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A Di-Acidic Signal Required for Selective Export the ~nembrane  is necessary to present a 
signal critical for ER export that resides 

from the Endoplasmic Reticulum within residues 14 to 24. 

Noriyuki Nishimura and William E. Balch* 
T o  identify specific res~dues required for 

transport, we substituted amino acid resi- 
dues 14 to 24 individually with Ala. T h e  

Transport of membrane proteins between intracellular compartments requires specific Ala scan revealed that neither the Tyr nor 
sequences in the protein cytoplasmic domain to direct packaging into vesicle shuttles. Ile residues, which are critical for basolat- 
A sequence that mediates export from the endoplasmic reticulum (ER) has proved era1 sortilng (Fig. 1 C )  ( a ) ,  were required for 
elusive. A di-acidic signal (Asp-X-Glu, where X represents any amino acid) on the ER export. Rather, tn7o acidic residues, the 
cytoplasmic tail of vesicular stomatitis virus glycoprotein (VSV-G) and other cargo Asp at position 21 (D21) and the  Glu  a t  
molecules was required for efficient recruitment to vesicles mediating export from the position 23 (E23) (Fig. 2A) ,  when inutated 
ER in baby hamster kidney cells. The existence of such a signal provides evidence that individually or in combination, reduced the 
export from the ER occurs through a selective mechanism, rate of ER to Golgi transport to that ob- 

served for the  del 4-29 construct 19). T h e  , , 

requirement for the  DXE sequence was spe- 
cific because mutation of D21 to E or R. or 

Vesicular transport of proteins beta-een in- contrast, a mutant lacking 26 amino acids E23 to D or R,  also caused reduced export 
tracellular compartments is coordil~ated by of the  cytoplasmic tail is not defective in (Fig. 2A) .  Examination of transport over a 
the activity of coat cotnplexes that direct the folding or oligomerization (7 ) ,  yet is also longer time course (Fig. 2B) revealed that 
selection of cargo through cytoplasmic sig- exported a t  a reduced rate (Fig. 1B). the  transport defect resulting from mutation 
l~a l s  and budding from membranes ( 1 ,  2) .  T o  locate the  region in the  C O O H -  of the di-acidic motif predominantly affect- 
These coat co~nvlexes include clathrin, terminal 26 amino acids resvonsible for ER ed tlne rate of exnort: the extent of transnort 
which mediates sorting of receptors contain- export, we generated a series of tr~uncation was less strongly affected at later time 
ilng Tyr-based motifs from the trans-Golgi mutants (Fig. 1C) .  Deletion of the  C O O H -  points. T h e  decreased rate of transport cor- 
network and the cell surface (3); COPI, terminal five annilno acids had n o  effect o n  related with a reduced rate of VSV-G ex- 
which binds di-lvsine motifs and functions to ER to Golgi transport a t  the 20-mi11 time port froin tlne ER as detected by indirect 
direct retrograde transport of proteins from 
pre-Golgi and Golgi cotnpartments (4,  5); 
and COPII, which participates in protein 
export from the ER (1 ) .  A signal that directs 
recn~ittnent of proteins to COPII-coated 
vesicles remains to be defined. 

VSV-G is a type 1 transmembrane pro- 
tein that forms a homotritner (6). It has a 
29-amino acid oligomer (29-tner) cytoplas- 
mic tail at its COOH-terminus that may be 
important for ER export (7) .  Consistent 
with this possibility, we found that addition 
of a 29-mer cytoplasmic tail peptide to a n  in  
vitro ER to Golgi transport assay in  baby 
hamster kidney (BHK) cells inhibited 
VSV-G transport in a dose-dependent man- 
ner (Fig. 1A) .  W e  also analyzed the trans- 

point, rvhereas removal of eight amino acids 
reduced transport by nearly SL?')/o (Fig. 1 C ) .  
Deletion of residues 1 to 9 or 6 to 13 had no  
effect, whereas deletion of residues 1 to 13 
showed a partial decrease in  transport effi- 
ciency (Fig. 1C) .  Deletion of residues 14 to 
24 red~lced transport to  the amount ob- 
served for tlne resid~re 4 through 29 deletion 
(del 4-29) trutncation (Fig. 1 C ) .  These re- 
sults demonstrate that a spacer region from 

irn~nunofl~~orescence. Wild-type VSV-G 
had a prominent Golgi distribution at the  
1C-inin time point, whereas a double mu- 
tant in which tlne DXE signal was m~lta ted 
to A X A  remained localized to the  ER (Fig. 
2C) .  ER export of the  double mutant ap- 
peared to  occur through a COPII-tnediated 
pathway (2 .  10) because VSV-G transport 
remained completely sensitive to Sar l  mu- 
tants that block the  assembly of COPII 

Table 1. Alignlnent of the DXE motif found in the cytoplasmic domain of transmembrane proteins. 
Sequences were obtained from the National Center for Biotechnology Information (NCBI). Asiaoglyco- 
protein receptor, ASGPR; varicela zoster virus glycoprotein I .  VZV G P .  The Yxxb motifs are underlined. 
The acidic residues conforming to the di-acidic signal (DXE) involved in ER export are highlighted in bold. 
Proteins containing a more general (D:E)X(E/D) signal found on the COOH-terminal side of a Yxx+ motif 
are listed in (27). 

port of trulncated VSV-G mutants in  vivo 
with a vaccinia virus transient expression Protein NCB identifier Seauence 
system. A mutant lacking the  entire 29- 
amino acid cytoplasmic tail of VSV-G is VSV-G' Virus (1 3831 1) TM-1 8aa-mEMNRLGK 

LAP" 
defective in folding and oligornerization (7)  CD3s 

Human (1 30727) TM-8aa-WADGEDHA 
Mouse (1 15986) TM-21 aa-YQPLRDREDTQ-l4aa 

and exits the  ER very slovlrly (Fig. 1B). In CDSy Mouse (1 15994) TM-21 aa-YQPLKDREYDQ-12aa 
ASGPR HI subunit 

Departments of Molecular and Cell 8ology The Scripps V Z V  GPl  
Human (1 26132) MTKEYQDLQHLDNEES-24aa-TM 

Research Institute. 10550 North Torrey Dines Road, La 
V~rus (1 38246) TM-20aa-YAGLPVDDFEDSESTDTEEEF 

Jola, CA 92037, USA. E-cadher~n Human (3991 66) TM-95aa-mLVFDYEGSGS-42aa 
CD3e (Y177E)* Mouse (1 345709) TM-35aa-WRKGQRDL(Y E1D)aNQRAV 

*To whom corresuondence should be addressed E-Mail: 
webalch@scr~pps.edu "Protens w i n  known functona di-acdic ex t  sigtials 
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coats ( I  I ). These results demonstrate that a 
di-acidic signal immediately flanking the 
Yxx+ motif  that confers basolateral sorting 
of VSV-G (Fig. 1C) (8) is required for 
efficient recruitment of VSV-G into COP11 
vesicles. 

T o  determine if mutation of the DXE 
motif interfered wi th VSV-G maturation, 
we examined the kinetics of folding and 
oligomerization of wild-type and mutant 
VSV-G. Folding of wild-type VSV-G in- 
volves sequential interaction wi th the 

Fig. 1. The effect of the cytoplasmic 
tail of VSV-G on ER to Golgi trans- 
port in vitro and in vivo. (A) Normal 
rat kidney cells were infected with 
ts045 VSV, a thermoreversible vari- 
ant retained in the ER at the restric- 
tive temperature (39.5%) (32, 33), 
labeled for 10 rnin with r5S]Met at 
39.5"C, permeabilized, and incu- 
bated in vitro at the permissive tem- 
perature (32°C) for 60 rnin with the 
indicated concentration of 29-mer 
peptide corresponding to the cyto- 
plasmic tail of VSV-G. Transport to 
the Golgi was measured by appear- 
ance of endo H-resistant forms 
(34). (B) BHK cells were transfected 
with the PAR plasmid encoding 
wild-type VSV-G or the indicated 
deletion mutant as described (35), 
labeled for 10 min with P5S]Met, 

chaperones immunoglobulin-binding pro- 
tein (BiP) and calnexin (6, 12, 13). Wild- 
type VSV-G was released from calnexin 
wi th a half-time (t,,J of -10 min. Release 
of either the single- or double-Ala substi- 
tuted forms of VSV-G from calnexin oc- 
curred at the same or slightly faster rate 
than that observed for wild-type VSV-G 
(Fig. 3A). We  also observed similar or ac- 
celerated rates of trimerization of the 
VSV-G tail mutants compared wi th the 
wild-type protein (Fig. 3B). The accelerated 

Time (rnin) 

Pepti* (8W 
C 

Fnctlon of VSVG pmcas~d to 
1 4 I? 1 4  24 25 29 endo ttresistenttorm (%of total) 

8 8 

TX R V G I ~ C I ~ Q I ~ ~ U ~ X  0 20 40 60 80 

iw 
Dal4-28 e / m  1 

Dal2W9 ILL-1 

Dalz2-28 P I 

and chased with unlabeled Met for 
the indicated times at 37'C. The "4-24" 

fraction of VSV-G processed to 
endo H-resistant forms was determined as described (36). (C) Transport of deletion mutants (left panel) 
was measured at a chase time of 20 min as described above. 

Time (mln) 

Fig. 2. Requirement of two acidic residues in the C ts045 VSV-G ts045 VSV-G aa mutant 

cytoplasmic tail of VSV-G for efficient export from 
the ER. (A and B) Transport of VSV-G mutants to 
the Golgi in BHK cells was measured at a chase 
time of 20 rnin (A) or for the indicated time (6) as 
described (Fig. 16). Arrows in (A) indicate the DXE 

71-a 
mutants. (C) BHK cells were transfected at 39.5OC lo 
with the PAR plasmid encoding either ts045 rnin 
VSV-G wild-type (a and c) or the D21 AG23A dou- 
ble mutant (aa mutant). After 4 hours of transfec- 
tion, cells were shifted directly to ice, at which 
point ts045 VSV-G was found in the ER (aand b), or to 32°C for 10 rnin to permit rapid folding and export 
(c and d). The distribution of ts045 VSV-G was determined by indirect immunofluorescence as de- 
scribed (33). Arrows (c) indicate prominent labeling of Golgi compartments. The arrowhead (d) shows 
typical retention of the double mutant in the ER. After 60 mln of incubation at 32"C, both wild-type and 
double-mutant proteins were detected on the cell surface (I I). 

kinetics o f  folding and nimerization of 
VSV-G mutants are analogous to those pre- 
viously reported for a truncated VSV-G 
lacking 28 residues of the cytoplasmic tail 
(7). Because mutation of the di-acidic sig- 
nal  did not  interfere wi th VSV-G matura- 
tion, folding and oligomerization do not  
appear to be the steps responsible for the 
reduced rate of export of VSV-G mutants 
containing the Ala-substituted DXE motif. 

If the DXE motif functions as an exit 
signal, then these residues should confer ex- 
port to a protein that is normally retained in 
the ER. We generated chimeras in which the 
transmembrane and cytoplasmic domains of 
the a subunit of the T cell receptor (TCR) 
were replaced by those o f  VSV-G (Fig. 4A). 
TCRa, like VSV-G, is a type 1 transmem- 
brane glycoprotein. Unlike VSV-G, TCRa 
cannot exit the ER in the absence of other 

io ' 4b 
Time (mln) 

Fig. 3. Effect of D21A, E23A, and the D21A/E23A 
double mutants on release from calnexin and 
VSV-G trimerization. (A) BHK cells were trans- 
fected with the PAR plasmid encoding wild-type 
VSV-G, labeled for 10 min with r5S]Met, and 
chased with unlabeled Met for the indicated times 
at 37°C. The fraction of VSV-G bound to calnexin 
was determined as described (12, 37). Calnexin- 
bound VSV-G at each time point is expressed 
relative to that observed at 0 rnin (100%). (Inset) 
BHK cells were transfected with the PAR plasmid 
encoding the indicated VSV-G construct. WT, 
wild type. Shown is the amount of each bound to 
calnexin at the 10-min time point. (B) BHK cells 
were transfected with the PAR plasmid encoding 
wild-type VSV-G or the indicated tail mutant, la- 
beled for 10 min with r5S]Met, and chased with 
unlabeled Met for the indicated times at 37°C. 
Trimer formation was determined as described 
(7). The fraction of VSV-G converted from the 
monomer to trimer is expressed as percentage of 
total VSV-G at the indicated time ~oints. 
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TCR subunits and is rapidly degraded after 
synthesis (14). The determinant directing 
retention and degradation of TCRa in the 
ER is present in the transmembrane do- 
main (15). A chimera containing the cy- 
toplasmic domain of VSV-G linked to the 
luminal and transmembrane domains of 
TCRa was rapidly degraded and did not 
exit the ER, suggesting that the DXE sig- 
nal cannot override the dominant effects 
of the transmembrane retention and deg- 
radation signal. In contrast, when the ex- 
tracellular domain of TCRa (TCRaT) 
was expressed in the absence of the trans- 
membrane region, it was not degraded and 
was stably retained in the ER (Fig. 4B) 
(16). A chimera containing the extracel- 
lular domain of TCRaT joined to the 
transmembrane and cytoplasmic domains 
of VSV-G ( W w t )  was efficiently 
(>30%) exported (Fig. dB). Export was 
completely blocked in a chimera in which 
the di-acidic motif was mutated to Ala 
residues (TVVaa). The cytoplasmic DXE 
motif, therefore, is sufficient to direct ER 
export. 

To determine whether the DXE export 
signal found in the VSV-G cytoplasmic tail 
functions in other transmembrane proteins, 
we found that lysosomal acid phosphatase 
(LAP), a type 1 transmembrane glycopro- 
tein which is targeted to lysosomes through 
the plasma membrane by a Yxx+ signal (1 7, 
18), also had a DXE signal on the COOH- 
terminal side of its Yxx+ motif (Table 1). In 

Fig. 4. Effect of the di-acidic motif present in 
VSV-G and LAP on the transport of TCRa. (A) The 
TCRa chimeras that were used are illustrated (38). 
EX, extracellular domain; TM, transmembrane do- 
main; CY, cytoplasmic domain. (B) BHK cells 
were transfected with the pT7 plasmid encoding 
the indicated TCRa chimera, labeled for 30 min 
with [35S]Met, and chased with unlabeled Met for 
the indicated times at 37°C. TCRa chimeras were 
immunoprecipitated with an antibody to TCRa 
(A2B4) (39), and their transport to the Golgi was 
measured by the appearance of endo Kresistant 
forms. 

LAP, substitution of this DXE motif with 
Ala impairs internalization from the cell 
surface, but does not affect basolateral sort- 
ing (19). To test whether the di-acidic mo- 
tif found in LAP is also critical for efficient 
ER export, we generated a chimera between 
the cytoplasmic tail of LAP and TCRaT 
with the transmembrane region of VSV-G 
as a linker (TVLwt). TVLwt was efficiently 
exported from the ER (Fig. 4B) and export 
was largely inhibited when the Asp and Glu 
residues in the LAP sequence were mutated 
to Ala residues (TVLaa). Thus, the DXE 
motif in LAP, like VSV-G, also serves to 
promote efficient export from the ER. 

Our results provide evidence for a signal 
that directs the export of cargo from the ER. 
A diphenylalanine motif (FF) was recently 
suggested to promote export of proteins 
from the ER (20). However, the processing 
of a reporter glycoprotein by cis-Golgi en- 
zymes continued following mutation of the 
FF motif to Ala residues (20). Whether the 
FF motif functions in concert with a di- 
lysine motif to direct recycling through in- 
teraction with COP1 coats or augments ex- 
port from the ER remains to be determined 
(21-23). Whereas the di-acidic signal ap- 
pears to be critical for controlling the effi- 
ciency of export of VSV-G, mutation of the 
signal does not limit the extent of transport. 
This accounts for the inability of previous 
studies to detect the role of the DXE signal 
in ER export (8, 19, 24-26). 

A di-acidic motif located at variable dis- 
tance on the COOH-terminal side of the 
Yxx+ motif can be found in many, but not 
all, transmembrane cargo molecules exiting 
the ER (Table 1) (27). The juxtaposition of 
these two signals suggests that such regions 
in the cytoplasmic domain of cargo proteins 
may direct sequential interaction with mul- 
tiple coat machineries. In one of these pro- 
teins, the C D ~ E  subunit of TCR, substitu- 
tion of Tyr177 with an acidic residue such as 
Glu or Asp, but not with Ala, led to loss of 
normal retention in the ER by creating a 
new di-acidic motif on the COOH-terminal 
side of the Yxx+ motif (Table 1) (28). Our 
finding that a di-acidic signal on one group 
of proteins mediates efficient recruitment 
by COP11 coats indicates that cargo recruit- 
ment from the ER occurs by a selective 
mechanism as we previously proposed (2, 
29). The presentation of DXE or other sig- 
nals may be the ultimate determinant in 
dictating the variable rate of export of cargo 
from the ER. 
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