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Background: The Golgi docking mechanisms for transport vesicles carrying glycosyltransferases are largely unknown.
Results: C1GalT1 utilizes GM130-GRASP65 when GRASP65 is available but GM130-Giantin without GRASP65, whereas
C2GnT-M employs Giantin for Golgi targeting.
Conclusion: The Golgi-targeting mechanism is glycosyltransferase-specific.
Significance:Understanding the Golgi-targetingmechanisms of glycosyltransferasesmay help uncover altered glycosylation in
some diseases.

Glycosylation of secreted and membrane-bound mucins is
carried out by glycosyltransferases localized to specific Golgi
compartments according to the step in which each enzyme par-
ticipates. However, the Golgi-targeting mechanisms of these
enzymes are not clear. Herein, we investigate the Golgi-target-
ing mechanisms of core 1 �3 galactosyltransferase (C1GalT1)
and core 2 �1,6-N-acetylglucosaminyltransferase-2 or mucus
type (C2GnT-M), which participate in the earlyO-glycosylation
steps. siRNAs, co-immunoprecipitation, and confocal fluores-
cence microscopy were employed to identify the golgins
involved in the Golgi docking of vesicular complexes (VCs) that
carry these two enzymes. We have found that these VCs use
different golgins for docking: C2GnT-M-carrying VC (C2GnT-
M-VC) utilizesGiantin, whereasC1GalT1-VCemploysGM130-
GRASP65 complex. However, in the absence of GRASP65,
C1GalT1-VC utilizes GM130-Giantin complex. Also, we have
found that these VCs are 1.1–1.2 �m in diameter, specific for
each enzyme, and independent of coat protein complex II and I
(COPII and COPI). These two fluorescently tagged enzymes
exhibit different fluorescence recovery times in the Golgi after
photobleaching. Thus, novel enzyme-specific Golgi-targeting
mechanisms are employed by glycosyltransferases, andmultiple
Golgi docking strategies are utilized by C1GalT1.

Mucin-type glycans are carbohydrates linked O-glycosidi-
cally viaN-acetyl-galactosamine (GalNAc) to Ser/Thr. They are
found primarily in membrane-bound and secreted mucins.
Membrane-bound mucins play key roles in cell-cell interac-
tions involved in cellular immunity and cancer metastasis.
Secreted mucins serve to protect mucus-secretory epithelium
by retention of water and entrapment and clearance of inhaled
and ingested pathogens. The functions of mucinsmainly reside
in these glycans. Mucin-type glycans are synthesized in the

Golgi apparatus as catalyzed in a template-independent fashion
by glycosyltransferases (GTs)2 localized to the Golgi compart-
ments according to the biosynthetic steps in which they partic-
ipate. Following the formation of GalNAc-O-Ser/Thr catalyzed
by peptidyl GalNAc transferases (1), core 1 (Gal�1–3GalNAc)
is generated byC1GalT1 (2). Then, core 1 is converted to core 2,
Gal�1–3(GlcNAc�1–6)GalNAc, by core 2 enzymes, which
include C2GnT-1, C2GnT-M, andC2GnT-3. These core struc-
tures serve as the anchors for elaboration of many biologically
important carbohydrate structures. Therefore, these two
enzymes control the biological functions of mucins. Loss of
C1GalT1 is embryonic lethal (4), and loss of C2GnT-M leads to
development of colitis and colon cancer (5, 6).
Golgi GTs are synthesized in the ER, packaged in vesicles,

and then transported to and retained in the Golgi. Significant
progress has been made in elucidating the molecular determi-
nants of the GTs in their Golgi-targeting (7, 8) and recycling
processes (9). Golgi matrix proteins serve as the docking sites
for many Golgi-targeting vesicles and are localized to the cis-
andmedial-Golgi (10). For example, Giantin and GM130 have
been shown to be involved in the docking of transport vesicles
containing secreted proteins, such as vesicular stomatitis virus
protein (11). Both golgins are effectors of Rab proteins (12, 13)
and may be responsible for SNARE-dependent fusion of trans-
port vesicles to the cis-Golgi (14). Giantin is a 400-kDa dimeric
protein, disulfide-bonded in the small Golgi lumenal domain,
with an extended coiled-coil structure in the cytoplasm (15).
GM130 is a segmented coiled-coil dimer whose C-terminal
region is tethered to theGolgi (16) through interactionwith the
Golgi peripheralmembrane proteinGRASP65 (17, 18). Todate,
very little is known about the contribution of the golgins to the
Golgi targeting of GTs. In this study, we examine the Golgi-
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targeting mechanisms of core 1 and core 2 enzymes. We focus
on the identification of the golgins (Giantin, GM130,
GRASP65, and p115) involved in the docking of the vesicular
complexes (VCs) that carry C1GalT1 andC2GnT-M,which are
localized to the cis- (19) and cis-medial- (9) Golgi stacks,
respectively. We have found that these GTs utilize distinct
COPII- and COPI-independent VCs with a diameter of 1.1–1.2
�m, as well as distinct Golgi docking sites. Further, C1GalT1-VC
uses multiple dockingmechanisms.

EXPERIMENTAL PROCEDURES

Cell Culture and Antibodies—Panc1-bC2GnT-M (c-Myc)
cells were prepared and cultured as described previously (20).
Antibodies were purchased from the following suppliers:
c-Myc Abs (mouse monoclonal and rabbit polyclonal) and
mouse monoclonal anti-GRASP65 Abs, Santa Cruz Biotech-
nology; rabbit polyclonal anti-Giantin and monoclonal anti-
GM130 and mouse monoclonal (anti-Sar1, anti-�-COP, and
anti-C1GalT1) Abs, Abcam; mouse monoclonal anti-�-actin
Ab, Sigma; HRP-conjugated secondary Abs (donkey anti-
rabbit and donkey anti-mouse), Jackson ImmunoResearch
Laboratories.
Plasmid Construction and Transient Transfection of HEK293

Cells—The hC2GnT-M cDNA (GenBank accession number
NM_004751)was cloned by PCR into theXhoI andBamHI sites
of EGFP-N1 expression vector (Clontech) to generate
hC2GnT-M-pEFGP-N1. The coding region of hC1GALT1
gene (GenBank accession number NM_020156) was cloned by
PCR into XhoI and BamHI sites of the pDsRed-Monomer-N1
vector (Clontech) to generate hC1GalT1-pDsRed-Monomer-
N1.HEK293 cells (ATCC)were transfectedwith Lipofectamine
2000 and analyzed after 2–3 days of culture in DMEMplus 10%
FBS and antibiotics.
siRNA Transfection—siRNAs targeting GOLGB1 (Giantin),

GOLGA2 (GM130), and scrambled ON-TARGETplus
SMARTpool siRNAwere purchased fromDharmacon. siRNAs
targeting Sar1a, Sar1b, �-COP, or GRASP65 were obtained
from Santa Cruz Biotechnology. Panc1-bC2GnT-M (c-Myc)
cells were transfected with 100–150 nM siRNAs using Lipo-
fectamine RNAiMAX reagent (Invitrogen). After 2–3 days of
culture, cells were analyzed for specific proteins by Western
blotting.
Immunofluorescence Analysis—Panc1-bC2GnT-M (c-Myc)

cells grown overnight on coverslips were fixed in 4% parafor-
maldehyde/PBS at room temperature for 30 min. After treat-
ment with primary Abs (1:100) at 37 °C for 1 h, the cells were
stained with DyLight 488-donkey anti-mouse Ab (green) and
DyLight 594-donkey anti-rabbit Ab (red) (1:200) and mounted
in ProLong Gold antifade reagent with and without DAPI
(Invitrogen). hC2GnT-M-pEFGP-N1- and hC1GalT1-pD-
sRed-Monomer-N1-transfected HEK293 cells were cultured in
a thermoregulation and CO2 regulation device and imaged live
by confocal fluorescence microscopy. GFP and RFP were
excited at 488 and 543 nm, respectively. One image frame was
collected every 10–20 s. Over a series of experiments, the scan
speed and definition of pixels were varied to maintain unsatu-
rated images to help visualizemoving vesicles. For fluorescence
recovery after photobleaching experiment, part of the Golgi in

GFP- andRFP-expressing liveHEK293 cells was bleached using
488 nmor 543 nm laser pulse, respectively. After five iterations,
images were acquired every 8 s using confocal fluorescence
imaging. Fluorescence values in the bleached area and an adja-
cent nonbleached areaweremeasured usingNational Institutes
of Health ImageJ. The fluorescence recovery was calculated as
the ratio of bleached to adjacent areas normalized to the pre-
bleach and immediate post-bleach values. Stained or live cells
were viewed under a Zeiss 510 Meta confocal laser scanning
microscope (63� 1.4 N/A oil for stained and 20� 0.5 N/A air
objectives for live). Images were analyzed using Zeiss 510 soft-
ware. For some figures, image analysis was performed using
Adobe Photoshop and ImageJ. Supplemental Movies S1–S3
were processed by Windows Live Movie Maker.
Immunoprecipitation—Immunoprecipitation and identifi-

cation of proteins in the pulldowns were carried out as
described previously (9).
Statistical Analysis—The data are shown as average of three

experiments, mean � S.E. Significance of the difference in
means was analyzed by the Student’s t test.

RESULTS AND DISCUSSION

Different Golgi Docking Mechanisms for C2GnT-M and
C1GalT1—We initiated the study to examine the possible
involvement of Giantin and GM130 in the Golgi targeting of
C1GalT1-VC and C2GnT-M-VC. We found that knockdown
(KD) of Giantin preventedGolgi localization of C2GnT-M (Fig.
1A) without affecting Golgi morphology as shown by immuno-
fluorescence staining of GM130 (Fig. 1B). Further, Golgi mor-
phology (21) and localization of C2GnT-Mwere not affected by
GM130 KD (Fig. 1, A and B). Quantification of the average
fluorescence of cytoplasm/Golgi ratio of C2GnT-M in these
cells showed an increase from 21% in control to 84% in Giantin
KD cells but no change in GM130 KD cells (Fig. 1E). These data
suggest that Giantin and not GM130 is involved in the Golgi
docking of C2GnT-M-VC.
GM130 is known to play an essential role in mediating fast

and complete incorporation of ER-to-Golgi carriers into the
Golgi stacks (22) independent of Giantin (23). We found that
KD of GM130 prevented Golgi targeting of C1GalT1 in Panc1-
bC2GnT-M (c-Myc) cells (Fig. 1, C and D). However, KD of
Giantin did not affect Golgi localization of C1GalT1 (Fig. 1D).
Quantification of the average fluorescence of the cytoplasm/
Golgi ratio of C1GalT1 in these cells showed a 50% increase in
GM130KD cells over the control cells but no change inGiantin
KD cells (Fig. 1E). The data indicate that GM130 and not Gian-
tin is involved in the docking of C1GalT1-VC.
It has been well established that GM130 is localized to the

Golgi by binding to a Golgi membrane-associated matrix pro-
tein GRASP65 (17, 18). To confirm that GRASP65 participates
inGM130-mediated docking of theC1GalT1-VC,we examined
the Golgi localization of C1GalT1 after depletion of GRASP65.
To our surprise, C1GalT1 was still localized to the Golgi after
KD of GRASP65 (Fig. 2B). The results suggest that C1GalT1
acquires an alternative Golgi docking mechanism in the
absence of GRASP65. After a series of experiments, we found
that KD of GM130 led to reduced GRASP65 (Fig. 1F), which
confirmed the published result (24) that without its binding
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partner GM130, GRASP65 was degraded. Further, KD of
GRASP65 resulted in an increase of not only Giantin and
GM130 (Fig. 1F) but also complexes of both C1GalT1-GM130-
Giantin and GM130-Giantin (Fig. 2,D and E). These results led
us to hypothesize that these two Golgi matrix proteins were
involved in the Golgi docking of C1GalT1-VC when GRASP65
was not available. The hypothesis was proven by the failure of
C1GalT1 to target to the Golgi after KD of both GRASP65 and
Giantin (Fig. 2, B andC). We also found that prior to GRASP65
KD, Giantin was not pulled down by anti-C1GalT1 Ab (Fig.

2D), suggesting that formation of the C1GalT1-GM130-Gian-
tin complex occurred after KD of GRASP65. Further, in the
cells treated with scramble siRNA, GRASP65 was pulled down
by anti-GM130 Ab (Fig. 2E), confirming that GM130 forms a
complex with GRASP65 in Panc1-bC2GnT-M (c-Myc) cells
when GRASP65 was present. The Giantin-independent nature
of the GM130-GRASP65 complex was confirmed by the lack of
effect of Giantin KD on GRASP65 and GM130 (Fig. 1F). Also,
KD of Giantin plus GRASP65 did not affect the amount of
GM130 (Fig. 1F) but prevented Golgi localization of C1GalT1,

FIGURE 1. C2GnT-M-VCs utilize Giantin, whereas C1GalT1-VCs employ GM130 for Golgi targeting. A–D, confocal immunofluorescence images of Panc1-
bC2GnT-M (c-Myc) cells labeled with green (anti-c-Myc Ab (A and B) anti-C1GalT1 Ab (C and D)) and red (anti-Giantin Abs (A and C) and anti-GM130 Ab (B and
D)) fluorescence after treatment with scramble siRNA or siRNAs specific for Giantin or GM130. Representative cells showing KD of Giantin or GM130 are in the
second or third row, respectively, of A and B or C and D. White boxes indicate areas enlarged and shown in the inset. Scale bar, 10 �m. E, quantification of C2GnT-M
and C1GalT1 immunofluorescence signals of non-Golgi versus Golgi (� 100%) in cells treated with scramble siRNA or protein-specific siRNA as shown in A and
B and in C and D. *, p � 0.001. F, Giantin, GM130, and GRASP65 Western blots of the lysates of Panc1-bC2GnT-M (c-Myc) cells treated with scramble siRNA or
siRNA specific for Giantin, GM130, GRASP65, or GRASP65 plus Giantin.
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confirming that GM130 alone could not serve as the Golgi
docking site for C1GalT1-VC. We also noticed that the Golgi
morphology was not affected under this condition (data not
shown). Taken together, the results indicate that GM130-
GRASP65 serves as the docking site for C1GalT1-VC when
GRASP65 is available, and in the absence of GRASP65,
C1GalT1-VC is targeted to theGolgi using theGM130-Giantin
complex for docking.
Next, we examined the dynamic intracellular transport of

C2GnT-M and C1GalT1 to the Golgi using time-lapse imaging
in live HEK293 cells that expressed C2GnT-M-GFP and
C1GalT1-RFP. As shown in Fig. 3A and supplemental Movie
S1, C2GnT-M-VCs and C1GalT1-VCs were segregated at the
cell periphery and on their way to the Golgi. To quantify the
kinetics of the formation and fusion of individual VCs, we ana-
lyzed 90 cells from three independent experiments and found
that C2GnT-M-VCs and C1GalT1-VCs were originated in the
cytosol and disappeared at the Golgi surface within 60–145 s.
The shapes of these VCs ranged from round to oval with an
average diameter of 1.1 � 0.3 �m for C2GnT-M-VC and 1.2 �
0.2 �m for C1GalT1-VC. The sizes of these VCs were quite

different from the 50–70-nm sizes reported for COPI- and
COPII-coated vesicles (25–27). It was noted that only 6% of
GFP- and RFP-carrying vesicles were totally colocalized and
7.5% of them were partially colocalized, whereas the majority
(86.5%) was segregated (Fig. 3B).
To further examine whether C2GnT-M-VC or C1GalT1-VC

used distinct transport mechanisms, we also monitored fluo-
rescence recovery after photobleaching of a specific region of
the Golgi in cells expressing C2GnT-M-GFP and C1GalT1-
RFP (Fig. 3, C–E). The time-dependent recovery of the fluores-
cence in this area represented the rate of Golgi filling by
C2GnT-M-GFP and C1GalT1-RFP. Fig. 3, D and E, showed
distinct kinetics of fluorescence recovery; C2GnT-M-GFP flu-
orescencewas completely restored at 168 s, whereas recovery of
C1GalT1-RFPwas completed at 240 s (supplementalMovies S2
and 3).
Golgi Targeting of C1GalT1 and C2GnT-M Is Independent of

COPII and COPI—What remains unclear is how these Golgi-
resident enzymes are transported to the Golgi. To examine
whether COPII was involved in Golgi targeting of these two
enzymes (28), we monitored the Golgi localization of both

FIGURE 2. C1GalT1-VCs utilize GM130 and GRASP65 in the presence of GRASP65 but GM130 and Giantin in the absence of GRASP65 for Golgi
targetting. A and B, confocal immunofluorescence images of Panc1-bC2GnT-M (c-Myc) cells labeled with green (anti-c-Myc Ab (A) anti-C1GalT1 Ab (B)) and red
(anti-GRASP65 Ab) fluorescence after treatment with scramble siRNA or siRNA specific for GRASP65 or GRASP65�Giantin siRNAs are shown. Scale bar, 10 �m.
C, quantification of C2GnT-M and C1GalT1 immunofluorescence signals of non-Golgi versus Golgi (� 100%) in cells treated with scramble siRNA or protein-
specific siRNA as shown in A and B. *, p � 0.001. D, Giantin and GM130 Western blots of the C1GalT1 immunoprecipitates from the lysates of Panc1-bC2GnT-M
(c-Myc) cells treated with scramble or GRASP65-specific siRNA. Knockdown of GRASP65 induced the formation of C1GalT1-Giantin-GM130 complex. E, Giantin
and GRASP65 Western blot of the GM130 immunoprecipitate from the lysates of Panc1-bC2GnT-M (c-Myc) cells treated with scramble or GRASP65-specific
siRNA. GM130 forms a complex with GRASP65, as shown in the control cells, and KD of GRASP65 increased GM130-Giantin complex. Equal amounts of proteins
in the lysates were used for co-immunoprecipitation (Co-IP) as shown by the �-actin blot in Fig. 1F.
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C1GalT1 and C2GnT-M after KD of Sar1a or Sar1b, which are
GTPases regulating the assembly and disassembly of COPII
coats (25). The detection of both enzymes in the Golgi (supple-
mental Fig. S1) suggests that Golgi targeting of both Golgi
enzymes is COPII-independent. The COPII-independent ER-
to-Golgi trafficking of C2GnT-M and C1GalT1 was further
supported by unaltered COPII distribution after KD of Giantin
or GM130 (data not shown). Our data fit well with the reported
observations that non-golgin Golgi proteins are involved in the

docking of COPII (29) and that 500-nm range tubular transport
carriers are found shuttling between ER and Golgi (30). This
transport mechanism requires intact microtubules and occurs
independent of COPI or COPII coats (31, 32). However, the
result is at variance with a previous study (28), which claims
that COPII is involved in the Golgi targeting of GTs. In this
study, the employment of a Sar1 mutant may have compro-
mised the data interpretation because this Sar1 mutant causes
alterations of the Golgi morphology.

FIGURE 3. A, direct visualization of C2GnT-M-GFP-VC and C1GalT1-RFP-VC dynamics in live HEK293 cells. Individual images from the movie of cells expressing
C2GnT-M-GFP and C1GalT1-RFP over a time frame of 00.00 –73.76 s are shown; the positions of anterograde ER-to-Golgi spots are indicated by arrows. Note that
C2GnT-M-GFP-VCs and C1GalT1-RFP-VCs originating from opposite sides of cell periphery move toward and fuse with Golgi. The arrows at 73.76 s indicate the
trajectory of Golgi-targeting C2GnT-M-GFP-VC (1) and C1GalT1-RFP-VC (2). Scale bar, 5 �m. B, quantification of colocalization of the anterograde ER-to-Golgi
spots of C2GnT-M- and C1GalT1-VCs. Note that in 86.5% of the vesicles, these two VCs were not colocalized. *, p � 0.001. C–E, time-dependent recovery of green
(C2GnT-M-GFP) and red (C1GalT1-RFP) fluorescence in the Golgi after photobleaching. A part of the Golgi (white box in C and highlighted in D) was bleached
using the 488- and 543-nm laser pulse, respectively. The images of fluorescence signal were recorded every 8 s to determine recovery of fluorescence intensity.
Restoration of C2GnT-M-GFP fluorescence was completed at 168 s, whereas recovery of C1GalT1-RFP was substantially delayed. Representative images of the
indicated times are shown in D. E, quantification of C2GnT-M-GFP and C1GalT1-RFP within 216 s after photobleaching. The ratio of fluorescence (bleached/
unbleached) was measured every 24 s, and values were normalized to those of the pre-bleached area. F, proposed model of the interaction of distinct VCs with
cis-Golgi membrane before and after GRASP65 depletion. C2GnT-M-VCs reach the Golgi through association with Giantin, whereas C1GalT1-VCs use the
GM130-GRASP65 complex. In the absence of GRASP65, C1GalT1-VCs switch to the GM130-Giantin site for Golgi docking. This new association accompanies
elevated amounts of GM130 and Giantin. For simplicity, Giantin, GM130, and GRASP65 are shown as monomers. Red stars indicate complex formed between
golgins and C2GnT-M-VC or C1GalT1-VC.
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COPI vesicles (33) and ERGIC (34) have been shown to be
involved in the ER-to-Golgi transport of GTs. However, KD of
either �-COP (a COPI vesicle subunit) (35) or ERGIC-53 (36)
(the cargo transport receptor for glycoproteins) did not affect
intra-Golgi localization of C2GnT-M (9) andC1GalT1 (supple-
mental Fig. S2) (data on ERGIC-53 not shown). We also per-
formed KD of p115, a binding partner of both Giantin and
GM130 (11, 16), and found that both enzymes were still in the
Golgi (data not shown). Therefore, Golgi targeting of
C1GalT1-VC and C2GnT-M-VC is also independent of COPI,
ERGIC, and p115.
In summary, our data show that the ER-to-Golgi transporta-

tion is different for C2GnT-M and C1GalT1 by not only their
VCs but also their docking sites on theGolgi (Fig. 3F). C1GalT1
is a unique GT because it is the enzyme that controls the syn-
thesis of core 1- and core 2-associated glycans, which constitute
the majority of mucin glycans. It is thus not a surprise that this
enzyme has its ownmolecular chaperone core 1 �3-Gal-T-spe-
cific molecular chaperone (37), a unique ER-to-Golgi transport
strategy, and multiple Golgi docking mechanisms. Taken
together, our results have revealed novel Golgi-targetingmech-
anisms for different GTs. It should bementioned that C1GalT1
lacks an N-glycosylation site, whereas bC2GnT-M is N-glyco-
sylated (38). This information coupled with the fact that the
processing of N-glycans starts at the cis-Golgi (39) provides a
rationale for predicting that VCs that carry glycoproteins dec-
orated with N-glycans use Giantin as a major docking site. On
the other hand, VCs that carry glycoproteinswithoutN-glycans
or proteins without glycans may employ GM130-dependent
docking site(s). The GM130-independent Golgi targeting of
peptidyl GalNAc T2 (24), another Golgi GT with one N-glyco-
sylation site (Asn-516) (European Molecular Biology Labora-
tory (EMBL)-Bank accession number: BC041120.1), is consist-
ent with the hypothesis. Additional evidence that supports the
hypothesis and information about the chemical nature and
transport mechanisms of these VCs remain to be discovered.
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