the ER.
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1.3 RESULTS

A Procedure for Trapping Golgi Enzymes in theER

We have constructed a fusion protein (ST-PIKBontaining the
FKBP coding region fused to the Golgi localizataymain of
sialyltransferase (ST). Green fluorescent prof&RP) is appended to
the C-terminus of this construct (Figure 1Aa). fByprescence
microscopy this construct localizes to the Golgewtexpressed in
COS7 cells (Figure 1Ac). Western blot analysis of
immunoprecipitations and transfected lysate shawepns of the
predicted size (Figure 1Ab). Another constructed li-FRAP,
consists of the FKBP-rapamycin binding domain fulsetiveen two
regions of the human invariapthain protein (li) and the HA epitope
(Figure 1Ba). The invariantchain protein contains an arginine-based
ER retention motif (Schutzet al., 1994) that allows it to remain in the
ER until it associates with tifiechain of the MHC class Il molecule
(Khalil et al., 2003). In COS7 cells, the MHC clas$ Ithain is not
expressed, and the invarignthain region of li-FRAP is sufficient to
restrict it to the ER, where it colocalizes withreticulin (Figure 1Bc).
This construct is also expressed at the expectéelcolar weight as
determined by Western blots of lysate from transi@cells and
immunoprecipitations (Figure 1Bb). When electr@pion is used to

introduce ST-FKBP and li-FRAP cDNAs into COS7 cell® find that,
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by fluorescence microscopy, a high percentage Itsf @proximately
60%) are cotransfected. Under these condition§BP and li-FRAP
remain separate as visualized by fluorescent nioms and are found
in the Golgi and ER, respectively (Figure 1C).

When membrane-permeant rapamycin is added toambepressing
ST-FKBP and Ili-FRAP it should bind to FKBP in therien of the
Golgi. li-FRAP would be prevented from binding tB&-FKBP-
rapamycin complex because it is retained in the BBwever, if, in the
presence of rapamycin, Golgi membranes were indiectgse with the
ER, then li-FRAP should bind to ST-FKBP bound tpamycin.
Importantly, once formed in the ER, the ST-FKBA-RAP complex
should remain in the ER even after Golgi membramesllowed to
relocate to the pericentriolar region, becauséefiR-retention motif
present in li-FRAP. To test whether li-FRAP caaptST-FKBP in the
ER, we designed an experiment in which cotransfieC®S7 cells are
treated with Brefeldin A (BFA), a drug that indudbs Golgi to fuse
with the ER (Lippincott-Schwarta al., 1989), for 1 hr at 37°C. This
incubation is carried out in the presence or alsehcapamycin. After
1 hr, BFA and excess rapamycin are washed outrfragia bound to
FKBP is not washed out) and the cells are incubiatéesh medium for
90 min. At this time we determine by fluorescenueroscopy if ST-
FKBP is found at the pericentriolar region or ie R bound to Ii-

FRAP (Figure 2A). After a 1 hr BFA treatment STHK s in the ER
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and colocalizes with li-FRAP. When the cells aeased from BFA in
the absence of rapamycin ST-FKBP relocalizes tp#reentriolar
region. In the presence of rapamycin following Bfedease ST-FKBP
remains in the ER and colocalizes extensively WWFRAP. Under
these conditions, the integrity of the Golgi is fiected, as observed by
fluorescence microscopy with an antibody specticGM130, a Golgi
associated protein (data not shown). To estatiislefficiency and
kinetics with which ST-FKBP is captured by li-FRARe determined
the percentage of cotransfected cells that havEIKBP either at the
pericentriolar region or in the ER after BFA releas the presence or
absence of rapamycin for assorted periods of tigufe 2B). To fuse
the Golgi with the ER, BFA with or without rapamgavas added to
electroporated COSY7 cells for 1 hr at 37°C. This eeere then washed
with PBS and incubated in fresh media for 90 mimnpoubated with
rapamycin for 2.5, 5, or 10 min in the presencBIBA and then washed
and incubated with fresh media for 90 min. At timse the cells were
fixed and prepared for fluorescence microscopytelABFA release in
the absence of rapamycin, 97% of cotransfected halle ST-FKBP at
the pericentiolar region and 3% contain it in the (Eotransfected cells
expressing high levels of li-FRAP were scored).c@tfansfected cells
treated with BFAand rapamycin, after drug release only 30% show ST-
FKBP at the pericentriolar region while 70% dispitay the ER. This

trapping efficiency is the same if cells are trdatgth rapamycin for 10,
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5, or just 2.5 min prior to drug washout. Fromstaeesults, we
conclude that li-FRAP quickly and efficiently traf3-FKBP in the ER

in the presence of rapamycin when Golgi-ER fussomduced by BFA.

Do Golgi Membranes Fuse with the ER during Mibsis?

To visualize the dynamics of Golgi membradesng mitosis,
COS7 cells expressing ST-FKBP and li-FRAP weregplan glass
coverslips coated with pronectin F and arrestes-phase overnight
with aphidicolin as described previously (Achagyal., 1998; Sutterlin
et al., 2002). 8.5 hr after aphidicolin release a sigaiit percentage of
cells are found in various stages of mitosis. hig time, the cells were
fixed and prepared for fluorescence microscopyyE@). In interphase
cells, ST-FKBP and GM130 (data not shown) locatizthe
pericentriolar region and li-FRAP forms a reticutetwork around the
nucleus. During prophase, ST-FKBP staining is atoompletely
converted into a haze that persists through anapkad130 also
becomes largely diffuse although a significant petage exists as small
fragments. li-FRAP maintains a reticular pattenotighout mitosis, and
this observation is in agreement with publishedltsn the behavior
of ER proteins during cell division in mammalianls€Ellenberget al.,
1997). In telophase, small ST-FKBP fragments tlaatigly colocalize
with GM130 begin to emerge from the haze. Afteokytesis, these

proteins are found in large fragments situated tekte centrosomes
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(Figure 4A). Even though deconvolution microscof®ady shows that
the Golgi haze is separate from the reticular EBuUie 3), it is possible
that Golgi proteins transiently relocate to the &®l quickly reemerge.
This is an issue because while it is known thatgpart out of the ER is
blocked during mitosis (Featherstosial., 1985), the exact stage at
which this block is induced and then alleviatedas known. Thus, the
Golgi haze could represent Golgi membranes that hiready fused
with the ER and reemerged or Golgi membranes ta lget to do so.
To address this issue, we employed our trappisgya® mitotic COS 7
cells. Cotransfected cells were treated as befareps 7 hr after
aphidicolin release, rapamycin was added for 9Q s time period
was chosen to allow rapamycin to bind and remaumtddo ST-FKBP
throughout mitosis. Cells were then fixed and preg@dor fluorescence
microscopy. Our working hypothesis is the followiffgGolgi
membranes fuse with the ER at any time during nsifage expect ST-
FKBP to be associated with li-FRAP in the ER andeded from
reforming Golgi membranes after cell division. Cersely, if Golgi
membranes remain independent of the ER duringlosflion, then ST-
FKBP will be found with reforming Golgi membranesdaughter cells
after mitosis. Fluorescence microscopy of rapamym@ated cells just
completing or in the process of cytokinesis (wHem&olgi and ER are
prominently distinguishable) clearly illustrates-EKBP's presence in

reforming Golgi fragments that also contain GM18M130 data not
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shown, (Figure 4A). In support of this, the pereget of newly divided
cells containing ST-FKBP in reforming Golgi elem&(@8% + 2%) was
the same in the presence or absence of rapamygur¢FC). Thus
Golgi membranes do not cycle through the ER dumiitgsis.

To further strengthen our conclusion, we ask&ITHFKBP would be
captured in the ER by li-FRAP if Golgi membranesaevartificially
fused with the ER under mitotic conditions. COSllscwere arrested in
S phase with aphidicolin treatment, released friois klock for 6 hr, and
then incubated with BFA for 1 hr to fuse Golgi meares with the ER,
in the presence or absence of rapamycin. The welis released from
BFA for 90 min to allow for progression into anadhgh mitosis. Cells
in or just after cytokinesis were visualized byollescence microscopy.
Under these conditions, Golgi-specific ST-FKBP vi@asd trapped in
the ER in the presence of rapamycin and was asedaiath reforming
Golgi fragments in its absence (Figure 4B). ThusemGolgi
membranes are fused with the ER and the cellsllargeal to progress
through mitosis, Golgi-specific proteins can bepred in the ER
through use of the rapamycin-based procedure heratords, if Golgi
proteins were to cycle through the ER during m#psur procedure
would have captured and retained Golgi-specificFKBP in the ER.
Based on our findings, we conclude that during radipnogression
through mitosis in mammalian cells, Golgi membramesain separate

from the ER.
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1.4 DISCUSSION

The fact that Golgi membranes are fragmedtethg mitosis has
been known since the 60s (Robbins and Gonatas,; M#4 and
Brinkley, 1970). But in these early studies the pmaiogy of mitotic
Golgi membranes was not revealed. It wasn't unédh and
colleagues used antibodies to Golgi-specific enzymehe early 80s
that it became apparent that Golgi membranes #reselly distributed
in cells during mitosis (haze) (Burkeal., 1982). Electron microscopy
(EM) performed by Warren and colleagues revealatttie Golgi haze
is made up of membranes in the form of small vesi¢lL.ucocq and
Warren, 1987; Sonnichsehal., 1996). Contrastly, EM performed by
Thyberg and Moskalewski in 1992 showed Golgi enzymehe ER of
mitotic cells (Thyberg and Moskalewski, 1992), sessfing that the haze
represents the relocation of Golgi enzymes intddReHowever, it can
be argued that the ER localization of Golgi enzymas due to the ER
retention of newly synthesized proteins and prataimiving via
retrograde transport in cells chronically arrestehitosis by
nocodazole treatment.

More recently, Warren and colleagues have repah@dGolgi
membranes do not appear as a haze but remairgasalad discrete
elements (132 = 5) composed of tubulo-vesicular brames (Shimat

al., 1997; Shimat al., 1998). However, work from our lab and the labs
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of Adam Lindstedt, Jennifer Lippincott-Schwartzda®enjamin Glick
reveals that Golgi membranes are first convertemismall elements
(Golgi blobs), which, in a cell type-specific mannare further
processed and appear diffusely dispersed (Golg)hdesch and
Linstedt, 1998; Zaadt al., 1999; Colanzet al., 2000; Hammond and
Glick, 2000). But what is the molecular descriptadrthis haze? Does it
represent Golgi membranes in the form of smallalesior the
relocation of Golgi enzymes into the ER? Linstaull aolleagues have
reported that Golgi membranes can be isolated @&waythe ER in
nocodazole-arrested mitotic cells (Jesch and Latsi€©98). However,
the cells used for the isolation of Golgi membrac@sld have easily
been enriched in early mitotic stages, when Golgimfaranes are in the
form of large blobs and therefore, not surprisinglyparated from the
ER. Lippincott-schwartz and colleagues have repldtiat the Golgi
haze is due to relocation of Golgi proteins inte ER (Zaakt al.,

1999). They expressed a chimera consisting of giGpkcific
Galactosyltransferase fused to GFP (GalT-GFP) andd that it
localized to the ER in mitotic cells by EM. Howeygrappears that the
majority of the GalT-GFP protein used in this stues retained in the
ER in an unfolded form (Jokitalkd al., 2001). In addition, the
Lippincott-Schwartz group observed the presenendbgenous
Galactosyltransferase in the ER. However, this poay have

represented newly synthesized protein arrestdueiictR due to a mitotic



28

block in ER exit (Featherstoreal., 1985). In their report, Lippincott-
Schwartz and colleagues also used photo bleaclasgebanalysis to
show that, during mitosis, Golgi membranes are doanra continuous,
reticular environment like the ER. However, it isclear whether this
approach would have distinguished between Golgi branes in the

form of vesicles and Golgi membranes fused withBRe

Golgi Membranes Fragment during Mitosis but DoNot Fuse with
the ER

As reported here, Golgi-specific ST-FKBP mgsed in COS 7
cells is found as a haze from prophase throughteasap Interestingly,
the Golgi haze containing ST-FKBP is separate ftioereticular ER
network containing li-FRAP, as they do not coloralby fluorescence
microscopy (Figure 3). Thus even at this levelmdlgsis, Golgi
membranes are likely not contained in ER membradesever, it
could be argued that Golgi membranes are en routeston with the
ER or have exited the ER and are in the processastembly.
Our scheme of trapping Golgi enzymes in the EBubh use of
rapamycin and rapamycin binding proteins was desiga address this
iIssue. Soon after cytokinesis in COS 7 cells, Golgmbranes are found
in the pericentriolar region and are close to catgpassembly. If Golgi
membranes had fused with the ER, then, at this, fimiie presence of

rapamycin, the Golgi protein ST-FKBP should be pepin the ER
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through binding to li-FRAP. However, this is cleaniot the case, as,
after cell division, we find that ST-FKBP is excadlfrom the ER
network and associates with reforming Golgi memésaifrigures 4A
and 4C). We have ruled out trivial possibilitieatthapamycin is
ineffective during mitosis. Cells treated with BRA,fuse the Golgi with
the ER, and then allowed to progress through nsitiosithe presence of
rapamycin reveal Golgi-specific ST-FKBP arrestethm ER (Figures
4B and 4C). On the basis of these results, we odedhat Golgi
membranes remain separate from the ER during mipotigression in

mammalian cells.

Why Mammalian Cells Fragment the Golgi Apparatis So
Extensively during Mitosis?

During mitosis in mammalian cells, Golgi naanes are
sequentially fragmented, first into large blobgydt) that are
subsequently converted into smaller elements (Gwlge, step 2)
(Colanziet al., 2003a). A Golgi apparatus that has been fragrdante
large blobs, in principle, should be sufficient fartitioning into
daughter cells. The Golgi membranes in plantsydarbsophila
embryos, and yeast (cerevisiae) are distributembiitrout the cytoplasm
and during cell division are patrtitioned into dategtcells without a
major change in organization (Preasal., 1992; Stanlewt al., 1997,

Nebenfuhr and Staehelin, 2001). Why then do mitGtigi blobs in
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mammalian cells undergo conversion into smallemelgs? Is this
necessary for partitioning into daughter cellsjorcells benefit from
Golgi fragmentation in more ways than currently iolrg? We have
shown that if the pericentriolar Golgi membranesraot fragmented
into large blobs, cells remain arrested in G2 amahat enter mitosis
(Sutterlinet al., 2002). Thus cells have a means to monitor thetran
of Golgi fragmentation and a defect in this proga&vents mitotic
entry. However, the significance of the second sfapitotic Golgi
fragmentation remains unknown. Kondo and colleagnae® recently
reported that injection of reagents that prevehitition of a protein
called p47 prevents conversion of Golgi blobs thi® haze in
metaphase, but has no effect on progression &f tetbugh the later
stages of mitosis (Uchiyanghal., 2003). This finding suggests that the
second step of Golgi fragmentation is not essefdrahitotic
progression. Thus, the reason for converting Galgps into smaller
elements remains elusive.

In conclusion, it is our opinion that our findinigave resolved a long-
standing controversy regarding the fate of Golgntheanes during
mitotic progression. We conclude from our resuiet imitotic Golgi
fragments remain separate from the ER and thusopeothat biogenesis
of the Golgi apparatus in daughter cells is fromepisting Golgi

elements rather than de novo.
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1.5 METHODS

Antibodies

From Covance: monoclonal anti-HA, polyclonafidHA,
monoclonal anti-GFP. Anti-GM130 was a gift from M.A.
Matteis (Mario Negri Sud Institute, Italy). Rabpitlyclonal
anti-Calreticulin was purchased from Affinity Bi@agents.
Secondary antibodies from Molecular Probes: Rhodamed
anti-mouse, Alexa Fluor 555 anti-mouse, Alexa Flodbr anti-
rabbit. Secondary antibodies from Jackson Labaesto(HRP
conjugated) anti-mouse, anti rabbit. Hoechst washased

from Molecular Probes.

Cloning and Constructs

pCMV3-ST-GFP was a gift from lan Trowbridgdie FKBP coding
region (Hoet al., 1996), a gift from Stefan Ho (UCSD Department of
Molecular Medicine), was cloned into the EcoRI sitepCMV3-ST-
GFP (ST-FKBP). The human invarianthain cDNA was a gift from
Lars Karlsson (Johnson and Johnson PharmaceugsaaRch and
Development). Human FRAP cDNA was also a gift fiétafan Ho.

The FKBP-rapamycin binding domain of FRAP (AA 202614) and
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the HA epitope were cloned into the Xhol and Sidissof the vector

containing the human invariapthain gene.

Cell Culture

COS 7 cells were grown at 37°C with 5% CO2amplete DMEM with

10% FBS, 100 U/ml penicillin/streptomycin, and 2 niMylutamine.

Deconvolution Microscopy

Images were captured with a Delta Vision deotution microscope
system (Applied Precision, Inc., Issaquah, WasbmgtThe system
includes a photometrics CCD mounted on a Nikon DB-i2verted epi-
fluorescence microscope. In general, 50 opticai@ex spaced by 0.2
um were taken. The best optical section for each skt was selected
for publication. Exposure times were set such tiatcamera response
was in the linear range for each fluorophore. AXL(9A 1.4) lens was
used. The data sets were deconvolved and analgnegl 8oftWorx
software (Applied Precision, Inc) on a Silicon Guagg Octane

workstation.

Rapamycin Trapping Assay
5 x 106 COS 7 cells were electroporated @60.22 V) with ST-FKBP
and li-FRAP cDNAs (1ug each) and plated into 6 cm culture dishes

with glass coverslips coated with pronectin F (agpnately 1/4-2/5 of
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cell population/6 cm dish). After 24 hr of expressithe cells were
treated with BFA (21g/ml) £ rapamycin (200 nM) for 1 hr at 37°C (at
this time, prepare cells for fluorescence microgdopvisualize ST-
FKBP in the ER). The cells were then washed x2 RE@% and
incubated with fresh media for 90 min at 37°C. Aftes, the cells were
fixed with 4% formaldehyde for 15 min at room temgiare (RT) and
blocked with buffer containing 0.1% TX-100, 2% h®serum, and
0.05% NaN3 for 30 min at room temperature. ST-FK&R visualized
by GFP fluorescence. li-FRAP was observed with asotonal
antibody against the HA epitope (1:1K in PBS, R followed by
secondary detection with Alexa Fluor 555 or rhodaemied (1:1K in
PBS, 30 min RT). GM130 was stained with polyclosati-GM130
antibody (1:1K in PBS, 1 hr RT) and was detectembsdarily with
Alexa Fluor 647 (1:1K in PBS, 30 min RT). ST-FKBRswbserved via
GFP fluorescence and the DNA was stained with Hetgdh50K in
PBS). Images were taken as described above (Dekaiovo

microscopy).

Quantitation of Trapping Efficiency

COS 7 cells were treated as described ali®a&pamycin trapping
assay). After BFA release in the presence or aleseh@pamycin,
cotransfected cells were scored for having ST-FKBPP) at the Golgi

or in the ER (li-FRAP, anti-HA). Cotransfected selNere selected
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based on overexpression of li-FRAP to ensure encagturing protein
to trap ST-FKBP in each cell counted. At least &&lls were scored per

experiment. The data are presented in the formhiftagram.

Establishing Trapping Kinetics

COS 7 cells, growing on glass coverslips @edatith pronectin F
expressing ST-FKBP and li-FRAP were treated witiABE pug/ml) for
1 hr at 37°C followed by the addition of rapamy(00 nM) for 0, 2.5,
5, or 10 min in the presence of BFA. The cells weteased from BFA
and excess rapamycin and incubated in fresh meftiu80 min at
37°C. At this point, coverslips were prepared fabfescence
microscopy (Rapamycin trapping assay) and cotratesdecells were

scored as described above (Quantitation of Trapfffigiency section).

Immunofluorescence of Golgi Membranes during Mosis in

COS 7 Cells

COS 7 cells were electroporated (Rapamyeippiing assay) and plated
in 6 cm dishes with glass coverslips coated witimpctin F (1/4-2/5 cell
population). The cells were treated overnight witdia containing
aphidicolin (2.5ug/ml) to obtain a more synchronized cell population
After this, incubation the cells were washed x2WRBS and incubated

in fresh media for 8.5 hr (COS 7 cells become nuté49 hr after
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aphidicolin release). At this time, the cells wprepared for
fluorescence microscopy as previously describeg@@Regcin trapping
assay). Images were acquired as described aboveri2aution

microscopy).

Trapping ST-FKBP in the ER during Mitosis

COS 7 cells expressing ST-FKBP and li-FRARPengrown on glass
coverslips and arrested with aphidicolin (Rgml) overnight. Six hours
after release from aphidicolin, BFA (@/ml) was added + rapamycin
(200 nM) for 1 hr at 37°C. The cells were washedwth PBS and
incubated for 90 min with fresh media at 37°C towlthem to progress
through mitosis. At this time, coverslips were fixand prepared for
fluorescence microscopy as previously describeg#@Rgcin trapping

assay).

Quantitation of Trapping Efficiency in Newly Divided COS 7
Cells

Recently divided cells (in or just completieyggokinesis, see Figure 4
legend for cell selection criteria) were selecte@ilG®x magnification.
Cells were scored for having ST-FKBP either in refimg Golgi
fragments or in the reticular ER bound to li-FRARirty-five cells

were scored for each experiment.
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Figure 2. Generation of Rapamycin Binding Golgi- and ER-@&fie Proteinsimages
represent single, deconvolved Z sections (see Enpatal Procedures).(Aa) ST-FKBP
consists of the FKBP coding region fused betweer(3blgi localization domain of
Sialyltransferase (ST) and GFP.(Ab) COS 7 cellsvedectroporated with ST-FKBP
cDNA. After 24 hr of expression, the cells wergsinized and collected via
centrifugation. Following lysis with RIPA buffer nmbrane, free lysates were subjected
to Western blot analysis or incubated with prot&iand protein G sepharose beads
conjugated with an anti-GFP antibody overnight. Bhads were then washed and
incubated with sample buffer. Following sample bufficubation, samples were boiled
and SDS-PAGE was performed to separate proteinstaieblot analysis of transfected
lysate (T) and immunoprecipitations with an antiFc@ntibody reveals proteins of the
expected molecular weight. (NT) = Nontransfectdte bands present in the GFP IP with
nontransfected lysate represent IgGs.(Ac) COSIg were electroporated with ST-
FKBP cDNA and plated on glass coverslips coatetl mibnectin F. After 24 hr of
expression, cells were fixed and prepared for #soence microscopy. ST-FKBP was
visualized via GFP fluorescence and the DNA is&tdiwith Hoechst and seen in blue.
In interphase cells, ST-FKBP (green) localizeh®gericentriolar region with GM130
(red).(Ba) li-FRAP is composed of the FKBP-rapamyiaieracting domain of FRAP
fused between two regions of the human invarasttain protein (li) and the HA
epitope.(Bb) COS 7 cells were electroporated WifFRAP cDNA. Transfected lysate
(T) and immunoprecipitations with an anti-HA antilyovere prepared as in (Ab).
Western blot analysis (with an anti-HA antibody)}mainsfected lysate (T) and
immunoprecipitations shows proteins of the predict®lecular weight. Note that both
ST-FKBP and li-FRAP migrate at about 45 kDa. (NTNentransfected.(Bc) COS 7
cells were electroporated with li-FRAP cDNA andtpthonto glass coverslips coated
with pronectin F. After 24 hr of expression, thiseere fixed and prepared for
fluorescence microscopy. li-FRAP was visualizechveitmonoclonal antibody
recognizing the HA epitope, and endogenous calrati¢s stained with a polyclonal
antibody. li-FRAP (red) colocalizes with calreticu(green) in the ER.(C) COS 7 cells
were electroporated with ST-FKBP and li-FRAP cDNgk&l plated on glass coverslips
coated with pronectin F. After 24 hr of expressioglls were fixed and prepared for
fluorescence microscopy. The image shows an intsICOS 7 cell expressing ST-
FKBP (green, GFP) and li-FRAP (red, anti-HA). TheM®is seen in blue (Hoechst). ST-
FKBP and li-FRAP remain separate in interphasescell
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Figure 3. BFA-Induced Relocation of ST-FKBP into the ER dmedpping by
Rapamycinimages represent single, deconvolved tbssqsee Experimental
Procedures).(A) Cotransfected (electroporated) C©O8&lIs were treated with BFA to
fuse Golgi membranes with the ER. After 1 hr, Biidatment ST-FKBP (green, GFP)
colocalizes with li-FRAP (red, anti-HA) in the EReflow). When cells are released from
BFA for 90 min in the absence of rapamycin, ST-FKBRund in the pericentriolar
region. When BFA is washed out in the presencejgdmycin, ST-FKBP remains in the
ER and colocalizes extensively with li-FRAP (yellowhe DNA is visualized in blue
(Hoechst).(B) The percentage of cotransfected eghsbiting ST-FKBP (GFP) at the
pericentriolar region or in the ER (li-FRAP, antAHwas determined after BFA release
in the absence or presence of rapamycin for asspeods of time. Cotransfected cells
overexpressing li-FRAP (based on fluorescence sitgnwvere scored. Cells were either
treated with BFA £ rapamycin for 1 hr or treatednBFA for 1 hr followed by
incubation with rapamycin in the presence of BFAZ®, 5, or 10 min. The cells were
then washed and incubated in fresh media for 90 Atifeast 150 cotransfected cells
were counted for each experiment/condition andhisgram represents the average of
two (Rap for 2.5, 5, or 10 min) or five (Rap foo060 min) independent experiments. If
cells are treated with rapamycin for just 2.5 miioipto drug washout, ST-FKBP is
efficiently trapped in the ER.
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Figure 4. Dynamics of the Golgi Apparatus during Cell Digisin COS 7 Cellsimages
represent single, deconvolved Z sections (see Erpatal Procedures).COS 7 cells
expressing ST-FKBP and li-FRAP were arrested ogétnvith aphidicolin and released
for 8.5 hr in fresh medium. The cells were themdixand prepared for fluorescence
microscopy. ST-FKBP was visualized with GFP flucessce (green), and li-FRAP was
observed with an antibody against the HA epitopd)(rThe DNA is seen in blue
(Hoechst). The Golgi is broken down into a hazprisphase that persists through
anaphase. In telophase, small pieces containingkBP begin emerging from the haze.
The ER remains reticular throughout mitosis anceappto be separate from the Golgi
haze.
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Figure 5. ST-FKBP Is Not Trapped in the ER after Cell Digisiin the Presence of
RapamycinAll images represent single, deconvolveeg&ions (see Experimental
Procedures) of cells expressing ST-FKBP and li-FR#g€® have just completed
cytokinesis. Criteria for cell selection: (1) dedensing DNA of closely opposed cells
(Hoechst); (2) coexpression of ST-FKBP and li-FRARerexpression of li-FRAP); (3)
appearance of a bridge that once connected clopelysed cells (li-FRAP, anti-HA).(A)
COS 7 cells expressing ST-FKBP and li-FRAP weresaed overnight with aphidicolin
and released for 7 hr in fresh medium. Next, ragamyas added (or not) for 90 min.
Cells were then fixed and prepared for fluorescenimeoscopy. In the presence and
absence of rapamycin, ST-FKBP (green, GFP) is fonmeforming Golgi elements that
are separate from reticular li-FRAP (red, anti-HB).COS 7 cells were arrested
overnight as in (A). Six hours after aphidicolime@se, BFA + rapamycin was added for
1 h and then washed out with PBS. The cells werngbated in fresh media for 90 min
and then prepared for fluorescence microscopy. SBH-(green, GFP) is found in the li-
FRAP (red, anti-HA) reticulum in the presence gfaiaycin. With BFA alone, ST-FKBP
is found in reforming Golgi membranes.(C) The petage of newly divided cells (in or
just finishing cytokinesis) having ST-FKBP in refang Golgi elements or in the ER
was determined by fluorescence microscopy. Celle welected as described above.
Bars 1 and 2 represent untreated cells and ce#setl with rapamycin for 90 min,
respectively, as in Figure 4A. The third and fouréns represent cells treated with BFA
and released for 90 min in the presence or abs#rre@amycin, respectively, as in
Figure 4B. In each experiment, 35 cells were calipgr condition and the histogram
represents the average of two (+ rapamycin) oetlB&A + rapamycin) independent
experiments. ST-FKBP is trapped in the ER aftdrdigision in COS 7 cells only if the
Golgi is first redistributed into the ER by BFA.
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Chapter | is as it appears in Cell 2004, Pecott MaMalhotra, Vivek. |

am the primary investigator and author of this pape



CHAPTER Il

The Golgi apparatus maintains its organization indpendent of the

Endoplasmic Reticulum

2.1 ABSTRACT

Under artificial conditions Golgi enzymes have ta@acity to
rapidly accumulate in the Endoplasmic Reticulum XERhese
observations prompted the idea that Golgi enzyrastitutively
recycle through the ER. We have tested this hygsashunder
physiological conditions through use of a procedbes captures Golgi
enzymes in the ER. In the presence of rapamydaghwinduces a tight
association between FKBP and FRAP, an FKBP-tagg#di @nzyme
can be trapped when it visits the ER by an ERmethprotein fused to
FRAP. We find that whilst FKBP-ERGIC-53 of the EFQi
Intermediate Compartment (ERGIC) rapidly cyclestigh the ER (30
min), FKBP-Golgi enzyme chimeras remain stably eisded with
Golgi membranes. We also demonstrate that Gadgiesision upon
nocodazole treatment mainly occurs through a meshathat does not

involve the recycling of Golgi membranes through BER. Our findings

44
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suggest that the Golgi apparatus, as defined lopltsction of resident

enzymes, exists independent of the ER.

2.2 INTRODUCTION

In mammalian cells the Golgi apparatus is compa$etbzens of
connected stacks of cisternae that are anchortbe foeri-centriolar
region. Each stack is compartmentalized byctkérans (early-late)
distribution of the different Golgi-specific enzym@-arquhar and
Palade, 1981). Integral membrane proteins aneéjmothat are secreted
from the cell are translated into the ER, wherg e properly folded,
and transported to the Golgi apparatus. WithingGolembranes
proteins are sequentially modified by the polariaedy of Golgi
enzymes, and then transported to their respecéstrdtions. Brefeldin
A (BFA), a fungal metabolite that blocks ER-Golgirtsport (Fujiwara
et al., 1988) induces the relocation of Golgi enzymes the ER
(Lippincott-Schwartzt al., 1989). Preventing ER exit through the over-
expression of a dominant-negative form of sarlT®&se that recruits
the COPII coat to ER exit sites (Barlowteal., 1994), also relocates
Golgi enzymes into the ER (Storeeal., 1998; Zaakt al., 1999; Miles
et al., 2001; Warcet al., 2001). These studies demonstrate that Golgi

enzymes have the capacity to quickly redistribnte the ER under
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artificial conditions, but they may not depict wimappens normally,
when the organization of the secretory pathwayisperturbed.
Nonetheless, based on these findings it was propihse Golgi
enzymes constitutively cycle through the ER (Zaal., 1999; Mileset
al., 2001; Warckt al., 2001). Further investigation through use of
dominant-negative sarl reagents has revealed Rwae&ycling is a
general property of all Golgi proteins (Milesal., 2001). Implicit to
this idea is the dependence of Golgi function anglrpetual retrieval
of Golgi components from the ER, which opposesstatus of the Golgi
as an independent organelle.

The dynamics of the Golgi apparatus atertnined by the
collective behavior of its resident enzymes. Thie,relationship
between the Golgi and the ER can be ascertaineetgymining the rate
at which Golgi enzymes associate with the ER. Presty, to achieve
this researchers have employed the use of fluonesaecovery after
photo-bleaching techniques (Zahhl., 1999; Mileset al., 2001; Ward
et al., 2001). However, in these studies conclusiongwesed on the
analysis of very few cells [n = 3 cells (Milesal., 2001)]. Moreover, in
some studies a clearly detectable ER specific pbalfluorescently
tagged Golgi reporter was required in order to meakER recycling
with this method (Zaadt al., 1999; Mileset al., 2001). In our

experiments Golgi enzymes are only detected ireRef highly
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overexpressed. Since the behavior of highly oymessed Golgi
enzymes may not accurately emulate that of endageeonzymes we
made a point to execute the experiments presentisireport under
more physiological expression levels. We havestigated the ER-
recycling of resident Golgi proteins through use @rocedure that
captures Golgi enzymes in the ER (Pecot and Mah&004). This
method exploits the conditional interaction of tproteins, and thus
allows the dynamics of Golgi enzymes to be obsewidiaibut photo-
bleaching cells or disrupting the secretory pathwalge FK506 Binding
Protein (FKBP) and the FKBP-Rapamycin Associatextdtn (FRAP)
only interact in the presence of rapamycin, a smalecule.
Rapamycin specifically binds to FKBP (Wiederreefl., 1991) and
FRAP binds to the FKBP-rapamycin complex (Brostal., 1994;
Sabatiniet al., 1994). In our procedure, FKBP is fused to a Golg
enzyme, and FRAP is attached to an ER-retaine@iprotf the FKBP-
tagged Golgi enzyme ever visits the ER it can apped there in the
presence of rapamycin by the ER-FRAP chimera (Eig4). We have
shown previously that a Golgi enzyme (sialyl-tranaée) fused to
FKBP can be trapped quickly and efficiently in tie of BFA treated
cells via this method (Pecot and Malhotra, 200/)rough use of this
procedure we demonstrated that Golgi membranesimesagregated

from the ER during mitosis in mammalian cells (Rexxtd Malhotra,
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2004). Here we use the ER-trapping method to byae the
relationship between the Golgi apparatus and thenERn-dividing

cells.

2.3 RESULTS

Generation and expression of ER-Trapping Constructs

Our strategy was to compare the rate at which Galgymes
associate with the ER to that of a protein knowragmdly cycle through
the ER. To accomplish this we fused the FKBP cgpdéagion to the
Golgi localization domain of mannosidase Il (M2, MMRBP) and to full
length ERGIC-53 (E53, FKBP-E53) (Figure 1B). Maisesident
enzyme of earlysolgi cisternae (Dunphet al., 1981) and E53 resides
in the ERGIC (Schweizest al., 1988). E53 rapidly cycles through the
ER as it is a cargo receptor for the transportyéagproteins between
the ER and ERGIC (Haue al., 2000). For this reason E53 is an
excellent molecule with which to compare the ERsasgion of Golgi
enzymes. When expressed in HelLa cells M2-FKBPRKE®IP-E53
localize to the Golgi and ERGIC, respectively (FeyaB). The GFP-
E53 construct, from which FKBP-E53 is derived, \paaviously
constructed and utilized to investigate the dynamicthe ERGIC in

living cells, and is thus a proven marker of the@® (Ben-Tekayaet
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al., 2005). li-FRAP and ST-FKBP (Figure 1B) have bpezviously
described (Pecot and Malhotra, 2004). Briefly, HkdP-rapamycin
binding domain of FRAP (Chest al., 1995) was fused to an ER-
retained version of the invariant chain proteip3B, (Schutzet al.,
1994)] (li-FRAP), and the Golgi localization domaihsialyl-
transferase (a late Golgi enzyme) was fused to FEKBPGFP (ST-
FKBP). lip33 cannot be detected in post-ER conmpants with
biochemical methods (Schutekal., 1994) or by fluorescence
microscopy (Schutzet al., 1994) (Figure 1B) indicating that it does not
leave the ER. In addition, unlike Sec31 li-FRARsgmot accumulate in
proliferating ERGIC elements at 15°C (Figure 2).tis temperature
ERGIC elements undergo proliferation (Hauri andvzier, 1992;
Saraste and Kuismanen, 1992) and accumulate metethadt cycle
between the ER and Golgi (Schweieeal., 1990; Jacksost al., 1993;
Tanget al., 1993; Nickelet al., 1997; Hayet al., 1998) including

components of ER exit sites (Hammond and Glick 0200

FKBP-E53 Rapidly Cycles through the ER

To determine the kinetics with which FKBP-E53 cygcterough
the ER, FKBP-E53 and li-FRAP were co-expressedahdicells. The
cells were then treated or not with rapamycin &saated periods of

time in the presence of cycloheximide to prevemtamination from
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newly synthesized proteins. Cycloheximide has &nwvn to inhibit
the peptidyl prolyl isomerase activity of the FKpRtein (Christneget
al., 1999), but does not hinder the efficiency of E&pping in our
experiments. At designated time-points the celisenwixed and the
localization of FKBP-E53 was observed by fluoreseemicroscopy.
We discovered that the recycling of FKBP-E53 toHfetakes place in
three stages (Figure 3A). Stage | is depictechbydss of a compact
peri-nuclear structure and the formation of an ie-teticular pattern.
Greater than 90% of observed cells display thisptype after 5
minutes (Figure 3B). In stage I, the entire Visipool of FKBP-E53
has been converted into a reticular ER patternthi&tpoint the cycling
of FKBP-E53 into the ER is complete as there isomger evidence of
any other structure by de-convolution microscopyter 15 minutes,
more than 60% of the observed cells exhibit thagstg for FKBP-E53
(Figure 3B). Interestingly, although at this tiFi€BP-E53 is
completely in the ER, it has not yet spread thraughhe entire ER
network as observed by li-FRAP staining. Stagsitjhifies the
complete dispersal of FKBP-E53 throughout the EfRvagk. In 30
minutes approximately half of the observed celssaage IIl, and by
one hour nearly all the cells display this phenetgfigure 3B). These
results confirm that FKBP-E53 rapidly cycles thrbube ER and that

the ER-trapping procedure is capable of capturirdy groteins.
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In BFA Treated Cells M2-FKBP is Rapidly and Efficiently
Captured in the ER in the Presence of Rapamycin

After establishing the rate of FKBP-E53 recycling tested
whether M2-FKBP, when in the ER, can be rapidly praficiently
trapped there in the presence of rapamycin. Hella co-expressing
M2-FKBP and li-FRAP were treated with BFA to fusel@
membranes with the ER. After 10 minutes with anhligncentration of
BFA (10 ng/mL) M2-FKBP can be completely relocaitei the ER
where it co-localizes with li-FRAP (Figure 4A). ha@ effects of BFA are
reversible, and when the BFA treated cells are edsind incubated
with fresh media at 37° C for 2 hours M2-FKBP ratuto the peri-
centriolar region (Figure 4A). However, if rapantyand BFA are
added together for 10 minutes, M2-FKBP remainspeagdn the ER
bound to li-FRAP after BFA release (rapamycin botm&KBP cannot
be washed out) (Figure 4A). To establish the ifficy of ER-trapping
we determined the percentage of co-transfected cetitaining the
entire pool of M2-FKBP trapped in the ER after BFA releaséhe
presence of rapamycin. Since in many cells BFAtinent failed to
completely redistribute M2-FKBP into the ER, it waecessary to
normalize the trapping efficiency to the percentafeells in which

BFA worked to completion in each experiment. Tih&sened the
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probability of recording false negative resultsaaljusting for cells that
were scored negative for trapping due to an inceteER-
redistribution of M2-FKBP. We found that, of the-tansfected cells in
which BFA completely relocated M2-FKBP into the Epproximately
80% had trapped the entire pool of M2-FKBP in tliediter BFA
release in the presence of rapamycin (Figure 4ABse results,
combined with the data obtained for FKBP-E53 dertrates that the
ER-trapping procedure is efficient and capableagitering rapidly
recycling proteins, thereby justifying its use asethod to determine if

Golgi enzymes constitutively cycle through the ER.

Golgi enzymes do not Constitutively Cycle throughhte ER

If Golgi enzymes recycle through the ER then, i plhesence of
rapamycin, our Golgi enzyme reporters (M2-FKBP,FSBP) should
get captured there overtime in cells expressirkRIAP. Hela cells co-
expressing M2-FKBP and li-FRAP were treated witblalgeximide in
the presence or absence of rapamycin for variotsdgseof time. As a
positive control BFA-trapping experiments were pearfed in parallel.
At specific time-points the cells were fixed and thcalization of M2-
FKBP was determined by fluorescence microscopye gércentage of
co-transfected cells at each time point in whichRkBP had recycled

to the ER was determined and the results are pezsas a graph in
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Figure 5A. Recycling was deemed complete wherthiee visible
Golgi-pool of M2-FKBP was converted into the ERasBd on previous
reports it was expected that M2-FKBP would compyetecycle after a
couple of hours (Zaat al., 1999; Mileset al., 2001). However, after 16
hours in the presence of rapamycin 90% of the ebsetells still
displayed a clearly visible Golgi-specific poolM2-FKBP (Figure 4A,
Table 1). Similar results were recorded for cetisexpressing li-FRAP
and ST-FKBP (Table 1). When M2-GFP (lacking FKBH®iog region)
was substituted for M2-FKBP in recycling experingenb background
recycling was observed (data not shown). Timetgdonger than 16
hours could not be taken because long term cyclofié& treatment
induces apoptosis.

Although complete recycling was not observed invast
majority of cells it is still possible that a sifjpant amount of our Golgi
reporters relocate to the ER in our recycling eixpents. We therefore
quantified the percentage of co-transfected cediglalying partial
trapping of M2-FKBP or ST-FKBP in the ER after 81d h of
treatment with rapamycin (Figure 5B, Table 1). tRatrapping was
scored as weak (weak ER staining) or strong (stERgtaining) and
was normalized for background at time t=0. Aftdr 87% of cells co-
expressing li-FRAP and M2-FKBP displayed partiat&E&pping of

M2-FKBP (7% weak and 10% strong), 9% of the cedld bompletely
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trapped M2-FKBP in the ER, and 74% of the cells hadisible ER
staining for M2-FKBP (Table 1). After 16 h in theesence of
rapamycin 8% of co-transfected cells exhibitediphkitapping of M2-
FKBP (5% weak and 3% strong), 4% displayed comi&erapping of
M2-FKBP, and 88% showed no visible ER pool of M2BHK(Table 1).
Similar results were observed for cells co-expres$itFRAP and ST-
FKBP (Table 1). The small population of co-tramséel cells displaying
partial ER-trapping of our Golgi reporters strongiglicates that these
do not recycle through the ER. The partial tragphmat is observed in
our experiments may be attributed to missortingwfreporters back to
the ER overtime, or an incomplete block in prowynthesis. These
findings demonstrate that early and late Golgi emy remain stably

associated with Golgi membranes.

Nocodazole Induced Golgi Dispersion does not Resditbm the
Recycling of Golgi Membranes through the ER

In cells treated with nocodazole, a microtubulgpdésmerizing
agent, the Golgi apparatus becomes fragmentedndiadual stacks of
cisternae that are dispersed throughout the ckijlférg and
Moskalewski, 1985; Colet al., 1996). It is thought that this
fragmentation occurs via the recycling of Golgi nieames through the

ER and their re-emergence at areas adjacent txiERites (Colest al.,
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1996; Storrieet al., 1998) (Figure 6A). We have tested this ideaubho
use of the ER-trapping procedure. If it is truatthocodazole induces
the fragmentation of Golgi membranes through ER iy, then
trapping Golgi enzymes in the ER should preventihgearance of the
scattered Golgi fragments (Figure 6A). If the E&sping procedure
cannot prevent the formation of small Golgi elersgéhen nocodazole
induced Golgi dispersion must transpire througlaléernative
mechanism. Hela cells expressing M2-FKBP ari€RAP were
treated with nocodazole {fi/ml) and at assorted time-points the cells
were fixed and analyzed by fluorescence microscdfier 1.5 hours
the typical Golgi-pattern represented by M2-FKBgdeto breakdown
into small, scattered elements that localized B€taexit sites (Figure
6B). When rapamycin was added with nocodazolecgnlbheximide
for 1.5-2 hours the appearance of small scatteegghfents was
prevented in approximately 14% of co-transfectdts ¢Eigure 6C). In
the vast majority of cells (86%) small Golgi elerteewere clearly
visible, indicating their appearance was not dugRerecycling (Figure
6B and C). Our results suggest that the initadjfnentation and
dispersal of the Golgi apparatus in response todenle treatment
primarily occurs through a mechanism that doesmative the

recycling of Golgi membranes through the ER.
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2.4 DISCUSSION

How does the Golgi apparatus maintaiotigmnization amidst the
constant flux of traffic through the secretory pedly? Recent reports
suggest that Golgi proteins constitutively cycletigh the ER at a rapid
rate, implying that the Golgi undergoes constaogbenesis from the ER
(Zaalet al., 1999; Mileset al., 2001; Warcet al., 2001). Exposing cells
to BFA or dominant-negative forms of sarl inhilptstein traffic out of
the ER (Fujiwaraet al., 1988; Storriest al., 1998) and induces the
accumulation of Golgi enzymes in the ER (Lippinesthwartzet al .,
1989; Storrieet al., 1998; Mileset al., 2001; Warckt al., 2001),
suggesting the existence of a constitutive Golgireéycling pathway.
However, both reagents may act non-specificallytdube large
amounts that must be added to cells to observedsieed effects. In
support of this, BFA mediated Golgi recycling regsimicrotubules
(Lippincott-Schwartzt al., 1990) while sarl induced recycling is
microtubule independent (Storieal., 1998).

Flourescence recovery after photo-blesgkechniques have been
applied to demonstrate the rapid ER-cycling of Getggymes under
physiological conditions (Zaat al., 1999; Mileset al., 2001; Wardet
al., 2001). However, as was discussed earlier fels cah be examined

with this method, and in some reports the cells dha examined must
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over-express the observed Golgi reporter in thdZRl et al., 1999;
Miles et al., 2001). We feel that these limitations makefiticlilt to
make conclusions about the behavior of endogenolg Enzymes.
Researchers have also utilized the temperaturétiserfeatures of the
Vesicular Stomatitis Virus G-protein (VSVG) to shtivat Golgi
proteins recycle to the ER under normal conditi@aleet al., 1998).
The thermo-sensitive form of VSVG (VSVGtsO45) consaa
temperature sensitive mutation that causes it goegte and be
retained in the ER at temperatures above 39.8°dlli¢Ge and Rose,
1985). Golgi proteins that have been fused witV@&045 have been
shown to accumulate in the ER under these condiiiGoleet al.,
1998) providing evidence for their constitutiveyeling to the ER.
However, it has been reported that at temperasutigient to arrest
VSVGtsO45 in the ER the budding of COPII coatedales from the
ER is prevented (Aridogt al., 1999) and general protein transport is
inhibited (Truccacet al., 2004), demonstrating that these conditions do
not represent a physiological situation. Furthmenthis study
excluded Golgi enzymes and focused instead on &skgiciated
proteins known to behave dynamically as a resulheif function in
membrane trafficking (KDEL Receptor, TGN-38).

Due to the difficulty in accurately stuidly the behavior of Golgi

enzymes, the relationship between the Golgi andERééas been a
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contentious topic. For this reason, we developeddaR-trapping
procedure (Figure 1A), which represents a simpitajghtforward
method to observe the association of Golgi enzywi#gsthe ER under
physiological circumstances. Previously we esshigll that a late Golgi
reporter (ST-FKBP) can be efficiently trapped ie R when it visits
there (Pecot and Malhotra, 2004). Here we have dom same for an
early Golgi marker (M2-FKBP, Figure 4A and B). \Wen determined
if these reporters relocate to the ER overtime. digeovered that while
the entire pool of an ERGIC-53 reporter (FKBP-EBS3apidly captured
in the ER (30 min, Figure 3A and B), our early daie Golgi markers
remain stably associated with Golgi membranes Eigu Table 1).
Partial relocation of these proteins into the ERuoed in only a small
percentage of cells (Figure 5B, Table 1) indicatimat they do not
constitutively cycle through the ER.

In this study we have also investigatesimechanism underlying
nocodazole induced Golgi fragmentation. Prior repbave claimed
that Golgi fragmentation under these conditionsicEwia the
constitutive recycling of Golgi membranes throulge ER (Coleet al .,
1996; Storrieet al., 1998) (Figure 6A). Based on these findings iswa
also suggested that ER-recycling is responsibl&fagi inheritance
during cell division (Zaaét al., 1999; Altan-Bonnett al., 2006), when

Golgi membranes breakdown during spindle formasiod reassemble
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in daughter cells (Warren, 1993). We have dematesirthat the
appearance of nocodazole dependent Golgi fragneantsot be
prevented by trapping Golgi proteins in the ER (F&g6B and C),
suggesting that fragmentation occurs through aamradtive mechanism.
These results support our prior finding that Gohgimbranes remain
segregated from the ER during mitosis in mammatlglls (Pecot and
Malhotra, 2004).

We have demonstrated that both earlylaedGolgi enzymes
remain stably associated with Golgi membranes analod
constitutively cycle through the ER. Based on Whéspropose that the
Golgi apparatus is a stable compartment that doesety on the ER for
its constant biogenesis. The results presentddsmeport combined
with work regarding the fate of Golgi membranesiniyicell division
(Jesch and Linstedt, 1998; Rossanese and GlicK,; 20&Isson and
Warren, 2004; Pecot and Malhotra, 2004) indicaae titre Golgi
apparatus remains independent from the ER througheuife of the

cell.

2.5 METHODS

Antibodies. The monoclonal HA antibody (HA.11) was purchasednfr

Covance Inc., and monoclonal Sec31A antibody washaised from
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Transduction Laboratories. Secondary antibodie® warchased from
Molecular Probes: Rhodamine Red anti-mouse, Alkxa 647.

Hoechst was also purchased from Molecular Probes.

Cloning and Constructs ST-FKBP and li-FRAP were previously
described (Pecot and Malhotra, 2004). GFP-ERGI@&8a gift from
Dr. Hauri (Ben-Tekayat al., 2005). One tandem repeat of full-length
FKBP was cloned into the Bglll restriction site@FP-ERGIC-53,
generating GFP-FKBPx2-ERGIC-53 (FKBP-E53). M2-FKB&s
constructed by cloning the first 100 amino acidsnoluse alpha-
mannosidase Il (bp 88-307) into the Hindlll and Etoestriction sites
of pPEGFP-N3. The entire FKBP coding region wasitblened into the
EcoRI and BamHlI restriction sites of this vecteg\ing a C-terminal

GFP tag.

Cell Culture. HeLa cells (ATCC) were grown at 37° C with 7% Zi0

DMEM supplemented with 10% FBS, and 2mm L-glutamine

De-convolution Microscopy Images were captured with a Nikon
Eclipse TE 2000-U inverted microscope and a PhotooseCoolSNAP
HQ camera (A.G. Heinz). Image acquisition wasliymMetamorph

software, and images were de-convolved by AutoDreblu
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AutoVisualize 9.3 software. In general, using & 60jective lens (NA
1.4), 21 optical sections per cell spaced by 0..ware taken. The best
optical section for each set of data was useddbtigation. Exposure
times were set such that the camera response s imear range for

each fluorophore.

Transfections. HelLa cells were split into 6 cm plates the nighfobe
(600-900K cells/plate). In the morning the cellsrevbetween 80-95%
confluent. Transfections were performed in themmag via
Lipofectamine 2000 Reagent (Invitrogen). [20of Reagent plus 1Qg
of total DNA (FKBP-E53, M2-FKBP, or ST-FKBP + li-FA&P) was
added to each 6 cm plate, and transfections wkawed to proceed for
at least 6 h. In the evening the cells were syplib coverslips in 6 cm

plates, and allowed to attach for 12-18 hours.

ER-Trapping Procedure. After transfection, cells were treated with
media only, media + cycloheximide (CHX, 100ug/mIBFA (10

ug/mL), or media + CHX + BFA + rapamycin (Rap, 20M) for 10 min
at 37° C. At this point coverslips were fixed &t@&rmine the percentage
of cells that had completely redistributed M2-FKiBB the ER. Co-
transfected cells expressing high amounts of li-PRéere counted (~

400 cells / experiment). The remaining coversligse washed x3 with
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PBS and incubated for 2 h at 37° C with media + CéiX¥nedia + CHX
+ Rap. The coverslips were then fixed (4% formaydke in PBS) for
10 min at room temperature, followed by treatmeitt Wwlocking buffer
(2% FBS, 0.1% TX-100, and 0.05% NaN3 in PBS) fondf at room
temperature. li-FRAP was labeled with a monocldthalantibody
(1:1K in PBS, 1 h room temp). All secondary antiies (Molecular
Probes) were used at a dilution of 1:2K in PBSr{@20 room temp).
After antibody staining, co-transfected cells wesialized by
fluorescence microscopy (GFP constructs were \iseVia GFP
fluorescence). ER-trapping was determined in @x{fsessing large
amounts of li-FRAP. Only the complete re-distribatof M2-FKBP
into the ER was counted as trapping. Approxima3él cells were

scored per experiment (3 independent experiments).

15°C Experiment. HeLa cells expressing li-FRAP and FKBP-E53 were
incubated at 37°C or 15°C for 3 h in sealed 24-platies with culture
medium containing 25 mM Hepes. The cells were thed and

prepared for fluorescence microscopy as describedea

Recycling Experiments Hela cells were transfected as described
above. Transfected cells were treated with mediddX (100 ug/mL),

or media + CHX + Rap (200 nM) for various periodsime. At



63

designated time-points the cells were fixed angamed for
fluorescence microscopy (as described above).r&@wfiected cells
expressing high amounts of li-FRAP were scoredHerrecycling of
Golgi chimeras to the ER. Only complete relocatido the ER was
counted as recycling. Approximately 200 cells wamnalyzed per
experiment with M2-FKBP (at least 3 independentegipents), ~ 55
cells per experiment with FKBP-E53 (at least 2 petedent
experiments), and ~ 80 cells per experiment withFEBP (2

independent experiments).

Quantitation of partial trapping for recycling experiments.

Recycling experiments were performed as describedea The
percentage of co-transfected cells displaying cetepGolgi localization
(No Trapping), complete ER localization (Completagping), weak
partial ER localization (weak ER staining), or siggartial ER
localization (strong ER staining) for M2-FKBP or-&KBP after 8 h or

16 h in the presence of CHX +/- Rap was determined.

Nocodazole Experiments Cells expressing li-FRAP and M2-FKBP
were treated with media + CHX (100ug/mL), mediaH>C+
nocodazole (Noc, 1uM), or media + CHX + Noc + Ra@Q(nM) at 37°

C for 1.5-2 hours. Cells were prepared for fluoesse microscopy as
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described above, except that Hoechst (1:25K) wdsdtb the
secondary antibody incubation. The effects of Edpying on the
appearance of nocodazole induced Golgi fragmenits aleserved in co-
transfected cells expressing large amounts of kWFR Cells were
scored based on their having or not having smalyiGmagments.
Approximately 100 cells were analyzed per experinfénndependent

experiments).
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Figure 6. Scheme of the ER-trapping procedure and descripimahlocalization of
trapping constructs. (A) Diagram of the trappimggedure. FKBP is fused to a Golgi
enzyme and FRAP is fused to an ER protein. WherrKBP-Golgi chimera visits the
ER it can be captured there in the presence ofmgpia. (B) Description and
localization of trapping constructs. FKBP-E53 iada up of FL ERGIC-53 fused to x2
FKBP coding regions, GFP, and the prolactin sigegluence (PrISS). For the
construction of M2-FKBP the Golgi localization domaf mousex-mannosidase Il was
fused to the FKBP coding region and GFP. ST-FKB#ststs of the Golgi localization
domain of sialyl-transferase appended to the FK&fng region and GFP. li-FRAP is
an ER-retained version of the invariant chain protesed to the FKBP-rapamycin
binding domain of FRAP and the HA epitope. All stmcts were designed so that
FKBP and FRAP domains are in the lumen of the GmidtR. In HelLa cells expressing
li-FRAP FKBP-E53, M2-FKBP, and ST-FKBP (green, Gidtalize to the ERGIC,
early Golgi, and late Golgi, respectively, and renseparate from ER-specific li-FRAP
(red, HA).
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FKBP-ES3 li-FRAP Merge FKBP-E53 Sec3|

15 deg

Figure 7. li-FRAP does not accumulate in ERGIC elements58C. Hela cells
expressing li-FRAP (red*panel) and FKBP-E53 (green) were incubated at 87°C
15°C for 3 h. At 15°C ERGIC elements proliferatd accumulate Sec31 (red? panel)
but not li-FRAP. FKBP-E53 was visualized by GHioflescence, li-FRAP with atHA
antibody, and Sec31 was labeled with a monocle8at31 antibody.
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Figure 8. Recycling of FKBP-E53. (A) Stages of FKBP-E®&8ycling. Hela cells
expressing FKBP-E53 (green) and li-FRAP (red) werated with cycloheximide +/-
rapamycin for assorted periods of time. FKBP-E&3/cles to the ER in Il stages. By
stage Il the entire pool of FKBP-E53 has been cdadeanto the ER. FKBP-E53 was
visualized by GFP fluorescence and li-FRAP wassthiwith araHA antibody. (B)
Time-course of FKBP-ES53 recycling. Cells were teelzas in (a) and the percentage of
co-transfected cells displaying each stage of FIEBB-recycling was determined at
various time points. After 30 min in the presenteapamycin FKBP-E53 has recycled
to the ER in nearly all co-transfected cells.
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Figure 9. M2-FKBP can be quickly and efficiently trappedhe ER in the presence of
BFA. (A) BFA induced M2-FKBP trapping in the ERleLa cells co-expressing M2-
FKBP (green) and li-FRAP (red) were treated withABEo fuse Golgi membranes with
the ER) and cycloheximide (CHX) +/- rapamycin (Rép)10 min. After BFA treatment
M2-FKBP co-localizes extensively with li-FRAP inglER. Cells were then washed and
incubated with fresh media and CHX +/- Rap for 2Mith CHX only, after BFA release
M2-FKBP relocates to the peri-centriolar regionowgver, in the presence of Rap M2-
FKBP is trapped in the ER bound to li-FRAP aftetABE washed out. M2-FKBP was
visualized by GFP fluorescence and li-FRAP wassthiwith araHA antibody. (B)
Efficiency of ER-trapping. Cells were treated m¢A) and the percentage of cells
displaying the entire pool of FKBP in the ER wasedmined after BFA release in the
presence or absence of Rap. This value was naexaid the percentage of cells in
which BFA completely redistributed M2-FKBP into tBR. In the presence of Rap
approximately 80% of co-transfected cells in whBffA worked to completion displayed
absolute trapping of M2-FKBP in the ER after BFAeese.
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Figure 10. Golgi enzymes do not constitutively cycle throulga ER. (A) M2-FKBP
does not recycle through the ER. Hela cells caesging M2-FKBP and li-FRAP were
treated with cycloheximide (CHX) +/- rapamycin (Répr assorted periods of time.
After 16 h in the presence of Rap 90% of co-trastefd cells display a clearly visible
Golgi-specific pool of M2-FKBP. (B) PhenotypesM®-FKBP during recycling
experiments. Cells expressing li-FRAP and M2-FKBien) were treated as in (A) and
the following patterns for M2-FKBP were observediémying degrees; No Trapping
(complete Golgi localization), Complete Trappingr{plete ER localization), Weak-ER
(partial trapping, weak ER staining), Strong-ERr{patrapping, strong ER staining).
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Table 1. Quantitation of partial trapping in recycling @pnents. Cells expressing li-
FRAP and M2-FKBP or ST-FKBP were treated with chegimide (CHX) +/-

rapamycin (Rap) for 8 or 16 h as in Figure 5. Pphecentage of co-transfected cells
displaying the phenotypes shown in Figure 5B fer®@ovlgi reporters was determined.
Percentages were normalized against backgrour® atRartial trapping occurs in only a
small percentage of cells.

Table 1. Percentage of co-transfected Hela cells

Partial Trapping

E . No Complete Weak ER Strong ER -
Xperiment . . .. . lotal
Trapping Trapping staining staining

(M2-FKBP)

CHX + Rap § h 74 +/- 17 9+/-0 74/-2 10 +/- 5 17 +/-7
(M2-FKBP)

CHX + Rap 16 h 88 +/- 1 4 +/-2 5+/-3 3+/-2 8+/-1
(ST-FKBP)

CHX +Rapl6h  /2%/-10 2+/-1 20 +/-10 6+-1  26+/-10
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Figure 11. Nocodazole induced Golgi dispersion does not oeeuthe recycling of
Golgi membranes through the ER. (A) Diagram ofdheent model for nocodazole
(Noc) dependent Golgi fragmentation and the expeetiect of the ER-trapping
procedure under these circumstances. Currerifithibught that Golgi proteins recycle
through the ER via a constitutive pathway. From-pentriolar Golgi stacks Golgi
proteins are transported to the ER in small vesittiat do not require microtubules for
movement. Inside the ER Golgi proteins move toBxR Sites (ERES) and exit the ER
in membrane bound transport carriers. The trangaoriers fuse together, forming a
Golgi stack which is subsequently directed to tbe-pentriolar region via a microtubule
dependent process. In the presence of Noc, wheiphlgmerizes microtubules, Golgi
proteins continue to recycle through the ER. Hove@olgi stacks that form from the
fusion of transport carriers harboring Golgi progefail to move to the peri-centriolar
region. This results in Golgi fragmentation in them of numerous dispersed, individual
Golgi stacks that reside near ERESs. When calsraated with Noc in the presence of
rapamycin, recycling M2-FKBP should be capturethm ER by li-FRAP. This would
prevent Golgi fragmentation as visualized by M2-FKB(B) The ER-trapping procedure
does not prevent the formation of Noc induced Gisigiments. Hela cells expressing
M2-FKBP (green) and li-FRAP (red, bottom panel) eveeated with Noc and
cycloheximide (CHX) +/- rapamycin (Rap) for 2 hndiér these circumstances M2-
FKBP was found in punctate structures adjacenRBE, as visualized with an antibody
against Sec 31 (red, top panel). In cells co-esging M2-FKBP and li-FRAP Golgi
fragmentation was not prevented in the presenéapf M2-FKBP was visualized by
GFP fluorescence and li-FRAP was observed throtajhisg with anaHA antibody.

(C) Quantitation of nocodazole induced Golgi fragtagion in Hela cells co-expressing
M2-FKBP and li-FRAP in the presence and absendeapf Co-transfected cells were
treated with Noc and CHX +/- Rap for 1.5-2 h. He presence of Rap the formation of
small Golgi fragments is inhibited in a small penzge of cells, indicating that Golgi
fragmentation mainly occurs through a mechanisrhdbas not involve ER-recycling.
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CHAPTER IlI

Phosphorylation of the Golgi-associated proteiGRASP65 regulates

Golgi fragmentation and mitotic progression

3.1 ABSTRACT

During mitosis in mammalian cells the Gagparatus becomes
fragmented into small pieces and dispersed awany fhe pericentriolar
region. Preventing this event through use of retsgéhat antagonize the
Golgi-associated protein GRASP65 also blocks nutptogression.
Here we show that GRASP65 is hyper-phosphorylatechg mitosis
and that a mitotic form of GRASP65 can be visuaiwéth a phospho-
antibody for the duration of Golgi fragmentation/e also demonstrate
that this signal requires Polo-like kinase 1. Aiddially, we have
mapped the major mitotic phosphorylation sites witARRASP65 and
have identified an adjacent 75 amino acid regiothefprotein that is
required for phosphorylation at these sites. Wresent in excess this
domain of GRASP65 inhibits mitotic progression. r@ndings suggest
that phosphorylation of GRASP65 is important fa grogression of

mitotic event
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3.2 INTRODUCTION

In mammalian cells the Golgi apparatus gaaized into
connected stacks of cisternae that are anchorte foericentriolar
region. During mitosis the Golgi is broken dowipismall elements
and dispersed away from the cell center. Thisgseds likely involved
in the partitioning of the Golgi into daughter sdiut may serve
additional purposes (Colanatial., 2003a). Mitotic Golgi fragmentation
was previously reconstituted in permeabilized NdrRet Kidney
(NRK) cells (Acharyeet al., 1998). Through use of this assay the
MAPK pathway (Acharyat al., 1998; Colanzet al., 2000; Colanzéet
al., 2003b), Polo-like kinase 1 (Sutterghal., 2001), and the Golgi-
associated proteins GRASP65 (Suttegtial., 2002) and GRASP55
(Kinsethet al., submitted) have been implicated in the breakdofvn
Golgi membranes during mitosis.

The MAPK pathway is a signaling cascade seaves to activate
ERKs (Extracellular Regulated Kinases) resultinthie phosphorylation
of ERK targets and changes in cellular physiolagyetence). ERK has
been shown to localize to Golgi membranes (Achatygh, 1998)
where it likely phosphorylates GRASP55 during migddesclet al.,
2001). GRASPS55 is required for the connectiongvbeh cisternal

stacks and is involved in mitotic Golgi fragmentatiKinsethet al.,
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submitted). We hypothesize that during mitosisspihorylation of
GRASP55 by ERK severs the connections betweernratstacks
resulting in the initiation of Golgi fragmentatiomn support of this idea,
stimulation of the MAPK pathway in non-dividing tleads to Golgi
disassembly (Cha and Shapiro, 2001).

Polo-like kinase 1 (PIk1) regulates cellleyevents through
phosphorylation of its target substrates. It atés mitosis by activating
cdkl and is also required for centrosome duplicagiod bipolar spindle
formation (Nigg, 1998). Plk1 was found to interaath and
phosphorylate GRASP65 in vivo (Let al., 2000) and was later shown
to be required for Golgi fragmentation (Suttegiral., 2001). These
findings indicated that GRASP65 could be an effeotdlk1-dependent
Golgi fragmentation. To determine if GRASP65 hasla in Golgi
fragmentation, reagents that antagonize GRASP68 tested for their
effects on Golgi disassembly in permeabilized NFRKsc(Sutterlinet
al., 2002). When added to the semi-intact cells,lgghanal antibody
and the C-terminal portion of GRASPG65 to which éinéibody binds
(Figure 1A) inhibited Golgi fragmentation (Sutterét al., 2002). It was
hypothesized that, in these experiments, both reageted to prevent
endogenous GRASPG65 from interacting with a facydh@at is required
to initiate Golgi fragmentation. The antibody abplrevent such an

interaction by directly binding to GRASP65, whiletC-terminal
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portion of GRASP65 could sequester the interadietpr(s). Since
these reagents inhibited Golgi fragmentation bygonizing a Golgi
protein and not a multi-functional kinase (MAPK cade, Plk1) they
could be used to specifically test the functiomutiotic Golgi
fragmentation in cells. It was found that whemeitreagent was added
to dividing cells Golgi fragmentation was prevengedl the cells
arrested in G2 (Sutterliet al., 2002). The block in cell cycle
progression was alleviated by pre-fragmenting tbégiGhrough use of
the drugs Brefeldin A and nocodazole, which indGodgi-ER fusion
and microtubule depolymerization, respectfully.isT$uggests that cells
can sense Golgi fragmentation and that this evest wccur for cells to
continue dividing.

In this report we investigate the mechanism bictiGRASP65
initiates Golgi fragmentation. We provide evidehoea
phosphorylation induced, mitotic form of GRASP64&tthegulates Golgi

fragmentation and mitotic progression.

3.3 RESULTS

GRASP®65 is hyper-phosphorylated during mitosis

To determine if GRASP65 becomes phosphorylatethglmitosis

we performed in vitro phosphorylation experimerfesill length rat
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GRASPG65 (FL) and the C-terminal portion of the pnoto which
aGRASPG65 binds (the last 250 amino acii2(0)) were expressed in
e.coli and purified from lysate by Ni2+ - agarose beatlse
recombinant proteins were incubated with eithegrphase or mitotic
extract obtained from Normal Rat Kidney (NRK) cdtls 45 min at
32°C, in the presence of ATP. After the incubatibe GRASP65
constructs were isolated from the reactions andhéxed for
phosphorylation by autoradiography (Figure 1B).tHBi6L andA200
were phosphorylated by interphase extract. Howekierlevel of
phosphorylation increased for both (as determingi av
phosphorimager) when exposed to mitotic extragyfe 1B) indicating

the existence of a mitosis-specific phosphorylageant.

A mitotic form of GRASP65

Previously it had been reported that an antibodge against ERK
mono-phosphorylated on the tyrosine residue iadgts/ation loop ¢-
pYERK) stained Golgi membranes during mitosis feeaod that
correlated with Golgi fragmentation and reassenf@Glya and Shapiro,
2001). We have reconstituted this signal biochattyiavith purified
Golgi membranes and recombinant protein and fobhatithe mitotic-
Golgi labeling observed with this antibody resditsn the staining of

GRASP®65 and not ERK. To recapitulate the mitaggonal observed
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with a-pYERK we incubated purified rat liver Golgi membes with
interphase or mitotic extract and ATP. After 3(hrat 32°C a protein of
65 KDa was labeled by-pYERK with mitotic but not interphase extract
(Figure 2A). This protein was not detected in rtnitextract alone and
is most likely associated with Golgi membranes (Feg2A). We
postulated that the 65 KDa Golgi associated prateuid be GRASP65.
To test this idea we pre-incubated Golgi membravihssincreasing
amounts ofi-GRASP65 and then treated the membranes with mitoti
extract and ATP as before. Under these conditithres65 KDa signal
observed withu-pYERK was diminished in a dose dependent manner
(Figure 2B). To further demonstrate thgdYERK labels a mitotis-
specific form of GRASP65 we incubated recombindntRASP65

with mitotic or interphase extract and ATP for 3thrat 32°C. We
found that FL GRASP65 was labeled dpYERK when incubated with
mitotic but not interphase extract (data not showe also
demonstrate that-pYERK recognizea200 (Figure 2C), which is the
region of GRASPG65 that interacts witHFGRASP65 and is involved in
Golgi fragmentation and mitotic progression (Suittegt al., 2002).
These findings strongly suggest thagdYERK recognizes a mitotic

form of GRASPG65.
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Plk1 is required for mitotic GRASP65

Since GRASPG65 is a known substrate of Plk1 artld &
involved in Golgi fragmentation we tested whetherd-pYERK signal
observed on GRASPG65 requires Plk1l. Plkl was immepleted from
mitotic extract (Figure 3). After two rounds ofnmunodepletion Plk1
could not be detected in mitotic extra&t200 incubated with mitotic
extract lacking PIk1 was not recognizeddbpYERK, butA200 treated
with mock depleted mitotic extract yielded a robsighal (Figure 3).
This demonstrates that Plk1 is required to genéhatenitotic form of

GRASPG65 that is recognized by ting@YERK antibody.

Mapping the major mitotic phosphorylation sites inGRASP65

We next wished to discover which residueSRASP65 are
phosphorylated during mitosis. To achieve thispegormed phospho-
peptide mapping. Recombinant FL GRASP65 was ineabaith
interphase or mitotic extract for 30 min at 32%ter the incubation
recombinant GRASP65 was purified from the reactms trypsinized
to completion. The resulting protein fragmentsevgootted onto Thin
Layer Chromatography plates and separated in tmemisions based on
charge and hydrophobicity. Phosphorylated pepticere visualized by

autoradiography (Figure 4A). In both interphase antosis the
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majority of the phosphorylation on GRASP65 appéausccur within
the same peptide(s) (Figure 4A). However, phosgaton within this
peptide(s) was increased with mitotic extract (Feg@A). These results
are consistent with our prior observation that FRASP65 is hyper-
phosphorylated during mitosis (Figure 1B). Theanapots generated
by mitotic phosphorylation were collected from HieC plates and the
phosphorylated peptides were extracted from thienz The peptides
were hydrolyzed into individual amino acids, whighre spotted onto
new TLC plates and separated based on charge amnolpginpbicity.
Phosphorylated amino acids were visualized by adtography and an
amino acid standard was observed with a dye. Plmeamino acid
analysis clearly demonstrated that each spot aeedgphosphorylated
serine and threonine residues (Figure 4B). Sevesethe major
phospho-residue in both spots, and each spot cauatapproximately
equal amounts of phospho-threonine (pThr). A phosmager was
used to determine the ratio of pSer to pThr in esgedt. It was found
that pSer was present 3:1 and 2:1 over pThr irssp@nd B
respectively.

The addition of a phosphate residue to a peptigetafthe overall
charge and hydrophobicity of the peptide and indwceharacteristic
shift in the phospho-peptide map. Thus, a peghdeharbors multiple

phosphorylations can exist as multiple spots ih@spho-peptide map if
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a significant population of the peptide is onlytgdly phosphorylated.
These peptides display a characteristic distriloutica phospho-peptide
map, and as a result they can often be identifigte position of the two
major spots in the mitotic phospho-peptide map BASP65 hinted that
the spots may represent a single peptide thatsaristvo different
phosphorylation states. The location of thesesspthin the phospho-
peptide map, the results of the phospho-aminoatadlysis, and the
composition of the predicted peptides generateu fadheoretical
tryptic digestion of GRASPG65 indicated that thetspoay correspond to
a peptide made up of amino acids 211-223 (Figune 4@is peptide is
located withinA200, which is hyper-phosphorylated during mitosis
(Figure 1B), and contains multiple serine residamed a threonine
residue. Among these residues are a ser-pro (2&8y&hd a thr-pro
(220-221) which are potential targets of mitotindses (Yaffet al.,
1997).

To verify that the major mitotic phosphorylatiotesi in GRASP65
lay within the predicted peptide (211-223) a fraghed GRASP65
(195-305) encompassing this peptide was purifiethfbacteria and
tested for its ability to reproduce the phosphdrgtapattern observed
for FL GRASP65. We found that, when incubated wiikotic extract
195-305 did in fact reproduce the major mitotic gbiworylations in

GRASPG65 (Figure 5A). We next made several diffecembinations of
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alanine substitutions for the possible phosphoedater and thr residues
within amino acids 211-223 in the background of-B85. We found
that when either thr 220 or ser 216 was mutatedaioine one of the
major spots was lost from the mitotic phospho-mkpthap (data not
shown). When both thr 220 and ser 216 were mutatathnine in the
same GRASPG65 fragment both major spots were lost the phospho-
peptide map (Figure 5B). This indicates that the major spots
observed in the mitotic phospho-peptide map of GR&&come from a

single peptide and result from phosphorylationtor2R0 and ser 216.

Excess GRASP65 195-305 prevents Golgi fragmentati@amd mitotic
Progression
If phosphorylation of GRASP65 on ser 2b@ thr 220 is required
for mitotic Golgi fragmentation, then an exces&&RASP65 195-305
should prevent Golgi fragmentatignslequestering the kinase(s)
responsible. To test this, permieadd NRK cells were incubated with
mitotic extract +/- recombinant GR2&S 195-305 and an ATP
regenerating system for 60 min &C32Approximately 70% (67 +/-
8%) of cells incubated with mitogixtract only displayed fragmented
Golgi membranes typical of mitotic cells (Figure)6AContrastly, only
25% (25 +/- 4%) of the cells treated with mitotidractand excess 195-

305 displayed Golgi fragmentation (Figure 6A). deiermine if excess
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195-305 also blocks mitotic entry recombinant 195-%as
microinjected into NRK cells that had been arreste8-phase
overnight by the presence of aphidicolin, an injoibof DNA
polymerase (Sutterliat al., 2002). We found the mitotic index was
reduced from 100% to 56 +/- 10% in cells that wareroinjected with
195-305 versus bacterial lysate (Figure 6B). Thieskngs indicate that
the region of GRASP65 corresponding to amino atéfs305 are

important for Golgi fragmentation and mitotic pregsion.

GRASP65 230-305 is important for phosphorylation ad mitotic
progression

We next tested constructs of 195-305 that eithatasned alanines
or glutamic acid residues for S216, T220 for tlediects on Golgi
fragmentation in vitro. Recombinant forms of tlemstructs were added
to the semiintact Golgi fragmentation assay andgtdreentage of cells
displaying fragmented Golgi membranes was detemnimeach case.
We found that all the mutants inhibited Golgi fragmtation to a level
similar to wild type 195-305 (data not shown). Wgothesized that
these constructs could still interact with the k@) responsible for
phosphorylation, and so we generated GRASP65 23@8ich lacks
the region containing S216 and T220. 230-305 gtyoimhibited the

phosphorylation of 195-305 but is itself unphosptaied (Figure 6C),
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indicating that it interacts with the kinase(s)p@assible for
phosphorylation on S216 and T220.

We next tested if 230-305, when microinjected INRK cells, has
an effect on cell cycle progression. Cell synciration/microinjection
experiments were performed as before and it wasméated that, in the
presence of 230-305 the mitotic index dropped f8d% (Bacterial
lysate) to 16% (Figure 6B). This inhibition of wiiic entry was much
stronger than was observed wiHGRASP65 antibody’200, and 195-

305.

3.4 CONCLUSIONS

Recent evidence indicates that the G2/M transisarontrolled by
Golgi fragmentation (Sutterliet al., 2002), suggesting the existence of a
cell cycle checkpoint that monitors Golgi structufiéhus far GRASP65
is the only known component of this pathway andrteire of its role is
not clear. Reagents that antagonize the C-ternth@RASP65 inhibit
Golgi fragmentation and arrest cells in G2. Wedtgipsized that these
reagents prevent components required for thesdsfrem interacting
with endogenous GRASP65. Specifically, we speedl#tat GRASP65
becomes phosphorylated at the G2/M transitionaitiitg Golgi

fragmentation and mitotic progression
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Here we show that GRASP65 is hyper-phosphoryldtethg
mitosis (Figure 1B), and that a mitosis-specifiaricof the protein can
be visualized, in a PIk1l dependent manner (Figyrevigh a phospho-
antibody (Figure 2). This signal is apparent atlikeginning of Golgi
fragmentation and lasts until Golgi membranes b&gimeform in
daughter cells (Cha and Shapiro, 2001). In additice have mapped
the major mitotic phosphorylation sites in GRASR65216 and T220
(Figure 5). A small fragment of GRASP65 (195-30%t harbors these
residues inhibits Golgi fragmentation and mitotiogression to an
extent similar tax-GRASP65 antibody and200 (Figure 6B).
Interestingly, constructs of 195-305 mutant for &2ahd T220 still
prevented Golgi fragmentation. However, we deteadithat these
constructs were still able to bind the kinase(spoasible for
phosphorylation as GRASP65 230-305, which is natsphorylated,
completely prevents phosphorylation of 195-305, stnoingly inhibits
mitotic progression (Figure 6B and C). Thus thgtore of GRASP65
between amino acids 230 and 305 interacts witltt@ffg) that is
required for phosphorylation of GRASP65, whichumtinitiates Golgi
fragmentation and mitotic progression.

The obvious question is, “what does this regiordBi’ One

possibility is Plkl. GRASP65 is an in vivo subtraf Plk1 (Linet al.,
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2000) and Plk1 has been shown to be required ftgiBagmentation
(Sutterlinet al., 2001). In addition, Plk1 is required for the oti¢ form
of GRASP65 observed with thepYERK antibody (Figure 3).
However, thex-pYERK antibody does not recognize phosphorylated
195-305 (data not shown) which contains 230-305%2ithb and T220,
the major sites of phosphorylation in GRASP65. @&ttheless, it is
highly likely that PIk1 directly phosphorylates GRR65 during G2/M
(S372 consensus site), but this phosphorylationtavay be different

from those involving 230-305.

3.5 METHODS

Reagents.a-GRASPG65 is described in (Sutterénal., 2002). a-
PYERK was purchased from SIGMA. 8847 polyclon&IPantibody
was a gift from Doug Ferris. MonoclonaPlkl was purchased from

Zymed. 2° antibodies were purchased from Jacksboiatories.

Phosphorylation Experiments. Recombinant GRASP65 constructs
were purified frome.coli as in (Sutterliret al., 2002), and mitotic and
interphase extracts were prepared as in (Achetrgla, 1998). In

general, 3ug of recombinant GRASP65 protein waghated with 5ul
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of interphase or mitotic extract (13 ug/mL), phasphation buffer (10
mM MGCI2, 50 mM Hepes pH 7.4, 100 uM ATP [cold]y@M DTT, 5
uM microcystin, 100 uM PMSF), and P32-ATP in a tet@ume of 20
uL. The reactions were carried out at 32°C for#d. GRASP65
proteins were isolated from the reactions with N&yarose beads (His-
tag) and subjected to SDS PAGE. Phosphorylaticabaerved by

autoradiography.

Reconstituting the pYERK signal with purified Golgi membranes.
Golgi membranes were purified as in (Loaeal., 1998). 50 ug of rat
liver Golgi membranes was incubated with 5 uL nmatetxtract, ATP
(500 uM), and buffer B (Lowet al., 1998) for 30 min at 32°C. Sample
buffer containing SDS was added to the reactiodstlae samples were
subjected to SDS PAGE. The samples were thenféraed to
nitrocellulose blot paper, washed (3% milk in PBSAnd incubated
with a-pYERK (1:1000, 3% BSA, PBST) for 1h at room tengtere.
After incubation with 2° ab conjugated to HRP pradenere visualized

via ECL.

Immunodepletion of Plk1 from mitotic extract. Rabbitt polyclonab-
Plk1 (8847, Doug Ferris) was incubated with protéisepharose beads

overnight at 4°C. The beads were washed and itedvath 6uL
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mitotic extract and incubated at 4°C 90 min (ro@hd The mitotic
extract was isolated from the beads and incubatddarxsecond set of
protein G beads conjugated to ralabRlk1 for 90 min at 4°C (round 2).
The mitotic extract was isolated from the beadstasated with sample
buffer, as were both sets of beads from roundsi12ariThe resulting
samples were subjected to SDS PAGE and the pYE&¥abwas
observed as described above, or Plk1l was obsentle@dwnonoclonal

antibody (Zymed).

Phospho-peptide and phospho-amino acid analysis GRASP65
constructs. All experiments were performed using the HunteinT
Layer Peptide Mapping Electrophoresis System (M&ddTTLE-7002),
and the experiments were carried out exactly dessribed in the
instruction manual. In general, GRASPG65 proteiesanphosphorylated
as described above, and isolated from the reactidhe proteins were
then trypsinized to completion and spotted onto Tl&tes. The
peptides were separated by electrophoresis antdroynatography, and
then visualized by autoradiography. For phosphaaracid analysis
peptide spots were scraped and hydrolyzed intwithail amino acids,

which were spotted onto TLC plates and separate@ssibed.



92

Golgi fragmentation assays and effects of GRASP6&fments on
cell cycle progression.Experiments were performed as in (Suttegtin

al., 2002).
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Figure 12. GRASPG65 is hyperphosphorylated during mitosis. DAggramof full length
GRASPG65 (FL) and the C-terminal 250 residu&®00). A-GRASP65 binds ta200.

(B) GRASPG6S5 is hyperphosphorylated during mitogsjual amounts of recombinant FL
GRASP65 and200 were phosphorylated with interphase or mitetitact from NRK
cells. The proteins were isolated from the reastiand phosphorylation was observed
via autoradiography. A phosphorimager was usetktermine the extent of
phosphorylation for each reaction. The phosphtigriecof both FL and\200 increases
upon incubation with mitotic extract.
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Figure 13. A mitotic form of GRASP65. (A) Rat liver Golgi méaranes (GM) were
incubated with interphase (IE) or mitotic extrad). Thea-pYERK antibody
specifically labels a protein of 65 KDa for theubation with mitotic extract. (B) Rat
liver Golgi membranes were preincubated with insigamounts of-GRASP65
antibody and then incubated with mitotic extrathe 65 KDa signal observed with the
a-pYERK antibody is prevented by the presence-&RASP65. (C) Recombinan200
was incubated with interphase or mitotic extraidhie a-pYERK antibody recognizes
A200 that is incubated with mitotic extract.
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Figure 14. PIk1 is required for the mitotic form of GRASP6&ognized by the pYERK
antibody. Mitotic extract was immuno-depleted 6KR. Delta 200 was incubated with
immuno-depleted (IP) or mock (MK) depleted mitaidract. The pYERK antibody
does not recognize delta 200 incubated with miticact lacking PLK1.
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Figure 15. Phospho-peptide maps reveal the major mitotic gihasgation sites in
GRASP®65. (A) Phospho-peptide mapping of FL GRASPBS GRASP65 was
incubated with interphase or mitotic extract in ginesence of radiolabeled ATP.
GRASPG65 was isolated from the reactions and trypsiinto completion. The resulting
peptide fragments were spotted onto TLC platessapdrated in two dimensions.
Phosphorylated peptides are visualized by autogaaipihy. Spots A and B are the major
sites of phosphorylation in both interphase andsst Equal counts of radioactivity
were spotted onto each TLC plate. (B) Phospho-amaaid analyasis of spots A and B.
Spots A and B were scraped from TLC plates anddiyzied into individual amino
acids. The resulting residues were spotted onf® fllates and separated in two
dimensions. Phosphorylated residues were obseraetitoradiography, and a
phosphor-amino acid standard was visualized witlilea Spots A and B contain pSer
and pThr. Equal counts of radioactivity were spobtbnto each TLC plate. (C) Tryptic
peptide of GRASP65 harboring the phosphorylatiepsasented by spots A and B.
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Figure 16. GRASP65 is phosphorylated on S216 and T220 duritgsia. (A)
GRASP65195-305 contains the major mitotic phosghation sites. GRASP65 195-305
was incubated with mitotic extract and radio-labeddP. 195-305 was isolated from
the reaction and trypsinized to completion. Thegtige fragments were spotted onto a
TLC plate and separated in two dimensions. Phogfdted peptides were visualized
with auto-radiography. (B) S216 and T220 are tlagomphosphorylation sites in
GRASP65. 195-305 or 195-305 S216, T220-A wasdrkas in (A). Phosphorylated
peptides were observed via autoradiography. W26 &nd T220 are mutated to
alanines spots A and B disappear. Equal countsdibactivity were spotted on to each
TLC plate.
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Figure 17. Effects of GRASP65 fragments on Golgi fragmentatioitotic progression,
and phosphorylation. (A) Permeablized NRK cellsenacubated with mitotic extract
(ME) + BSA or GRASP65 195-305 and the percentageeti$ displaying Golgi
fragmentation after the incubation was determint@b-305 strongly inhibits Golgi
fragmentation. (B) NRK cells were arrested in &g#) released, and microinjected with
bacterial lysate, 195-305, or 230-305. The mitotdex was determined after 7.5 h.
Both 195-305 and 230-305 inhibit mitotic progressi¢C) Recombinant GRASP65 195-
305 was incubated with ME, ME + 230-305, or ME #a@&00 (last 150 amino acids of
GRASP®65, Figure 7). The phosphorylation statdefdroteins in each reaction was
determined by autoradiography. 230-305 inhibitsgptorylation of 195-305 but is itself
unphosphorylated.
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Figure 18. Diagram of GRASP65 constructs.



CONCLUSIONS

A. De novo biogenesis of the Golgi apparatus

Protein secretion is one of the most important @sses that occur
within cells, yet we have a poor understandinga the secretory
pathway is organized and maintained. In generalkmow that nascent
secretory proteins are translated into the ER wtherg are folded and
modified with core sugar residues. From the ERedery cargoes are
shipped to the Golgi apparatus where they are neaodifirther by Golgi
enzymes and transported to the Trans Golgi NetWb@N). In the
TGN proteins are sorted into specific transportiees and delivered to
their respective destinations. One issue that irsnaresolved is how
the Golgi apparatus maintains its organization afrtite constant flow
of secretory traffic. In the past, the Golgi hagb thought of as a stable
structure that proteins traversing the secretotlvpay visit to complete
their biogenesis and reach their sites of acti®apport for this concept
was derived from the heterogeneity between Gokieonae of a given
stack and the biochemical asymmetry within indiadcisterna
themselves. The major conclusion drawn from tlodservations was
that each daughter cell inherits a full set of ctatgdy differentiated

membrane from its mother (Farquhar and Palade,)198lother words,

102
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cells preserve the integrity of the secretory pathy maintaining
biochemically differentiated membrane rather thanstantly changing
one type of membrane into another (Farquhar aradeall981). This
was thought to be achieved by controlling the tci&ihg of components
between biochemically different membrane structwitis vesicular
intermediates (Farquhar and Palade, 1981). HowéJeas recently
been proposed that the Golgi apparatus is a transtieicture that is
constantly reborn from the ER. This idea is basedeports
demonstrating that Golgi membranes fuse with thed&fihg cell
division (Zaalet al., 1999; Altan-Bonne¢t al., 2006) and accumulating
evidence that all Golgi proteins rapidly cycle tingb the ER (Milest
al., 2001; Warcet al., 2001). This hypothesis argues that the Golgi
apparatus is maintained by the constant transfaomat ER
membranes into Golgi membranes.

The bulk of the evidence supporting this hypothe&s obtained
under conditions in which the secretory pathway persurbed through
the use of chemicals or dominant-negative congr{igppincott-
Schwartzet al., 1989; Storrieet al., 1998; Zaakt al., 1999; Mileset al.,
2001; Warckt al., 2001). To investigate the recycling of Golgieias
to the ER under physiological conditions we devetbp procedure that
captures Golgi proteins when they visit the ER (Pand Malhotra,

2004). This method exploits the conditional int&iean between the
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FK506 Binding Protein (FKBP) and the FK506-Rapamy&ssociated
Protein (FRAP). Rapamycin specifically binds toBK(Wiederrechét
al., 1991), and FRAP specifically binds to the FKBPamycin
complex (Browret al., 1994; Sabatingt al., 1994). We have shown
that an early Golgi enzyme (mannosidasell, M2-FKBR] a late Golgi
enzyme (sialyltransferase, ST-FKBP), when fusedBP can be
efficiently captured in the ER of BFA treated cdlisan ER protein
fused to FRAP (invariant chain [lip33], li-FRAP) ihe presence of
rapamycin (Pecot and Malhotra, 2004). As an aolugti control we
generated an ERGIC-53-FKBP fusion (FKBP-E53) anohébthat it
rapidly associates with our ER reporter under nbroaditions (30
min) (Pecot and Malhotra, submitted). Having dsthabd the ER-
trapping procedure we tested the binding of oulyeard late Golgi
reporters with our ER reporter under normal condsdi during cell
division, and in the presence of a microtubule diaperizing agent
(nocodazole). We found no significant associalietween these
constructs under these circumstances. Based dmdings we
conclude that Golgi membranes remain independetitecER

throughout the lifetime of the cell.
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B. The role of GRASP65 in Golgi fragmentation andnitotic

progression

During cell division in mammalian cells the Golgiparatus
undergoes a dramatic structural reorganizationrbefforming in each
daughter cell. The ribbon of connected cistertatls is completely
converted into small elements that represent thi&ipaing unit of the
organelle (Pecot and Malhotra, 2004). This ocelas two step
process in which Golgi membranes are first frage@imto large pieces
that eventually breakdown into vesiculo-tubulanetats (Colanzet al.,
2003a). Preventing the first step of Golgi fragtaéion with reagents
that antagonize the Golgi associated protein GRASP@&sts cells in
G2 (Sutterlinet al., 2002). Cells enter mitosis normally in the prese
of these reagents if Golgi membranes are artificfeshgmented with
BFA or nocodazole (Sutterliet al., 2002), indicating the existence of a
cell cycle checkpoint that monitors Golgi structure

A polyclonala-GRASP65 antibody and the C-terminal fragment
(A200, last 250 amino acids) to which it binds baothibit Golgi
fragmentation and mitotic progression. We hypattegsthat these
reagents might interphere with the phosphorylatibendogenous

GRASPG65 at the G2/M transition. We demonstratatl BRASP65 is
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hyperphosphorylated during mitosis and that a mitorm of

GRASPG65 can be visualized with a phospho-antibody PIk1
dependent manner. This signal is observed conaattytwith Golgi
fragmentation suggesting a correlation betweertvtloe We also
determined that the major phosphorylation evenSRASP65 occur on
S216 and T220. An adjacent 75 amino acid regigdh@protein is
required for phosphorylation at these sites bitsedf not
phosphorylated, indicating that it may directlyeirgct with the kinase(s)
responsible. When microinjected into cells a pkptorresponding to
this region prevented mitotic progression to a msichnger degree than
a-GRASP65 o\200. Based on these findings we conclude that
phosphorylation of GRASP65 is required to initi&elgi fragmentation
and therefore mitotic progression, and that théregorresponding to

GRASP65-230-305 likely binds to proteins requiredthese processes.
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