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Introduction

In breast, colon and skin cancers, the unusual production and secretion of aberrantly glycosylated
proteins and lipids on the surface are associated with disease progression, metastasis and poor
clinical outcome (1). Glycosylation abnormalities concern both N-linked and O-linked carbohydrate
chains on glycoproteins and glycolipids (2). They likely impair many basic cellular functions, since
terminal oligosaccharide units serve as highly specific biological recognition molecules implicated in
major regulatory processes of the cell. These phenotypic changes in malignant cells highly correlate
with marked structural and functional disorganization of the Golgi apparatus (2).

The Conserved QOligomeric Golgi (COG) complex is a peripheral membrane protein complex
localized on cis/medial Golgi cistern. This evolutionary conserved complex is composed of eight
subunits that are thought to be located in two lobes, the first lobe A containing the COGs 1-4 and the
second lobe B the COGs 5-8 (3). Mutations in the COG complex subunits result in defects in basic
Golgi functions: glycosylation of secretory proteins, protein sorting and retention of Golgi resident
proteins. Cogl and Cog2 deficient CHO cells are viable, but exhibit defects in multiple Golgi
glycosylation pathways establishing a role for the COG complex in mammalian Golgi function (3, 4).
Recently, two siblings were described with a fatal form of congenital disorders of glycosylation (CDG)
caused by a mutation in the gene encoding COG7. The mutation impairs integrity of the of the COG
complex and alters Golgi trafficking, resulting in disruption of multiple glycosylation pathways (5).

All these data indicate that COG complex may participate in Golgi protein trafficking, but the role
of the COG complex in the abnormal glycosylation and secretion of tumor markers in breast cancer

cells remains elusive.
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During my traineeship the focus of my research was directed towards the study of the functioning
of COG complex in normal and tumor cells. In this work siRNA strategy was used to achieve an
efficient knockdown (KD) of Cog3p in normal and breast cancer cells and other tumor cells (HeLa
cells). | have established a novel vesicle docking system in vitro for COG complex-dependent docking
of isolated vesicles to support their role as functional trafficking intermediates. For this study HelLa
cells and MCF7 cells lines were obtained from ATCC (American Type Culture Collection, Rockville,
MD); human breast cancer (HBC) cells SUM 52PE, 159PT, 229PE and 1315MO2 (6) were kindly
provided from Dr. Steve Ethier’s laboratory (University of Michigan,
http://www.cancer.med.umich.edu/breast _cell/Production) and normal breast cells (HB2) line was
kindly provided from Dr. Kurten (University of Arkansas for Medical Sciences, Arkansas).

1. COG3 protein is localized on Golgi in normal conditions. In breast cancer cells it is also
localized on peripheral structures.

COG complex localization in cancer cells probably reflects mislocalization of its membrane
receptor(s) (Figure 1).

Figure 1. Localization of

COG3p in HBC
SUM1315MO2.
Immunofluorescence was

revealed that COG complex
localized both on Golgi
structure (1) and on peripheral
structures (2). | discovered that
GS28 is colocalized with y ‘
COG3 on peripheral structures ke X R, . ) merger
in breast cancer :
SUM1315MO2 cells.

2. COG complex malfunction causes Golgi fragmentation into mini-stacks and vesicle
accumulation.

| utilized RNA interference assay to knockdown COG3 protein. Three different sSiRNAs have been
used. Only one of them was active in HelLa cells. The left panel (Figure 2) shows control cells
transfected only with reagent. On the right panel are cells after 72 h of siRNA transfection. The
guantity of COG3p was dramatically reduced in siRNA transfected cells.

Control HeLa 100x siRNA 1 HeLa 100x (72 hour)

Figure 2. siRNA COG3
transfection induces
degradation of COG3p.
Immunofluorescence
localization of COG3p in
Hela cells after transfected
by siRNA COGS3.

COG3 siRNA-depended Cog3p depletion is accompanied by reduction in Cogl, 2 and 4 protein
levels and by accumulation of COG complex dependent (CCD) vesicles. Blockage in CCD vesicles
tethering is accompanied by extensive fragmentation of the Golgi ribbon. Fragmented Golgi
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membranes maintained their juxtanuclear localization, cisternal organization and are competent for
the anterograde trafficking of vesicular stomatitis virus G protein to the plasma membrane. In a
contrast, Cog3p KD resulted in inhibition of retrograde trafficking of the Shiga toxin (7).

These data clearly demonstrate the importance of the COG complex for both function and
architecture of the Golgi apparatus. The COG complex operates as a vesicle tether that resides on
the cis/medial Golgi compartment and determines accurate docking and fusion of retrograde COG
complex dependent intra-Golgi vesicles.

3. Prolonged knockdown of COG3p affects glycosylation in secretory pathway. Cog3p
acute depletion caused accumulation of non-tethered vesicles and Golgi fragmentation but, at least
initially, did not affect glycosylation of three different glycoproteins: GPP130 (Golgi phosphoprotein of
130 kDa), a 130-kDa phosphorylated and glycosylated integral membrane protein localized to the
cis/medial Golgi (7, 8), CD44 (endogenous heavily glycosylated plasma membrane glycoprotein (9))
and Lamp2 (Lysosome-associated transmembrane glycoprotein (10)). This result was not expected,
since severe Golgi glycosylation defects were previously observed in both ACOGL1 (IdIB) and ACOG2
(IdIC) Chinese hamster ovary (CHO) mutants (11), and similar glycosylation abnormalities were
detected in yeast cog3-ts (sec34-2) mutant (12). To resolve the discrepancy in mutant phenotypes we
tested whether the extended deficiency in Cog3p function affects Golgi glycosylation machinery
(Figure 3) (13).
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Figure 3. Pulse-Chase labeling of glycoproteins CD44 and Lamp2 in HelLa cells. (A)
3 d KD - acute knock-down (KD) after 3 days of COG3 siRNA treatment (COG3 KD). (B)
9 d KD - prolonged — 9 days after COG3 siRNA treatment (COG3 KD) or mock treated
(Control) for 9 days. a — fully glycosylated form, b - underglycosylated form, * - nonspecific
protein, MW — a molecular weight standard. PDI - protein disulphide isomerase as a
control protein localized into ER. (C) Analysis of efficiency to Golgi delivery of CD44 and
Lamp2 from ER. ER cont — ER localized form of protein in control cells. G cont - Golgi
localized form of protein in control cells. ER KD — ER localized form of protein in COG3 9d
KD cells. G KD - Golgi localized form of protein in COG3 9d KD cells.




7
Wild type HelLa cells were treated with COG3 siRNA for different time. Acute KD is referred as 3

days after siRNA treatment, prolonged — 9 days after siRNA treatment or mock-treated for 9 days. To
study the glycosylation process in COG complex depleted cells series of Pulse-Chase experiments
have been performed. HelLa cells after 3 days of COG3 KD were pulsed for 10 minutes with **S-
Methionine and then chased in unlabeled methionine rich medium for 0, 30, 60 and 120 minutes
(Figure 3 A, B). Cells were lysed in defined time points and consequently immunoprecipitated with
anti-CD44, Lamp2 and PDI, samples were loaded on SDS-PAGE and visualized by autoradiography.
There was no difference in speed of delivery to Golgi and efficiency of glycosylation detected. Within
120 minutes majority of CD44 and Lamp2 became fully glycosylated in both control and 3 days COG3
KD Hela cells (Figure 3 A). In contrasts to 3 days of COG3 KD, a pronounced defect in glycosylation
of CD44 and Lamp2 has been shown after 9 days of COG3 KD (Figure 3 B). Even after 2 hours of
chase in 9 days after COG3 KD, CD44 as well as Lamp2 never reached the level of control ones,
saying that defects in glycosylation are developing in accordance with duration of COG complex KD
and thus are developed due to some secondary effects which accumulated in COG3 depleted cells,
leading to underglycosyaltion disorder. However, only for Lamp2 we detected significant decrease of
Golgi glycosylation (Figure 3 C). The glycosylation defect was even more pronounced 9 days after
COG3 KD. Interestingly, even four days of COG3 KD was enough for changes in gel mobility of both
CD44 and Lamp-2, indicating production of under-glycosylated protein species (Figure 4).

HeLa _HB2 _MCF?
. ™ ™ [42]
Figure 4. 96 h 5 § S § 5 §
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These findings suggested that after COG3 KD: 1) either glycoproteins are not targeted properly
and thus can not encounter Golgi glycosylation machinery or 2) Golgi glycosylation machinery itself is
mislocalized, thus not allowing Golgi enzymes to process proteins.

4, COG complex component expression and localization in normal and cancer cells. It was
previously detected that the COG3p protein level in a MCF7 cell is elevated in comparison to HB2
cells. We have proposed that altered level of expression of COG3p (or COG complex) could be a
common feature of cancer cells defective in protein trafficking and Golgi modifications. To test this
prediction the protein expression of COG complex subunits and its intracellular localization in normal
and cancer cells were determined. Protein samples prepared from the normal cells (HB2 and CHO),
mutants of CHO cells (ACOGL1 (IdIB) and ACOG2 (IdIC)) and cancer cells (MCF7 and HelLa) were
separated on SDS-PAGE (9%) and analyzed by Western blot (WB) with anti-COG3p and anti-COG4p
(LobA of COG complex), anti-COG6 and anti-COG7p (LobB of COG complex) Abs and control anti-
GAPDH Abs (Figure 5).

We have found that not only level of COG3p but also other subunits of COG complex in breast cancer
cells MCF7 had been elevated 2-4 times in comparison to HB2 cells (Figure 5 A). The expression of
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Cog4p subunit of lobe A COG in normal breast cells HB2 was also reduced 96 h after COG3 KD,

whereas protein level of the lobe B Cog6 and 7 subunits remained unchanged as was shown for
HelLa cells (7) (Figure 5 B). Efficiency of KD for MCF7 cells was lower as compared to HelLa cells
(about 50%) but COG4p was reduced. Detailed analysis of COG3 KD cells by immunofluorescence
(IF) revealed that Cog3p depletion induces Golgi fragmentation in both normal and breast cancer cell
lines (Figure 6.), as was shown for HelLa cells (7). This result points out that the importance of the

COG complex for both function and architecture of the Golgi apparatus does not depend on type of
cells.

NN HB2 MCF7
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Figure 5. The expression level of the COG complex subunits in normal and
cancerous cell lines. SiRNA-induced COG3 KD is destabilizing Lobe A COG complex
subunits. (A) Expression of COG subunits in normal (HB2) and breast cancer cells
(MCF7). (B) WB of cell lysates from control and 96 h COG3 KD cells. Average levels of the
COG subunits after 96 h of COG3 KD were determined by quantitative WB. To normalize
the sample loading for WB analysis, protein content was measured using the BCA reagent
(Pierce Chemical Co.). Membrane before WB analysis was stained with Ponceau solution.



Control

HB2
Control KD COG3

MCF7

KD COG3

Figure 6. Cog3p depletion induces Golgi fragmentation. HB2 and MCF7 cells were
transfected with COG3 siRNA (KD COG3) or mock transfected (Control). 72 h after transfection, cells were
incubated in OPTI-MEM for 24 h after that fixed and processed for IF with anti-Cog3p (COG3 red), and anti-
GM130 (GM130 green) antibodies. The right row represents merged three-color images. Bars, 10 mm.

5. Analysis of CathD secretion and glycosylation levels of mucinl after inhibition of the
COG function by COG3 siRNA. Mucins are a family of highly glycosylated, secreted proteins with a
basic structure consisting of a variable number of tandem repeats (VNTRs) encoded by 60 base pairs
(Mucin 1) (14). Mucin 1 proteins vary from 160 kDa to 230 kDa and Mucin 1 is aberrantly expressed
in epithelial tumors including breast carcinomas. Cathepsin D (CathD), an aspartic lysosomal
protease expressed in all tissues is secreted from carcinomas. A large number of independent clinical
studies associated high Cath-D concentrations in primary breast cancers with increased risk of
subsequent metastasis (15). Analysis of glycosylation of Mucinl and trafficking of the lysosomal
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enzyme Cath-D in COG3 KD breast cells line revealed that disturbance of COG complex function in
HB2 cells lead to abnormalities of glycoprotein processing for Mucinl and its secretion into the
medium (Figure 7). Furthermore COG3 KD in HB2 causes increase of mislocalization and secretion
of preCathD into the medium imitating cancer phenotype.

These findings allowed suggestion that partial malfunction of the COG complex may play a role in
establishing of cancer phenotype.

HB2 MCF7

KD Control KD Control
cC m C m cC m C m

COG3 — - —_— -

L]

pd

Abnormal forms Z—

Mucinl —»
under-glycosylated forms —p

W

preCathD —> -- ) - d

CathD — |~ -— — e — |

GAPDH —> |== = o e —

Figure 7. Alterations in protein glycosylation of Mucinl and trafficking of the
lysosomal enzyme Cath-D in COG3 KD breast cells line. After 72 h KD COG3 HB2
and MCF7 were started for analysis of CathD and Mucinl secretion and glycosylation by
incubation on OPTI-MEM for 24 h. Then medium was collected, cells and debris were
precipitated by low and high centrifugation and concentrated by TCA precipitation (16) for
overnight in a cold room. Cells were lysed by 1%SDS at 95°C for 15 min and loaded 2%
of cell lysate volume and 50% of medium after concentration on a gel for analyzed by
WB. ¢ — cells, m — medium.

6. Initial characterization of CCD vesicles. COG3 KD Hela cells accumulate ~50 nm vesicles
that could be detected by IF or electro microscopy (EM) (Figure 8A) (7) techniques. These vesicles
have been enriched and partially purified from other cellular membranes by differential centrifugation,
alycerol velocity gradient (GVG), gel-filtration, and immunoprecipitation. Glycerol velocity gradient
centrifugation allows separation of CCD vesicles from other cellular organelles based on size. These
data indicate that COG3 KD cells specifically accumulate vesicles positive for GPP130, GIcNAcT1,
Mann Il, and GS15 as a single peak (fractions 3-5) upon separation on glycerol velocity gradient
(Figure 8B and data not shown) (13). Control cells do not accumulate these markers in vesicular
fractions (Figure 8C).
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Figures 8. Partial purification and initial characterization of CCD vesicles. (A) Ultrastructural
analysis of COG3 KD Hela cells indicated accumulation of 50 nm vesicles (arrows). (B) Glycerol
velocity gradient (GVG) separation. GPP130 —containing CCD vesicles (fr. 3-4) are separated from
large membranes (fr. 13) and cytosol (fr.1). (C) Vesicle fractions 3-4 from glycerol gradient are
enriched in GPP130 and medial-Golgi enzymes. (D) GPP130-containing CCD vesicles are affinity
precipitated with a-GFP-beads. Input was a GVG vesicle pool obtained from COG3 KD HelLa cells
that stably express GFP-GS15. (E) CCD vesicles are specifically recovered on beads preloaded
with COG complex. Input was a GVG vesicle pool (fr. 3-4) obtained from COG3 KD Hela cells.

For the next experiment were used semi-pure CCD vesicles obtained from HelLa cells stably
expressing GFP-GS15 (obtained in this work) (Figure 8D). In this experiment more than 50% of GFP-
GS15-containing vesicles were precipitated under native conditions on beads loaded with anti-GFP
antibodies. These beads also precipitate ~15% of GPP130. Control anti-PDI beads did not precipitate
GFP-GS15 or GPP130, indicating that vesicle binding is specific. This result indicates that CCD
vesicles can be quantitatively precipitated and that these vesicles also contain GPP130. These
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experiments will be expanded to determine if other putative CCD cargo is enriched in GFP-GS15
vesicles.

As it has been shown that CCD vesicles obtained from a 20,000xg supernatant (S20) of COG3
KD cells can be specifically recovered on beads preloaded with COG complex (7). The major caveat
of this approach was low (~4%) binding efficiency of CCD vesicles to COG beads. Now vesicle yield
has improved by modifying our procedure for preparing COG beads and by using vesicles purified on
glycerol velocity gradient. COG complex was isolated on anti-GFP beads from lysates of HelLa cells
that stably express YFP-COG3 (obtained in this work). Protein levels of YFP-COG3 and endogenous
Cog3p in these cells were similar (data not shown). As a result, beads contained almost equal
amounts of different COG subunits (10ul of beads contained ~1ug of YFP-COG3 and 0.24 pg of
COG®6). Beads were incubated for 2 h at 4°C with semi-purified vesicles, washed, and analyzed by
WB. More than 10% GPP130-containing CCD vesicles were recovered on beads loaded with the
COG complex and less than 2% was recovered on control beads (Figure 8E).

7. Docking of isolated CCD vesicles to Golgi membranes is reconstituted in vitro. Results
were shown above indicated that both medial-Golgi glycosyltransferases and intra-Golgi SNARES are
transiently accumulated in CCD vesicles in COG3 KD cells. To test if these vesicles represent a
functional intra-Golgi transport intermediate, | designed an in vitro system that measured vesicle
docking/fusion with isolated rat liver Golgi. The system design was based on the sedimentation
properties of rat liver Golgi (RLG, pelleted at 10,000xg) and CCD vesicles (not pelleted at 20,000xg).
Both GIcNAcT1-myc and GPP130 were used as vesicle markers (Figures 9, 10).

Figure 9. In vitro system scheme of vesicles
docking/fusion with rat liver Golgi

CCD vesicles from COG3 KD cells Rat liver Golgi
(20,000xg supernatant, S20) (10,000xg pellet, RLG)

@
@

Incubation at 37°C with cytosol
and ATP regeneration system

10,000xg pellet with

i docked/fused vesicles

-Docked vesicles are resistant to high salt wash
-Docking require peripheral Golgi proteins
-Docking is blocked by anti-COG3 IgGs

cis, med-Golgi ¢ and trans-Golgi < glycosylatransferases
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Figure 10. Antibodies recognized specific antigens in rat liver
Golgi (RLG) and COG3 KD HelLa S20 fractions.

RLG
HelLa S20

kDa
175»
a-human GPP130 —
83 »
62 »
a-myc GIcNAcT1 o

a-rat GS28 —
25 p
62 »

47 p.

Aliquots of RLG and COG3 KD HelLa S20 (~ 10 pg each) were separated on 10%
SDSPAGE and immunoblotted with antibodies as indicated.

In the first experiment, 20,000xg supernatant (S20) from COG3 KD cell lysates was mixed with
different amounts of purified RLG and incubated for 30 min at 37°C. At the end of incubation, RLG
with bound vesicles were pelleted and washed with low salt buffer or with buffer with 250 mM KCI. |
have found that CCD vesicles were able to dock to isolated Golgi (Figure 11A). The amount of
sedimentable vesicle marker (up to 30% from total input) was proportional to the amount of added
Golgi membranes and vesicle-Golgi association was resistant to 250mM salt wash, which normally
strips vesicles from Golgi membranes (17), indicating tight association and/or complete fusion.

A S20 + [+ |+ |+ |+
Golgi O (5 (100 |10
250mM - - - + +
KCl wash
GIcNACT1 —» R — p—

Figure 11. Reconstitution of CCD vesicles docking to Golgi in vitro. (A) GlcNacT1-containing
vesicles are specifically cosedimented with rat liver Golgi (RLG). S20 (vesicle fraction) from COG3
KD HelLa cells was incubated with indicated amounts of RLG for 30 min at 37°C and then Golgi
were pelleted at 10,000xg. Vesicle binding was estimated by WB.
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Second experiment (Figure 11B) performed under the same conditions was designed to test if
vesicle docking is COG dependent. Docking to acceptor Golgi membranes was sensitive to
proteinase K pretreatment, indicating involvement of peripheral and/or transmembrane proteins.
Indeed, both Golgi SNARE GS28 and Cog3p were completely destroyed by Proteinase K treatment
(Figure 11B lane rat GS28 and data not shown). Most importantly, docking of CCD vesicles was
sensitive (~70% inhibition) to addition of anti-COG3 IgGs.

B
Golgi -+ |+ [+ [+ |+ +
S20 + |+ |+ |+ |+ |+ -
Prot. K - |- + |+ |- |- )
Protease - - - + |- - -
inhibitor
aCOG3 - - - - + |[Control|l  _
IgG
human GPP130 —» ﬂ ’ amid
GIcNAcCT1 —> : -3
*—> .
rat GS28 —» p— Bl |

Figure 11. Reconstitution of CCD vesicles docking to Golgi in vitro. (B) Vesicle docking
requires Cog3p and peripheral Golgi proteins. Golgi (detected with rat GS28 IgGs) were
pretreated with a-Cog3p IgGs, or with Protease K +/- protease inhibitor and afterwards incubated
with vesicles (detected with antibodies to human GPP130 and anti-myc-GIcNAcT1) as in A.

Incubation at 37°C does not discriminate between vesicle docking and fusion. Therefore, |
performed docking reaction for 1 h at 4°C (Figure 11C). Again, more than 40% of vesicular marker
GIcNAcT1-myc was co-sedimented with RLG in a time-dependent manner (Figure 11C, left “Pellet”
panel), and a proportional depletion was observed in the supernatant. As a specificity control, we
used mostly ER-resident protein PDI that was present in small amounts in both the S20 and RLG
fractions. Importantly, our anti-PDI antibodies recognized both the rat and human protein species,
which run differently on SDS-PAGE (Figure 10 and 11C, compare human and rat PDI bands). | found
that human PDI was not co-sedimented with RLG, indicating that docking of CCD vesicles was
specific.
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Figure 11. Reconstitution of CCD vesicles docking to Golgi in vitro. (C) Vesicle docking takes
place at 4°C. Vesicle fraction was incubated with 10ug of RLG for time indicated at 4°C and then
Golgi with docked vesicles were recovered and analyzed as in A. Note that human ER protein
human PDI that is present in S20 fraction is not cosedimented with Golgi.

Finally, | tested if CCD vesicles purified on glycerol velocity gradient were active in a docking
reaction (Figure 11D). | have found that more than 40% vesicles specifically docked to RLG.
Importantly, this vesicle prep was cytosol-free, and RLG was the only source of Cog3 protein,
indicating that docking of CCD vesicle is independent of soluble factors and that the COG complex is
acting from the Golgi side to direct the vesicle docking process.

Pellet Supernatant

D
CCD vesicles -+ o+ o+ -+ o+ o+
RLG + - + + + - + +
Incubation,min 60 60 3 60 60 60 3 60
GIcNACT1 » - — oy . .
COG3 —» |w= ——
|

Figure 11. Reconstitution of CCD vesicles docking to Golgi in vitro. (D) CCD vesicles
(GIcNACT1) purified from glycerol velocity gradient bind to RLG (COG3) with ~40% efficiency.

These findings have concluded that CCD vesicles are functional intra-Golgi intermediates,
capable of docking to Golgi membranes in a COG complex-dependent reaction.
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Key research accomplishments

. Altered level of expression of COG3p (or COG complex) could be a common feature of cancer
cells defective in protein trafficking and Golgi modifications.

. The importance of the COG complex for both function and architecture of the Golgi apparatus
does not depended on type of cells.

COG complex-dependent docking of isolated CCD vesicles was reconstituted in vitro, supporting
their role as functional trafficking intermediates.
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Reportable outcomes

. Zolov, S. siRNA-dependent Cog3 depletion causes rapid Golgi fragmentation. Participation in “Student
Research Week” of the College of Medicine, University of Arkansas for Medical Sciences, Arkansas on
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HelLa cells. J Cell Biol 168(5):747-59 (2005).

. Zolov, S. and Lupashin, V. Mammalian COG complex serves as a “docking station” for retrograde Golgi
vesicles. Participation in "Era of Hope" Department of Defense (DOD) Breast Cancer Research Meeting.
Pennsylvania Convention Center, Philadelphia, Pennsylvania, June 8-11, p. 104, 2005.

Lupashin, V., Zolov, S. and Shestakova, A. The COG complex regulates intra-Golgi cycling of vesicles that
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p. 156, 2005.
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Conclusions

1. COG complex malfunction causes Golgi fragmentation into mini-stacks and vesicle accumulation.

2. Prolonged knockdown of COG3p affects glycosylation in secretory pathway.

3. Altered level of expression of COG3p (or COG complex) could be a common feature of cancer

cells defective in protein trafficking and Golgi modifications. The importance of the COG complex
for both function and architecture of the Golgi apparatus does not depend on type of cells.

. Partial malfunction of the COG complex may play a role in establishing of cancer phenotype.

5. Constantly cycling medial-Golgi enzymes are transported from distal compartments in CCD

vesicles. Dysfunction of COG complex leads to separation of glycosyltransferases from
anterograde cargo molecules passing along secretory pathway, thus affecting normal protein

glycosylation.
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siRNA dependent Cog3 depletion causes rapid Golgi fragmentation.
Sergey N. Zolov, Department of Physiology and Biophysics UAMS

The conserved oligomeric Golgi (COG) complex was identified as one of the
evolutionary conserved protein complexes that regulate a cis-Golgi step in intracellular
vesicular transport. This evolutionary conserved complex is composed of eight subunits,
Mutations in the COG complex subunits result in defects in basic Golgi functions:
glycosylation of secretory proteins, protein sorting and retention of Golgi resident
proteins. We propose that the COG3 protein plays one of the main roles in these
processes. We utilized RNA interference assay to knockdown of COG3p in HeLa cells to
determine the effect of its depletion on Golgi proteins localization.

siRNA dependent Cog3 depletion cause rapid Golgi fragmentation and possibly
accumulation of Golgi resident proteins in transport vesicles. Furthermore in COG3
depleted cells level of COG1, 2, 4 and & is also reduced while the level of COGS and 6
subunits is not changed. We found that the COG complex physically interacts with
components of intra-Golgi trafficking machinery including SNAREs and vesicle tether
GM130. COG3 protein in normal conditions is localized on Golgi but in breast cancer
cells in addition to the Golgi it is also found on peripheral structures where it colocalized

with SNARE protein GS28. These results helps to further define the COG complex
function in protein trafficking.
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Cog3p depletion blocks vesicle-mediated Golgi retrograde trafficking in
Hela cells.

S, Zolov, V, Lupashin; Physiology and Biophysics. University of Arkansas for
Medical Seiences, Little Rock, AR

The Golgi apparatus organizes both the anterograde exocytic trafficking of newly
synthesized proteins that travel from the endoplasmic reticulum to the plasma
membrane and retrograde endocytic trafficking of cell surface molecules that
travels back to the ER. The COG (Conserved Oligomeric Golgi) complex was
identified as one of evolutionarily conserved multi-subunit protein complexes
that regulale membrane trafficking in cukaryotic cells. We have previously
proposed that yeast COG complex acts as a tether that connects cis-Golgi
membranes and COPI-coated intra-Golgi vesicles. In this work we used siRNA
strategy to efficiently knock-down Cog3p in Hela cells. Cog3p depletion is
accompanied by reduction in Cogl, 2 and 4 protein levels and by rapid
accumulation of COG complex dependent (CCD) vesicles carrying v-SNARES
gs15p and gs28p and cis-Golgi recycling glycoprotein gpp130. Some of these
CCD vesicles appeared to be COPI coated. A prolonged block in CCD vesicle
tethering induced extensive Golgi fragmentation. Similar Golgi fragmentation
was observed when Hela cells were microinjected with anti-Cog3p antibodies,
Fragmented Golgi membranes maintained their juxtanuclear localization,
cisternal organization and were competent for anterograde trafficking of VSVG
protein to the plasma membrane. In a contrast, Cog3p knock-down resulted in
complete inhibition of retrograde trafficking of the Shiga toxin between the
plasma membrane and the ER. We used native immunoprecipitations to show
that the Golgi-located COG complex physically interacts with gs28p and COPIL
In addition, the purified COG complex specifically tethers isolated CCD vesicles.
For the first time we have demonstrated that the acute depletion of mammalian
COG complex activity results in specific inhibition of tethering of retrograde
intra-Giolgi vesicles and that the efficient targeting of these CCD vesicles is
essential for the maintenance of the Golgi structure. Supported by grants from the
NSF (MCB-0234822) and DOD (DAMDI17-03-1-0243).
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Cog3p depletion blocks vesicle-mediated Golgi
retrograde trafficking in HelLa cells.

Sergey N. Zolov, Department of Physiology and Biophysics UAMS

The Golgi apparatus organizes both the anterograde exocytic trafficking of newly synthesized proteins that
travel from the endoplasmic reticulum to the plasma membrane and retrograde endocytic trafficking of cell surface
molecules that travels back to the ER. The Conserved Oligomeric Golgi (COG) complex is an evolutionarily
conserved multi-subunit protein complex that regulates membrane trafficking in eukaryotic cells. Mutations in the
COG complex subunits result in defects in basic Golgi functions: glycosylation of secretory proteins, protein
sorting and retention of Golgi resident proteins. We propose that the COG3 protein plays one of the main roles in
these processes.

In this work we used siRNA strategy to achieve an efficient knock-down of Cog3p in HelLa cells. Cog3p
depletion is accompanied by reduction in Cogl, 2 and 4 protein levels and by accumulation of COG complex
dependent (CCD) vesicles carrying v-SNAREs GS15 and GS28 and cis-Golgi glycoprotein GPP130. Some of
these CCD vesicles appeared to be COPI coated. A prolonged block in CCD vesicles tethering is accompanied by
extensive fragmentation of the Golgi ribbon. Fragmented Golgi membranes maintained their juxtanuclear
localization, cisternal organization and are competent for the anterograde trafficking of VSVG protein to the
plasma membrane. In a contrast, Cog3p knock-down resulted in inhibition of retrograde trafficking of the Shiga
toxin. Further, the mammalian COG complex physically interacts with GS28 and COPI and specifically binds to
isolated CCD vesicles.

We conclude that the mammalian COG complex serves as a “docking station” for retrograde Golgi vesicles.
These results help to further define the COG complex function in protein trafficking.

This work was supported by grant from the Department of Defense (DAMD17-03-1-0243).
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Biomarkers |

Era of Hope, June 8-11, 2005

for genersting & standard cusve, Concentrations of 188 gene were comparcd with those
of the breast epithebium specific genes fat milk globule membrane antigen and whey
acidic protein.

Orar resules led us to conclude that RT-PCR. is sensitive for detecting BRNA from small
nambers of LOM selected cells, being able 1o detect few coples of RNA, whereas the
amounts of LNA obained by lincar amplification did not suffice for its wse in microar-
ray analysis, These observations conlirmed the usefulness of the lwllu!mn of LCM to
cytospin preparations for obtinmg pure cell pop for RNA and of
PCR RNA amplification lut eDNA macroaTLy analysis and of RT-PCR for gene
lewel 3 The possibilities of using a minimal sumber of cclls
and the utlilzation of RT-PCR mﬂnud of lingar amplification for obtaining RNA in
adequate amount and quality for performing cDNA microamsy analyss represented a
significant step to warrant that the breast epithelial cells from selected donoes can be

CALX immunostained, lsser microdisseciod froren scctions of invasive brenst cargi-
noma identified novel hypoxia associated candidate genes. Dhifferential expression of
selected condidntes was confirmed on mENA level using real tme PCR and Nofthein
blotting. [mmunostsining of tsswe areay, from |20 invasive breast tumors,
and statistical analysis of follow-up sarvival data, showed unexpecied negative prog-
nostic significance of candidate gene 92. Candidate 92 was previously asserted as a
tumor suppressor gene. Relevance of candidate gene 92 in mammary glasd was gon-
firmed in mouse — observed gene exprossion levels varied during mommary gland
development, lactation, and invehintion.

Summary; | mastcred a chain of cxperimental meshods wsed to identify novel differen-
sially expressex gemes, The candidute 92, identified in course of the propeci, can be
weed 2 2 prognostic marker in clinical management of breast cancer. and it provides
topic for funber research elucidsting irfs mechanism of action,

studied m the same fsshion. These studies will bead 1o froitfil results through g
hicrarchical claster amalysiz and biinformatics for patient risk assessment. This meet-
ing offers a great opportunity to scientists and health care providers of discussing with
comsumers and the general public affected by breast cancer the potential of this
approach for asseaing risk wing molecular biomarkers.

Chriginal work s by the US Army Medical Research and Materiel Command
wnder DAMD]T-95-1-8043.

P13-21: A DECLINING PLASMA FIBRINOGEN ALPHA FRAG-
MENT [IDENTIFIES HER2 POSITIVE BREAST CANCER PA-
TIENTS AND REVERTS TO NORMAL LEVELS POST-SURGERY

Qian Shi." Lyndsay N. Harris,' Xin Lu,* Ana Petkovska,' Xizochun Xu,’ Justin
Ilulnﬁ Nora . McElroy,' Robert Gentleman,” 3. Dirk Iglehare," and Alexunder
Mliron

"Department of Cascer Biology, Dana-Faber Cancer Instinue, Boston, MA;
’anmum of Biostatistics, Dana-Farber Cancer Institule, Boston, MA; 'I!q:nn-m:m
of Statistics, Harvard University, Boston, MA; *Department of Surgery. Brigham and
Women's Hospital, Boston, MA

E-mail: qran_ski@dict harvard, edu

Hreast cancer 15 the most common pon-skin malipnancy affecting women in the United
Seates. Curremtly there is not a simple blood based diagnostic wsed o complement
radiologscal screening and mcrease sensitivily of detection. We identify altered protein
markers in plasmo that revert to normal levels following surgical treatmest  Since
bresst cancer is a b discase, a h HERZ positive subset of
patietils i compared 1o unaffected controls, A mis—spcmnm approach was used
und supp by severn] statistical wlgorithms (R ive Support Vector Machine,
Random Forest Analysis and T-1est) 1o define 2 2el of biomarkers that segregated can-
cers from controls with an error rate of 17.6%. One of the markers (s responsible for
maost of the resolving power in separating umor from control samples 25 well 2= being
one of the Wp significant markers thit segregate pre sl post suegical umplu This
marker was identified as a fragment of fibrinogen Alpha (FGA) encompassing residues
586610, It is present af higher levels in controls versis cancer and reverts to nomal
levels post surgery. Previously fibrinogen degrndation products have been shown to
increase in abundance in pllsrna from camcer patients in contrast to FGASE6-610. The
protsise that cleaves FOA at amino acid S86 may be mvolved in cancer genesis or may
also serve as a useful diagnostic. In conclusion we show that a reduction in plasma
levels of a novel Fibrnogea Alpha c-lerminal degradation prodisct is indscutive of can-
cer and reverts to mormal levels following surgery in patients with HER2 positive
discase,

The ULE Army Medical Research and Mareriel Command ymder DAMDIT-002-1-0465
supported thiz work

P13-23: MAMMALIAN COG COMPLEX SERVES AS A “DOCKING
STATION™ FOR RETROGRADE GOLGI VESICLES

Sergey Zolov, Phil, and Viadimir Lupashin, Ph.D.

Department of Physiology and Diophysics, University of Arkassas for Medical
Scicnces, Litte Rock, AR

E-mail: zolovsorgeyituams odu

In bresst and some other cancers, the unusual production ind secretion of aberrantly
]l)'uos!inwd protems and lipids an the surfsce are associated with disease progression,
metistasiy and poor clinkal outcome. Glyeosylation abnormalities concemn both N-
linked and O-linked carbolydrate chains on glycoproleins and glycolpids, They likely
impair many basic cellular functions, since terminal oligosaccharide units serve as
highly specific biological recognition molecules implicated in major regulatory
processes of the cell. These phenotypic changes in mal oells highly late with
marked strectural and funclional disorpenization cll' the Cmtm agpusais. The
‘Conserved Oligomeric Golgi (COG) plex is 2 perip profein com-
plex localized on civ/medial Golgi cistern.  This Hanary conserved plex is
composed of eight subunits. Cogl and Cog? deficient Chiness hamster ovary cells are
viable, but exhibit defects in iple Galgi gl Lntion p ays establishing a role
for the COG complex in mamealian Golgh fusction, Recently, two siblings were
deseribed with o fatal form of congenital disorders of glycosylation (CDG) caused by a
mutation In the gese encading COGT. All these data indicate that COG complex may
prrticipate in Golgi protein trafficking.
We utilized siIRNA interference assay o knock-down COG3p in Hela cells o deter-
mine how its acute knock-down would influence membrane trafficking and who are the
prodein partners of the C0G complex on the mammalian Golgi? The resulis showed
that Cogdp depletion is accompanied by rnhchlm in Cogl, 2 and 4 prolcia levels and
by rupid of COG comp dent (OCD) vesicles carrying v-SNAREs
#3135 and gs28 and cis-Ciolgi recycling glycoproten GPP130, Some of these CCD vesi-
cuwmummm A prolonged block in OCD vesicle tethering is
by fr i ufGola: ribbon, Frasmuled(iuimn-m
branes maintained their juw and are
competent fwm:md:mffmkmuf\'sv-ﬁ profen to the plases membrane. In
conirast, Coglp knock-d resulted i inkbibition of retrograde Imﬁi:tmsoﬂhn‘i’hl]l
toxin. We found that mmemwwmmmmn mir-
Galgi trafficking machinery inchading v-SNARE GS28. In breast cancer cells the COG

B

The LL5. Army Medical Research and Materiel Command wnder DAMDI 7-03-1-0530
wupporied this work,

P13-22: STROMAL HYPOXIA IN BREAST CANCER PROGRES-
SION

Ladisiny Tomes, M., Linda J. Curtis, and Peter H. Watson, MDD,
Depariment of Pathology, University of Manitoba, Winnipeg, MB, Canads
E-mail: latomesialyahoo, com

Introxduction; We hypothesized that stromal hypoxia is an imporant pregrostic factor
in breast canoer progresabon. [n this fellowship project 1 set oul o master techaiques 1o
identify movel genes responsible for differences in response to hypoxic stress betwesn
stroanin and epithelium of invasive breast carcinoma,

Methods and Resaulls: Usmg tonventional PCR and Westertn blotting. | have shown
that known cpithelisl hypoxic marker carbonic onbydrase IX (CAIX) 5 induced by
hypoxia in fibsoblasts in vitro on mRNA and protemn level  Immunohistochemical
examination of & series of mvasive bresst carcinomas showed that the frequency of
stromial hypoxiz, as identified by CAIX expression, was not directly related to mecrosis
of to cpithelial hypoxia. Prognoatic signillcsncs of stiromal versus epathelial CAIX
expression was also different (Tomes et al. 2003). The DNA microarmy companson of

lex is localized not only on the Golgi bur is also found on periphers] structures
where it colocalizes with SMARE protein G528,

We conclude that the mammalian COG ex serves s a “docking station™ for
retrograde Golgl vesicles. These resulis belp io funber define the COG complex
function in peotein trafficking.

The UL, Army Medical R b amd M, I C
suppertedd this work

d under DAMD)7-03-1-0243
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MINISYMPOSIUM FIFTEEN:
Membrane traffic

The COG complex regulates intra-Golgi cycling of vesicles that carry
SNAREs and Glycosyltransferases.

Vladimir Lupashin, Sergei Zolov, Anna Shestakova
University of Arkansas for MedIcal Sciences, Little Rock

The COG complex is an evolutionarily conserved multi-subunit protein complex
that regulates membrane trafficking in eukaryotic cells. In this work we used
sIRNA strategy to achieve an efficient knock-down of Cog3p in Hela cells. For
the first time we have demonstrated that Cog3p depletion is accompanled by
reduction in Cogl, 2 and 4 protein levels and by accumulation of COG complex
dependent (CCD) vesicles carrying v-SNAREs GS15 and G528, putative cargo
receptor GPP130 and cis-Golgl enzymes NAGT1 and Mann2. Some of these
CCD vesicles appeared to be COPI coated. A prolonged accumulation of CCD
vesicles is accompanied by extensive fragmentation of the Golgi ribbon and
ultimately resulted In Golgl glycosylation defects. Fragmented Golgi
membranes maintained their juxtanuclear localization, cisternal organization
and are competent for the anterograde trafficking of underglycosylated CD44
and VSVG proteins to the plasma membrane and for correct sorting of LAMP2
to lysosomes. In a contrast, Cog3p knock-down resulted in inhibition of
retrograde trafficking of the Shiga toxin. Further, the mammalian COG
complex physically interacts with GS28 and COPI and specifically binds to
isolated CCD vesicles. We propose that the COG complex is essential for
correct tethering of retrograde intra-Golgl CCD vesicles that recycle SNAREs,
cargo receptors and glycosylation machinery from distal compartments back
to cis-Golgi,

[back]
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changes of Golgl complexes in companson with the control group. We
observed mild changes in the vanadyl sulfate group, slight changes in
the orovanadate-treated group, and considerable chanpges in the
metnvanadate group. In STS-diabetics cylindmcal forms of Golgi body
predominated. As compared with control in all vanadiem treated
groups reduction of body weight and fluid and [ood intake were
observed. In companson with untreated diabetes physiological
improvement i.¢. reduction of polyphagia and polyuria and polydypsia
were caused by treatment with all investigated vanadium salts.
Reduction of free blood sugar level was eaused by vansdyl sulphate (c.
38%), sodivm orthovanadate (¢ 23%) in all rats., In the sodium
metavandate - reated animals only 60% showed decrcased blood
sugar level (c.10%4). None of investigated vanadium salis in
cxperimental  conditon  did  normalize  the wsctivity of
galactosyltransferase, the liver Golgi complexes marker enzyme.

LA19

Periodic Accumulation-Dispersion Cycle around the Golgi
Apparatus Characierized by KIAADZW Protein and Clathrin
Light Chain in MDA-MB-435 Cells

S, Sakaushi,' K. Senda-Mumta,' K. Inoue,' H. Zushi,' T. Fukada,' 5.
Oka™ K. Sugimoto'; "Graduate School of Life and Envirenmental
Sciences, Osaka Prefecture University, Sakai, Japan, *Research &
Development Center, Nagase & Co., Lid.. Kobe, Japan

We have studied intracellular expression profiles of KIAAN290 protein
by live imaging to approech its function. KIAAO2%0 protein (also
called FCH domain only 1) has an FCH domain in the amine erminus
but functions of the protein remain unknown. Live imaging microscopy
revealed thar EGFP-tagged KIAADZ90 protein localized to the plasma
membrane as well as the cenirosome and scattered circularly as minute
particles around the centrosome. Time-lapse analysis revealed that
those particles periodically accumulated and dispersed around the
centrosome approximately every 100 seconds, Simultaneous staining
with Golgi apparatus-specific fluorescent ceramide revealed that the
fine particles of KIAAQD2S protein colocalized with the Golgi
apparatus, while this Golgi-marker molecule did not show any
sccumulation-dispersion cycles. Treatment of the cells with brefeldin A
inhibited the periodic fluctuations coincident with the disappearance of
Golgi stining, The same intrscellular localization and periodic
movement were observed with stably expressed EGFP-clathrin light
choin, which is known 1o be mvolved in intracellular vesicular
transport, Cur data suggest the presence of a periodic thythm of the
intracellular vesicular transport mechanism around the Golg: apparaius
which is charactenzed by an accumulation-dispersion cycle of clathrin
light chain and K1AA0290 protein. Our data alse suggest thot
KIAAD290 prafein is involved in the vesicular transport system around
the Golgi complex.

L420

Depletion of Yesicle-tethering Facior pl15 Causes Minb-stacked
Crolygi Fragments with Delayed Protein Transport

Y. Misumi,! M. Sohda,' T. Fusane,' S Sakisuka® Y. Ikehara'; "Cell
Biology, Fukuoka University School of Medicine, Fukuoka, Japan,
‘Internal Medicine, Fukuoka University School of Medicing, Fukuoka,
Japan

To mantain Golgl integrily and an ordered flow through the secretory
pathway, a pair of membranes musi specifically recognize and
subsequently fuse with each other. Golgi must possess docking and
fosion machinery that allows specific recognition of imcoming
membranes. One of the well-charactenized tethening protein 15 plls,
which s a peripheral membrane protein munly localized to vesicular
tubular intermediate clusters and the cis-Golgi. To examine the role of
pl15 in Golgi maintenance, we used small interfering RNA 1o deplete
cellular p115 in Hela cells. Depletion of pl15 cavsed fragmentation of
the Golgi apparatus, resulting in dispersed distribution of stacked short
cisternae and a vesicular struciure (mini-stacked Golgi). The mini-
stacked Golgi with ¢is- and frons-organization is functional in protein
transport and glveosylation, although secretion is considerably retarded
in pl15 knockdown cells. The fragmented Golgl was Turther disrupted
by treatment with breferdin A and reassembled into the mini-stacked
Golgi by remaval of the drug, as observed in control cells. In addition,
pl15 knockdown cells maimzined retrograde ransport from the Golgi
1o the endoplasmic reticulum, although the rate was not so efficient as
in control cells. While no alternation of microtubule networks was
found in pl 15 knockdown cells, the fragmented Golgi resembled those
of cells treated with anti-microqubule drugs. The results suggest that
pl15 is involved in vesicular transport between endoplasmic reticulum
and the Golgl, along with microtubule networks.

1421

Reaction

5. Zolov, V. Lupashin; Physiology and Biophysics, University of
Arkansas for Medical Sciences, Little Rock, AR

COC complex (for conserved olipomenic Golgi complex) is localized to
the cis'medial cisternae of the Golgi apparatus and it is one of the key
regulator of intracellular membrane rafficking. OO complex
proposed function is to tether retrogmade intra-Golgi vesicles. Our
previous studies demonstrated that acute depletion of Cogldp caused
accumalation of non<tethered COG  gomplex-dependent (OCD)
vesicles. These wvesicles are COPl coated and packed with both
recycling Golgi SMAREs (G515, GS28) and putative retrogrde cango
receptors, GPP130. CCD vesicles are likely to onginate from trans-
Golgi  since they carry f-1,2-M-acetylglucosaminyliransfornse- 1
(GlcMNacT1), and Mamnosidase 1L medial-Golgl enzyvmes that are
known to cyele through srans-Golgi, To test if CCD vesicles indeed
represent functional intra-Golgi transpon intermediates we designed a
novel im witro system that reconstitule vesicle docking/fusion with
isolated rat hiver Golgl. The system based on sedimentation properies
of Golgi (pelletable at 10,000xg) and CCD vesicles (not pelletable at
20,00xg). Both GlcNacTl-myc and GPPI30 were used as vesicle
markers. Cur results indicated that CCD vesicles efficiently dock to
isolated Golgl. Amount of sedimentable vesicle marker 1= proportional
o the amount of sdded Golgi membranes, Vesicle-Golgl association is
resistant (0 2530mM salt wash that normally strips loosely associated
vesicles, indicating tight associntion nndior complete fusion. Acceplor
(Golgi membranes are sensitive to proteinase K treatment, indicating
reguirement for peripheral andlor transmembrane proteins, Indeed, both
Golgi SNARE GS28 and Cogdp were completely digested by
Proteinase K treatment. Most imporantly, docking ol CCL) vesicles is
sensitive 1o addition of anti-COG3 g, These results allow us to
conclude that CCD vesicles are functional intra-Golgl intermediates
that dock to Golgi membranes in a OO0 complex-dependent reaction.
Supponed by grants from the DOD (DAMID] T-03-1-0243),
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Cog3p depletion blocks vesicle-mediated Golgi
retrograde trafficking in Hela cells

Sergey N. Zolov and Vladimir V. Lupashin

Department of Physiology and Biophysics, University of Arkansas for Medical Sciences, Litle Rock, AR 72205

he conserved oligomeric Golgi (COG) complex is

an evolutionarily conserved multi-subunit protein

complex that regulates membrane trafficking in eu-
karyotic cells. In this work we used short interfering RNA
strategy to achieve an efficient knockdown (KD) of Cog3p
in Hela cells. For the first time, we have demonstrated that
Cog3p depletion is accompanied by reduction in Cogl,
2, and 4 protein levels and by accumulation of COG
complex-dependent (CCD) vesicles carrying v-SNAREs
GS15 and GS28 and cis-Golgi glycoprotein GPP130.
Some of these CCD vesicles appeared to be vesicular coat

Introduction

The Golgi apparatus is a hub for membrane trafficking path-
ways, organizing both the anterograde exocytic trafficking of
newly synthesized proteins that travel from the ER to the
plasma membrane and retrograde endocytic trafficking of cell
surface molecules that travel back to the ER (for review see
Shorter and Warren, 2002). COP I coat proteins function in
intra-Golgi trafficking and in maintaining the normal structure
of the Golgi complex (Duden, 2003). We and others have pre-
viously shown that the Golgi vesicular coat complex I (COPI)-
modulated membrane trafficking used conserved oligomeric
Golgi (COQG) vesicle tethering complex (Ram et al., 2002;
Suvorova et al., 2002; Oka et al., 2004).

COG complex consists of eight subunits (COG1-8; Kings-
ley et al., 1986; Whyte and Munro, 2001; Suvorova et al., 2001,
2002; Ram et al., 2002; Ungar et al., 2002). A COG role in
Golgi membrane trafficking was suggested by biochemical
and genetic studies in yeast (VanRheenen et al., 1998, 1999;
Suvorova et al., 2002). Yeast COG complex interacts genetically
and physically with Rab protein Yptlp, intra-Golgi SNARE
molecules, as well as with COPI (Suvorova et al., 2002).

Correspondence to Vladimir Lupashin: vlupashin@uams.edu

Abbreviations used in this paper: CCD, COG complex-dependent; COG, con-
served oligomeric Golgi; COPI, vesicular coat complex I; GalNAcT2, N-acetyl-
galactosaminyltransferase-2; GalT-GFP, GFPtagged B 1,4-galactosyltransferase;
IF, immunofluorescence; IP, immunoprecipitation; KD, knockdown; PDI, protein
disulphide isomerase; PNS, postnuclear supernatant; siRNA, short interfering
RNA; VSVG, vesicular stomatitis virus G protein; WB, Western blot.
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complex | (COPI) coated. A prolonged block in CCD vesi-
cles tethering is accompanied by extensive fragmentation
of the Golgi ribbon. Fragmented Golgi membranes main-
tained their juxtanuclear localization, cisternal organiza-
tion and are competent for the anterograde trafficking of
vesicular stomatitis virus G protein to the plasma mem-
brane. In a contrast, Cog3p KD resulted in inhibition of
retrograde trafficking of the Shiga toxin. Furthermore, the
mammalian COG complex physically interacts with G528
and COPI and specifically binds to isolated CCD vesicles.

Mutations in COG subunits disturb both structure and
function of the Golgi in eukaryotic cells (Podos et al., 1994;
Ram et al., 2002; Suvorova et al., 2002; Ungar et al., 2002;
Farkas et al., 2003), but the exact cellular function of the COG
complex remained elusive. It was recently shown that mamma-
lian cells that carried either deletion of COG1 and 2 or trun-
cated version of Cog7p are defective in Golgi glycosylation
(Wu et al., 2004) and maintain slightly dilated Golgi cisternae
with reduced levels of resident proteins GS15 and GS28 and
GPP130 (Oka et al., 2004). These mutant phenotypes may reflect
either the primary COG malfunction or secondary manifestations
that occur in cells after a prolonged adaptation period. Deletion
of either COG1 or COG?2 in yeast cells is virtually incompati-
ble with membrane trafficking and normal cell growth (Van-
Rheenen et al., 1998; Ram et al., 2002), whereas ACOGI and
ACOG2 CHO cells are not compromised in growth or protein
secretion. One possibility is that the primary COG deletion
phenotype in these cells is masked and/or suppressed by sec-
ondary mutations in cell genome. To better understand the
initial defects associated with the COG complex malfunction it
is important to acutely interfere with its activity. Transfection
with small interfering RNAs (siRNAs) and microinjection with
inhibitory antibodies are two efficient methods for acute protein
knockdown (KD) in mammalian cells.

We rationalized that the most evolutionary conserved
COG subunit would be the best candidate for the KD. Yeast
and mammalian Cog1 and Cog?2 proteins do not share significant
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Figure 1. SiRNA-induced COG3 KD is destabilizing Lobe A
A COG complex subunits. (A) Expression of COG sub-
units affer COG3 KD. WB of cell lysates from control and
COG3 KD cells. Average levels of the COG subunits
(=SD, n = 4) after 72 h of COG3 KD were determined

by quantitative WB, and normalized to mock-ransfected COG1p —»
cells. (B) Membrane localization of COG complex sub- COG2p —»
units. WB of membrane (P100) and cytosol (S100) frac- COG3p

tions. (C) Cogbp localization. Control and COG3 KD
cells that stably express GalT-GFP were fixed and ana-
lyzed by three-color IF microscopy after immunostaining
with anti-Cogép. DNA was stained with DAPI. Arrows
indicate Golgi or Golgi fragments. Bars, 10 um.
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similarities, whereas the protein sequence of yeast Cog3p is
41% similar to mammalian Cog3p (Suvorova et al., 2001). In
this work, we used siRNA strategy for the efficient KD Cog3p
in HeLa cells. Cog3p depletion is accompanied by reduction in
Cogl, 2, and 4 protein levels and rapid accumulation of intra-
cellular vesicles carrying v-SNAREs GS15 and GS28 and cis-
Golgi glycoprotein GPP130. A prolonged COG3 KD induced
extensive Golgi fragmentation. Fragmented Golgi membranes
were deficient in retrograde trafficking of the Shiga toxin. Na-
tive immunoprecipitations (IPs) revealed that the COG com-
plex physically interacts with Golgi SNARE molecules and
COPI and specifically binds to isolated GPP130-containing
vesicles in vitro. For the first time, we have demonstrated that
the acute depletion of the mammalian COG complex results in
specific inhibition of tethering of retrograde vesicles and that
the efficient targeting of these vesicles is essential for the main-
tenance of the Golgi structure.

To interfere with the COG complex function in HeLa cells we
depleted Cog3p by using RNA interference technique (Elbashir
et al.,, 2001). Three different COG3-specific RNA duplexes
were tested initially and one of them (sense, AGACUUGUG-
CAGUUUAACA) efficiently induced reduction of the Cog3
protein level (Fig. 1 A). The expression of other lobe A COG
subunits Coglp, Cog2p, and Cogdp was also reduced 72 h after
COG3 KD, whereas protein level of the lobe B Cog5-8p sub-

units remained unchanged. Similarly, cellular levels were
unchanged for other tested cell proteins: protein disulphide
isomerase (PDI), actin, GS28, syntaxin 5, GPP130, and p115
(Fig. 1 and unpublished data). Cell transfection with a nonspe-
cific siRNA did not change the levels of COG subunits expres-
sion (unpublished data).

Because the level of the lobe B COG subunits was not af-
fected by the Cog3p depletion we have determined their in-
tracellular localization by both immunofluorescence (IF) and
Western blot (WB) assays. We have found that significant
amounts of both Cog5p and Cog8p were still associated with
the membrane fraction (Fig. 1 B). IF analysis of COG3 KD
cells revealed that Cog6p (Fig. 1 C) and other lobe B subunits
(unpublished data) were localized on large structures in juxta-
nuclear region that were colocalized with resident Golgi en-
zyme GFP-tagged 3 1,4-galactosyltransferase (GalT-GFP; Fig.
1 C). Detailed analysis of COG3 KD cells revealed that both
GalT-GFP and a Golgi tethering factor GM130 were found on
fragmented Golgi membranes (Fig. 2).

To test the specificity of COG3 siRNA KD, we took ad-
vantage of the fact that human and mouse Cog3 proteins show
95% identity and, therefore, most likely would functionally
substitute each other. In the same time, human and mouse
COG3 siRNA target region share only 74% of homology with
five miss-matched nucleotides (Fig. 3 A) and this difference
can be used in gene-replacement siRNA experiments (Puthen-
veedu and Linstedt, 2004). In good agreement with our pre-
diction, in HelLa cells, that were cotransfected with both
hCOG3 siRNA and the plasmid that expressed mouse Cog3p,
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COG3 KD

Control

Figure 2. Cog3p depletion induces Golgi fragmentation. GalT-GFP Hela
cells were transfected with COG3 siRNA (right column) or mock trans-
fected (left column). 72 h after transfection, cells were fixed and pro-
cessed for IF with anti-Cog3p (COG3p row), and ant-GM130 (GM130
row) antibodies. The bottom row represent merged three-color images.
Bars, 10 pm.

A

the Golgi fragmentation was completely or partially pre-
vented (Fig. 3 B). Similar results were obtained when cells
were transfected with mCOG3-containing vector 24 h after
hCOG3 siRNA transfection (unpublished data). We concluded
that the COG3 KD is specific and that the Cog3p depletion di-
rectly induces a reversible Golgi fragmentation.

To independently confirm an essential role for the COG
complex in Golgi structure maintenance, we used affinity-
purified antibodies against Cog3p (Suvorova et al., 2001).
These antibodies were previously used for both IF and IP of
the endogenous COG complex in mammalian cells (Suvorova
et al., 2001; Ungar et al., 2002). We rationalized that upon
microinjection into cells anti-Cog3p IgGs would specifically
bind to the Cog3p and interfere with the COG complex func-
tion. Indeed, we have observed that 4 h after the antibodies
microinjection the Golgi ribbon structure was converted into
multiple mostly juxtanuclear localized small fragments
(Fig. 4). This Golgi phenotype was persistent for up to 20 h
after antibody microinjection without any visible signs of cell
death. Microinjection with control antibodies did not change
the morphology of the Golgi (unpublished data). We have
concluded that anti-Cog3p antibodies like the COG3 siRNA
act by blocking Cog3p function, which is necessary for the
Golgi structure maintenance.

Detailed IF analysis of different Golgi resident proteins in
COG3 KD cells revealed that the majority of integral and pe-
ripheral membrane Golgi proteins, including cis-Golgi tether-
ing factors p115 (Nelson et al., 1998) and GM130 (Nakamura
et al., 1995), cis-Golgi t-SNARE syntaxin 5 (Hay et al., 1998),
cis/medial Golgi tethering protein giantin (Linstedt and Hauri,
1993), and trans-Golgi tether p230 (Brown et al., 2001), were
present almost exclusively on relatively large (1-3 pwm in size)
fragmented Golgi membranes (Fig. 5 A; unpublished data).

Human COG3 183 gagaacttgooggtgocagetgagettecaattgalagacttgtgoagtttaacajtococag 242

PRERRL RRRRRRRee te vever vveevvegennr

Mouse COG3 217 gagaacctgeceggtgocogocgagetoocaattgalagatgtatgeagottageatoccag 27§

B antrol

COG3 KD
) - ol ATk

1

e

S

GalT-GPp

COG3 KD + mCOG3

Figure 3. Mouse COG3p expression partially
suppresses hCOG3 KD-induced Golgi frag-
mentation. (A) DNA alignment of a portion of
the hCOG3 and mCOG3 sequences. siRNA
target region is highlighted in the box. (B)
GalT-GFP Hela cells were either mock trans-
fected (control), transfected with COG3 siRNA
(COG3 KD), or simultaneously transfected with
COG3p siRNA and mCOG3-encoding plas-
mid (COG3 KD +mCOG3) and imaged 72 h
after transfection. Bar, 10 wm.
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Figure 4. Microinjection of anti-Cog3 antibodies disrupts Golgi structure.
GalT-GFP Hela cells were microinjected with anti-Cog3p IgGs and imaged
immediately (O min) or 4 h (240 min) after the injection. Texas red was
used as an injection marker. Note that in cells injected with anti-Cog3 IgGs
Golgi (labeled with asterisks) become fragmented. Microinjections with the
preimmune IgGs did not result in Golgi fragmentation (date not depicted).

Surprisingly, we have found that a subset of Golgi proteins,
intra-Golgi v-SNAREs GS15 (Xu et al., 2002) and GS28 (Hay
et al., 1998), and cis-Golgi phosphoprotein GPP130 (Linstedt
et al., 1997) were localized preferentially to multiple small ves-
icle-like structures distributed throughout the cytoplasm of
Cog3p KD cells (Fig. 5 B). In control cells all these three pro-
teins were primarily localized to a juxtanuclear Golgi.

Small GPP130-positive structures in COG3 KD cells pre-
sumably represent nontethered vesicles, because, in cells perme-
abilized with the mild detergent digitonin, these structures were
efficiently washed away from cells, whereas large Golgi cisternae
remained inside the cells (Fig. 6 A). Similar digitonin sensitivity
was previously observed for Golgi-derived vesicles that are tran-
siently accumulated during mitosis (Jesch and Linstedt, 1998).

A Control

Figure 5. COG3 KD results in accumulation of multiple
vesicles that carry v-SNAREs GS15, GS28, and cis-Golgi
recycling protein GPP130. Control and COG3 KD cells
were fixed 72 h after transfection and analyzed by IF using
primary antibodies to indicated proteins and appropriate
Alexa 488- and Alexa 595-conjugated secondary anti-
bodies. (A) cis-Golgi tether p115, cis/medial Golgi
marker giantin, and trans-Golgi tether p230 are present
almost exclusively on Golgi ribbon in control cells and on
fragmented juxtanuclear Golgi membranes in COG3 KD
cells. (B) v-SNAREs GS15, GS28, and cis-Golgi marker
GPP130 are Golgi located in control cells and predomi-
nantly localized on multiple small structures distributed
throughout the COG3 KD cells. Bars, 10 pm.

To verify our IF findings we performed a subcellular
fractionation of both COG3 KD and mock-treated HeLa cells
(Fig. 6 B). We have found that in COG3 KD cells >50% of
both GPP130 and GS28 proteins are present in a 10K superna-
tant, whereas in lysates obtained from control cells these pro-
teins are almost exclusively cofractionated with large mem-
branes. Noticeably, the long syntaxin 5 isoform and the ER
resident protein PDI did not significantly change their subcel-
lular distribution in a COG3 KD cells.

To characterize membranes in 10K supernatant we have
first used gel-filtration analysis on a Sephacryl S-1000 column
(Fig. 6 C). This analysis revealed that in COG3 KD cells the
peak of GPP130 was eluted in fractions 11 and 12, whereas in
control cells GPP130 was mostly found in fractions 9 and 10.
We have concluded that in COG3 KD cells the GPP130 was
mostly associated with small vesicles.

To test GPP130 localization by another separation tech-
nique we used a glycerol velocity gradient. Post-nuclear super-
natant (PNS) from COG3 KD cells was loaded on 10-30%
glycerol gradient and membranes were separated by size (Fig.
6 D). WB analysis of collected fractions revealed that majority
of GPP130 signal was peaked in a vesicular fraction 3, whereas
large ER membranes (PDI lane) were concentrated at the bot-
tom of the gradient. A small fraction (~25%) of GPP130 was
also found at the bottom of the gradient and may represent a
fraction of the protein that was associated with large Golgi
fragments or vesicle aggregates. Because these vesicles were
accumulated as a result of Cog3p depletion, we have named
them a COG complex-dependent (CCD) vesicles. GPP130-
containing Golgi membranes from identically fractionated con-
trol cells were rapidly pelleted to the bottom of the glycerol
gradient (Jesch and Linstedt, 1998; unpublished data).

GPP130 is a heavily glycosylated cis-Golgi protein (Lin-
stedt et al., 1997) that cycles through trans-Golgi and endoso-
mal compartments (Puri et al., 2002) and rapidly degrades in

coc3kp B contol  coG3kD

Giantin
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both ACOGI and ACOG2 CHO cell lines (Oka et al., 2004).
We have found that both the protein level and the electro-
phoretic mobility of GPP130 were identical in both control and
COG3-KD cells. Therefore, it can be concluded that in HelLa
cells acute Cog3p depletion did not, at least initially, result in
GPP130 down-regulation and did not alter its glycosylation.

To further analyze the content of CCD vesicles we pre-
pared lysates from COG3 KD and control cells that stably ex-
press GFP-tagged N-acetylgalactosaminyltransferase-2 (Gal-
NAc-T2). Both lysates were subjected to glycerol velocity
gradient centrifugation, membranes from vesicle peak fractions
3 and 4 were concentrated and relative concentrations of Golgi
and ER proteins were assessed by WB (Fig. 6 E). In an agree-
ment with our IF data, we have found that in COG3 KD cells
the amount of GPP130 in the CCD vesicle pool was increased
by approximately fourfold. The concentrations of two other
Golgi proteins, GS28 and GalNAc-T2-GFP were also increased
by approximately twofold, whereas the amount of ER marker
PDI remained unchanged. Small but detectable amounts of
GPP130, GS28, and GalNAc-T?2 in vesicular fractions prepared
from control cells may represent a constitutive pool of recy-
cling vesicles.

We also tested whether accumulated CCD vesicles could
be recognized by the COG complex in vitro. The COG com-
plex was purified from HeLa cells that transiently express
YFP-Cog3p (Suvorova et al., 2001). Protein G—-Agarose beads
loaded with the COG complex were incubated with PNS frac-
tion obtained from the COG3 KD cells. As a positive control
for vesicle binding we used beads loaded with anti-GS15 anti-
bodies and as a negative control for nonspecific binding we
used protein G—Agarose beads. As expected, anti-GS15 beads
efficiently pulled down GPP130-containing (Fig. 6 F, GS15
lane) and GS28-containing (unpublished data) vesicles. Im-
portantly, the COG beads were also capable to precipitate
GPP130-containing CCD vesicles (Fig. 6 F, compare lanes
COG and control). We have concluded that CCD vesicles may
directly bind to the COG complex and this interaction may be a
fist step in vesicle tethering to the cis-Golgi.

Results of the subcellular fractionation experiments con-
firmed the IF data that showed accumulation of CCD vesicles
in COG3 KD cells. It also raised an intriguing possibility that
not only recycling SNARE proteins and GPP130, but also
Golgi resident proteins like GalNAc-T2 may recycle in the
COG complex-dependent manner. To test this hypothesis, we
used HeLa cells that stably express VSV-tagged GalNAc-T2.
It was shown previously that unlike the GFP-tag the small
VSV-tag does not interfere with the GaINAc-T2 folding, func-
tion and localization (Storrie et al., 1998). Double IF labeling
experiments revealed that the vesicular pool of GalNAc-T2-
VSV increased significantly in COG3 KD cells (Fig. 6 G).
In the same time, vesicularization of GalNAc-T2—-containing
Golgi region was not as dramatic as for GPP130-containing
membranes and only a few vesicular profiles were double la-
beled with both Golgi markers. This may reflect different ki-
netics of GPP130 and GalNAc-T2 recycling as well as a possi-
bility that different Golgi proteins may cycle in different
membrane carries.

Does accumulation of CCD vesicles occur before or after
COG3 KD-induced Golgi fragmentation? To answer this ques-
tion we analyzed COG3 KD cells every 12 h after the initial
COG3 siRNA transfection. We have found that 48 h after
transfection both GS15 (Fig. 7) and GPP130 (unpublished
data) were mostly found in CCD vesicles, whereas overall
Golgi structure labeled with GalT-GFP has not yet been dis-
turbed in a subpopulation of the COG3 KD cells. These data
support the idea that accumulation of CCD vesicles may occur
independently and before the Golgi fragmentation.

Fragmented Golgi membranes are

capable in supporting anterograde but
not retrograde protein trafficking

Although siRNA-induced COG3 KD induced both accumula-
tion of CCD vesicles and Golgi fragmentation, cells were able
to multiply and their growth rate was not severely affected
(unpublished data). Moreover, fragmented Golgi membranes
maintained their juxtanuclear localization (Fig. 5 A). Detailed
IF analysis revealed that cis-Golgi p115 (Nelson et al., 1998),
and the medial Golgi GalNAc-T2 (Storrie et al., 1998), main-
tained their overlapping but distinct distribution on both con-
trol Golgi ribbon-like structure and Golgi fragments in COG3
KD cells (Fig. 8 A, GalNacT2/p115 frames). Similarly, local-
ization of two medial Golgi proteins GaINAcT2 and giantin
(Linstedt and Hauri, 1993) almost completely overlapped in
both control and COG3 KD-treated cells (Fig. 8 A, GalNacT2/
Giantin frames). And finally trans-Golgi localized p230 (Brown
et al., 2001) maintained its relative localization in COG3 KD
cells (Fig. 8 A, GalNacT2/p230 frames). We concluded that
Cog3p KD resulted in Golgi fragmentation into multiple mini-
Golgi stacks.

To confirm this conclusion the EM analysis of control
and COG3 KD cells (Fig. 8) was performed. We found that in
COG3 KD cells Golgi ribbon was disrupted onto multiple frag-
ments, comprising three to four stacked cisternae (Fig. 8 B, ii).
In addition to the Golgi fragments, a large number of ~60-nm
vesicles were observed in COG3 KD cells (Fig. 8 B, iii). Thus,
Cog3p depletion leads to both vesiculation of Golgi and break
up of the ribbon to multiple mini-stacks.

To test whether these Golgi mini-stacks can support
two basic Golgi functions, anterograde and retrograde proteins
flow, we used GFP-tagged vesicular stomatitis virus G protein
(VSVG) as a cargo marker for anterograde protein trafficking
(Suvorova et al., 2001) and Cy3-labeled subunit B of the Shiga
toxin (STB-Cy3) as a marker for the retrograde trafficking (Jo-
hannes et al., 1997).

2 d after siRNA treatment both control and COG3 KD
cells were transfected with the vector that directs synthesis of
the temperature-sensitive VSVG-GFP protein (Beckers et al.,
1987). VSVG was accumulated in the ER for 16 h at the re-
strictive temperature (39.5°C). After that cells were transferred
to the permissive temperature (32°C) to allow VSVG to travel
toward plasma membrane and fixed 2 h later. This time frame
is sufficient for VSVG delivery from the ER to PM in HeLa
cells (Suvorova et al., 2001). Indeed, we have observed that the
majority of both control and COG3 KD cells accumulated sig-
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Figure 6. Characterization of CCD vesicles. (A) Apparent release of GPP130-containing vesicles upon digitonin permeabilization. Control or COG3 KD
cells were either treated with buffer (—digitonin) or treated with 0.04 mg/ml digitonin, fixed, and analyzed by IF. Note that disperse vesicle-like staining
of GPP130 in COG3 KD cells was eliminated after digitonin treatment. Bars, 10 wl. (B) WB analysis of total cell lysates and subcellular fractions prepared
from COG3 KD and mock-reated Hela cells. Cell lysates were fractionated on heavy membranes (P10) and light vesicle-containing fraction (S10). Equal
amount of protein (10 pg) was loaded per lane and analyzed by WB with antibodies to GPP130, GS28, syntaxin 5, and PDI. A portion of marker
proteins that was found in a vesicular fraction (n = 2) was determined by semi-quantitative WB. (C) Separation of GPP130-containing membranes by gel
filtration. PNS from both control and COG3 KD cells was loaded on a Sephacryl S-1,000 column; 0.5-ml fractions were collected and analyzed by
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nificant amounts of VSVG on the cell surface (Fig. 8§ C,
merged images, arrowheads). Some VSVG was also found on
GS28-positive Golgi membranes in control cells and on Golgi
fragments in COG3 KD cells. In COG3 KD cells the major
pool of GS28 was localized on VSVG-negative CCD vesicles
(Fig. 8 C, inset).

Detailed analysis of >200 VSVG-GFP-positive cells re-
vealed some minor trafficking defects and/or kinetic delays in
the ER-PM delivery of VSVG in COG3 KD cells (Fig. 8 D).
Significantly, more cells in a control group demonstrated com-
plete delivery of VSVG to the plasma membrane (22% vs. 6%
in COG3 KD cells) and twice as many cells in the COG3 KD
group accumulated VSVG in the ER (16% vs. 7% in COG3 KD
cells). Nevertheless, because the absolute majority (84%) of the
COG3 KD cells were able to deliver at least some VSVG mole-
cules to the cell surface, we concluded that fragmented Golgi is,
at least partially, competent to support anterograde protein traf-
ficking. This result is in agreement with previous findings
(Ram et al., 2002; Suvorova et al., 2002; Bruinsma et al., 2004)
that demonstrate the COG complex defects in yeast cells do not
interfere directly with the anterograde protein trafficking.

To investigate if Cog3p-depleted Golgi mini-stacks can
function in retrograde plasma membrane to ER protein traffick-
ing we have analyzed STB-Cy3 trafficking by using fluores-
cent live cell microscopy. In agreement with the data obtained
in many different labs (Sandvig et al., 1994; Johannes et al.,
1997) STB was rapidly internalized. In the majority of control
cells STB signal was detected in juxtanuclear region 2 h after
beginning of initial internalization (Fig. 8 E). In control cells
12 h later STB was entirely distributed between the ER and the
Golgi cisternae, marked by GalNAc-T2-GFP, (Fig. 8 F, control
row). In the COG3 KD cells, even at the 12 h time point, the
majority of internalized STB was localized in punctuate struc-
tures on cell periphery (Fig. 8 F, COG3 KD row). Some STB
was detected in a perinuclear region of transfected cells but
these STB-labeled membrane structures were clearly distinct
from the GalNAc-T2-GFP-containing Golgi fragments. None
of the STB was detected in the ER of COG3 KD cells (Fig. 8, E
and F, ER frames) indicating that retrograde trafficking through
the Cog3-depleted Golgi was blocked.

We have previously demonstrated that the yeast COG complex
regulates intra-Golgi retrograde trafficking and interacts with the
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Figure 7. Accumulation of CCD vesicles precedes COG3 KD-induced
Golgi fragmentation. Control or COG3 KD cells that stably express GalT-
GFP were fixed 48 h after siRNA transfection and stained with anti-GS15
and secondary antibodies conjugated with Alexa 594. Images were
acquired with 63X objective and deconvolved. Note that the Golgi (arrows)
has not yet been fragmented in a subpopulation of the COG3 KD cells,
whereas the majority of GS15 was associated with multiple CCD vesicles.
Bar, 10 um.

essential components of core machinery of vesicular Golgi traf-
fic, i.e., intra-Golgi SNARE proteins and COPI vesicular coat
(Suvorova et al., 2002). To test if the mammalian COG complex
may also interact with both SNARE and COPI components, we
isolated Golgi from the rat liver and performed an IP of the COG
complex, v-SNARE GS28, and PDI from detergent-solubi-
lized membranes. WB analysis of colP proteins revealed that
both GS28 (~5% from total) and small amounts of t-SNARE
Syntaxin5 were coprecipitated with the Cog3p (Fig. 9 A, lane 1;
unpublished data). It was previously shown that Syntaxin5 and
GS28 form a Golgi-localized SNARE complex (Hay et al.,
1997) and our findings suggest that the COG complex can inter-
act with either individual SNARE proteins or with the entire
SNARE core complex. In the reciprocal precipitation, Cog3p
was colP by anti-GS28 antibodies (Fig. 9 A, lane 4). Neither
Cog3p nor the Golgi SNARE molecules were precipitated with
control beads (Fig. 9 A, lane 3). We have also determined that
the 3 subunit of the COPI coat was specifically precipitated with
anti-Cog3p antibodies (Fig. 9 B, lane 2). These results indicated
that the mammalian COG complex like its yeast homologue

semi-quantitative WB. (D) Distribution of GPP130 and PDI on a velocity gradient. PNS from the COG3 KD cells was loaded on a 10-30% glycerol gradient.
GPP130 and PDI were analyzed in fractions by semi-quantitative WB. Fraction 1 corresponds to the top of the gradient. (E) Analysis of CCD vesicle fraction.
Fractions 3 and 4 from the glycerol gradient were concentrated by ultracentrifugation. Relative concentrations of Golgi and ER proteins were analyzed by
WB as described in Materials and methods. (F) CCD vesicles specifically bind to the COG complex in vitro. PNS from COG3 KD cells was incubated with
control beads, with beads loaded with the COG complex (COG), or with anti-GS15 IgGs (a-GS15). Precipitates were analyzed by WB with anti-GPP130
IgGs. (G) Accumulation of GalNAcT2 in CCD vesicles. Control or COG3 KD cells that stably express GalNACT2-VSV were fixed and stained with mAbs
to GPP130 or polyclonal anti-VSV-tag and secondary antibodies conjugated with Alexa 594 (GalNAc-T2-VSV) or Alexa 488 (GPP130) as described in
Materials and methods. DNA was stained with DAPI. Images were acquired with 63X objective and deconvolved. Double IF labeling revealed that the
vesicular pool of GalNAc-T2-VSV increased significantly in COG3 KD cells. Note that some vesicular profiles were double-labeled with both Golgi

markers (insets). Bar, 10 pum.
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Figure 8. Golgi in COG3 KD cells is disrupted to mini-stacks, which are proficient in anterograde VSVG delivery to plasma membrane and defective in
retrograde frafficking of Shiga toxin B subunit. (A) Control and COG3 KD cells that stably express GalNAcT2-GFP were fixed and stained with anti-p115, anti-
giantin, or anti-p230 antibodies and secondary antibodies conjugated with Alexa 594. DNA was stained with DAPI. Images were acquired with 100x
objective and deconvolved. Bar, 10 um. (B) Ultrastructural analysis of Golgi in COG3 KD cells. Electron micrographs of the juxtanuclear region in control (i)
and COG3 KD (ii and iii) cells. Note the Golgi mini-stack in ii and multiple 60-nm vesicles in COG3 KD cells (i and iii, arrows). G, Golgi; M, mitochondria;
N, nucleus; ER, endoplasmic reticulum. Bars, 1 pum. (C) Control and COG3 KD cells were transfected with the VSVG-GFP-ts045 vector. VSVG was accu-
mulated in the ER for 16 h at 39.5°C. After that cells were transferred to 32°C, incubated for 2 h, fixed, and processed for IF with anti-GS28 antibodies.
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could physically interact with both vesicular and Golgi-localized
components of membrane transport machinery.

IF experiments indicated that CCD vesicles are distinct
from both ER (Fig. 9 D) and early endosomes (Fig. 9 E). To
test whether CCD vesicles are COPI-coated we performed dou-
ble-IF in COG3 KD VSVG-GFP expressing cells (Fig. 9 C). A
number of vesicle profiles were labeled with CCD vesicle
marker GS15 and some were colabeled with antibodies against
the epsilon subunit of COPI coat (Fig. 9 C, inset, arrowheads).
In contrast, VSVG was colocalized with the GS15 only on a
fragmented Golgi membrane (Fig. 9 C, inset, membranes
marked with an asterisk). These data indicated that CCD vesi-
cles do not carry anterograde cargo molecules and most likely
represent COPI-coated retrograde intra-Golgi vesicles that bud
from distal Golgi compartments and subsequently tether to the
cis-Golgi in a COG complex-dependent manner.

Discussion

Although both genetic and biochemical analysis indicated that
the COG complex primarily regulates retrograde intra-Golgi
membrane trafficking in budding yeast (Ram et al., 2002; Su-
vorova et al., 2002), the cellular role of the mammalian COG
complex is less clear. COG has been implicated in the antero-
grade intra-Golgi trafficking (Walter et al., 1998), ER to Golgi
protein delivery (Loh and Hong, 2002), glycoconjugate synthe-
sis, intracellular protein sorting, and protein secretion (Kings-
ley et al., 1986; Chatterton et al., 1999; Wu et al., 2004). The
most evolutionary conserved COG subunits bear 21-23% iden-
tity between yeasts and humans (Whyte and Munro, 2002).
Therefore, it is hard to make any functional predictions that are
simply based on protein similarities.

In this study, we report that the acute depletion of the
Cog3p subunit of the human COG complex results in accumu-
lation of nontethered transport vesicles, dramatic changes in
overall Golgi structure and block of Shiga toxin retrograde traf-
ficking. We have also obtained microscopic evidences that in
COG3 KD cells the fragmented Golgi maintains its cisternal
organization and that these Golgi mini-stacks are capable, at
least partially, to support anterograde protein delivery from the
ER to the plasma membrane. Finally, our data suggest that the
COG complex can directly interact with the CCD retrograde
vesicles via binding to both vesicular COPI coat and integral
components of vesicular SNARE machinery.

The COG3 KD differentially influences the protein level
of other COG subunits. Although the level of Coglp, Cog2p,
and Cog4p is reduced more than twofold, the expression of the

other four subunits is not affected. Moreover Cog5-8p continue
to localize properly to membranes in a juxtanuclear region.
These data support our original model proposing two-lobed
COG complex structure (Ungar et al., 2002; Loh and Hong,
2004) and suggests that Lobe B (COGs 5-8) may be attached
to the Golgi membrane by its own receptor.

COG3 KD-induced Golgi fragmentation is specific and re-
versible because either simultaneous or subsequent introduction
of the mouse siRNA-insensitive version of the Cog3p is able to
restore a wild-type Golgi appearance. We have also demon-
strated that the disruption of the Golgi structure is observed in
cells microinjected with anti-Cog3p IgGs. The most likely ex-
planation of this phenomenon is that the antibody microinjection
induces the proteolytic degradation of the Cog3p similarly to the
recently described antibody-induced degradation of the Golgi
tethering factor p115 (Puthenveedu and Linstedt, 2001).

Observed Golgi fragmentation phenotype induced by the
COG3 KD is distinct from the Golgi appearance in ACOGI
and ACOG2 CHO cells (Ungar et al., 2002) and indicate that
the acute COG3 KD, at least transiently, disrupts normal struc-
tural organization of the Golgi complex. In the majority of
COG3 KD cells fragmented Golgi membranes retain their jux-
tanuclear localization and their cisternal organization appear to
be normal both at the light microscopy and the EM levels. The
Golgi mini-stacks are capable to carry out a plasma membrane
delivery of VSVG, though with reduced efficiency compared
with a normal Golgi apparatus. This observation sharply differs
from the effect of p115 KD on VSVG trafficking (Puthenveedu
and Linstedt, 2004); it may reflect different roles of two
cis-Golgi localized tethering factors in membrane trafficking.
Moreover, in COG3 KD cells p115 is properly expressed (un-
published data) and its localization on the Golgi membranes is
virtually undisturbed. Only a small fraction of the COG3 KD
cells accumulates VSVG in the ER. These results agree with
our previous data that yeast COG mutants do not show any pri-
mary anterograde trafficking defects (Suvorova et al., 2002)
and that protein secretion in both ACOGI and ACOG2 CHO
cells is not compromised (Kingsley et al., 1986).

Specific vesicle accumulation is a most striking pheno-
type observed after the COG3 KD. These CCD vesicles seem
to carry at least two different Golgi SNARE molecules, GS15
and GS28, and GPP130, a 130-kD, cis-Golgi protein that con-
tinuously cycle between the early Golgi and distal compart-
ments (Linstedt et al., 1997). Significantly, it has been shown
that these proteins are rapidly degraded in both ACOGI1 and
ACOG?2 CHO cells (Oka et al., 2004). The most likely expla-
nation is that after the acute COG3 KD, all three markers are

Both control and COG3 KD cells accumulated VSVG-GFP on the cell surface (merged images, arrows). Some VSVG was also found on GS28-positive Golgi
membranes in control cells and on juxtanuclear Golgi fragments in COG3 KD cells. The major pool of GS28 was localized on a VSVG-GFP-negative CCD ves-
icles in COG3 KD cells (inset). Bar, 10 um. (D) ~100 cells in both control and COG3 KD samples were analyzed and each cell was assigned in specific group
bases on VSVG localization profile. PM, VSVG localized only on the plasma membrane; PM+Golgi, VSVG localized mostly on the plasma membrane, but par-
tially (<30%) on the Golgi; Golgi+PM, VSVG localized on the plasma membrane, but mostly on the Golgi; and ER+Golgi, accumulation of the VSVG in the
ER. All images were acquired with 63 objective and deconvolved. (E) Retrograde trafficking of STB-Cy3. Control and COG3 KD cells that stably express GalT-
GFP were pulse incubated with the STB-Cy3 as described in Materials and methods and STB was allowed to internalize for 2 h. Cells were fixed and ER was
visualized with ER-Tracker. Note that majority of STB in control cells reached the Golgi (arrows), whereas in COG3 KD cells the STB-Cy3 signal was detected
only on cell periphery. Bars, 10 wm. (F) Same as in E, except GalNAc-T2-GFP Hela cells were used and STB-Cy3 was internalized for 12 h. Bars, 10 um.
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Figure 9. The COG complex interacts with
retrograde Golgi SNARE GS28 and B-COPI.
(A and B) Protein complexes from defergent-
solubilized rat liver Golgi were IP using anti-
Cog3p (A, lane 1; B, lane 2), anti-GS28 (A,
lane 4), preimmune IgGs (A, lane 3), or anti-
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PDI (B, lane 3). 10% of the Golgi lysates were GS28 = |"'"'"“
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loaded as a control (A, lane 2; B, lane 1).

Note that Cog3p, GS28, and B-COPI were EDl=ee= |
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not recovered with control beads or beads
loaded with anti-PDI antibodies (A, lane 3; B,
lane 3). (C) CCD vesicles are partially COPI
coated and do not carry VSVG. COG3 KD
cells that express VSVG-GFP were fixed and
processed for IF with mouse anti-GS15 anti-
bodies and rabbit anti-e-COPI antibodies as
described in Materials and methods. All im-
ages were acquired with 63X objective and
deconvolved. Note that a number of GS15-
labeled CCD vesicles were colabeled with
antibodies to e-COPI coat (inset, arrowheads).
VSVG was partially colocalized with  the
GS15 only on a fragmented Golgi membrane
(inset, membranes labeled with asterisk), but
not on CCD vesicles. Bar, 10 pm. (D) CCD
vesicles do not significantly colocalize with the
ER. COG3 KD cells were fixed and stained
with rabbit anti-Sec61p (red) and mouse anti-
GS15 IgGs (green). Bar, 10 um. (E) CCD
vesicles are distinct from early endosomes.
COG3 KD cells were fixed and stained with
rabbit IgGs to GPP130 (red) and mouse anti-
EEAT IgGs (green). Bar, 10 um.

transiently accumulated in nontethered recycling vesicles that
are rapidly degraded. We have found that 90 h after COG3 KD
the protein level of both GPP130 and GS28 was decreased (un-
published data). A number of Golgi resident proteins, includ-
ing MG160 (Johnston et al., 1994), GP73 (Puri et al., 2002),
GlcNAc T-1, and a-1,2 mannosidase II (Opat et al., 2001a,b)
are shown to cycle through the trans-Golgi region. The predic-
tion is that in COG3 KD cells all these proteins will, at least
transiently, be accumulated in CCD vesicles.

What is the origin of CCD vesicles? IF data indicated that
the major pool of CCD vesicle is clearly distinct from both ER
and early endosomes. Some of CCD vesicles are likely to origi-
nate from the trans-Golgi because both GS28 and GS15 are
SNARE molecules that function in the intra-Golgi trafficking
(Xu et al., 2002; Volchuk et al., 2004). Alternatively, some CCD
vesicles could originate from TGN/sorting endosomal/recycling
compartments. GPP130 was shown to cycle through the trans-
Golgi/early endosomal membranes (Linstedt et al., 1997) and

both GS28 and GS15 could participate in the early endosomal
SNARE complex (Tai et al., 2004). Current models of Golgi traf-
ficking involving cisternal maturation (Pelham, 2001) predict that
all Golgi residents move down the stack to the late Golgi. Indeed,
a number of cis-Golgi residents in both yeast (Harris and Waters,
1996) and mammalian cells (Johnston et al., 1994; Bachert et al.,
2001; Opat et al., 2001a) have been shown to rapidly acquire spe-
cific modifications of the late Golgi. The rapid rate of trans-Golgi
modifications (Opat et al., 2001a) and relatively slow rate of the
recycling through the ER (Miles et al., 2001) suggest that cis- and
medial-Golgi resident proteins are recycled directly from the
trans-Golgi and/or TGN to the corresponding early Golgi com-
partment. The COG complex localizes on cis/medial Golgi mem-
branes (Suvorova et al., 2001; Ungar et al., 2002) and most likely
regulates recycling of different resident Golgi proteins. We and
others have shown that mutations in yCOG3 resulted in abnormal
Golgi recycling of yeast Golgi proteins Sec22p and Ochlp
(Suvorova et al., 2002; Bruinsma et al., 2004).
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CCD carriers are most likely to be formed in a COPI-
dependent reaction. COPI vesicles bud from all Golgi cisternae
and COPI is required for intra-Golgi transport in vitro (Orci et
al., 1997). In the in vitro assay, Golgi resident proteins man-
nosidase II and GS28, were found to be concentrated in COPI
vesicles (Lanoix et al., 1999, 2001), and these transport inter-
mediates were able to fuse with cis-Golgi compartment (Love
et al., 1998). The COG complex is a good candidate to orches-
trate COPI vesicle tethering. Indeed, genetic and biochemical
connections between yeast COG and COPI complexes (Ram et
al., 2002; Suvorova et al., 2002) have been shown. Oka et al.
(2004) reported recently that synthetic phenotypes arose in
mutants deficient in both epsilon-COPI and either COG1 or
COG2. During the investigation, we have found significant ac-
cumulation of COPI-positive vesicular profiles in COG3 KD
cells (unpublished data) and demonstrated that some of these
vesicles are double-labeled with the CCD vesicle cargo GS15.
Finally we have shown that the COG complex binds to CCD
vesicles in vitro and could be colP with the 3-COPIL.

In conclusion we propose a model (Fig. 10) in which the
cis-Golgi localized COG complex acts as a tether for retro-
grade COPI coated CCD vesicles that originate from distal
trans-Golgi/endosomal compartments. The acute COG3 KD
and corresponding defects in the Lobe A of the COG complex
discontinue normal vesicle recycling. Non-tethered vesicles
are transiently accumulated in cell cytoplasm as membrane-
depleted Golgi ribbon is fragmented in multiple Golgi mini-
stacks. Detailed biochemical analysis of CCD vesicles and the
elucidation of exact roles of both lobes of the COG complex
should help in our understanding of mechanisms of Golgi
maintenance and function.

Materials and methods

Reagents and antibodies

Most laboratory reagents were purchased from Sigma-Aldrich. Antibodies
used for WB and IF studies were obtained from standard commercial
sources and as gifts from generous individual investigators or generated
by us (see below). Antibodies (and their dilutions) were as follows: rabbit
pAbs: anti-Cogl (Ungar et al., 2002), anti-Cog2p (Podos et al., 1994;
Ungar et al., 2002), anti-Cog3p (Suvorova et al., 2001), anti-Cog4p (Un-
gar et al., 2002), anti-Cog5p (Walter et al., 1998), anti-Cogbp, anti-
Cog7p, anti-Cog8p (Ungar et al., 2002), anti-GPP130 (Covance), anti-
giantin (a gift from A.D. Linstedt, Carnegie Mellon University, Pittsburgh,
PA), antip115 (a gift from M.G. Waters, Merck Research Laboratories,
Rahway, NJ), anti-e-COPI (a gift from R. Duden, Royal Holloway Univer-
sity of London, Egham, Surrey), rabbit pAb and monoclonal (18C8) anti-
syntaxin 5 (a gift from J. Hay, University of Michigan, Ann Arbor, MI),
anti-B-COPI (Sigma-Aldrich), anti-VSVG tag (E11; Delta Biolabs); murine
mAbs: anti-GPP130 (A1-118; a gift from A. Linstedt), anti-GM130 (BD
Biosciences), anti-GS-28 (BD Biosciences), anti-GS15 (BD Biosciences),
anti-p230 (BD Biosciences), and anti-PDI (Affinity BioReagents).

Mammalian cell culture, plasmids, and transfection

Monolayer Hela cells were cultured in DME/F-12 media supplemented
with 15 mM Hepes, 2.5 mM L-glutamine, 5% FBS, 100 U/ml penicillin G,
100 pg/ml streptomycin, and 0.25 pg/ml amphotericin B. Cells were
grown at 37°C and 5% CO, in a humidified chamber. Hela cells that sta-
bly expressed GalNAc-T2 fused to GFP or to a VSV-tag and GalT fused
to GFP were provided by B. Storrie (University of Arkansas for Medical
Sciences, Little Rock, AR; Storrie et al., 1998). The plasmid encoding
VSVGtsO45-GFP was obtained from M.A. McNiven (Mayo Clinic, Roch-
ester, MN). The plasmid pYFP-hCOG3 was described previously (Su-
vorova et al., 2001). pCMV-SPORT6 with cDNA of mCOG3 (clone ID
4020725; NCBI Accession BC038030) was obtained from Invitrogen
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Figure 10. Model for the COG complex function in membrane frafficking.
Cis-Golgi localized COG complex acts a tether for retrograde COPI-
coated CCD vesicles that originate from the trans-Golgi/endosomal com-
partment(s). The COG3 KD abolishes vesicle tethering to the cis-Golgi. As
a result multiple nontethered vesicles are transiently accumulated in cell
cytoplasm and the membrane-depleted Golgi ribbon is fragmented into
multiple Golgi mini-stacks.

and mCOG3 sequence was verified by sequencing. Transfections were
performed using TransIT-HeLaMONSTER Kit (Mirus Corporation).

RNA interference experiment

Human COG3 was targeted with a siRNA duplex (target sense, AGACT-
TGTGCAGTTTAACA). siRNAs were obtained as purified duplexes ob-
tained from Dharmacon Research. Transfection was performed using
Oligofectamine (Invitrogen) following the protocol recommended by Invi-
trogen. For WB, cells were plated in 24-well dishes, grown to a confluency
of ~70%, transfected with siRNA for 24-72 h, and lysed in the SDS-
PAGE sample buffer.

IF microscopy

IF microscopy was performed using an epifluorescence microscope (Axio-
vert 200; Carl Zeiss Microimaging, Inc.) with a Plan-Apochromat 63 oil
immersion lens (NA 1.4) at RT. The secondary antibodies conjugated to
Alexa Fluor 488 or 594 were obtained from Molecular Probes, Inc. The
images were obtained using a QImaging Retiga FastEXi camera that was
controlled via IP Lab software. During the processing stage, individual im-
age channels were pseudocolored with RGB values corresponding to
each of the fluorophore emission spectral profiles. Images were cropped
using Adobe Photoshop software. Where indicated, images were digitally
deconvolved (Huygens Professional, Scientific Volume Imaging).

Live cell fluorescence microscopy
For live cell fluorescence microscopy, cells were cultured in Lab-Tekll
Chambered Coverglass System (Nalge Nunc). Cells were maintained on
the microscope stage in a chamber at RT in DME/F12 without phenol red
and sodium pyruvate (Invitrogen).

For analysis of anterograde transports both COG3 KD and mock-
treated Hela cells 60 h after siRNA treatment were transfected with a vec-
tor that encoded VSVGts045-GFP protein and were kept at the 39.5°C for
16 h (Suvorova et al., 2001). After that the temperature was reduced to
permissive one (32°C) to allow the VSVG to travel toward the plasma
membrane. After 2 h of chase, cells were fixed and stained for GS28.

For analysis of retrograde transport Cy3-Shiga toxin B subunit (STB-
Cy3; Mallard et al., 1998) was used. STB-Cy3 was a gift from B. Storrie.
60 h after the start of COG3 KD Hela cells that stably express the Golgi
markers GalT-GFP or GalNacT2-GFP were incubated with STB-Cy3 for 30
min at 4°C, washed, refueled with fresh DME medium without phenol red,
and incubated for 2 or 12 h at 37°C and 5% CO; in a humidified cham-
ber. ER was visualized with the ER-Tracker blue-white PDX (Molecular
Probes). Images were obtained as described above.

EM
Cells were fixed with 3% glutaraldehyde in PBS for 2 h at 4°C. Cells were
washed three times with PBS, fixed with 2% OsO, in PBS, washed again,

COG COMPLEX IN INTRA-GOLGI TRAFFICKING » ZOLOV AND LUPASHIN

5002 ‘vz Ae|N uo Blo gol-mmm wol) papeojumod

757


http://www.jcb.org

758

dehydrated in a graded ethanol series, and embedded in Epon 812. Ul-
trathin sections were obtained using RMC MT-7000 microtome, double
stained with uranyl acetate and lead citrate. Specimens were examined
using JEOL JEM-1010 electron microscope at 80 kV with magnification
ranging from 15,000 to 75,000.

Microinjection of anti-COG3 antibodies

Hela cells that stably expressed GalT-GFP were microinjected with anti-
Cog3p IgGs with the Narishigee Micromanipulator and imaged imme-
diately and 4 h after the injection using a 40x, 1.3 NA Fluor objective
fitted to a confocal microscope (model LSM410; Carl Zeiss Microlmag-
ing, Inc.). The antibody concentration was 2 mg/ml, Texas red was
used as an injection marker. Microinjection of the preimmune IgGs was
used as the control.

Cell fractionation and preparation of CCD vesicles

Hela cells were cultured to ~80% confluence in 60-mm dishes and trans-
fected with COG3 siRNA. 78 h after transfection (KD efficiency of
Cog3p ~80%), cells were washed three times with PBS and then
scraped in 0.3 ml of 20 mM Hepes-KOH buffer, pH 7.4, supplemented
with a proteinase inhibitor cocktail (Roche Diagnostics Corporation) on
ice. The cells were disrupted using a Potter homogenizer. Subcellular
fractions were obtained by standard differential centrifugation. The PNS
was obtained at 500 g (5 min, 3°C). Heavy membranes, including ER
and the Golgi were pelleted at 10,000 g (10 min, 3°C). Light mem-
branes, including transport vesicle were obtained by centrifugation con-
ducted in a rotor (model TLA-100; Beckman Coulter) at 100,000 g (1 h,
3°C). All membrane pellets were resuspended in 2% SDS in volumes
equal to volume of original lysate. Membrane and cytoplasmic proteins
were denatured by heating at 95°C for 5 min. To normalize the sample
loading for WB analysis, protein content was measured using the BCA
reagent (Pierce Chemical Co.).

Glycerol velocity centrifugation and gel filtration

Gradient fractionation was prepared as described previously (Jesch and
Linstedt, 1998) with some modification. To prepare the lysate, 72 h
COG3 KD Hela cells from one 10-cm plate were collected by trypsiniza-
tion, pelleted (500 g for 5 min), then washed once in PBS, and once in
STE buffer (250 mM sucrose, 10 mM ftriethylamine, pH 7.4, 1 mM EDTA,
with protease inhibitors), homogenized by 20 passages through a 25-
gauge needle in 0.5-ml buffer STE without sucrose, and then centrifuged
at 1,000 g for 2 min to obtain PNS. This supernatant was used for both
gradient fractionation and gel filtration. PNS (1 ml) was layered on linear
10-30% (wt/vol) glycerol gradients (12 ml in 10 mM triethylamine, pH
7.4, and 1 mM EDTA on a 0.5 ml 80% sucrose cushion) and centrifuged
at 280,000 g for 60 min in a SW4O0 Ti rotor (Beckman Coulter).

1 ml fractions were collected from the top. All steps were performed
at 4°C. 50 pl of each fraction was combined with sample buffer, then
loaded on SDS-PAGE and analyzed by WB.

For gel filiration analysis, PNS was loaded onto 29 X 0.7 cm
Sephacryl S-1000 gel filtration column. Material was eluted in STE buffer at
flow rate of 0.3 ml/h. 0.5-ml fractions were collected and analyzed by WB.

Interaction of the COG complex with CCD vesicles
The COG complex was isolated from Hela cells that express YFP-Cog3p
(Suvorova et al., 2001). Cells from two 10-cm plates were homogenized
in equal volumes of cold CTN buffer (2% CHAPS, 40 mM Tris-HCI, pH
7.4, 300 mM NaCl, protease inhibitor cocktail) on ice. Cell lysates were
clarified by centrifugation at 20,000 g for 10 min. The supernatant was
transferred into a new presiliconized tube, diluted twice with TBST (TBS
with 0.05% Tween 20), and incubated with 50 pl of protein A Sepharose
CL-4B (Amersham Biosciences) on a tube rotator for 30 min, then beads
were sedimented at 500 g (1 min, 3°C). The supernatant was transferred
in a new tube, 2 ug of anti-GFP antibodies were added, and the tube was
incubated on the tube rotator for 4 h in a cold room. After that 30 pl of
protein G-Agarose beads were added to the samples and incubated for
1 h. Beads were sedimented by centrifugation at 110 g for 1 min and
washed four times with TBST. The COG complexloaded beads were
transferred to a new tube, washed again and finally resuspended in 60 pl
of TBST. 20 pl of beads were tested for the presence of YFP-Cog3p and
other COG subunits by WB.

40 pl of COG complex beads were incubated for 4 h with the
CCD vesicles enriched supernatant from the COG3 KD cells. Beads were
washed three times and eluted with the sample buffer. Similar Incubation
with untreated protein G-agarose beads or protein G-agarose beads pre-
loaded with anti-GS15 antibodies was used as a control.
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IP experiments using rat liver Golgi membranes

Rat liver Golgi membranes were purified as described by Hamilton et al.
(1991) and frozen in aliquots in liquid nitrogen. All of the following oper-
ations were performed in a cold room. Membranes were thawed on ice
in an equal volume of cold CTN buffer and incubated for 30 min. 50 pl
of protein A Sepharose in TBS was added and incubated on a tube rota-
tor for 30 min. Insoluble material and beads were pelleted at 20,000 g
for 10 min at 3°C. The supernatant was transferred to a new tube and di-
luted twice with TBST. 2 pg of anti-Cog3p, anti-GS28 or anti-PDI antibod-
ies were added to the diluted samples and incubated on tube rotator for
4 h. 20 pl of protein G agarose were added to the samples and incu-
bated for another hour. After incubation the beads were sedimented by
low speed centrifugation at 110 g for 1 min and washed four times with
TBST. After that beads were transferred to a new tube, resuspended in 30
ul of 2 sample buffer, heated for 5 min at 95°C, loaded on SDS-PAGE,
and analyzed by WB.

SDS-PAGE and Western blotting
SDS-PAGE and WB were performed as described by Suvorova et al.
(2002). A signal was detected using a chemiluminescence reagent kit

(PerkinElmer Life Sciences) and quantitated using Image) software (http://
rsb.info.nih.gov/ij/).
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Defects in conserved oligomeric Golgi (COG) complex
result in multiple deficiencies in protein glycosylation.
On the other hand, acute knock-down (KD) of Cog3p
(COG3 KD) causes accumulation of intra-Golgi COG
complex-dependent (CCD) vesicles. Here, we analyzed
cellular phenotypes at different stages of COG3 KD to
uncover the molecular link between COG function and
glycosylation disorders. For the first time, we demon-
strated that medial-Golgi enzymes are transiently relo-
cated into CCD vesicles in COG3 KD cells. As a result,
Golgi modifications of both plasma membrane (CD44)
and lysosomal (Lamp2) glycoproteins are distorted.
Localization of these proteins is not altered, indicating
that the COG complex is not required for anterograde
trafficking and accurate sorting. COG7 KD and double
COG3/COG7 KD caused similar defects with respect to
both Golgi traffic and glycosylation, suggesting that the
entire COG complex orchestrates recycling of medial-
Golgi-resident proteins. COG complex-dependent dock-
ing of isolated CCD vesicles was reconstituted in vitro,
supporting their role as functional trafficking intermedi-
ates. Altogether, the data suggest that constantly cycling
medial-Golgi enzymes are transported from distal com-
partments in CCD vesicles. Dysfunction of COG complex
leads to separation of glycosyltransferases from antero-
grade cargo molecules passing along secretory pathway,
thus affecting normal protein glycosylation.

Key words: COG, glycosylation, Golgi, retrograde traffic,
tethering
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The Golgi apparatus is a hub for membrane-trafficking
pathways, organizing both anterograde and retrograde
trafficking of molecules (1). It plays a key role in the
intracellular trafficking, processing and secretion of glyco-
proteins, glycolipids and proteoglycans (2). Sequential
modifications of glycoproteins by Golgi enzymes depend
on the non-uniform distribution of different glycosylation
enzymes within Golgi stack (3-5).

Anterograde vesicular transport and cisternal maturation
are two alternative models of intra-Golgi transport (6).
A fundamental difference between these two models is
the differential movement of resident and cargo proteins.
The anterograde vesicular transport model predicts that
cargo molecules will move forward in transport vesicles,
while resident proteins are specifically retained. The cis-
ternal maturation model predicts that cargo molecules will
move through the stack passively as the cisternae move
forward, while resident proteins will be recycled by retro-
grade transport to establish differential concentrations
across the stack. These two models are not mutually
exclusive and may occur simultaneously (7). Inherent in
the cisternal maturation model is the importance of recy-
cling in localization of glycosyltransferases, SNAREs and
other resident Golgi proteins.

Studies in yeast and mammalian cells have led to the
identification of several multisubunit protein complexes
that are thought to be involved in Golgi vesicle tethering
and/or compartment function, including the conserved oli-
gomeric Golgi (COG) (8,9), the TRAPP, (10) and the GARP
(Vps51-54) (11) complexes (12). COG complex is prefer-
entially localized to the cis/medial cisternae of the Golgi
apparatus (13-15) and is involved in Golgi membrane traf-
fic (16-20). Conserved oligomeric Golgi complex is a per-
ipheral membrane hetero-oligomer which consists of eight
subunits named COG1-8 (15-18,21-23). On the basis of
yeast and mammalian genetic and biochemical studies
(22-25) and on the results of the electron microscopy
(15), COG subunits have been grouped into two lobes
consisting of COG1-4 (essential Lobe A) and COG5-8
(non-essential Lobe B). Mutations in the subunits of the
COG complex severely distress Golgi glycosylation
machinery (17,20-22,26). In ACOGT and ACOG2 CHO
mutant cells processing of glycoproteins and glycolipids
is defective and heterogeneous, resulting in substantial
global alterations in cell surface glycoconjugates (27). A
recently found mutation in human COG7 gene leads to
the type Il congenital disorder of glycosylation (CDG) (26).
The heterogeneity of protein glycosylation defects sug-
gests that mutations in COG complex affect the activity
or compartmentalization of multiple Golgi enzymes with-
out sizeable disruption of secretion and endocytosis. The
activity of glycosylation enzymes depends on their proper
intra-Golgi localization (28,29). Thus, COG may play a
direct role in transport, retention and/or retrieval of com-
ponents of Golgi-glycosylation machinery. Studies in yeast
have identified a large number of COG-interacting genes
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encoding proteins implicated in Golgi trafficking (8,9,17).
We have shown that COG complex directly interacts with
Rab GTPase Yptlp, intra-Golgi SNAREs, as well as with
the COPI coat complex. In addition, electron microscopy
revealed that cog2 and cog3 temperature-sensitive yeast
mutants accumulate vesicles (30).

It has been recently demonstrated that the acute knock-
down (KD) of the COG3 was accompanied by reduction in
Cog1, Cog 2 and Cog 4 protein levels and resulted in the
accumulation of COG complex-dependent (CCD) vesicles
carrying Golgi v-SNARE molecules (19). Prolonged block in
CCD vesicle tethering is accompanied by substantial frag-
mentation of the Golgi ribbon. Fragmented Golgi mem-
branes maintain their juxtanuclear localization, cisternal
organization and competence for anterograde protein traf-
ficking to the plasma membrane. These findings let us
hypothesize that COG complex acts as a tether which
connects COPI vesicles with cis-Golgi membranes during
retrograde intra-Golgi traffic. Additional evidence that COG
plays a role in the retrograde vesicular transport of Golgi
proteins, including glycosylation enzymes, came from sur-
veying the steady-state levels of Golgi proteins in wild-
type and COG-deficient mammalian cells (31). Seven
Golgi membrane proteins, including processing enzyme
a-1,3-1,6-mannosidase Il (Mann Il), were found to exhibit
reduced steady state levels in both ACOGT and ACOG2
CHO cells.

How can the COG complex determine localization of
enzymes within the Golgi? One way to achieve this is to
interact directly with cytoplasmic tails of resident Golgi
proteins and retain them in an appropriate compartment.
Another way is to control the basic structure of the Golgi
or its lumenal environment (pH, ion concentrations) (21).
The most likely hypothesis is that the COG complex is
directly involved in tethering of intra-Golgi COPI vesicles
which transport recycling enzymes to appropriate com-
partments. To test this hypothesis and determine molecu-
lar mechanism by which malfunctioning of the COG
complex may generate defects in Golgi-glycosylation
machinery, we investigated cellular phenotypes after
both acute and prolonged COG3 and COG7 KD. We
found that progression of COG3 KD was positively corre-
lated with Golgi-glycosylation defects, and glycosylation of
both lysosomal and plasma membrane proteins was
severely altered after prolonged COG3 KD.
Underglycosylated proteins were correctly delivered to
their cellular locations, indicating that even a prolonged
block in Cog3p function does not affect anterograde traf-
ficking and protein sorting. We also discovered that as early
as 3 days after COG3 KD media-Golgi enzyme, B-1,2-N-
acetylglucosaminyltransferase-1 (GIcNAcT1) becomes mis-
localized into vesicular fraction. GIcNAcT1 containing vesi-
cles were distinct from ER, endosomes and lysosomes
and most likely identical to previously described CCD
vesicles enriched with Golgi v-SNARE proteins (19).
Similar relocation into CCD vesicles was found for another
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medial-Golgi enzyme, Mann Il and to a lesser extent
medial/trans-Golgi enzyme N-acetylgalactosaminyltrans-
ferase 2 (GaINAcT2) and trans-Golgi enzyme B-1,4galacto-
syltransferase (GalT). Prolonged COG3 KD finally leads to
degradation of both GIcNAcT1 and Mann Il. Similar effects
were observed in COG7 KD and COG3/COG7 double KD
Hela cells.

On the basis of our findings, we conclude that alterations in
the function of COG complex caused specific mislocaliza-
tion of medial-Golgi enzymes and Golgi v-SNAREs into recy-
cling intra-Golgi CCD vesicles. Efficient and COG-dependent
docking of CCD vesicles to purified Golgi membranes was
reconstituted in vitro, supporting functional status of these
transport intermediates. Conserved oligomeric Golgi com-
plex most likely functions in tethering of retrograde enzyme-
carrying CCD vesicles to the proper Golgi compartment.

Results

Prolonged COG3 knock-down leads to defects in
protein glycosylation

Our previous studies demonstrated that acute depletion of
Cog3p caused accumulation of non-tethered CCD vesicles
and Golgi fragmentation but, at least initially, did not result
in increased gel mobility of Golgi glycoprotein GPP130,
arguing that protein glycosylation was not altered (19).
This result was rather surprising, since severe Golgi-gly-
cosylation defects were previously observed in both
ACOG17 and ACOG2 CHO mutant cells (21), and similar
glycosylation abnormalities were detected in yeast cog3-
ts (sec34-2) mutant (17). We hypothesized that the
observed phenotype of the acute COG3 KD might repre-
sent a primary Cog3p-dependent defect in membrane
trafficking, leading to deficient Golgi glycosylation. To
test out this hypothesis, we investigated whether the
extended deficiency in Cog3p function would affect
Golgi-glycosylation machinery (Figure 1A). First, we deter-
mined the steady-state glycosylation status of two endo-
genous membrane glycoproteins — plasma membrane-
localized CD44 (32) and extensively glycosylated with 16
N-linked carbohydrate chains lysosomal resident protein
Lamp2 (33). Hela cells were treated with COG3 siRNA
for 3, 6 and 9 days. Acute KD is referred to as 3 days after
siRNA treatment; prolonged KD is 6 and 9 days after
siRNA treatment. Cog3 protein has been efficiently
depleted, and after 3 days of KD, its level comprised
10% of the initial one (Figure 1A, right panel, upper lane).
We have previously shown that acute COG3 KD affects
the stability of Lobe A but not Lobe B subunits of the COG
complex (19). Similarly, there was destabilization of Cog4p
and most probably whole Lobe A after prolonged COG3
KD. Cellular levels of Lobe B subunits were also slightly
decreased (Figure S1, available online at http://
www.blackwell-synergy.com). Prolonged COG3 KD or
similar transfection with control (scrambled) siRNA did
not affect viability of Hela cells.
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Figure 1: Prolonged COG3 knock down (KD) affects glycosylation and stability of membrane glycoproteins of secretory path-
way. A) Steady-state cellular level and gel mobility of glycoproteins of secretory pathway. Hela cells were mock (0) or COG3 siRNA
treated for 3, 6 and 9 days. Total cell lysates were prepared at corresponding time points, subjected to SDS-PAGE and WB with the
indicated antibodies. Right panel represents quantification of immunoblotted proteins. B) Increase in gel mobility of CD44 after COG3 KD
is due to its defective glycoprotein modification. Cell lysates after 3, 6 and 9 days of COG3 KD were incubated with a PNGase F (500 U/
reaction) as described in Materials and Methods. Samples were loaded on SDS-PAGE and WB with anti-CD44 antibody. C) Pulse-chase
labeling of CD44 and Lamp2 glycoproteins. Cells were metabolically labeled with 3°S-Methionine for 10 min and then chased for indicated
time points. Cell lysates were subjected to IP with anti-CD44 and anti-Lamp2 antibodies. Precipitated proteins were loaded on SDS-PAGE
and visualized by Phosphorlmager. Star indicates a non-specific band.
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In agreement with our previous observations, after 3 days
of COG3 KD, all tested glycoproteins, i.e. GPP130, Lamp2
and CD44, did not show a visible change in their mobility
on SDS-PAGE (Figure 1A, compare control (0) and 3 days
lanes). In contrast, after 6 days of COG3 KD, the gel
mobility of both Lamp2 and CD44 was altered, indicating
the production of underglycosylated protein species. The
glycosylation defects became more pronounced after 9
days of COG3 KD. Western blot analysis demonstrated
that a decrease in molecular weight of both CD44 and
Lamp2 positively correlated with the duration of COG3
KD (Figure 1A, left panel, compare molecular weights of
CD44 and Lamp2 after 3 and 9 days of COG3 KD).
Smearing of the bands corresponding to CD44 and
Lamp2 may argue for heterogeneity in glycosylation,
emerging after 6 and 9 days of COG3 KD. Interestingly,
the bulk of the GPP130 did not change its gel mobility
even after 9 days of COG3 KD. Instead, the level of
GPP130 protein was dramatically decreased after pro-
longed COG3 KD (Figure 1A, right panel). A similar expres-
sion profile was observed for Lamp2. After 9 days of
COG3 KD, the protein level of Lamp2 was reduced by
more than 50% (Figure 1A, right panel). The latter result
might be caused by the instability of underglycosylated
Lamp2 protein (34).

To confirm our assumption that the increase in gel mobility
is caused by defective glycosylation, both control and
COG3 KD cell lysates were subjected to peptide:N-glycosi-
dase F (PNGase F) treatment (Figure 1B). We found that
deglycosylation of all forms of CD44 observed in COG3 KD
cells produced a single 62 kDa polypeptide. A similar result
was obtained for Lamp2, in which the molecular weight
was reduced from approximately 110 to 82 kDa after
PNGase F treatment (data not shown). This result con-
firmed our hypothesis that increased gel mobility of CD44
and Lamp2 after COG complex KD is entirely due to defi-
cient glycosylation. After prolonged COG3 KD, underglyco-
sylated glycoproteins were sensitive to Endo H treatment
(Figure S2, available online at http://www.blackwell-
synergy.com), indicating defects in early Golgi glycosylation.

To determine whether COG3 KD affects the kinetics of
glycoprotein modifications in the Golgi, we performed a
pulse-chase experiment (Figure 1C). Both the extent of
glycosylation and its kinetics were almost indistinguish-
able for control and 3 days COG3 KD cells, with only
minute smearing of CD44 band observed at the 120 min
time point (Figure 1C, panel a). This smearing most likely
represents the early onset of glycosylation defects. In
contrast, a pronounced defect in glycosylation of CD44
and Lamp2 (Figure 1C, 9 KD lanes) was detected after 9
days of COG3 KD. Even after 2 h of chase, both CD44 and
Lamp2 remained underglycosylated. Prolonged (9 days)
growth on plates and/or continuous treatments with trans-
fection reagent slowed down the kinetics of CD44 glyco-
sylation in both COG3 siRNA and mock-transfected cells.
Interestingly, in both plates, 120 min was a sufficient time
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to chase the bulk of CD44 to the Golgi glycosylated form,
indicating that protein movement through the Golgi in
COG3 KD cells was not sufficiently altered. We have
previously observed a similar slight delay in plasma-
membrane delivery of VSVG in COG3 KD cells (19).

The behavior of Lamp2 was more complex, with the accu-
mulation of a whole array of partially glycosylated forms
accumulated in COG3 KD cells after 120 min of chase.
These findings allowed us to hypothesize that after pro-
longed COG3 KD, either glycoproteins are not targeted
properly and thus can not encounter the Golgi glycosylation
machinery or Golgi glycosylation machinery itself is
mislocalized, thus not allowing Golgi enzymes to process
proteins.

Underglycosylated glycoproteins are correctly
localized in COG3 KD cells

To address the first question of possible impairment of
anterograde trafficking of glycoproteins of the secretory
pathway under conditions of COG3 KD, we determined
localization of CD44 and Lamp2 after prolonged COG3 KD.
As shown in Figure 2(A), after 9 days of COG3 KD, CD44
was mostly localized on the plasma membrane. A small
portion of CD44 signal was detected on intracellular
membranes that were distinct from GPP130-positive
membranes and most likely represented recycling pool
of CD44. Strikingly, staining of non-permeabilized cells
demonstrated that the intensity of CD44 signal was similar
for both control (100%) and 9 days of COG3 KD (94%)
cells, indicating that anterograde trafficking and plasma
membrane expression of CD44 was not compromised
(Figure 2B). There was no staining for the lumenal Golgi
protein GIcNAcCT1 in non-permeabilized cells (Figure S3
available online at http://www.blackwell-synergy.com).

Similarly, proper localization was found for the lysosomal
protein Lamp2 (Figure 2C). Nine days after COG3 KD,
Lamp2 was associated with scattered membrane com-
partments distinct from endosomes, ER and Golgi rem-
nants (data not shown). To obtain additional evidence that
the Lamp2-positive compartments are indeed lysosomal in
nature, cells were treated with Cascade Blue Dextran,
which is known to travel via the endocytic pathway finally
accumulating in lysosomes (Figure 2D). Immunofluorescent
assays demonstrated that in both control (80 £ 3% of
colocalization) and 9 days (69 + 4% of colocalization) of
COG3 KD cells, endocytosed dextran was colocalized with
Lamp2, indicating that underglycosylated Lamp2 was
sorted properly to lysosomes in COG3-depleted cells.

Medial-Golgi enzymes are severely mislocalized in
COG3 KD cells

Results from the experiments described above allowed us
to conclude that in Cog3p deprived cells, underglycosy-
lated proteins are delivered properly to both the plasma
membrane and lysosomes. Most likely, on their way to
final destination, they are transported through the
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Figure 2: Underglycosylated CD44 and Lamp2 are correctly localized in control and COG3 knock down (KD) cells. A) Localization
of CD44 is similar in control and COG3 KD cells. Control and 9 days COG3 KD cells were fixed, permeabilized and triple stained with
anti-CD44 (red), GPP130 (green) and DAPI (blue). Arrows indicate plasma membrane. B) Plasma membrane delivery of CD44 is not
compromised in COG3 KD cells. Control and 9 days COG3 KD cells were fixed and stained with anti-CD44 (green) without permeabiliza-
tion. C) Localization of Lamp2 is similar in control and COG3 KD cells. Control and 9 days COG3 KD cells were fixed and triple
stained with anti-Lamp2 (red), GPP130 (green) and DAPI (blue). D) Lamp2 is colocalized with lysosomes in control and COG3 KD cells.
Control and 9 days of COG3 KD cells were treated with Cascade Blue Dextran as described in Materials and Methods and stained with
anti-Lamp2 (green). Cascade Blue Dextran is visualized at 420 nm spectrum (blue). Arrows indicate lysosomes. All images were collected

at equal signal gains using CARV microscopy. Bar, 10 um.

fragmented Golgi. Thus, the anterograde protein flow is
undistorted, and the trafficking itinerary is not modified in
COG KD cells. Why do glycoproteins become underglyco-
sylated? We hypothesized that Golgi-glycosylation
machinery itself is mislocalized in COG3 KD cells. Both
IF and subcellular fractionation were employed to deter-
mine localization of key components of the Golgi-
glycosylation machinery. We have specifically focused
our investigation on GIcNAcCT1 localized at steady-state
within the medial-Golgi cisternae (5). It has been shown
that newly synthesized GIcNAcCT1 is transported rapidly
through the Golgi stack to the trans-Golgi network and
then is recycled back to the cis-Golgi with a half-time of
about 150 min, suggesting that this protein is continu-
ously recycled from the late Golgi (29,35). Furthermore,
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GIcNACT1 was detected in COPIl-dependent transport
intermediates which fused with the cis-cisternae in the
in vitro assays (36,37). To account for any non-specific
staining with primary or secondary antibodies in IF experi-
ments, we used a mixed population (1:1) of Hela cells
stably expressing Golgi glycosyltransferases tagged either
with myc or vsv epitope tag. It has been previously shown
that in these cells, tagged enzymes were only slightly
(two- to fourfold) overexpressed, and their localization
and trafficking was indistinguishable from endogenous
enzymes (5). We found that GIcNAcCT1 is tightly asso-
ciated with the Golgi ribbon in mock-transfected cells
treated with scrambled siRNA and is rapidly redistributed
into vesicular structures after COG3 KD (Figure 3A). A
subpopulation of the enzyme colocalized with GM130
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Figure 3: COG3 knock down (KD) induces relocation of Golgi enzyme B-1,2-N-acetylglucosaminyltransferase-1 (GIcNAcT1). A)
Control (0), 3, 6 and 9 days after COG3 KD mixture of cells stably expressing GIcNAcT1-myc and Mann ll-vsv were fixed and triple stained
with anti-myc (red), Golgi marker anti-GM130 (green) and DAPI (blue). Arrows indicate conserved oligomeric Golgi complex-dependent
(CCD) vesicles. Star indicates cell without GIcNAcT1-myc. B) 3 days COG3 KD cells as in (A) were fixed and triple stained with anti-myc
(red), ER marker PDI (green), early endosomal marker EEA1 (green), lysosomal marker Lamp2 (green) and DAPI (blue). C) Glycerol velocity
gradient fractions were immunoblotted with anti-myc (left panel) and quantified (right panel). Combined signal of fractions 1-13 was taken
for 100%. Quantification of each lane represents an average of three independent experiments. Black, red, blue and green lines represent
distribution of GIcNAcT1 in control, 3, 6 and 9 days of COG3 KD cells, respectively.
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and most likely remained associated with fragmented
Golgi mini-stacks. A similar vesicular distribution of
GIcNACT1 was observed in cells after 3 and 6 days of
COG3 KD (Figure 3A, 3 and 6 days rows). More reticular
GIcNAcT 1-positive structures were found in cells after
prolonged Cog3p depletion (Figure 3A, 9 days row).
These reticular structures were similar to classical ER
appearance, and indeed partial colocalization of Golgi
enzyme with ER marker PDI was observed in cells after
9 days of COG3 KD (Figure S4, available online at http://
www.blackwell-synergy.com). Localization of GIcNACT1 in
acutely depleted cells was distinct from that of ER, endo-
somal and lysosomal markers (Figure 3B), and most likely,
indicated accumulation of the enzyme in CCD vesicles
carrying v-SNAREs GS15 and GS28 and cis-Golgi glyco-
protein GPP130 (19). On the glycerol velocity gradient,
GPP130 was detected in the same fractions as
GIcNACT1. Indeed, separation of cell lysates on glycerol
velocity gradient demonstrated that a significant fraction
of GIcNAcT1 was associated with small vesicles (Figure
3C, fractions 3 and 4). CCD vesicles associated fraction of
GIcNACT1 was increased from 5% (control) to more than

A B
COG3 KD

Control

COG Complex and Golgi Glycosylation

50% (3 and 6 days COG3 KD). The vesicular fraction in 9
days COG3 KD cells decreased as compared to acutely
depleted cells, arguing that the majority of GIcNACT1 mole-
cules were now associated with larger membrane struc-
tures like Golgi or ER (Figure 3C, lower panel, fraction 13).
This biochemical result is in good agreement with the IF
data. Both PDI and GM130 were exclusively found in soluble
(fraction 1) and Golgi/ER (fraction 13) pools (19; data not
shown).

To test whether the localization of other Golgi enzymes is
affected by COG3 KD, we used cells stably expressing
vsv-tagged mediaFGolgi enzyme Mann || and medial/trans-
Golgi enzyme GalNAcT2 (5). IF analysis revealed that upon
COG3 KD, both Mann Il and, to a lesser extent, GaINAcT2
were redistributed into vesicular structures, supporting
our hypothesis of their accumulation in CCD vesicles
(Figure 4A). Indeed, there was significant increase in
Mann Il protein in the vesicle fraction isolated on glycerol
velocity gradient (Figure 4B). Relative enrichment of Mann
[l 'in the vesicle fraction (approximately four- to fivefold)
was similar to one observed for GPP130 and GIcNAcT1

= crr1z0 (T
<
3 GIcNACT1 | &%
(O]
Mann Il -
GalNAGT2 _._._
PDI ——
c
g
=
Figure 4: COG3 knock down (KD)
c induces relocation and partial degra-
@ {9 dation of medialGolgi enzymes. A)
N @‘b OQ’ Control and 3 days COG3 KD cells stably
I (»\\ko OO OO expressing GIcNAcT1-myc, Mann |l-vsv
S kDa C° o o and GalNAcT2-vsv were fixed and
<Z’: stained with ant-myc, anti-vsv, or anti-
T S s oo |« Mann i GalT antibodies. Images were collected
O 83 p using CARV microscopy. Bar, 10 um. B)
62 » < GIGNAGT1 Control and COG3 KD vesicle fractions
< . CRNAC (combined glycerol gradient fractions 3
47> and 4) were immunoblotted with
32 R - GPP130, anti-myc for GIcNACT1, anti-
vsv for Mann I, anti-vsv for GalNACT2
and anti-PDI antibodies as indicated. C)
% 26 » el Control, 3 and 9 days COG3 KD cell
S
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lysates (10 pg) were immunoblotted
with anti-vsv (upper panel), anti-myc
(lower panel), anti-human GS28 and anti-
PDI antibodies. Star indicates putative
degradation product of GIcNACT1.
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PDI
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(Figure 4B, compare GPP130, GIcNAcT1 and Mann Il
rows). Vesicular accumulation of GalNAcT2-vsv (approxi-
mately twofold) was at the level previously observed for
GalNACT2-GFP and GS28 (19). We concluded that COG3
KD causes specific accumulation of medial-Golgi enzymes
in recycling intra-Golgi CCD vesicles. Another trans-Golgi
enzyme, GalT, was found mostly on fragmented Golgi
(Figure 4A, GalT row). This result is in good agreement
with GalT-GFP localization in COG3 KD cells observed
previously (19).

Since the severe redistribution of Golgi enzymes was
observed after both acute and prolonged COG3 KD, we
questioned how it would affect enzyme stability. Western
blot analysis of total cellular homogenates revealed that
prolonged, but not acute, COG3 KD resulted in a twofold
decrease of Mann Il cellular level (Figure 4C, Mann Il row)
and in accumulation of GIcNAcT1-degradation products
(Figure 4C, GIcNACT1 panel). We also noticed a slight
increase in total cellular level of GIcNAcT1. Intracellular
levels of the control protein PDI was found unchanged,
while the level of another CCD vesicle protein G528 (19)
was also reduced by approximately 50% after prolonged
COG3 KD (Figure 4C, GS28 row). These data correlate
well with previously observed degradation of GS28
(GOS-28) in ACOGT CHO cells (31).

COG?7 KD leads to mislocalization of GIcNAcT1 and GS15
To test whether the entire COG complex is required for
proper localization of Golgi glycosyltransferases, we
used an siRNA strategy to knock-down Cog7p (subunit
of COG Lobe B). It has been found recently that muta-
tion in human COG7 gene led to secretion of under-
glycosylated proteins (26), a mutant phenotype similar
to the one observed after prolonged COG3 KD. After 3
days of COG7 KD, the Cog7p was efficiently depleted
(Figure 5B), and both GIcNAcT1 and GS15 became
severely mislocalized (Figure 5A). This effect was spe-
cific since both GM130 (Figure 5A, panel GM130) and
GalNAcT2 (Figure 5, panel GalNAcT2) remained asso-
ciated with large perinuclear Golgi fragments.
Transfection with control (scrambled) siRNA did not
have any effect on localization of Golgi proteins (Figure
5A, top row). Similarly, to the prolonged COG3 KD, the
SDS-PAGE mobility of lysosomal glycoprotein Lamp2 in
COG7 KD cells was altered, indicating defects in
Golgi glycosylation. In addition to obvious similarities
between COG3 KD and COG7 KD mutant phenotypes,
we noticed some unique characteristics of COG7 KD
cells — glycosylation defects were manifested slightly
earlier and GM130/GalNAcT2-containing Golgi mem-
branes were less fragmented and often misshapen
into ‘cotton ball-like" structures. We also detected that
the cellular level of Golgi-resident proteins GM130 and
Syntaxin 5 was reduced in COG7 KD cells to less than
50% as compared to mock-treated or COG3KD cells.
A Golgi-located short 37 kDa form of Syntaxin 5 was
affected to a greater extent with only approximately
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Figure 5: COG7 knock down (KD) induces relocation of
GIcNAcT1 and GS15. A) Mixture of cells expressing GIcNACT1-
myc and GalNAcT2-vsv were mock (control) or COG7 siRNA trea-
ted for 3 days. Fixed cells were stained with anti-myc or anti-vsv
antibodies. Images were collected at equal signal gains, using
CARV microscopy. Bar, 10 um. B) Control, COG3, COG3 & COG7
and COG7 KD whole-cell lysates (10 pg protein/lane) were immu-
noblotted with anti-Cog3, anti-Cog4, anti-Cog6 and anti-Cog7
antibodies. C) Lysates as in (B) were immunoblotted with indicated
antibodies, anti-myc for GIcNAcT1; PDI was used as a loading
control. Star indicates putative degradation product of GIcNACT1.

20% protein remained in COG7 KD cells. We have
shown previously that yeast Syntaxin 5 homologue,
Sedbp, interacted with COG complex directly (17), and
the cellular level of Sedbp was severely reduced in
double ACOGT1/ACOGE mutant cells (23). Reduced
level of GM130 and Syntaxin 5 in COG7 KD cells may
reflect direct interaction between Cog7p and/or Lobe B
with Golgi membrane-associated components of vesicle
docking/fusion  machinery.  Observed differences
between COG3 KD and COG7 KD phenotypes are likely
due to diverse specialization of two lobes of the COG
complex and will be examined in future studies.

Simultaneous depletion of Cog3p and Cog7p affected gly-
cosylation of Lamp2 and stability of GIcNACT1T more
severely as compared to individual COG subunit KD
(Figure 5C) (COG3 & 7 lane), indicating faster progression
of medial-Golgi enzyme-trafficking defects in a double
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Lobe A/Lobe B mutant. This result correlates well with the
previously observed severe glycosylation defect in double
ACOG1/ACOGE6 yeast mutant cells (23).

On the basis of the results described above, we con-
cluded that any alterations in COG complex function in
human cells cause specific mislocalization of preferentially
medialGolgi enzymes and Golgi v-SNARE molecules and
their accumulation in normally transient CCD vesicles.
Conserved oligomeric Golgi complex most likely functions
in tethering of these transport intermediates to proper
Golgi compartment. The cellular biosynthetic machinery
is able to ‘ignore’ the initial defects in Golgi protein recy-
cling, but continuous separation of glycosylation machin-
ery from the secretory pathway affects Golgi
modifications of secretory, plasma membrane, and lyso-
somal glycoproteins and could ultimately lead to congeni-
tal disorders of glycosylation (26).

CCD vesicles dock to Golgi in vitro in a Cog3p-
dependent reaction

Results obtained from this and previous (19) works indi-
cated that both mediaFGolgi glycosyltransferases and
intra-Golgi SNAREs transiently accumulated in CCD vesi-
cles in COG3 KD cells. To test if these vesicles represent
a functional intra-Golgi transport intermediate, we
designed an in vitro system which measured vesicle dock-
ing/fusion with isolated rat liver Golgi (RLG). The system is
similar to the yeast COPII vesicle tethering setup (38) and
is based on sedimentation properties of isolated RLG (pel-
letable at 10 000 x g) and CCD vesicles obtained from
COG3 KD Hela cell lysate (not pelletable at 20 000 x g).
Both GIcNAcT1-myc and GPP130 were used as vesicle
markers. GS28 was used as Golgi marker. Monoclonal
antibodies to ratGS28 and human GPP130 specifically
recognized corresponding proteins in RLG and Hela cell
lysates (Figure S7, available online at http://www.black
well-synergy.com). We have found that CCD vesicles are
able to dock to isolated Golgi (Figure 6). The amount of
sedimentable vesicle marker (up to 30% from total input)
was proportional to the amount of added Golgi mem-
branes and vesicle-Golgi association was resistant to
250 mm KCI wash, which normally strips vesicles from
Golgi membranes (39), indicating tight association and/or
complete fusion (Figure 6A). Acceptor Golgi membranes
were sensitive to proteinase K pretreatment, indicating
requirement for peripheral and/or transmembrane pro-
teins. Indeed both COG3 and Golgi SNARE GS28 were
completely destroyed by Proteinase K treatment
(Figure 6B and data not shown). Most importantly, dock-
ing of CCD vesicles was sensitive (approximately 70%
inhibition) to addition of anti-COG3 IgG but not to addition
of pre-immune (control) 1gG (Figure 6B, compare a-COG3
(+) and control I1gG columns). We have concluded that
CCD vesicles are functional intra-Golgi intermediates cap-
able of docking to Golgi membranes in a COG complex-
dependent reaction.
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Figure 6: Conserved oligomeric Golgi complex-dependent
(CCD) vesicles dock to Golgi membranes in vitro. A) Vesicle
docking is proportional to amount of added Golgi and resistant to
salt wash. Cells stably expressing GlcNacT1-myc were treated
with COG3 siRNA. A vesicle fraction from COG3 KD cells (520)
was incubated with purified rat liver Golgi as described in
Materials and Methods. After incubation with CCD vesicles,
Golgi membranes were pelleted at 10 000 x g and washed with
low or high-salt buffer. Golgi membranes were repelleted and
analyzed for CCD vesicle marker GIcNAcT1 by WB with anti-
myc antibodies. B) Vesicle docking is sensitive to protease treat-
ment of acceptor Golgi membranes and is inhibited by anti-COG3
IgG. CCD vesicle marker GIcNAcT1 (anti-myc Ab), GPP130 (anti-
human GPP130) and Golgi marker GS28 (anti-rat GS28 Ab) were
detected by WB. Star indicates heavy chain of anti-Cog3p IgG
bound to Golgi membrane.

Discussion

The COG complex has been assigned a role of one of the
key components in intracellular membrane trafficking (40).
Majority of up-to-date data argue that the COG complex
resides on cis/medial-Golgi and functions as a tether of
retrograde intra-Golgi vesicles (15-17,31). Indeed, both
yeast (30) and mammalian (19) cells deficient in a Cog3p
subunit accumulate multiple CCD vesicles. These vesicles
most likely are COPI coated and packed with recycling
Golgi SNAREs (GS15, GS28) (41) and putative retrograde
cargo receptors as GPP130 (42). Another well-studied
feature of COG-deficient cells is significantly impaired
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modification of glycoconjugates. In both mammalian
(ACOG1, ACOG2 and ACOG?7 (21,26) and vyeast
(ACOG1, ACOG3, ACOG4 and ACOG6) (17,18,22,23)
COG mutant cells, virtually all N- and O-linked Golgi-asso-
ciated glycosylation reactions are impaired.

In this article, we examined the hypothesis that retrograde
intra-Golgi trafficking of components of the glycosylation
machinery is directed by the COG complex. We have
shown that the duration of COG3 KD positively correlates
with development of Golgi-glycosylation defects (Figure
1). Sorting and delivery of anterograde secretory cargo
proteins (Figure 2) is not altered. For the first time, we
demonstrated that depletion of both Lobe A (Cog3p) and
Lobe B (Cog7p) of the COG complex severely affects
localization of medialGolgi enzymes GIcNAcT1 and Mann
[, inducing their relocation into CCD vesicles. This finding
agrees well with the observed mislocalization of yeast
Golgi-glycosylation enzyme Och1p in a cog3 mutant (20).

CCD vesicles are likely to originate from either the trans-
Golgi or TGN, since both GIcNAcT1 and Mann Il are known
to cycle through the Golgi stack to the trans-Golgi network
and then back to the cis-Golgi (29,35). It has been shown
recently that formation of COPI vesicles is linked to the
assembly of the actin complex (43,44). The actin cytoske-
leton is affected in yeast cog3 mutant cells, (13) and actin is
shown to be coimmunoprecipitated with the mammalian
COG complex (45). One attractive idea is that COG com-
plex directs the movement of CCD vesicles along specia-
lized intra-Golgi actin railways through communication with
the actin cytoskeleton. In support to this notion, Cog3p
(CG3248) was found to interact with the actin-binding pro-
tein Arp3 (CG7558) in a recent Drosophila two-hybrid
screen (46). We also observed that CCD vesicles are posi-
tioned along the actin cables in COG3 KD cells (Figure S6).

Vesicles containing Golgi enzymes are likely to be retro-
grade in respect to direction of their trafficking since both
endogenous (CD44 and Lamp?2) (Figure 2) and model
(GFP-VSVG) (19) anterograde secretory cargo molecules
are not detected in CCD vesicles at the fluorescence
microscopy level; after prolonged KD of COG complex,
vesicles are partially consumed by the ER, depositing
their content into the endoplasmic reticulum (Figure 3C
and S4). Latter result is in agreement with previously
observed partial relocation in ER of Mann Il in ACOG1
and ACOG2 CHO mutant cells (31). We have previously
demonstrated that both GS15 and GS28 are enriched in
CCD vesicles (19). Most likely, these v-SNAREs form a
functional fusion complex with t-SNARE Syntaxin 5, which
itself is a COG-interacting protein (17). One plausible
explanation for the eventual consumption of CCD vesicles
by ER is based on the observation that the long form of
Syntaxin 5 cycles between the Golgi and ER (47). We have
found that the ER form of Syntaxin 5 is less sensitive to
COG7 KD as compared to the Golgi form of t-SNARE
(Figure 5C). Consequently, in COG7 KD cells, partial
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colocalization of GIcNAcT1 with ER markers was observed
as early as 4 days after KD (Figure S5, available online at
http://www.blackwell-synergy.com). Therefore, a relative
increase in the ER localized form of Syntaxin 5 in COG KD
cells could potentiate fusion of CCD vesicles with the ER
membrane. Interestingly, in recently described mamma-
lian cells depleted of Syntaxin 5, the COG-sensitive protein
GS28 was found in dispersed vesicle structures (48).

The in vitro experiments (Figure 6) support the idea that
CCD vesicles are functional intra-Golgi trafficking inter-
mediates. Isolated CCD vesicles are capable of docking
and, most probably, fusion with purified Golgi mem-
branes, since as a result of vesicle-Golgi coincubation,
vesicle cargo proteins GIcNAcT1 and GPP130 became
associated with large membranes and this association is
salt-resistant. Vesicle docking is dependent on Golgi per-
ipheral and/or transmembrane proteins, since proteinase
treatment of isolated Golgi virtually abolished vesicle dock-
ing. The efficient docking of vesicles requires a functional
COG complex on the Golgi membrane, since both pro-
tease treatment and pretreatment with anti-Cog3p 1gGs
efficiently block vesicle-Golgi interaction. Latter result
supports the model of Golgi-localized COG complex
tethering intra-Golgi retrograde vesicles (Figure 7).

Both GPP130 and GIcNAcT1 containing vesicles behave simi-
larly in the in vitro system, suggesting that the CCD vesicle
population is homogeneous and that both proteins are being
recycled using the same ftrafficking intermediates.

Golgi

Lobe A/B Endosomal

compartments
medial-Golgi ¢ and trans-Golgi *+ glycosylatransferases

Figure 7: Model of the function of conserved oligomeric
Golgi (COG) complex in trafficking of Golgi enzymes. The
COG complex primarily resides on the media-Golgi. It orches-
trates tethering of constantly cycling retrograde COG complex-
dependent (CCD) vesicles that bud from trans-Golgi (solid line).
These Golgi intermediates carry resident Golgi proteins, including
mediaFGolgi glycosyltransferases. Lobe B of the COG complex
might also associate with trans-Golgi and accept vesicles that
retrieve trans-Golgi enzymes from trans-Golgi network and endo-
somal compartments (dashed line). During malfunction of COG
complex, retrograde membrane intermediates accumulate in
cytoplasm.
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Conversely, known trafficking itineraries of GPP130 and
GIcNACT1 are different. MedialGolgi localized GIcNAcCT1
cycles via the trans-Golgi and ER (29), while cis-Golgi-resident
GPP130 visits the endosomal system and plasma membrane
(49). Prolonged COG3 and COG7 depletion ultimately leads
to partial relocalization of the GIcNACT1 signal to the ER,
while GPP130 is not detected in the ER (unpublished data).
There was a reduction of GPP130 (but not GIcNACT1) protein
levels after prolonged COG KD (compare Figure 1A and
Figure 4C). Additional biochemical and immuno-EM
studies will be required to characterize CCD vesicles in
details.

Comparison of COG3 and COG7 KD phenotypes indicates
that depletion of either Lobe A or Lobe B subcomplexes
primarily affects localization of GIcNAcT1 and GS15, indi-
cating that the whole COG complex is required for proper
recycling of cis/medium-Golgi-resident proteins. On the
other hand, acute COG7 KD phenotype differs from
COG3 KD. Glycosylation defects are manifested slightly
earlier in COG7 KD cells (Figure 5C and data not shown),
and Golgi membranes in those cells are often misshapen
into cotton ball or sponge-like structures. In addition, acute
double COG3/COG7 KD affected glycosylation of both
Lamp2 and GIcNAcT1 more severely as compared to sin-
gle depletion, indicating that double KD is affecting activity
or compartmentalization of multiple Golgi enzymes. There
is evidence that loss-of-function mutation in Lobe A sub-
units causes defects in early Golgi-glycosylation reactions
(17,20,21), whereas a loss-of-function mutation in Lobe B
subunits causes trans-Golgi-glycosylation defects (26).
Taking into account that in mammalian cells Lobe B exists
both as a part of the large COG complex and as a separate
small subcomplex (15), we propose the model (Figure 7).
Our model suggests that the whole Lobe A/Lobe B COG
complex regulates efficient vesicle tethering to the cis/
medialGolgi membranes. The lobe B subcomplex could
also specifically tether vesicles to trans-Golgi cisternae.
Similar separation of functions was discovered recently for
cis- and trans-Golgi-operating anterograde tethers TRAPP |
and Il (10). Proposed compartment-specific functions for
COG lobes may reflect a common principle in the evolution
of oligomeric complexes operating in membrane trafficking.

Materials and Methods

Reagents and antibodies

Reagents were as follows: PNGase F, EndoH (New England Biolabs,
Beverly, MA, USA); Cascade Blue Dextran (Molecular Probes, Eugene,
OR, USA); Protein G-Sepharose (Calbiochem, La Jolla, CA, USA); Protein
A-Sepharose (Amersham Biosciences, Piscataway, NJ, USA). Antibodies
used for Western Blotting (WB), immunofluorescence (IF), immunopreci-
pitation (IP) studies were obtained from commercial sources and as gifts
from generous individual investigators or generated by us as indicated
below. Antibodies (and their dilutions) were as follows: rabbit — both anti-
myc (WB 1:5000, IF 1:3000) and anti-vsv (WB 1:2500, IF 1:400) from
Bethyl Laboratories (Montgomery, TX, USA); anti-Cog3p (WB 1:1000)
(16); anti-GPP130 (WB 1:1000, IF 1:2000; Covance Laboratories,
Madison, WI, USA); anti-CD44 (WB 1:400; Santa Cruz Biotechnology,

Traffic 2006; 7: 191-204

COG Complex and Golgi Glycosylation

Santa Cruz, CA, USA); murine: anti-GM130 (IF 1:250); anti-human GS28
(WB 1:1000, IF 1:100) and anti-EEAT (IF 1:250) (all from BD Biosciences,
San Jose, CA, USA); anti-GPP130 (WB 1:100, gift from Adam Linstedt,
CMU); anti-PDI (WB 1:5000, IF 1:200, IP 1:2000; Affinity BioReagents,
Golden, CO, USA); anti-rat GS28 (WB 1:500; Stressgene, Victoria, BC,
Canada); anti-GAPDH (WB 1:1000; Ambion, Austin, TX, USA); anti-CD44
(clone H4C4) and Lamp?2 (clone H4B4) (WB 1:200, IF 1:100; Developmental
Studies Hybridoma Bank, University of lowa); and anti-GalT (IF 1:20, gift
from Brian Storrie, UAMS)

Mammalian cell culture

Monolayer Hela cells were cultured in DMEM/F-12 media supplemented
with 16 mm HEPES, 2.5 mwm L-glutamine, 5% FBS, 100 U/mL penicillin G,
100 pg/mL streptomycin, and 0.25 pg/mL amphotericin B. Cells were grown
at 37 °C and 5% CO; in a humidified chamber. Hela cells stably expressing
tagged Golgi apparatus proteins were maintained in the presence of 0.4 mg/
ml G418 sulfate. Hela cells stably expressing GIcNAcT1-myc, Mann ll-vsv
and GalNAcT2-vsv were obtained from B. Storrie’s laboratory (UAMS). All cell
culture media and sera were obtained from Invitrogen (Carlsbad, CA, USA).

RNA interference

Human COG3 was targeted with siRNA duplex as described previously
(19) by Oligofectamine (Invitrogen, Carlsbad, CA, USA). To achieve 3, 6 and
9 days of COG3 KD, cells were transfected each 72-h period. Human
COG?7 was targeted with a mixture of two Stealth siRNA duplexes (target
sense, 1-CCAAGCUCUC-CAGAACAUGCCCAAA; 2-CCUGAAAAUCCCUC-
UUUGCC-AAGUALU) (Invitrogen). Stealth siRNA duplex (target sense,
CCAACCGACUUAAUGGCGCGGUAUU) was used as a mock control
(Invitrogen). Cells were transfected with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) twice each 24-h period according to protocol recom-
mended by Invitrogen. For IF microscopy and WB, Hela cells were grown
in 356 mm dishes (on coverslips for IF) at 60% confluence and lyzed in 2%
SDS after 3, 6 and 9 days of COG3 KD or 3 days of COG7 KD.

Radioactive labeling and immunoprecipitation
Pulse-chase experiments were performed using the *®S-Methionine (ICN
Biomedicals, Aurora, OH, USA). Hela cells grown in four 60-mm dishes
were mock or siRNA treated for 3 and 9 days, washed twice with DPBS
and starved in DMEM without methionine for 30 min. Pulsed by addition of
200 pCi/mL 3°S-Methionine for 10 min and chased with complete growth
medium containing 2 mm of cold methionine/cysteine mix for 0, 30, 60 and
120 min (at 37 °C). All further steps were performed at room temperature.
Cells were washed twice with DPBS and lyzed in 1 mL of TES buffer [50 mm
Tris-HCI, pH 7.4, 1560 mm NaCl, 1 mm EDTA, 1% Triton X-100, 0.1% SDS and
0.2% sodium azide, protease inhibitor cocktail]. Lysates were incubated with
30 puL of protein A Sepharose CL-4B beads on the tube rotator for 1 h and
centrifuged at 20 000 x gfor 10 min. Supernatants were transferred to new
tubes and incubated overnight with 2 pg of anti-CD44 antibodies (1:50) in a
cold room. Samples were clarified by centrifugation as above, and 20 pL of
Protein G-Agarose beads were incubated for 1 h and centrifuged at 110 x g
for 1 min, washed four times with TBST. Beads were then transferred to a
new tube, resuspended in 30 pL of x1 sample buffer; concentrated super-
natants were loaded on SDS-PAGE. Proteins were quantified using a
Phosphoimager analysis. After IP with anti-CD44, supernatants of the cell
lysates were subjected to IP with anti-Lamp2 (2 mkg).

Immunofluorescence microscopy

Cells grown on coverslips were processed at room temperature as
described previously with some modifications (15). Cells were washed
once with PBS and fixed by incubating for 10 min with 4% paraformalde-
hyde (Electron Microscopy Systems, Washington, PA, USA) in PBS,
pH 7.4. The coverslips were then washed for 1 min with 0.1% TritonX-
100 in PBS, incubated in 0.1% Na-borohydride in PBS for 5 min and
washed with 50 mm NH4CI in PBS for 5 min. Cells were then blocked in
0.1% saponin, 1% BSA in PBS for 15 min. Cells were then incubated for
30 min with primary antibodies and washed off extensively with 0.1%
saponin in PBS. Secondary antibodies (Alexa®594 goat anti-rabbit IgG con-
jugate and Alexa®488 goat anti-mouse IgG conjugate (Molecular Probes)
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diluted 1:400 in 1% gelatin and 0.1% saponin in PBS were applied for
30 min, and then coverslips were extensively washed with PBS and water.
The coverslips were mounted in Prolong Gold Antifade Reagent (Molecular
Probes). IF microscopy was performed using an epifluorescence micro-
scope (Axiovert 200; Carl Zeiss International, Thornwood, NY, USA)
equipped with the CARV | and CARV Il Confocal Imager modules
(BioVision Technologies, Exton, PA, USA) with a Plan-Apochromat x63
oil immersion lens (NA 1.4) at RT. The images were obtained as confocal
stacked images and processed on Macintosh computers using |IPLab 3.9.3
software (Scanalytics, Fairfax, VA, USA). During the processing stage,
individual image channels were pseudocolored with RGB values corre-
sponding to each of the fluorophore emission spectral profiles. Images
were cropped using Adobe Photoshop 6.0 software.

Endocytosis of fluorescent dextran

Hela cells stably expressing GIcNAcT1-myc were grown on coverslips in 6-
well plates. Cells were mock or COG3 siRNA treated for 9 days. Cells were
treated with Cascade Blue Dextran as previously described (50) with some
modifications. Cell cultures were incubated with Cascade Blue Dextran at
0.6 mg/mL in culture medium for 12 h before performing IF assay. Cells
were washed with PBS and incubated in fresh medium for 3 h; coverslips
were fixed and stained with anti-Lamp2 and anti-myc antibodies.

Treatment with endoglycosydases

Hela cells were grown in 6-well plates and transfected with COG3 siRNA
for 3, 6 and 9 days. Cells were lyzed in 2% SDS and denatured for 15 min
at 95 °C. To decrease SDS concentration to 0.5%, 9 pL of each lysate was
diluted in 27 uL of water. One half was incubated with supplied buffer and
the other with PNGase F (51) (1 pL, 500 units) or Endo H (0.1 uL, 100
units). Samples were incubated at 37 °C for 1 h, dissolved in x6 sample
buffer, subjected to SDS-PAGE and immunoblotted with anti-CD44 and
anti-Lamp2 antibodies.

Glycerol velocity gradient

Gradient fractionation was prepared as described previously (19,52) with
some modifications. Control and COG3 KD cells were analyzed in pairs
simultaneously and under the same conditions. GIcNAcT1-myc were
grown in one 6-cm plate, treated with COG3 siRNA, collected by trypsini-
zation, pelleted (2000 x g for 2 min), washed once with PBS and STE
buffer (250 mm sucrose, 10 mm triethylamine, pH 7.4, 1 mm EDTA) and
homogenized by 20 passages through a 25-gauge needle in 0.6 mL of STE-
S (STE buffer without sucrose) containing cocktail of protein inhibitors
(Roche Molecular Biochemicals, Indianapolis, IN, USA). Efficiency of homo-
genization was determined by staining with Trypan Blue. Cell homoge-
nates were centrifuged at 1000 x g for 2 min to obtain PNS. This PNS
(0.6 mL) was layered on linear 10-30% (wt/vol) glycerol gradient (12 mL in
10 mm triethylamine, pH 7.4 and 1 mm EDTA on a 0.5 mL 80% sucrose
cushion) and centrifuged at 280 000 x g for 60 min in a SW40 Ti rotor
(Beckman Coulter, Miami, FL, USA). One milliliter fractions were collected
from the top. All steps were performed at 4 °C. Fifty microliter of each
fraction as well as an aliquot of PNS were combined with 6x sample
buffer, loaded on SDS-PAGE and analyzed by WB. For the analysis of
CCD vesicle pool, proteins from fractions 3-5 of glycerol velocity gradient
were concentrated by TCA precipitation (53).

In vitro CCD vesicle docking assay

Acceptor RLG membranes were isolated as described previously (19).
20 000 x g supernatant (S20) from COG3 KD Hela cells stably expressing
GIlcNAcT1-myc was used as a source of both donor CCD vesicles and cytosol.
To prepare cell homogenates of 3 days, COG3 KD cells were grown in 10-cm
plate, washed twice with PBS and once with 20 mm HEPES pH 7.4 buffer
containing 250 mm sucrose. Sucrose buffer was removed, and cells were
scraped from the dish in 1 mL of cold 20 mm HEPES pH 7.4 containing
cocktail of protein inhibitors (Roche) and 1 mm DTT. Cells were homogenized
on ice by 20 passages through a 25-gauge needle. Unbroken cells were
removed by centrifugation at 1000 x g for 2 min to obtain PNS. After that,
membranes were stabilized by addition of an equal volume of buffer contain-
ing 256 mm KCl and 2.5 mm MgOAc (final concentrations). Large membranes
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were subsequently removed by centrifugation at 10 000 x g for 10 min and
by repeated centrifugation at 20 000 x g for 10 min to obtain S20. Standard
vesicle docking reaction (100 uL total volume) contained 50 uL of S20,
0-10 pL of acceptor Golgimembranes (1.5 mg/mL), 10 uL of ATP-regeneration
mixture in a 20 mm HEPES, pH 7.4, 26 mm KCI and 2.5 mm MgCly,
1 mm DTT (buffer HKMD). Reaction was incubated for 30 min at 37 °C,
cooled on ice, and then Golgi membranes were pelleted at 10 000 x g for
10 min and washed once with 100 pL of HKMD buffer or high salt buffer
(HKMDS buffer with 250 mm KClI). Pellet was resuspended in 20 pl of SDS
sample buffer; 10 pL of sample was loaded on SDS-PAGE and analyzed by
WB. For Proteinase K treatment, Golgi membranes were incubated for
5 min at 37 °C with Proteinase K (0.25 pg/mL) (Sigma Chemical, St Louis,
MO, USA). The reaction was stopped by addition of 1/10 of the volume of
10x cocktail of protein inhibitors, and the membranes were washed twice
with HKMD buffer. For mock treatment, cocktail of protein inhibitors was
added before Proteinase K treatment. For IgG interference experiment,
5 L of affinity-purified anti-Cog3p IgGs (0.54 mg/mL) or preimmune IgGs
in HKMD buffer were added to vesicle-docking reaction.

SDS-polyacrylamide gel electrophoresis and Western
blotting

SDS-PAGE and WB were performed as described previously (17). A signal
was detected using a chemiluminescence reagent kit (PerkinElmer Life
Sciences, Boston, MA, USA) and quantified using ImageJ software (http://
rsb.info.nih.gov/ij/).

Supplementary Material

The following figures are available as part of the online article from http://
www.blackwell-synergy.com

Figure S1: Stability of COG subunits is altered after 9 days of COG3 KD.
Control and 9 days of COG3 KD cell lysates (10 ug of total protein each)
were immunoblotted with antibodies against COG complex subunits.
GAPDH was used as a loading control.

Figure S2: Lamp2 becomes EndoH sensitive after 6 and 9 days of COG3
KD. Control (0), 3, 6 and 9 days of COG3 KD total cell lysates were treated
with EndoH as described in Materials and Methods. Samples were immu-
noblotted with anti-Lamp2 antibodies. Compare lanes 6 and 9 in control
and EndoH panels.

Figure S3: CD44 is primarily localized on the plasma membrane in per-
miabilized and non-permeabilized cells after 9 days of COG3 KD. Non-
permiabilized (upper row) and permeabilized (lower row) cells after 9
days of COG3 KD were triple stained with anti-CD44 (green), anti-myc for
GIcNACT1 (red) and DAPI (blue). There is no GIcNAcT1 signal in non-
permeabilized cells. Images were collected at equal signal gains using
CARV Il microscopy. Bar 10 um.

Figure S4: GIcNAcT1 is partially colocalized with ER marker PDI after
9 days of COG3 KD. Cells after 9 days of COG3 KD were fixed and stained
with anti GIcNAcT1-myc (red), ER marker PDI (green) and nuclei marker
DAPI (blue). Partial colocalization of GIcNAcT1 and PDI signals is evident in
perinuclear region (merged image). Images were collected at equal signal
gains, using CARV Il microscopy. Bar 10 pm.

Figure S5: GIcNACT1 is partially colocalized with ER marker PDI after 3
days of COG7 KD. Cells after 3 days of COG7 KD were stained with anti-
myc (red), anti-PDI (green) and DAPI (blue). Notice partial colocalization of
GIcNAcT1 and PDI signals. Arrows indicate ER nuclear ring. Images were
collected at equal signal gains using CARV microscopy. Bar 10 um.

Figure S6: CCD vesicles are positioned along actin cables in COG3 KD

cells. Cells after 3 days of COG3 KD were stained with anti GIcNAcT1-myc
(green), phalloidin-Alexa 594 (red) and DAPI (blue). Notice that CCD
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vesicles (arrowheads) are positioned along actin cables (arrows) in the
merged image. Images were collected using CARV microscopy. Bar
10 um.

Figure S7: Antibodies recognized specific antigens in RLG and HelLa S20
fractions. Aliquots of RLG and COG3 KD HeLa S20 (approximately 10 pg each)
were separated on 10% SDS-PAGE and immunoblotted with antibodies as
indicated.
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