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Membrane proteins exit the endoplasmic reticulum (ER) in COPII-transport vesicles. ER export is
a selective process in which transport signals present in the cytoplasmic tail (CT) of cargo
membrane proteins must be recognized by coatomer proteins for incorporation in COPII vesicles.
Two classes of ER export signals have been described for type I membrane proteins, the diacidic
and the dihydrophobic motifs. Both motifs participate in the Sarl-dependent binding of Sec23p-
Sec24p complex to the CTs during early steps of cargo selection. However, information concerning
the amino acids in the CTs that interact with Sar1 is lacking. Herein, we describe a third class of
ER export motif, [RK](X)[RK], at the CT of Golgi resident glycosyltransferases that is required for
these type II membrane proteins to exit the ER. The dibasic motif is located proximal to the
transmembrane border, and experiments of cross-linking in microsomal membranes and of
binding to immobilized peptides showed that it directly interacts with the COPII component Sar1.
Sar1GTP-bound to immobilized peptides binds Sec23p. Collectively, the present data suggest that
interaction of the dibasic motif with Sarl participates in early steps of selection of Golgi resident

glycosyltransferases for transport in COPII vesicles.

INTRODUCTION

Newly synthesized proteins destined to enter the secretory
pathway in higher eukaryotes are cotranslationally translo-
cated across endoplasmic reticulum (ER) membranes. Those
completely translocated are eventually secreted, whereas
those in which translocation is stopped by a membrane
anchor sequence travel as integral membrane components.
From the ER, proteins are transported to either the Golgi
complex, the lysosomal compartment, or the cell surface by
vesicles that bud from each compartment coated with spe-
cific cytoplasmic protein complexes (Barlowe et al., 1994;
Schekman and Orci, 1996; Rothman and Wieland, 1996;
Mellman and Warren, 2000).

The mechanism of protein export from the ER is believed
to be a selective process involving the COPII complex (Ban-
nykh et al., 1998; Antonny and Schekman, 2001). Budding of
COPII vesicles from ER membranes is initiated by recruiting
the small GTPase Sarl (Barlowe et al., 1993). Sarl cycles
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between a GTP-bound form stimulated by the guanine nu-
cleotide exchange factor Sec12p (Barlowe and Schekman,
1993), and a GDP-bound form stimulated by the GTPase-
activating activity of Sec23p (Yoshihisa et al., 1993; Antonny
et al., 2001). Binding of Sarl-GTP to ER membranes, proba-
bly through a hydrophobic motif exposed at its N terminus
(Huang et al., 2001; Bi et al., 2002), induces the formation of
ER exit sites (Aridor ef al., 2001). The interaction between the
CTs of integral membrane cargo proteins and Sarl allows
the further interaction and recruitment of the heterodimeric
complex Sec23p-Sec24p. These interactions mediate the spe-
cific selection and concentration of cargo proteins in COPII
transport vesicles, and in turn exclude ER resident proteins
(Balch et al., 1994; Aridor et al., 1998, Kuehn et al., 1998;
Springer and Schekman, 1998). Other cytosolic proteins, the
tetramer Sec13p-Sec31p, participate in vesicle completion
(Barlowe et al., 1994; Salama ef al., 1997; Lederkremer et al.,
2001).

Different amino acid motifs have been proposed as ER
export signals (Aridor et al., 2001), which can be classified in
two classes: diacidic and dihydrophobic. For the G protein
of the vesicular stomatitis virus (VSVG protein), a type I
membrane protein, it was demonstrated a Sarl-dependent
interaction of a diacidic DXE-containing motif at the C ter-
mini of the cytoplasmic tail with the heterodimer Sec23p-
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Sec24p of the COPII coat (Sevier et al., 2000; Aridor et al.,
2001). Similar motifs (EXE and EXD) promote both ER exit-
ing of the rectifying potassium channel proteins Kirl.1,
Kir2.1, and Kir4.1 (Stockklausner et al., 2001; Ma et al., 2001)
and Golgi complex localization to PRA1 (Abdul-Ghani et al.,
2001). Interaction between COPII coat components and a
diphenylalanine (FF) or dihydrophobic motif at the C ter-
mini of ERGIC-53 (Kappeler et al., 1997; Nufer et al., 2002),
and of some members of the p24 protein family (Dominguez
et al., 1998; Belden and Barlowe, 2001) was also found nec-
essary for ER exiting of these proteins. In addition, forma-
tion of hetero-oligomeric complexes of p24 family members
in the ER is a prerequisite for export, probably via entry into
budding COPII vesicles (Dominguez et al., 1998; Fullekrug et
al., 1999).

Glycosyltransferases, which are type II membrane pro-
teins resident of the Golgi complex, bind Sec23p through
their cytoplasmic tails, supporting the notion that they leave
the ER in COPII transport vesicles (Dominguez et al., 1998).
However, most ER export signals described up to date are
not present in the CTs of members of the glycosyltransferase
family. Herein, we described a novel class of ER export
motif, [RK](X)[RK], at the CT of Golgi resident glycosyl-
transferases that is required for these type II membrane
proteins to exit the ER. The dibasic motif is located proximal
to the transmembrane border, and it directly interacts with
the COPII component Sarl.

MATERIALS AND METHODS

Molecular Constructs

Expression vectors containing cDNA coding for the full-length ver-
sions or the N-terminal domains (Ntds) of GalNAcT, GalT2, and
SialT2 fused to the NH, terminus of enhanced cyan fluorescent
protein (CFP) or to enhanced yellow fluorescent protein (YFP) were
constructed as described previously (Giraudo et al., 2001). AGalT2-
CFP and AGalNACcT-CFP were generated by polymerase chain re-
action (PCR) with sense primers that hybridized at the codon of aa
9 or 8, respectively, and introduced a preceding methionine codon.
GalT2, GalNACT, and SialT2 Ntds mutated at the CTs were gener-
ated by PCR with the corresponding sense primer containing the
desired mutation. PCR products were subcloned in frame into the
enhanced CFP and YFP expression vectors (BD Biosciences Clon-
tech, Palo Alto, CA). SialT2,_g,RXR>>~AXAYFP was generated using
the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA) according to the manufacturer’s instructions. All constructs
were controlled by DNA sequencing.

The VSVG-YFP chimeric construct containing the thermosensitive
G protein of vesicular stomatitis virus (VSV-G3 ts045) with a spacer
sequence at the C termini fused to YFP was kindly provided by P.
Keller (Max-Planck Institute, Dresden, Germany) (Keller et al., 2001).

Full-length Iip33 was amplified by PCR from the plasmid con-
taining the corresponding cDNA kindly supplied by M. Jackson
(RW Johnson Pharmaceutical Research Institute, San Diego, CA)
and subcloned in the pEYFP. Substitution of Iip33 CT for the CT of
Gal-T2 was carried out by PCR with a sense primer coding for the
sequence of the parent or mutated CT of GalT2.

The Escherichia coli expression constructs pET-11d His-Sar1™*,
pET-11d His-Sar1™°N, and pET-11d His-Sar1H7°¢ were kindly pro-
vided by W. Balch (Scripps Research Institute, La Jolla, CA).

Cell Culture and Transfection

Chinese hamster ovary (CHO)-K1 cells were grown in DMEM sup-
plemented with 10% fetal calf serum, 100 ug/ml penicillin, and 100
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g/ ml streptomycin. Transfections were performed using FuGENE
6 transfection reagent (Roche Diagnostics, Indianapolis, IN) accord-
ing to manufacturer’s instructions.

Protease Protection Assays

Cells were scrapped from the plate in 10 mM Tris-HCl, pH 7.2, and
0.25 M sucrose and membranes collected by pelleting at 13,500 X g
for 10 min. Membranes (50 ug of protein) were incubated with
proteinase K (20 or 500 pg/ml final concentration) in the presence or
absence of 1% Triton X-100 for 30 min at 37°C. The reaction was
stopped with 100% (wt/vol) trichloroacetic acid (TCA) added to a
final concentration of 15% and left for 15 min on ice. The TCA pellet
was collected by centrifuging 5 min at 10,000 rpm for SDS-PAGE.

Fluorescence Microscopy

Cells stably expressing constructs of CFP or YFP fused at the C
termini of Ntds of Golgi proteins were grown in DMEM on cham-
bered coverglasses (Lab Tek, Naperville, IL). Imaging processing for
pseudocolor, and fluorescence quantitation, were carried out using
the MetaMorph 3.0 Imaging System (Universal Imaging, West Ches-
ter, PA). Final images were compiled with Adobe Photoshop 5.0.
Fluorescence loss in photobleaching (FLIP) was carried out with
an LSM-510 confocal microscope (Carl Zeiss, Jena, Germany)
equipped with a culture chamber set at 5% CO, in air and 37°C, by
using a 100X Plan Neofluar objective. CFP and YFP were excited at
458 and 514 nm, respectively. An ER area was selected with the
region of interest tool of the laser scanning microscope software
(Carl Zeiss) in a focus plane. Images were acquired at the imaging
laser power of ~10-25% of the maximum and 80% of attenuation at
458 and 514 nm. Photobleaching was carried out by successive
scanning of selected areas at 100% of the laser power during 1 min.
A new image was acquired at the imaging laser power and the
bleaching step was repeated. This cycle was repeated every 1 min
during 30 min. For fluorescence recovery after photobleaching
(FRAP), either a Golgi or ER area was selected in a focus plane so
that they were clearly visible. The volume of each organelle was
determined, defining the upper and lower Z-limits. The Golgi vol-
ume usually comprises ~1-2 um above and below the focal plane,
whereas the ER volume comprises <1 um. The Golgi or ER selected
volumes were irreversibly photobleached by successive scanning
through the Z-series at 100% of the laser power of both wave-
lengths. Images were taken every minute during 90 min of recovery.
Thirty minutes before and during the time course of the bleaching
experiments, cells were incubated with 100 ug/ml cycloheximide to
ensure that no fluorescence was gained due to protein synthesis.

Chemical Cross-Linking

Cells expressing GalT2 Ntd constructs or the temperature-sensitive
mutant VSVG-YFP were incubated at 15°C or 39°C, respectively, to
accumulate these constructs in the early secretory compartment
(Saraste and Kuismanen, 1984). Urea-stripped microsomes from
these cells (Aridor et al., 1998) were incubated with His-tagged
recombinant Sar1*t, Sar1™°N, or Sar117°G (Rowe and Balch, 1995) in
the presence or absence of rat liver cytosol. The cross-linking pro-
cedure was essentially as described previously (Aridor et al., 2001).
Briefly, membranes in 20 mM HEPES, 70 mM KOAc, 1 mM MgOAc,
250 mM sorbitol, and 100 uM of the reversible cross-linker 3,3'-
dithiobis[sulfosuccinimidylpropionate] (DTSSP; Pierce Chemical,
Rockford, IL) were incubated at 37°C for 15 min, and the reaction
was stopped by dilution with Tris-HCl (pH 7.4, 50 mM final con-
centration). Membranes collected by centrifugation were solubilized
with 1% SDS and cleared from insoluble material by 10-min cen-
trifugation at 7000 rpm. The supernatant was supplemented with 50
mM Tris, pH 7.4, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 150
mM NaCl, and protease inhibitors (3 ug/ml leupeptin, 1 mM phe-
nylmethylsulfonyl fluoride, 3 ug/ml aprotinin, 2 uM pestatin). Sol-
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ubilized membranes were incubated with anti-His monoclonal an-
tibody (Santa Cruz Biotechnology, CA) and protein G-Sepharose
beads (Amersham Biosciences, Piscataway, NJ) overnight at 4°C.
Immunocomplexes were pelleted by centrifugation at 2500 X g for
10 s, washed five times at 4°C with lysis buffer, and three times with
buffer A (150 mM phosphate buffer, pH 7.2, 10 mM EDTA), and
denaturated with Laemmli sample buffer. Blots were probed with
anti-green fluorescent protein (GFP) (Roche Diagnostics), anti-His,
or anti Sec23p (Santa Cruz Biotechnology).

Sar-1 Binding to Synthetic Peptides

Peptides were coupled to Sepharose 6B according to the instructions
of Amersham Biosciences. Efficiency of coupling was monitored
measuring 2-thiopyridone release at 343 nm. Five nanomoles of
Sepharose-bound peptides was used for binding assays. Recombi-
nant His-Sar1H7°C or His-Sar1™°N (1 ug of protein) was incubated
with the immobilized peptides overnight at 4°C (Dominguez et al.,
1998). When indicated, CHO-K1 cytosol was added to the incubate
4 h after Sar1 addition, and the incubation was continued overnight.
Beads were collected, washed four times by centrifugation, and
suspended in Laemmli sample buffer for Western blot analysis with
anti-His and anti-Sec23p antibody.

RESULTS

Glycolipid Glycosyltransferases Lacking
Cytoplasmic Tails Fail to Concentrate in the

Golgi Complex

Glycosyltransferases are type II membrane proteins with an
Ntd comprising a short CT, a transmembrane region (TMR),
and a luminally oriented C-terminal domain bearing the
catalytic site (Colley, 1997). The Ntd of glycoprotein (Nilsson
et al., 1991) and glycolipid (Giraudo et al., 2001) glycosyl-
transferases has been found sulfficient to move reporter pro-
teins out of the ER and to concentrate them in the Golgi
complex (Fullekrug and Nilsson, 1998; Munro, 1998; Gi-
raudo et al., 2001). To characterize molecular determinants
that promote exiting of these enzymes from the ER, the Ntds
of the glycolipid glycosyltransferases UDP-Gal:GM2 galac-
tosyltransferase, comprising aa 1-52 (GalT2), and of UDP-
GalNAc:GM3 N-acetylgalactosaminyltransferase, compris-
ing aa 1-27 (GalNACT), and of their respective tail-deleted
forms, comprising aa 8-52 (AGal-T2) or aa 7-27 (AGalN-
AcT), were fused to spectral variants of the GFP (Figure 1A)
and expressed in CHO-K1 cells. The subcellular localization
of coexpressed GalT2 and AGalT2 (Figure 1B, top row) or
GalNAcT and AGalNACcT (Figure 1B, lower row) was exam-
ined by triple-color imaging. GalT2 and GalNAcT concen-
trate in the Golgi area (Figure 1B, second panels from left),
whereas AGalT2 and AGalNAcT distributed in a perinu-
clear, reticular pattern (Figure 1B, first panels from left),
colocalizing with the immunostained ER (third panels from
left and merging). ER/Golgi fluorescence intensity ratios
were quantified for both paired chimaeras, and found to be
5-6 times higher for tail-deleted forms (Figure 1C).

Tail-deleted Versions Behave as Integral Membrane
Proteins with Type 11 Topology

We first examined whether the tail-deleted versions behave
as membrane bound polypeptides. Microsomal membrane
vesicles were treated with KCl or urea to release membrane-
associated proteins, and collected by ultracentrifugation.
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Similarly to a c-myc tagged, full-length version of GalNAcT
(fGalNACcT), Western blots with anti-GFP antibody showed
AGalT2 and AGalNACT in the pellets, indicating their inte-
gral membrane nature. No protein was detected in the su-
pernatants (Figure 2A). We next examined the transmem-
brane disposition of these integral membrane proteins by
determining their accessibility to proteinase K. It was pre-
dicted that orientation of the signal-anchor sequence of nas-
cent membrane proteins depends on the difference in the
charges of the 15 residues flanking the first signal-anchor,
with the more positive portion facing the cytoplasm (Aud-
igier et al., 1987). In the present case, tail deletion and the
consequent decrease in positive charges should be taken into
account to discard any failure of these polypeptides to ac-
quire the type II membrane topology. Calculation of the
positive charge difference [A(C-N)] (Hartmann et al., 1989)
gave values of —2.5 and —1.5 for, respectively, AGalT2 and
AGalNACT, which still predicts a type II membrane orienta-
tion of these proteins. This prediction was experimentally
determined in membranes from cells stably expressing fGal-
NACT, which served as an internal standard of type II inte-
gral membrane protein, cotransfected with VSVG protein
fused to YFP and either AGaINACcT or AGalT2. Western blot
analyses of membranes from fGalNACcT stable transfectant
cells coexpressing the VSVG construct with either AGalT2 or
AGalNACT treated with proteinase K showed that the major
fraction of all forms except VSVG was protected from the
action of the enzyme (Figure 2B). Results are thus consistent
with a lumenal orientation of the C termini of AGaINAcT
and AGalT2 and confirm the prediction that they will insert
in the ER membranes with type II topology (Audigier et al.,
1987). The type I membrane protein VSVG-YFP, on the other
hand, was mostly accessible to the protease as expected from
the known cytoplasmic orientation of its C termini (Aridor et
al., 2001). Disruption of the permeability barrier of the mem-
brane by 1% Triton X-100 rendered all chimeric proteins
accessible to proteinase K.

Tail-deleted Versions Diffuse Normally along
ER Membranes

The possibility that tail-deleted forms may have diffusional
constraints in the ER was examined by FLIP and dual-color
imaging. Consecutive rounds of scanning of a selected ER
area (triangle) of a cell coexpressing GalT2 and AGalT?2, at
both 458 and 514 nm, progressively photobleached the flu-
orescence of AGalT2 in the whole ER (Figure 2C, green).
Photobleaching was completed at ~30 min, at which time
the only remaining fluorescence was that of GalT2 located in
the Golgi complex region (Figure 2C, red). The diffusion
constant of AGalT?2 calculated from a FRAP experiment (our
unpublished data) was ~0.45 um? s~ !, which is in the order
of those calculated for other ER membrane proteins (Nehls et
al., 2000). The mobile fraction calculated was ~95%, indicat-
ing that most of the pool of the construct was free to diffuse.
Photobleaching experiments thus excluded the possibility
that failure of AGalT2 to concentrate in the Golgi complex
was due to a severe reduction of its diffusion rate along ER
membranes, which could impair its concentration at ER
export sites.
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Figure 1. Cytoplasmic-tail deletions promote ER accumulation of GalNAcT and GalT2. (A) Schematic representation of chimeric constructs

used in this study. The CT, TMR, stem region (SR), and lumenal, C-terminal domain (CD) tagged with either HA or c-myc are indicated in
the full-length constructs (fGalT2 or fGalNAcT). Deletions of the CTs, and replacement of the CDs by spectral variants of GFP (CFP or YFP)
are indicated. An HA epitope was introduced between the GalT2 sequence and the GFP variant. (B) Triple color imaging of single CHO-K1
cells transiently coexpressing AGalT2-CFP and GalT2-YFP (top row) or AGalNAcT-CFP and GalNAcT-YFP (bottom row), fixed 24 h
posttransfection. ER was immunostained with a specific anti-ER antibody and a secondary rhodamine-conjugated antibody. Images were
taken with filters for CFP, YFP, or rhodamine (first, second, and third panels from left, respectively). The fourth panel is a merging of these
images. Bar, 10 um. (C) Quantification of images in B. Results are presented as ER/Golgi fluorescence intensity ratio (arbitrary units) of single

cells coexpressing the indicated chimaeras. Values are mean + SD for n = 25 cells.

A Dibasic Motif in the CT, Proximal to the TMR,
Promotes ER Exiting

A Prosite search for type II membrane proteins, in particular
glycosyltransferases, revealed a conserved basic amino acid
cluster in their CTs, proximal to the border of the TMR
(Table 1). Because this cluster is also present in the CTs of
GalT2 and GalNACT its relevance to ER exiting was exam-
ined by replacement for alanine residues. Both mutated
constructs fused to YFP and the nonmutated counterparts
fused to CFP were cotransfected to CHO-K1 cells. A typical
experiment carried out with GalT2 shows most
GalT2RR7—AA fluorescence (green) displaying an ER charac-
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teristic pattern, which contrasts with the Golgi concentrated
fluorescence of GalT2 (red) (Figure 3A, prebleaching). The
Golgi containing volume was photobleached at both wave-
lengths, and the fluorescence recovery (FRAP) was moni-
tored along the time. Although GalT2 replenished the fluo-
rescence in the Golgi (Figure 3A, red), GalT2RR7—AA (Figure
3A, green) only diffused along the ER membranes, reestab-
lishing the characteristic reticular pattern of the ER in the
selected volume (best noted in the single channel split image
at 120 min of FRAP).

Confocalized images of Figure 3A indicate that most of
the mutated form remained in the ER; however, we cannot
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Figure 2. Tail-deleted chimaeras are type II membrane proteins
and diffuse normally along ER membranes. (A) Membranes from
CHO-K1 cells stably expressing fGalNAcT were obtained 24 h after
transfection with AGalT2-CFP or AGalNAcT-CFP. Membranes (M)
were homogenized with 1 M KCI (or 2.5 M urea; our unpublished
data), separated into pellet (P) and supernatant (S) by centrifugation
at 100,000 Xg for 1 h, and Western blotted with anti-GFP antibody.
(B) Membranes (50 ug of protein) from cells stably expressing
fGalNACT and cotransfected with VSVG-YFP and either GalT2-CFP
or AGalT2-CFP or GaINAcT-CFP or AGalNAcT-CFP were incubated
with the indicated concentrations of proteinase K in the presence or
absence of 1% Triton X-100, as indicated. They were then precipi-
tated with TCA and Western blotted with anti-GFP except for
fGalNACT for which anti-c-myc antibody was used. (C) Cells coex-
pressing GalT2-YFP (red) and AGalT2-CFP (green) were supple-
mented with 100 pg/ml cycloheximide and 2 h later photobleached
in the marked area for 1 min at both 458 and 514 nm, and photo-
graphed. This procedure was repeated every 1 min as described
under MATERIALS AND METHODS to record FLIP. Dual color
images were taken at the indicated times. Bar, 10 um.

completely discard that an undefined fraction reached the
Golgi area. This possibility is worth consideration if muta-
tion caused some randomization on the topological orienta-
tion of the construct in the membranes. If this was the case,
it is possible that the properly oriented fraction reaches the
Golgi, whereas the fraction with inverted topology remains
in the ER. Although data of Figure 2B did not reveal a
possible mixed orientation in whole membrane preparations
from cells expressing tail deleted versions, we checked in ER
membranes from cells expressing the RR—>AA construct
whether it was with type II membrane topology. For this,
membranes from CHO-K1 cells coexpressing the N-terminal
domain (aa 1-81) of the Golgi marker 1,4Galactosyltrans-
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ferase (B1,4GT) fused to the NH, terminus of the CFP and
either GalT2 or GalT2RR7—AA fysed to the NH, terminus of
the YFP were separated by centrifugation in an OptiPrep
density gradient. Figure 3B shows the mutated form dis-
placed toward fractions of the gradient closer to those en-
riched in the endogenous ER marker BiP (fractions 3-5) than
to fractions 7-9 enriched in p1,4GT (Figure 3A). GalT2 on the
other hand was heavily concentrated in Golgi fractions 7-9.

We next tested by a protease protection assay whether the
mutated form retained in the ER was inserted maintaining
the type II membrane topology. Membranes collected from
pooled fractions 3-5, enriched in the ER retained fraction of
GalT2RR7—AA were incubated with or without proteinase K
and the products analyzed by Western blot with anti GFP
antibody (Figure 3C). Golgi membranes collected from
pooled fractions 7-9 enriched in GalT2, and a whole mem-
brane fraction from cells expressing VSVG (Figure 2B) were
used as control for the behavior of, respectively, a normally
oriented type Il membrane protein and a type I membrane
protein, to a protease protection assay. The main conclusion
of Figure 3C is that the ER retained GalT2R®"—~4A was in the
same topological orientation as the Golgi located GalT2 and
that its failure to exit the ER cannot be ascribed to a detect-
able inversion of its topological orientation. Together, results
of Figure 3 show that the RR to AA mutation in the cyto-
plasmic tail of GalT2 impairs the Golgi concentration of the
construct by impairing its exit from the ER.

The Dibasic Motif Is Relevant for ER Exiting of
Other Members of the Glycosyltransferase Family

Experiments similar to those in Figures 1B and 3A were
carried out with Ntds of GaINAcT, CMP-NeuAc:GM3 sia-
lyltransferase (SialT2,_5,), CMP-NeuAc:LacCer sialyltrans-
ferase (SialT1l,_s,) and glycoprotein p1,4Galactosyltrans-
ferase (B1,4GT,_g;), and results are summarized in Table 2.
Substitution in GalT2 of RR residues by other positively
charged amino acids (KK), or intercalation of one alanine
(KAK or RAR), did not affect the Golgi concentration of the
constructs. RR5—AA substitution in GalNAcT affected its
ER exiting. Impairment was only partial in this case, due to
the presence of an endogenous GalT2 in CHO-K1 cells that
complexes with GalNACT constructs and carries them to the
Golgi (Giraudo et al., 2001) (Figure 3B). Substitution of one of
the two R by A in GalNAcT gave intermediate results, with
part of the protein in the Golgi and part in the ER, whereas
substitutions of any other residue by A were irrelevant.
Interestingly, mutation of RR8— AA or deletion of aa 2-16 in
SialT2 had no effect on its Golgi location, whereas mutation
of RXR25—AXA, which is closer to the TMR border, or
complete deletion of the CT, resulted in ER location. Muta-
tions in the CTs of SialTl (RR2—AA) and pB14GT
(RXR2—AA) also produced failure of these proteins to exit
from the ER. Together, these results indicate that the
[RK](X)[RK] motif within the CT is necessary for exiting of
the analyzed proteins from the ER, and in addition, that it is
most effective when located proximal to the TMR.

A CT with Dibasic Amino Acid Motif Promotes
Exiting of an ER-Resident Protein

If the [RK](X)[RK] motif acts as an ER exiting signal, it
should be able to promote exiting of an ER resident protein.
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Table 1. Partial data base compilation (ProSite) of sequences of Golgi glycosyltransferase CTs bearing the dibasic motif [RK](X)[RK]

Transferase Cytoplasmic tail sequence® TMR Sequence Accession no.® Organism
B1, 3GalT MPLSLERR VLLAVLLLVIIWTLFGP Q9Z0F0 Mouse
B1, 3GalT5 MAFPKMR LMYICLLVLGALCLYFSMYSL Q9Y2C3 Human
B1, 3GalT7 MSVGRRR IKLLLGILMMANVFIYFIMEV QINY97 Human
B1, 3GalT8 MKYLRHRRPN ATLILAIGAFTLLLFSLLVSP Q9Y2A9 Human
B1, 4GalT1 MRLREPLLSGAAMPGASLQRACR LLVAVCALHLGVTLVYYLAGR  P15291 Human
B1, 4GalT3 MLRRLLERPC TLALLVGSQLAVMMYLSLGGF 060512 Human
B1, 4GalT4 MGENLTFHLSYKFR LLLLLTLCLTVVGWATSNYFVGAI 060513 Human
B1, 4GalT5 MRARRGLLRLPRRS LLAALFFFSLSSSLLYFVYVA 043286 Human
B1, 4GalT6 MSVLRRMMRVSNRS LLAFIFFFSLSSSCLYFIYVA QIUBX8 Human
B1, 4GalT7 MFPSRRKAAQLPWEDGRSGLLSGGLPRKCS VFHLFVACLSLGFFSLLWLQL QIUBV7 Human
GalT MNN10 MSSVPYNSQLPISNHLEYDEDEKKSRGSKLGLK

YKMIYWRKTLCSSLARWRK LILLISLALFLFIWISDSTIS P50108 Yeast
al, 3GalT MNVKGR VVLSMLLVSTVMVVFWEYINS  P50127 Pig
B1, 4GIcNACT MYLVVCWGRVTGNMISTRHCFSRCKSRSVR IKATAMLFVAAMLFLALHM Q09323 Snail
B1, 6GIcNACT MLRKLWRRK LFSFPTKYYFLFLAFSVVTFTVL Q92180 Bovine
B1, 6GIcNACT MLRTLLRRR LESYPTKYYEMVLVLSLITESVL Q02742 Human
B1, 2GIcNACTI MLKKQS AGLVLWGAILFVAWNALLILFF = P26572 Human
B1, 2GIcNACT MRFRIYKRK VLILTLVVAACGFVLWSSNG Q10469 Human
B1, 4GIcNACTIII MRRYK LFLMFCMAGLCLISFL Q09327 Human
B1, 4GalNACT MWLGRRA LCALVLLLACASLGLLYA Q00973 Human
GalNACT1 MRKFAYCK VVLATSLIWVLLDMFLLL Q10472 Human
aGalNACT MAEVLRTLAGKPKCHALRPMILFLIMLVLVLF GYGVLSPRSLMPGSLERGFCMAV P16442 Human
a2, 65ialT1 MVHINVLKK FMCVLVVILIALTVCLW Q92182 Chick
a2, 6SialT1 MIHTNLKKK FSCCVLVFLLFAVICV P15907 Human
a2, 6SialT MGFLIRRLPKDSRIFR WLLILTVFSFIITSFSALFGM Q92183 Chick
a2, 3SialT MVTVRKRNVK VFTFAFVLITVTSFLLNY Q11200 Chick
a2, 3SialT MVTLRKRTLKVLT FLVLFIFLTSFFLNYSHTMVA Q11201 Human
a2, 3SialT MRRK TLKYLTFFLLFIFLTSFVLNY P54751 Mouse
a2, 6SialT MACILKRK ALAVSFIALCILLLAMRLA Q64686 Rat
a2, 85ialT8 MSPCGRARRQTSRGAMAVLAWKFPRTRLPM GASALCVVVLCWLYIFPV Q92185 Human
a2, 85ialT8 MSPCGRALHTSRGAMAMLARKFPRTRLP VGASALCVVVLCWLYIFPV Q64687 Mouse
a2, 3SialT4 MVSKSRWK LLAMLALVLVVMVWYSIS Q11206 Human
a2, 8polysialT1 MRSIRKR WTICTISLLLIFY Q64690 Mouse
a2, 8polysialT MRSIRKR WTICTISLLLIFY Q92187 Human
al, 2FucT1 MWTPSRR QLCLTFLLVCVLSAGSFFF 009160 Mouse
al, 2FucT2 MPSDSCLLSLTVLQRLRAIC PPLSTFYLFEVIFVVSTIFHC P97353 Human
al, 4FucT3 MYPPGCAKVKCSWHH CLPGLLLQLLLALCFFSYLRM Q11126 Bovine
al, 4FucT3 MDPLGAAKPQWPWRR CLAALLFQLLVAVCFFSYL P21217 Human
al, 3FucT4 MGAPWGSPTAAAGGRRGWRRGR GLPWTVCVLAAAGLTCTALITYA P22083 Human
al, 3FucT5 MDPLGPAKPQWLWRR CLAGLLFQLLVAVCFFSYL Q11128 Human
al, 3FucT? MNNAGHGPTRRLRG LGVLAGVALLAALWLLWLL Q11130 Human
al, 3FucTA MRRPKISLKK YFYLTLICALLLIFGFSL Q9VUL9 Fly
Hyaluronan synthase 1 MRQQOQDAPKPTPAARR CSGLARRVLTIAFALLILGLM (92839 Human
al, 2ManT MALFLSKRLLR FTVIAGAVIVLLLTLNSNS P27809 Yeast
al, 2ManT KTR1 MAKIMIPASKQPVYKK LGLLLVAVFTVYVFFHGAQYA  P27810 Yeast
Probable ManT KTR2 MQICKVFLTQVKK LLFVSLLFCLIAQTCWLALVPYQ P33550 Yeast
Probable ManT KTR3 MSVHHKKKILMPKSALLIRKYQKGIRSS FIGLIIVLSFLFFMSGS P38130 Yeast
Probable ManT KTR4 MRFLSKRILKP VLSVIILISIAVTVVLYFLTAN P38131 Yeast
Probable ManT KTR5 MLLIRRTINAFLGCIH CNLTATCILIAFVITMYVVLV P53966 Yeast
ManT KTR6 MHVLLSKK TARFLLISFVFVLALMVTIN P54070 Yeast
Probable ManT KTR7 MAIRLNPKVRRFLLDKCRQKRYG FLFLGCIFAILYCMGTWPFFA P40504 Yeast
al, 3ManT MLALRRFILNQRSLRS CTIPILVGALIILVLE P39106 Yeast
al, 6Man-T MSRKLSHLIATRKSK TIVVTVLLIYSLLTFHLSNKRLLSQ P31755 Yeast

The source and accession number is given for each transferase.
2 Bold and underlined letters correspond to the [RK](X)[RK] motif.
b Accession no., Swiss Prot data bank accession number.

This was confirmed by substitution of the CT of the ER
resident, type Il membrane protein Iip33 for the CT of GalT2.
lip33, the invariant chain of the major histocompatibility
complex class II, exposes a predicted N-terminal domain of
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46 aa to the cytoplasm. This domain contains an ER retention
signal consisting of three R residues at positions 3-5
(Schutze et al., 1994). The isoform lacking aa 1-15 (Iip31),
able to exit the ER, contains another basic cluster (RR) at
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Figure 3. RR residues in the cytoplasmic tail of GalT2 are critical for its ER exiting. (A) CHO-K1 cells coexpressing GalT2-CFP (red) and
Gal-T2RR7—~AAYFP (green) were supplemented with 100 ug/ml cycloheximide 2 h before photobleaching. The Golgi volume was irreversibly
photobleached at both 458 and 514 nm. The recovery of fluorescence (FRAP) at the Golgi region was analyzed by dual-color imaging every
5 min for 120 min. Note that GalT2, but not GalT2RR”~AA replenished the photobleached Golgi. Arrows in the 120-min split image of the
squared area indicate regions lacking colocalization of the constructs. Bar, 10 um. (B) Membranes of a postnuclear supernatant fraction of
CHO-K1 cells coexpressing f1,4GT and either GalT2RR”—~AA or GalT2 were separated by centrifugation at 200,000 X g for 3 h in a 5-40%
OptiPrep gradient. Ten fractions were collected and were Western blotted with anti-BiP (first row) or anti-GFP (second and third rows)
antibody. (C) A pool of fractions 3-5 of the gradient of cells expressing Gal-T2RR"—~AA and of fractions 7-9 from the gradient of cells
expressing GalT2 was diluted with 0.25 M sucrose and pelleted by centrifugation at 100,000 X g for 1 h. Membranes were incubated in the
absence and in the presence of 500 ug of proteinase K during 30 min at 37°C and Western blotted with anti GFP antibody. As in Figure 2B,

total microsomal membranes from CHO-K1 cells expressing the VSVG protein were also treated as control.

positions 35-36, 10 aa from the TMR (Strubin et al., 1986).
According to our model, complete deletion of the CT would
impair exiting of lip33 from the ER, and its replacement with
the GalT2 CT would restore its exiting capability. To test this
prediction, lip33, CT deleted Iip33 (Alip33) and tail-substi-
tuted /Tip33, (GalT2/1ip33 and GalT2RR"—4A/1ip33) tagged
with YFP, were independently cotransfected to CHO-K1
cells with the Golgi marker B1,4GT tagged with CFP. Both,
lip33 and Alip33 lacking the ER exiting signal showed ER
localization (Figure 4A, first and second rows. respectively).
GalT2/1ip33, on the other hand, exit the ER and partially
colocalized with B1,4GT in the Golgi (Figure 4A, third row).
However, substitution of Iip33 CT with GalT2RR7—AA CT
was less effective in promoting its exiting, because most of it
distributes with an ER pattern of localization (Figure 4A,
fourth row). Quantification of ER/Golgi fluorescence inten-
sity ratios in expressing cells showed this ratio to be ~5-6
times higher for the ER marker lip33, and also for Alip33
than for the Golgi marker 81,4GT. Confirming the single cell
observations, the ratio for GalT2/Iip33 was only ~2 times
higher than B1,4GT, whereas the ratio of GalT2RR7—4A/
lip33 was essentially the same as for Iip33 (Figure 4B).
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Localization of GalT2/Iip33 was also examined in mem-
brane fractions of cells as in Figure 4A, separated by density
gradient centrifugation, and analyzed by Western blotting.
ER membranes were distributed along fractions 2-9, as in-
dicated by the presence of the ER marker BiP (Figure 4C,
first row), whereas Golgi membranes peaked in fractions
11-15, as indicated by the presence of the marker g1,4GT
(Figure 4C, second row). lip33 cofractionated with mem-
branes of the ER (Figure 4C, third row), but when its CT was
replaced by the CT of GalT2 it was displaced to fractions of
lesser density showing the highest concentration in fractions
9-13, partially overlapping with both ER- and Golgi-en-
riched fractions (Figure 4C, fourth row). This result is con-
sistent with those of Figure 4, A and B, and confirms that the
peptide with the dibasic motif is able to promote exiting of
membrane proteins from the ER.

Sarl Interacts with the [RKI(X)[RK] Motif

The small GTPase Sarl (Barlowe et al., 1994; Kuge et al.,
1994), interacts in the ER with the CTs of cargo proteins,
concentrating them at ER export sites from which COPII-
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Table 2. Summary of steady state distribution of different CT mutated constructs

Construct® CT sequence® Distribution®
GalT2 MPLSLERR Golgi
AGalT2 M ER
GalT2RR7—AA MPLSLFAA ER
GalTZE;{;:EEAR MPLSLFKK Golgi
GalT2 MPLSLRAR Golgi
GalT2FRRo—KAK MPLSLKAK Golgi
GalNAcT MWLGRRA Golgi
AGalNACT M ER/Golgi
GalNAcTW2—4A MALGRRA Golgi
GalNACTR A MWLGARA Golgi/ER
GalNACTRé—A MWLGRAA Golgi/ER
GalNACTRRS—~AA MWLGAAA ER/Golgi
SialT2 MSPCGRARRQTSRGAMAVLAWKFPRTRLPM Golgi
AZ16Sial T2 MVLAWKFPRTRLPM Golgi/ER
AZ2Sial T2 M ER

Sial T2RRE—AA MSPCGRAAAQTSRGAMAVLAWKFPRTRLPM Golgi/ER
Sial T2RXR25—=AXA MSPCGRARRQTSRGAMAVLAWKFPATALPM ER/Golgi
SialT1, 5, MRRPSLLIKD Golgi

Sial TIRRZ—AA MAAPSLLIKD ER/Golgi
BLAGT MRLREPLLSGSAAMPGASLQRACR Golgi
BLAGTRXR2—AXA MALAEPLLSGSAAMPGASLQRACR ER/Golgi

2 Constructs fused to spectral variants of GFP.

> The border CT/TMR was predicted with the TMpred tool (Hofmann and Stoffel, 1993). Basic clusters are shown in italics. Bold and

underlined letters correspond to substituted residues.

¢ The steady-state location of constructs was determined by dual color imaging in cells coexpressing the nonmutated and mutated constructs.
Constructs with a dual distribution (Golgi and ER) were expressed as follows: ER/Golgi, localized mostly in the ER; Golgi/ER, localized

mostly in the Golgi.

transport vesicles originate. Microinjection of the dominant
negative (GDP restricted) form of Sarl (Sar1™°N) inhibits
transport resulting in ER accumulation of cargo proteins
including those resident of the Golgi (Storrie et al., 1998;
Seemann ef al., 2000; Ward et al., 2001). We confirmed this for
GalT2, GalINACT and SialT2 Ntds fused to YFP, which accu-
mulated into the ER upon microinjection of recombinant
Sar1™°N to the expressing cells (our unpublished results).
The role of Sarl in ER—Golgi transport of the constructs
was further examined in urea-stripped microsomes from
cells coexpressing either GalT2, or AGalT2, or GalT2RR7—A4,
and the VSVG protein. Membranes were incubated with
recombinant, His-tagged Sarl*!, Sar1™°N (GDP form) or
Sar1H7°G (GTP form) at 32°C for 15 min. After incubation,
the membrane-impermeable and -reversible cross-linker
DTSSP was added, and membranes were solubilized with
SDS. Sarl forms were immunoprecipitated with anti-His
antibody, and the immunocomplexes were analyzed by
Western blot for presence of GalT2 forms. GalT2 (Figure 5A,
first row) and VSVG (Figure 5A, fourth row) were cross-
linked to all forms of Sarl, indicating binding of Sarl to
these constructs. A small fraction of GalT2 coimmunopre-
cipitated with Sar177°S, even in the absence of DTSSP (Fig-
ure 5A, first row). No coimmunoprecipitation was observed
in the absence of Sar1, or upon incubation on ice. In no case
didSarl coimmunoprecipitate AGalT2 (Figure 5A, second
row) or GalT2RR7—AA (Figure 5A, third row). The fraction of
GalT2 that coimmunoprecipitated with Sar1"7°S increased
in the presence of rat liver cytosol, suggesting that other
cytosolic proteins may enhance this interaction. Sec23p,
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which participates in the COPII-budding reaction, is a can-
didate based on its capture from rat liver cytosol as a partner
in the Sar1-GalT2 complex (Figure 5A, fifth row).

CT Lacking RR Residues Expose Normally to the
Cytoplasm

The possibility of a lack of exposure of the CT with
RR7—AA substitution to the cytoplasmic face of the ER,
which may impair the interaction with Sarl, was examined
in the following two ways. First, membranes from cells
expressing GalT2 and GalT2RR7—~AA were treated with pro-
teinase K, and generation of the respective products was
analyzed in SDS-gradient polyacrylamide gels and Western
blot. The formation of a product that migrates slightly faster,
resulting from the loss of the short cytoplasmic tail, was
similar for both GalT2 and GalT2RR7—AA (Figure 5B), indi-
cating that the accessibility of the CTs of the mutated and
nonmutated versions to proteinase K was essentially the
same. Second, knowing that GalT2 complexes GalNAcT (Gi-
raudo et al., 2001), the fraction of GalT2 or Gal-T2RR7—AA
cross-linked to GalNAcT by DTSSP was determined in
membranes from cells cotransfected with GalNAcT and ei-
ther GalT2 or GalT2RR7—AA DTSSP cross-links the primary
amines if they are close enough. The only primary amines in
the CT sequences of GalT2 and GalNAcT are those of the
N-terminal methionines. So, the amount of GaINAcT coim-
munoprecipitated with GalT2 or Gal-T2RR7—=AA by anti-
hemagglutinin (HA) antibody after DTSSP treatment will
inform the topological proximity of these N termini. The
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amount of GalNAcT coimmunoprecipitated by anti-HA an-
tibody was found similar (Figure 5C), indicating that the CT
of Gal-T2RR7—AA maintains a topological proximity to the
CT of GalNACcT comparable to that of GalT2.

Synthetic Peptides with CT Sequences Bind Sarl

We next examined binding of His-tagged recombinant forms
of Sarl to CT sequences of GalT2 and GalNAcT and their
mutated forms, linked to thiopropyl Sepharose 6B through a
C-terminal added cysteine. Binding was assessed by deter-
mination of bound Sarl by Western blotting with anti-His
antibody. Sar1"7°C (Figure 6A, top row), and to a lesser
extent Sar1™*N (Figure 6A, bottom row), bound to CT pep-
tides of both GalT2 (lane 2) and GalNACT (lane 6), indicating
that binding was not critically dependent on either the pres-
ence of other proteins or the nucleotide state of Sarl. Sarl
binding to RR7—AA mutant form of GalT2 (lane 5) or
RR5—AA of GalNACT (lane 7) peptides was below the limit
of detection, reinforcing the importance of the dibasic motif
for the interaction with Sarl. Other AA substitutions in
GalT2 CT sequences (lanes 3 and 4) did not affect binding,
and no binding to matrix was observed (lane 1).

CT Peptides Loaded with Sar179C, but Not with
Sar1™39N, Bind Sec23p

Immobilized peptides with GalT2 and GalNAcT CT se-
quences were used to determine whether they were able to
recruit Sec23p in vitro, as was evidenced in the experiment
in Figure 5A. They were previously loaded with recombi-
nant Sar1H79C or Sar1™*°N and then incubated with CHO-K1
cytosol. Recruitment of Sec23p from cytosol was assessed by
Western blotting of the Sepharose bound fraction. Peptides
not loaded with Sarl were able to recruit some Sec23p from
cytosol, most probably through the binding of endogenous
Sarl (Figure 6B, lanes 1 and 6). Recruitment of Sec23p was
clearly increased when GalT2 and GalNAcT CT peptides
were overloaded with Sar1H7°C (lanes 2 an 7) but not with
Sar1™°N (lanes 3 and 8), showing that although both forms
of Sar1 bind to CT peptides, only the Sar1(GTP) bound to the
CT peptide acquired the conformation able to recruit Sec23p.
No Sec23p was detected when cytosol was omitted from the
assay (lanes 4 and 5). Together, results of Figures 5 and 6
indicate that CT peptides with the [RK](X)[RK] motif partic-
ipate in a Sarl (GTP)-dependent binding to Sec23p.

DISCUSSION

We show herein that deletion of the CT of the Ntds of the
glycolipid glycosyltransferases GalT2, GaINAcT, and SialT2
does not affect their ER membrane insertion, acquisition of
type II topology or diffusion along ER membranes, but im-
pairs their Golgi concentration. Mutational analyses indicate
that the dibasic motif [RK](X)[RK] in CTs, proximal to the
TMR, is necessary for these proteins to concentrate in the
Golgi complex. This dibasic motif was found in most mem-
bers of the glycosyltransferase family and conserved among
different organisms (Table 1), and was not a common feature
of ER resident type II membrane proteins (Teasdale and
Jackson, 1996). FRAP experiments showed reduced
ER—Golgi transport rates for tail-deleted or tail-mutated
forms of GalT2 or GalNAcT Ntds. The rates of transport
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calculated for the mutated versions were ~0.1% min~?,
whereas the corresponding values for the nonmutated forms
were ~3.4% min~!, as reported for other glycosyltrans-
ferases (Zaal et al., 1999; Dahm et al., 2001). Thus, our results
indicate that the CTs, and within them the [RK](X)[RK]
motif, are necessary for exiting of these proteins from the
ER. Furthermore, complete deletion of the CT of Iip33,
which contains a dominant ER retention signal, did not
result in ER escape of Iip33. However, the attachment of the
CT of GalT2, but not of its RR7— AA-mutated form, resulted
in exiting of Iip33 from the ER, confirming that the dibasic
motif [RK](X)[RK] has the capacity to promote ER exiting.

Mutational analyses in the SialT2 Ntd revealed that RRS,
located 22 residues away from the TMR, was less effective
for promoting ER exiting than RXR25, which is closer to the
border of the TMR. Thus, the [RK](X)[RK] motif most effec-
tively promotes ER export when it is proximal to the TMR.

Dibasic sorting signals are also involved in retention/
retrieval of ER resident proteins. These are the -K(X)KXX-
COOH motif, which we will refer to as -KKXX, and the
NH2-M(X)R(X)R- motif, which we will refer to as RR-. The
-KKXX motif at the C termini was reported to be sufficient to
confer ER localization to many type I membrane proteins
(E19, WBP-1, and some members of the p24 protein family)
and reporter proteins (Jackson et al., 1990; Jackson et al., 1993;
Cosson and Letourneur, 1994). This effect is achieved by
interacting with members of the COPI coat (a-, B'-, and
{-COP) of retrograde transport vesicles (Cosson and Letour-
neur, 1994; Gaynor et al., 1994; Letourneur et al., 1994; Cos-
son et al., 1996; Fiedler et al., 1996). The function of -KKXX
motif is highly dependent on the identity of the basic amino
acids (lysines cannot be replaced by arginines), on the posi-
tion of the lysine residues (one lysine must be at position —3
and the other at —4 or —5 from the C termini) and on the
sequence context in which they are located (Zerangue et al.,
2001).

Concerning the RR- signal sequence close to the N termi-
nus, it was reported to be sufficient to confer ER localization
to a few type II membrane proteins (Iip33, TRAM, and p63)
and reporter proteins (Schutze et al., 1994; Teasdale and
Jackson, 1996; Zerangue et al., 1999). It has been proposed
that the ER localization is mediated by a direct interaction
between the RR- motif and the member of the COPI coat,
B-COP (O’Kelly et al., 2002). The position of the RR- residues
relative to the N terminus is critical. RR residues in the CT of
lip33 must be at positions 2 and 3, 3 and 4, 4 and 5, 2 and 4,
or 3 and 5, ~40 aa distal to the TMR to act as retention
signal; Schutze et al., 1994). Nevertheless, neither the identity
of the basic amino acid nor the sequence context seems to be
critical for its effect.

So, the location of RR residues along the CTs may define
their role as ER retention or exiting motifs. Moreover, for the
case of the Simian immunodeficiency virus envelope glyco-
protein (a type I membrane protein), KK residues located at
position 18 or farther away from the TMR function as ER
retrieval signal. However, if these KK residues are located at
positions closer to the TMR, the envelope glycoprotein exits
the ER and reaches the plasma membrane (Vincent et al.,
1998). Further studies will be necessary to know the mech-
anisms by which similar signals differing in their position
along the CTs may compete in defining ER exiting or reten-
tion. Masking events by interacting proteins, as reported
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previously (O’Kelly et al., 2002) may help in defining such a
competition.

The effect of CT deletion has been examined in other
glycosyltransferases such as a2,6-SialylT (Colley et al., 1992)
and B1AGT (Aoki et al., 1992). The basic amino acid cluster
with ER-exiting activity observed in this study was main-
tained as a short CT remnant in the tail-deleted mutants of
those previous studies. This may explain the previous con-
clusion that the CTs were of minor relevance for concentra-
tion of «2,6-SialylT and B1,4-GT in the Golgi. However,
given the complexity of the ER-exiting process, the influence
of other motifs or combinations of determinants on the ER
exiting of different glycosyltransferases is worth consider-
ing.

The ER recycling of several Golgi resident proteins has
been extensively described and shown to be Sarl and mi-
crotubule dependent (Cole ef al., 1998; Storrie et al., 1998;
Zaal et al., 1999; Seemann et al., 2000; Ward et al., 2001). In
our study, the CT of GalT2 in microsomal membranes of
GalT2-expressing cells was cross-linked and coimmunopre-
cipitated with recombinant forms of Sarl, as it was the
VSVG protein known to depend on Sarl binding for exiting
the ER (Aridor et al., 2001). Importantly, GalT2RR"—4A did
not cross-link to Sarl, indicating that Sarl recognizes speci-
fally the motif [RK](X)[RK] of Ntds inserted in ER mem-
branes. Synthetic peptides with CT sequences containing the
[RK](X)[RK] motif showed binding activity toward Sarl in
the absence of other proteins. Both GDP and GTP forms of
Sar1 bind to the peptides, although their affinities remain to
be determined. An examination of the electrostatic potential
of the ternary complex Sarl/Sec23p/24p (Bi et al., 2002) with
the MEAD program (Bashford and Gerwert, 1992) reveals
negatively charged amino acid residues in the membrane
facing domain of Sarl as candidates to interact with the basic
cluster in the CTs of the transferases.

Another component of the COPII system, Sec23p, did
not bind to the CT sequences, but it did bind the complex
of Sarl bound to the peptides. Noticeably, Sec23p was
able to distinguish between GDP and GTP forms of Sarl,
with its binding almost exclusive to Sar1<™-loaded pep-
tides. In summary, from our combined in vivo and in vitro

Figure 4 (facing page). The cytoplasmic tail of GalT2 promotes
exiting of lip33 from ER. (A) Dual-color imaging of cells coexpress-
ing B1,4GalT, g, tagged with CFP at the C termini (81,4GT, middle
panels) and YFP-tagged lip33,.,5, (Iip33) or lip33,,.,3, (Alip33) or
GalT2, ¢/1ip33,7..3 (GalT2/Iip33) or GalT2, RR"=AATp33,, 4,
(GalT2RR7=AA /Tip33) (left panels in, respectively, top, middle, and
bottom row). The typical ER reticular pattern of lip33 and Alip33
contrasts with that of GalT2/Iip33, which partially colocalizes with
the Golgi marker B1,4GT. GalT2RR7—~4AA /Tip33 localization, on the
other hand, was essentially the same as that of Iip33. (B) Quantifi-
cation of images in A. Results are presented as ER/Golgi fluores-
cence intensity ratio (arbitrary units) of single cells coexpressing the
indicated chimaeras. Values are mean = SD for n = 25 cells. (C)
Membranes of a postnuclear supernatant fraction of CHO-K1 cells
as in top and middle rows in A were separated by centrifugation at
200,000 Xg for 3 h in a 5-40% OptiPrep gradient. Fifteen fractions
were collected and Western blotted with anti-BiP (first row) or
anti-GFP (second to fourth rows) antibody. In contrast to Iip33,
which cosedimented with the ER marker Bip, Gal-T2/Iip33 was
displaced to fractions containing the Golgi membrane marker
B1AGT.
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Figure 5. Sarl binds to cytoplasmic tail sequences containing RR
residues. (A) Microsomal membranes from cells expressing the
constructs indicated at left, fused to YFP, were incubated with the
indicated Sarl forms at 32°C for 15 min in the absence or presence
of rat liver cytosol. Microsomes were collected and the reversible
cross-linking agent DTSSP was added. Membranes were solubilized
with 1% SDS, and recombinant Sarl was immunoprecipitated with
anti-His antibody. The immunocomplexes were run on SDS-PAGE
and blotted with anti-GFP and anti-Sec23p antibody. Input 30%
stands for 30% of the total protein used for immunoprecipitation.
Bottom row shows a representative immunoprecipitate blotted with
anti-His antibody. (B) Microsomal membranes from cells expressing
GalT2-CFP or GalT2RR7—~AA-YFP were treated with 500 pug/ml pro-
teinase K for 30 min, separated on SDS-4-20% gradient PAGE and
Western blotted with anti-GFP antibody. (C), Microsomal mem-
branes from cells coexpressing GalT2-CFP or GalT2,_s,"*"~AA-YFP
and GalNACT-CFP, cultured at 15°C for 16 h, were treated with
DTSSP and solubilized with 1% SDS. GalT2 was immunoprecipi-
tated with anti-HA antibody and immunoprecipitates were Western
blotted with anti-GFP antibody.

studies, we propose that interaction of Sarl with the
[RK](X)[RK] motif at the CT of members of the glycosyl-
transferase family, and probably of other type II mem-
brane proteins, is an early event in the selection of these
proteins as cargo of COPII-transport vesicles on their way
to the Golgi complex.
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Figure 6. Sarl binds to synthetic peptides with cytoplasmic tail
sequences. (A) Recombinant Sar1"7°¢ (GTP form) and Sar1™**N
(GDP form) were incubated with synthetic peptides related to tail
sequences of GalT2 (lanes 2-5) and GalNAcT (lanes 6 and 7), cou-
pled to thiopropyl Sepharose 6B beads. After incubation, beads
were washed and bound Sar1 analyzed by SDS-PAGE and Western
blotting with anti-His antibody. (B) Sepharose bound peptides with
the sequence of CT of GalT2 or GalNAcT were incubated with or
without the indicated forms of Sarl as in A and then incubated
overnight with CHO-K1 cell cytosol. Beads were collected, washed,
separated on SDS-PAGE, and Western blotted with anti-His (top
row) or anti Sec23 (bottom row) antibody.
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