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Glycolipid glycosyltransferases (GGT) are transported from the
endoplasmic reticulum(ER) to theGolgi, their site of residence, via
COPII vesicles.An interactionof a (R/K)X(R/K)motif at their cyto-
plasmic tail (CT)withSar1 is critical for the selectiveconcentration
inthe transportvesicles. In thisworkusingcomputationaldocking,
we identify threeputativebindingpockets inSar1(sitesA,B,andC)
involved in the interaction with the (R/K)X(R/K) motif. Sar1
mutants with alanine replacement of amino acids in site A were
tested in vitro and in cells. In vitro, mutant versions showed a
reducedability tobind immobilizedpeptideswith theCTsequence
of GalT2. In cells, Sar1 mutants (Sar1D198A) specifically affect the
exiting of GGT from the ER, resulting in an ER/Golgi concentra-
tion ratio favoring the ER. Neither the typical Golgi localization of
GM130 nor the exiting and transport of theG protein of the vesic-
ular stomatitis virus were affected. The protein kinase inhibitor
H89 produced accumulation of Sec23, Sar1, and GalT2 at the ER
exit sites; Sar1D189A also accumulated at these sites, but in this case
GalT2 remained disperse along ER membranes. The results indi-
cate thataminoacids insiteAofSar1are involvedinthe interaction
with the CT of GGT for concentration at ER exiting sites.

Protein export from the endoplasmic reticulum (ER)5 is a
selective process initiated by recruiting the small GTPase Sar1
to the ER membrane (2). Cytosolic Sar1 GDP is converted to

membrane-bound Sar1 GTP by the GEF Sec12p, an ER mem-
brane protein (2). In its GTP form, Sar1 exposes a hydrophobic
domain at the N terminus that favors its membrane association
(3, 4).Membrane-associated Sar1GTP initiates further recruit-
ment of the heterodimeric complex Sec23p-Sec24p forming
the prebudding complex, with which the CT of integral mem-
brane cargo proteins interact (5–8). Vesicle completion occurs
with participation of the tetramer Sec13p-Sec31p (9–11) and of
other cytosolic proteins constituent of the COPII complex (12,
13). This process induces the formation of ER exit sites from
where prebudding COPII transport vesicles accommodate
cargo molecules (cell surface proteins, secretory products, ex-
tracellular matrix components, etc.) for transport along the
secretory pathway (14).
Cargo selection occurs by different mechanisms, with most

transmembrane proteins binding directly to specific COPII
subunits by interactions of particular amino acidmotifs present
within their CT. On the other hand, soluble cargos are concen-
trated inCOPII vesicles by indirect associationwith transmem-
brane export receptors containing specific ER export signals
(reviewed in Ref. 15). Golgi glycosyltransferases concentrate
selectively into COPII vesicles by a direct interaction of their
CTs with Sar1 through a (R/K)X(R/K) motif proximal to the
transmembrane region (16–19). Both Sar1-GDP and Sar1-
GTP interact with the CT sequence peptides, but only Sar1-
GTP bound to peptides is able to bind Sec23 from a rat liver
cytosol (16). In the present work we have carried out an in silico
screening of regions in Sar1 responsible for the interactionwith
CTs bearing the (R/K)X(R/K) motif. Alanine replacements of
amino acid residues in the best candidate region of interaction
were generated, and the in vitro and in vivo consequences of the
mutations were evaluated. The results revealed that certain
amino acids in the region of Sar1 facing the ER membrane sur-
face are critical for an efficient ER export and proper Golgi
localization of glycolipid glycosyltransferases.

EXPERIMENTAL PROCEDURES

In Silico Assays—The LSLFRR peptide with sequence cor-
responding to the GalT2 CT and its noninteracting analog
LSLFAA (16) were independently docked on the structure of
mouse Sar1 (Protein Data Bank code 1F6B) (4). Missing loops
between residues 49–54 and 79–82 were constructed with the
program LOOPY (29), and the docking was performed with
Autodock 3.0 (20). The search first spanned the whole protein
surface and then concentrated in the binding zones detected in
the global search. All of the docked peptide-protein complexes
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were reranked using the programSTC (21). The complexes that
ranked best (i.e. within 3 kcal from the minimum) with both
algorithms plus the best of each method individually were sub-
jected to cluster analysis. For the selection of the amino acid(s)
to mutate to alanine in Sar1, we took into account the average
interaction energy, as defined by STC, between the residues in
the protein and the dibasic motif of the peptide LSLFRR. We
also verified whether alanine substitution destabilized the pro-
tein structure using the ANOLEA server (22).
DNAConstructs—Expression vectors containing cDNA cod-

ing for theN-terminal domain of galactosyltransferase (GalT2),
N-acetylgalactosaminyltransferase (GalNacT), and sialyltrans-
ferases (SialT2) fused to the N terminus of the enhanced cyan
fluorescent protein have been previously described (30). Briefly,
they are pEYFP-N1 (Clontech)-based vectors containing the
N-terminal domains of the transferases (residues 1–52 for
GalT2, residues 1–27 for GalNacT, and residues 1–57 for
SialT2) fused to YFP. The chimeric construct containing the
thermosensitive G protein of vesicular stomatitis virus (ts045)
fused to YFP was kindly provided by P. Keller (Max-Planck
Institute, Dresden, Germany) (31). Inserts were checked by
sequencing both strands twice using flanking primers. Sar1-
CFP was generated by fusion of Sar1 to the N terminus of CFP.
The DNA fragment encoding Sar1 was generated by PCR with
an EcoRI site and a consensus Kozak sequence at the 5� end and
a BamHI site at the 3� end. The primers GCCGGAATTCCGC-
CACCATGTCCTTCCATATTTGACTGGATTTAC (forward)
and CCGCGGATCCCGATCGATGTACTGTGCCAT-
CCAGC (reverse) were used to amplify a full-length Sar1. The
PCR fragments encoding full-length Sar1 were digested with
EcoRI and BamHI and ligated into EcoRI-BamHI-digested
pECFP-N1 fromClontech Laboratories (Palo Alto, CA) to gen-
erate Sar1-CFP. Sar1-CFP mutant constructs T39N, N94A,
N126A, andD198Awere generated using theQuikChange site-
directed mutagenesis kit (Qiagen) and appropriate primer
combinations.
Cell Culture and Transfection—CHO-K1 cells were grown in

DMEM supplemented with 10% fetal calf serum, 100 mg/ml of
penicillin, and 100 mg/ml of streptomycin. At �70% conflu-
ence, the cells were transfected with Lipofectamine (Invitro-
gen) and analyzed 18 h after transfection.
Fluorescence Microscopy—Cells grown on coverslips were

fixed for 7 min in methanol at �20 °C, incubated with the spe-
cific antibody and fluorescent secondary antibodies. The cov-
erslips were mounted with FluorSave (Calbiochem, EMD Bio-
sciences, Inc., La Jolla, CA) and observed in an Olympus FV
1000 confocal microscope with a 100� planapochromat oil
immersion objective and appropriate filters for CFP, YFP,
rhodamine, and FITC. When indicated, 50 �M of the iso-
quinolinesulfonamide H89 was added 120 min before fixa-
tion. The quantification of GalT2 and GM130 present in ER
upon co-transfection with Sar1 or Sar1 mutants was made
using Metamorph 4.5 imaging system (Universal Imaging Cor-
poration, West Chester, PA) software.
In Vitro Binding Assay—For Sar1-Sepharose bead prepara-

tion, recombinant His6-Sar1 (wt or D198A) in binding buffer
(500mMNaCl and 20mMTris/HCl, pH 7.9) was incubatedwith
60 �l of 50% Ni2�-charged Sepharose at 4 °C for 1 h and then

washed three times with binding buffer to remove the unbound
material. CHO-K1 cells harvested in lysis buffer (50 mM Tris/
HCl, pH 7.5, 1% (v/v) Triton X-100, 150 mM NaCl, and 1 mM

PMSF) were left to stand for 30 min at 4 °C and then passed 20
times through a 25-gauge needle. The lysates were cleared by
centrifugation at 13,000 � g for 10 min, and the supernatant
was used for immunoprecipitation and binding assays. Lysates
of CHO-K1 cells expressing GalT2-HA-YFP, GalT2RR-AA-
HA-YFP, or VSV-G-YFP were incubated with Sar1-Sepharose
beads at 25 °C for 1.5 h, washed three times with binding buffer
containing 1% (v/v) Triton X-100, and washed three times with
washing buffer (500mMNaCl, 20mMTris/HCl, pH 7.9, and 1%
(v/v) Triton X-100). The bound proteins were eluted with 25�l
of Laemmli sample buffer. The eluted samples were subjected
to SDS/PAGE andWestern blot analysis using rabbit anti-GFP
antibody.

FIGURE 1. Docking simulation identified potential sites of interaction
between Sar1 and the peptide LSLFRR corresponding to the CT of GalT2.
A, the best interacting residues found for site A, namely Asn94, Asn126, and
Asp198, are indicated in purple. B, the best docked pose of the peptide LSLFRR
in site A is shown in van der Waal’s representation. C, the ternary complex
Sec23-Sec24-Sar1 (3) is shown indicating the position of site A with respect to
the ER membrane.

FIGURE 2. Sar1D198A shows reduced binding of GalT2 but not of VSV-G.
Lysates of cells expressing GalT2-HA-YFP, GalT2RR-AA-HA-YFP, or VSV-G-YFP
were incubated with His6-Sar1 (WT or D198A) bound to Ni2�-charged Sepha-
rose beads. Bound proteins were analyzed by SDS/PAGE and Western blotted
with an anti-GFP antibody.
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RESULTS

Computational Docking Identified Potential Sites of Interac-
tion between Sar1 and CTs Bearing the (R/K)X(R/K) Motif—
Crystallographic analysis of the yeast Sec23-Sec24-Sar1
prebudding ternary complex indicates a “bowtie-shaped” struc-
ture, with a concave membrane-proximal surface conforming
an extensive interaction areawith the ERmembrane (3) (Fig. 1).
A computational docking was performed with the peptide
LSLFRR as ligand and the crystal structure of Sar1 as receptor.
This peptide, which is the CT of GalT2, was shown to interact
with Sar1 (16) and serves as a model peptide with the general
basic cluster (R/K)X(R/K). The docking performed on the
whole protein surface revealed the presence of three putative
binding pockets for the peptide (sites A, B, andC). Sites B andC
were not further analyzed because they were located in regions

of Sar1, which are not likely to be in
the reach of the dibasicmotif, which
in turn is presumed to be located
near themembrane surface atwhich
Sar1 binds (Fig. 1C). The remaining
pocket (site A) was located in the C
terminus of Sar1 and comprises res-
idues Pro91, Asn94, Asn114, Thr123,
Pro124, Asn126, Leu165, Pro172,
Tyr196, and Asp198 (Fig. 1A). Site A
is exposed to the ERmembrane face
when Sar1 is forming the ternary
complex Sec23-Sec24-Sar1 (Fig.
1C). This site was further explored,
and we found docked positions with
free energy of binding between �8
and �10 kcal/mol using Autodock
(20) and between �12 and �14
using STC (21). These binding ener-
gies suggest a high affinity constant,
in the nanomolar order. The best
position for the interaction Sar1-
GalT2CT is shown in Fig. 1B. For
control of the in silico approach, the
peptide LSLFAA, which does not
bind Sar1 (16), was used. In linewith
the experimental results, LSLFAA
was found to have binding affinity
constants 2–3 orders of magnitude
lower than LSLFRR peptide for the
candidate pockets. To test the pre-
dictions of the docking experi-
ments, Sar1 mutants with replace-
ments of Asn94, Asn126, and Asp198
by alanines were constructed. It
is important to note that these
changes do not destabilize the struc-
ture of Sar1 as predicted with
ANOLEA (22).
Sar1D198A Shows Reduced Bind-

ing to GalT2CT—It is known that
Sar1 immobilized on Sepharose
beads binds to CT sequences of gly-

cosyltransferases containing the (R/K)X(R/K) motif (16, 17).
Amino acid substitutions in site A of Sar1, predicted by the
computational docking as relevant in the interaction with
the CT of GalT2, should affect the ability of GalT2 to bind the
mutant Sar1 in vitro. To test this prediction, recombinant Sar1
or Sar1D198A was immobilized in Ni2�-charged Sepharose and
incubated with lysates of cells expressing GalT2-HA-YFP or
GalT2RR-AA-HA-YFP or VSV-G-YFP. After washing, bound
proteins were analyzed by Western blot with anti-GFP anti-
body. It is clear from the experiment that the binding of GalT2
to Sar1D198A was reduced in comparison with the binding to
Sar1 (Fig. 2) and that these bindings depended on the presence
of the (R/K)X(R/K)motif in their CTs, because it was abrogated
by RR-AA substitutions. To ascertain whether the effect of site
A mutations in Sar1 was specific for the binding of the CT of

FIGURE 3. Sar1D198A expression specifically redistributes GalT2 to the ER. A, top row, cells co-expressing
Sar1-CFP (panel a, white) and GalT2-YFP (panel b, green) were immunostained for the Golgi marker GM130
(panel c, red); panel d is the merge of panels b and c. Middle row, cells co-transfected with Sar1T39N-CFP (panel e,
white) and GalT2-YFP (panel f, green) were immunostained for the Golgi marker GM130 (panel g, red); panel h is
the merge of panels f and g. Bottom row, cells co-expressing Sar1D198A-CFP (panel i, white) and GalT2-YFP (panel
j, green) were immunostained for the Golgi marker GM130 (panel k, red); panel l is the merge of panels j and k.
B, quantification of GalT2 in the ER. The fluorescence intensity of GalT2 (light gray) and of GM130 (black) in cells
expressing GalT2 alone (mock) or co-expressing GalT2 with either Sar1 alone, Sar1T39N, or Sar1 with different
alanine substitutions in site A as indicated on the abscissa was quantified with MetamorphTM. For details see
“Experimental Procedures.” The values express the percentages � S.E. of the total fluorescence of GalT2 (n �
30) and of immunolabeled GM130 (n � 20) in ER membranes.
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glycosyltransferases, determination of the binding of the
VSV-Gprotein to Sar1 (14) was also included in the experiment
of Fig. 2. Importantly, the effect of the mutation in Sar1 was
specific for GalT2 because the capacity of Sar1D198A to bind
VSV-G was essentially unaltered with respect to Sar1. These
results are in agreement with the prediction that site A in Sar1
is specifically involved in the interaction with the CT of GalT2.
Mutant Versions of Sar1 Affect ER-Golgi Distribution of

GalT2 butNot of GM130—The substitution of two arginines by
two alanines in the CT of GalT2 affect its binding to Sar1 and
leads to changes in the subcellular localization of GalT2, from
its typical concentration in the Golgi complex to a pattern of
distribution along ER membranes (16). Alanine replacements
of amino acids in the Sar1 region predicted to be involved in the
Sar1-GalT2CT interaction (site A) should affect the subcellular
localization of GalT2 in a similar manner. Sar1 and each of its
mutants fused to CFP were co-expressed in CHO-K1 cells with
the N-terminal domain of GalT2 fused to YFP. Cells expressing
GalT2 and Sar1 showed Sar1 distributed all along the perinu-
clear contour and in ER membranes (Fig. 3A, panel a). GalT2,
on the other hand, concentrates in a juxtanuclear structure
defined as the Golgi complex by its abundant co-localization
with the immunostained golgin GM130 (Fig. 3A, panels b–d).
The dominant negative (GDP restricted) Sar1T39N displays a
pattern of distribution similar to Sar1 but produced noticeable
changes in the distribution of both GalT2 and GM130 (Fig. 3A,
panels e–h). GalT2 redistribution followed an ER-like pattern,
whereas GM130 acquired a punctuated pattern along the cyto-
plasm. The effect of Sar1T39N was expected, because it was

reported that microinjection of
Sar1T39N led to accumulation in the
ER of Golgi resident proteins that
retrotranslocate to the ER but can-
not exit during the ER-Golgi cycling
process (16, 23–25). The Sar1D198A
mutant promoted a selective redis-
tribution of a fraction of GalT2 to
the cytoplasm (Fig. 3A, panels i–l)
that co-localizes with the ERmarker
BiP (see supplemental Fig. S1). In
comparisonwithSar1T39N, Sar1D198A
was less effective in relocating
GalT2, because a fraction remained
in the Golgi co-localizing with
GM130. Importantly, Sar1D198A
affects the subcellular distribution
of GalT2 with high specificity and
did not cause major changes in the
subcellular localization of GM130.
The localization of other proteins
that, similarly to GM130, are not
expected to interact with site A in
Sar1 for exiting the Golgi, like Bet1,
a SNARE that is included in COPII
vesicles via interaction with Sec24,
is not affected by Sar1D198A (see
supplemental Fig. S2). The quantifi-
cation of the effects described in Fig.

3 (panels a–l) and also of those of other Sar1mutants examined
in the same conditions is shown in Fig. 3B. Less than 10% of
GalT2 and GM130 reside out of the Golgi in mock transfected
cells, and this value was only slightly increased to �15% by
co-transfection with Sar1. In contrast, co-transfection with dif-
ferent Sar1 mutants raised GalT2 values to 45–70% without
changes in the GM130 values. Sar1D198A and Sar1N94A/N126A

seem to bemore effective than Sar1N94A and Sar1N94/D198A, but
the differences were not statistically significant. Only Sar1T39N
affects the ER/Golgi ratio of GM130. These results suggest that
site A in Sar1, as identified by our docking analysis, is relevant
for selectively recognizing the CT of GalT2 in its ER to Golgi
transport process.
Mutant Versions of Sar1 Also Affect the Localization of Gal-

NAcT and SialT2—The basic motif (R/K)X(R/K) has been
identified in the CT of many Golgi resident glycosyltrans-
ferases, includingGalNAcT and SialT2 (16). Thismotif has also
been shown to bind Sar1 and to have an essential role in ER-
Golgi transport of proteins that present it on their CT (16–18).
We investigated whether the expression of Sar1D198A also
affects the subcellular localization of GalNAcT-YFP and
SialT2-YFP as observed with GalT2. Both glycosyltransferases
localize at the Golgi complex when they are expressed alone in
CHO-K1 cells (Fig. 4A), and this localization does not change
when they are co-expressed with Sar1 (Fig. 4B, panels a–d).
However, when co-expressed with Sar1D198A, both SialT2 (Fig.
4C, panels a and b) and GalNAcT (Fig. 4C, panels c and d)
present a broad redistribution to ER-like structures. Quantifi-
cation of the fluorescence of SialT2 and GalNAcT in the ER of

FIGURE 4. Sar1D198A-CFP relocalizes SialT2 and GalNAcT to the ER. A, cells transfected with SialT2-YFP or
GalNAcT-YFP show both constructs in a typical Golgi localization; the dashed line marks the cell boundaries.
B, co-transfection with Sar1-CFP (panels a and c, red) does not affect either SialT2-YFP (panel b, green) or
GalNAcT-YFP (panel d, green) localization. C, co-transfection with Sar1D198A-CFP (panels a and c, red) causes
SialT2-YFP (panel b, green) and GalNAcT-YFP (panel d, green) redistribution to ER-like structures. D, quantifica-
tion of SialT2 and GalNAcT fluorescence in the ER when expressed alone or when co-expressed with Sar1 or
with Sar1D198A, as indicated. The percentage of total cell fluorescence in the ER was quantified with Metamor-
phTM as described under “Experimental Procedures.” The values are the means � S.E. for n � 20.
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cells expressing Sar1D198A (Fig. 4D) gave redistribution values
of �50%, slightly lower than those promoted by Sar1D198A on
GalT2 (Fig. 3B). Similar results were obtained with Sar1N94A,
Sar1N94A/N126A, and Sar1N94A/D198A (not shown). These results
add evidence to the participation of siteAof Sar1 in theER-Golgi
trafficking of glycolipid glycosyltransferases.
GalT2 Fails to Concentrate in ER Exit Sites (ERES) When

Co-expressed with Sar1D198A—H89 is a serine/threonine kinase
inhibitor that abolishes ER to Golgi transport, leading to accu-
mulation of cargo in ER membranes (1, 26). Because Sar1D198A
fails to bind the CT of GalT2, in cells expressing Sar1D198A in
the presence of H89, the inclusion of GalT2 into the accumu-
lated proteins at presumably ERES, as well as its co-localization
with other components of the COPII ternary complex, should
be less marked than in cells expressing Sar1. As shown in Fig.
5A, in the presence of Sar1 and the absence of H89 (�H89),
cells showGalT2with the typical localization in the Golgi com-
plex and the endogenous Sec23 in a punctate pattern of cyto-
plasmic structures, characteristic of ERES; no GalT2 was

observed at these sites (Fig. 5A, arrowhead in inset). In the pres-
ence of H89 (�H89) Sec23 acquires a more intense punctate
pattern, and a fraction of GalT2 appeared in the cytoplasm that
partially co-localized with Sec23. These ERES-like structures
also include Sar1, showed by the co-localization of the three
proteins observed at higher magnification (Fig. 5A, arrowhead in
inset). In cells co-expressing Sar1D198A, partial co-localization
between Sec23 and Sar1D198A was still observed, both in the
absence (�H89) and in the presence (�H89) of H89 (Fig. 5B,
arrowhead in inset). However, in no case did GalT2 (arrow in
inset) co-localize with Sec23; rather it appeared spread along
ER-like membranous structures without any obvious concen-
tration in ERES. In summary, the above results indicate that the
inclusion ofGalT2 in ERES depends on its interactionwith Sar1
and that the integrity of site A is necessary for this selective
inclusion at ERES.
Mutant Versions of Sar1 Do Not Affect VSV-G Traffic—To

investigate the functionality of the ERES of Sar1D198A-ex-
pressing cells for the concentration of other proteins not
related to glycosyltransferases, VSV-G ts045 was co-ex-
pressed with Sar1D198A (Fig. 5C). In line with the results of
Fig. 2 showing that the binding of VSV-G to Sar1 in vitro was
not affected by the mutation in site A, in cells cultured in the
presence of the inhibitor H89, VSV-G was found in ERES, as
shown by the co-localization with Sec23. This result indi-
cates that Sar1D198A is able to concentrate other proteins at
ERES. Moreover, Sar1 mutants did not affect the ER exiting
of VSV-G, because 18 h after transfection and when cells
were incubated at the permissive temperature, VSV-G was
found localized to the plasma membrane and to some extent
to internal membranes in mock transfected cells (Fig. 6A) or
in cells expressing either Sar1 (Fig. 6B) or Sar1D198A (Fig.
6D). As a control, co-transfection with Sar1T39N (GDP
restricted) resulted in complete impairment of VSV-G from
exiting the ER (Fig. 6C). Thus the results of experiments of
Figs. 5 and 6 confirm that the impediment of Sar1 mutants in
concentrating glycosyltransferases into ERES, and indirectly
their transport to the Golgi, is a specific rather than a general
effect on COPII cargo selection.

DISCUSSION

ER to Golgi transport of mammalian (16, 17) and plant (18,
19) glycosylating enzymes with type II membrane topology rely
on the interaction of the basic amino acidmotif (R/K)X(R/K) in
the CT close to the transmembrane domain with Sar1. On the
other hand, the ER to Golgi transport of type I membrane pro-
teins is a Sec24-dependent process. Crystallographic analysis
evidenced two independent binding sites in Sec24 for the
ER/Golgi SNARE proteins Sed5 and Bet1p. Binding occurs via
peptide sequences 202YNNSNPF208 and 237QLMLMEGQ245 in
Sed5 or LXXLE in the context 46YSQSTLASLESSQ57 in Bet1p,
which act as interacting signals with Sec24; an additional cargo
binding site for the SNARE Sec22 was also identified in these
studies (27). In vitro budding and cargo binding assays using
Sec24 with alanine replacement in the B-site binding pocket
identified specific amino acids in Sec24 that, although they do
not interfere with COPII assembly, interfere with some (Bet1
and other ER/Golgi SNAREs) but not all (�-factor) cargo pack-

FIGURE 5. Sar1D198A selectively excludes GalT2 from COPII vesicles.
Cells co-expressing Sar1 (A) or Sar1D198A (B) (blue) and GalT2 (A and B) or
VSV-G (C) (green) were cultured in the presence or absence of the serine/
threonine kinase inhibitor H89, as indicated at left, and immunostained for
Sec23 (red). The fourth column is the blue-green-red merging, with insets
corresponding to higher magnifications of the boxed areas. A, cells co-
expressing GalT2 and Sar1-CFP. The arrowhead in each inset points to
GalT2 not co-localizing with Sec23 in the �H89 condition and co-localiz-
ing with Sec23 (and with Sar1-CFP) in the �H89 condition. B, cells co-
expressing Sar1D198A-CFP and GalT2. The arrowhead in each inset marks
the lack of co-localization of GalT2 (arrowhead) and Sec23 (arrow) both in
the �H89 and the �H89 condition. Note the co-localization of Sar1D198A-
CFP and Sec23 in the �H89 condition. C, cells co-expressing Sar1D198A-CFP
and VSV-G-YFP. The arrowhead points to VSV-G co-localizing with Sec23
and Sar1D198A-CFP in the �H89 condition.

Sar1 Sites for Interaction with Glycosyltransferases

30344 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 39 • SEPTEMBER 24, 2010



aging (28). It was estimated that cargo binding sites in Sec24
reside �20 Å from the bilayer in membrane-bound COPII. A
protein needs a CT with at least 20–25 amino acids (7–10
amino acids to span the distance and 10–15 amino acids to fit
the binding sites) to reach to the Sec24 binding sites (27).
Because the CTs of glycosyltransferases are in general

shorter than the 20 amino acids needed to reach binding sites in
Sec24, additional cargo binding sites may exist in more than
one element of the Sec23-Sec24-Sar1 COPII complex. We
hypothesize that proteins with short CTs may interact directly
with Sar1 and that thosewith longerCTs interact either directly
or in a Sar1-dependent form (14) with other members of the
ternary complex like Sec24. Computational docking delim-
ited a region in the Sar1 molecule of best interaction possi-
bilities with short peptides with the sequence of the CT of
GalT2 (site A). Mutants of Sar1 with alanine replacements of
amino acids in site A were generated, and their effects were
tested in vitro and in cultured cells. In vitro, Sar1D198A

showed a reduced ability to bind GalT2 while maintaining
intact its ability to bind VSV-G (Fig. 2). In ex vivo experi-
ments, when co-expressed in cells with the N-terminal
domain of glycosyltransferases, Sar1 mutants produced a

new steady state ER/Golgi distribution of the constructs that
favors the ER compartment (Fig. 3). This effect was not
observed for other Golgi residents, like the golgin GM130,
which remains concentrated in the Golgi, essentially as in
cells that did not receive the mutant Sar1 plasmid. The Sar1
mutants did not affect the traffic of other transmembrane
cargo proteins that use the COPII/ER exiting mechanism,
like the G protein of VSV, which concentrates at ERES (Fig.
5), exits the ER, and follows the route to the plasma mem-
brane as in control cells (Fig. 6). It should be mentioned that
Sar1 binds VSV-G and initiates cargo selection by recruiting
it to prebudding complexes in a DXE sorting signal inde-
pendent form and without participation of COPII compo-
nents; the DXE sorting signal at the C terminus would
became effective for ER exiting upon interaction with GTP-

FIGURE 7. Schematic representation of recruitment of membrane cargos
by the ternary prebudding complex Sar1-Sec23-Sec24 (adapted from
Ref. 15). A, cytosolic Sar1 converted to membrane-bound Sar1 by the GEF
activity of Sec12 recruits the Sec23-Sec24 heterodimer. The external layer
(not shown in the scheme) is completed with the binding of the heterotet-
rameric complex Sec13-Sec31 (15). Cargo proteins are recruited as the pre-
budding complex is being formed. Membrane proteins with long CTs, like
Bet1 or Sed5 (27, 28), bind Sec24 through their respective LXXLE and
YNNSNPF motifs (stars); VSV-G also binds Sec 24 through the DXE signal in a
Sar1-dependent manner (14, 32), whereas membrane cargos with short CTs,
like GalT2 and other glycosyltransferases, are recruited by direct interaction
with Sar1 through the (R/K)X(R/K) motif. B, the prebudding complex formed
with Sar1 with amino acids in site A replaced by alanines (mSar1) is still able to
recruit VSV-G but has a reduced ability to bind the CT of GalT2 and conse-
quently to load it in COPII vesicles, resulting in defective ER exit and in a
steady state balance of ER-Golgi distribution favoring the ER.

FIGURE 6. Sar1D198A does not affect VSV-G traffic. CHO cells were trans-
fected with VSV-G-YFP (A, green) or co-transfected with VSV-G-YFP (green)
and Sar1-CFP (B, red) or with Sar1GDPT39N-CFP (GDP restricted) (C, red) or with
Sar1D198A (D, red).
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activated Sar1 and COPII components (14). The results of
Figs. 2, 5, and 6 indicate that the COPII complex contain-
ing Sar1 with alanine substitutions in the glycosyltrans-
ferases CT binding site A is functional for other proteins but
inefficient for packaging glycosyltransferases that use the
(R/K)X(R/K) motif for interaction with Sar1 at the ER and, as
a consequence, inefficient for their subsequent transport to
the Golgi complex.
The fraction of glycosyltransferases localized to ER struc-

tures when co-expressed with Sar1D198A showed a reticular
pattern, different from the punctate pattern shown by Sec23,
characteristic of ERES. This result is indicative that Sar1
mutants were able to concentrate Sec23 but not GTs at those
sites. Moreover, Sar1D198A-containing ERES were able to con-
centrate VSV-G, but GalT2was selectively excluded from these
sites. As indicated in Fig. 7, we hypothesize that the overex-
pressed mutant versions of Sar1 substitute the endogenous,
normal version of Sar1 in the ternary complex Sec23-Sec24-
Sar1. In doing so, the COPII complex would be completely
functional for concentrating cargoes with long CTs but would
fail to concentrate those cargoes with shorter CTs that use a
direct interaction with Sar1 for loading, as is the case with gly-
cosyltransferases and perhaps other type II membrane proteins
with short CTs.
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