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To examine the possibility of active recycling of Emp24p between the endoplasmic
reticulum (ER) and the Golgi, we sought to identify transport signal(s) in the carboxyl-
terminal region of Emp24p. Reporter molecules were constructed by replacing parts of a
control invertase-Wbp1lp chimera with those of Emp24p, and their transport rates were
assessed. The transport of the reporter was found to be accelerated by the presence of the
cytoplasmic domain of Emp24p. Mutational analyses revealed that the two carboxyl-
terminal residues, leucine and valine (LV), were necessary and sufficient to accelerate the
transport. The acceleration was sequence specific, and the terminal valine appeared to be
more important. The LV residues accelerated not only the overall transport to the vacuole
but also the ER to cis-Golgi transport, suggesting its function in the ER export. Hence the
LV residues are a novel anterograde transport signal. The double-phenylalanine residues
did not affect the transport by itself but attenuated the effect of the anterograde transport
signal. On the other hand, the transmembrane domain significantly slowed down the ER
to cis-Golgi transport and effectively counteracted the anterograde transport signal at this
step. It may also take part in the retrieval of the protein, because the overall transport to
the vacuole was more evidently slowed down. Consistently, the mutation of a conserved
glutamine residue in the transmembrane domain further slowed down the transport in
a step after arriving at the cis-Golgi. Taken together, the existence of the anterograde
transport signal and the elements that regulate its function support the active recycling
of Emp24p.

INTRODUCTION ing several membrane-bound organelles, including

the Golgi apparatus. The molecular mechanisms of

The endoplasmic reticulum (ER)! is the first destina-
tion for most newly synthesized secretory and mem-
brane proteins. The proteins are inserted into the lu-
men or the membrane of the ER and transported to
their final destinations by vesicular transport travers-
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vesicular transport have been extensively described
(for review, see Schekman and Orci, 1996).

Transport between the ER and the Golgi is mediated
by coatomer protein I (COP I)- and COP II-coated
vesicles (Schekman and Orci, 1996). Recent experi-
ments in yeast and mammalian cell systems suggest
that the export of cargo from the ER is mediated by
COP II (Barlowe et al., 1994; Aridor et al., 1995),
whereas COP I mainly participates in the recycling of
proteins back to the ER (Cosson and Letourneur, 1994;
Letourneur et al., 1994). Participation of COP I in the
cargo export from the ER is controversial (Bednarek et
al., 1995; Schekman and Orci, 1996).
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Proteins were thought to be transported out of the
ER by default unless they have a specific retention or
targeting signal. Now, accumulating evidence sup-
ports the existence of a cargo selection mechanism
during the export from the ER (Schekman and Orci,
1996): proteins may be actively packaged into or ex-
cluded from budding vesicles at the ER (Kuehn and
Schekman, 1997).

Emp?24p is the first protein reported to function in
active cargo selection. It is a type I membrane protein
with a large luminal domain, a transmembrane domain
(TMD), and a short cytoplasmic tail domain and was
found to be enriched in COP Il-coated vesicles isolated
from yeast cells (Schimmoller et al., 1995). Deletion of the
gene EMP?24 is not lethal, indicating the preserved func-
tion of a basic level of the secretory pathway, but slows
the transport of a subset of proteins (Schimmoller et al.,
1995). Based on these facts, Emp24p was proposed to
function in selective cargo export from the ER.

An independent approach also suggested the in-
volvement of Emp24p in cargo selection. EMP24 is
identical to BST2, which was identified as one of the
three mutations that negated the lethal phenotype of
the disruption of SEC13, a gene encoding a component
of the COP II coat. In the bst2 mutant, the secretion of
a cargo protein (invertase) was delayed, whereas ER
resident proteins (Kar2p and Pdilp) were missecreted
(Elrod-Erickson and Kaiser, 1996). Such a phenotype
implies that Emp24p plays a role not only in the
export of cargo but also in the retention of ER proteins.

Erv25p is also a protein found to be enriched in COP
II-coated vesicles isolated from yeast cells (Belden and
Barlowe, 1996). Disruption of the gene ERV25 showed
a similar selective transport defect as that of EMP24.
Emp24p and Erv25p showed significant sequence ho-
mologies but were not functionally interchangeable.
Emp24p and Erv25p were efficiently incorporated into
COP II-coated vesicles only when both of them were
present. A cross-linking experiment suggested that
they interact physically. From these results, Emp24p
and Erv25p were proposed to function as a complex
(Belden and Barlowe, 1996).

Searches of DNA sequence databases revealed many
other proteins to be similar in sequence to Emp24p;
these are now collectively called the “p24 family” of
proteins (Fiedler et al, 1996). Among these are
CHOp24 and p23, which are enriched in COP I-coated
vesicles isolated from mammalian cells (Blum et al.,
1996; Sohn et al.,, 1996, Stamnes et al., 1995). Both
CHOp24 and p23 have double-lysine and double-phe-
nylalanine signals that can directly bind to COP I
coatomer and have been suggested to be actively
packaged into COP I-coated vesicles (Fiedler et al.,
1996; Sohn et al., 1996).

To understand the precise role of Emp24p in cargo
selection, the mode of Emp24p transport between the
ER and the Golgi should first be clarified. Although
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Emp24p is enriched in COP Il-coated vesicles, the
majority of the protein exists in the ER (Schimmoller et
al., 1995). Thus, Emp24p must somehow be trans-
ported back to the ER, after the transfer of cargo,
which is in the same transport vesicle to the cis-Golgi.
Interestingly, sequence similarities between yeast
Emp24p and mammalian CHOp24 and yeast Erv25p
and mammalian p23 suggest that these are putative
functional homologues. If so, they may be packaged in
both COP I- and COP Il-coated vesicles and actively
cycle between the ER and the Golgi.

For Emp24p to be actively recycled between the ER
and the Golgi we reasoned that the protein must con-
tain one or more, as yet unidentified, signals, and we
sought to characterize such signals. When we started
our work, several retrograde transport signals (ER
retrieval signals) were already identified for trans-
membrane proteins. First was the carboxyl-terminal
HDEL tetrapeptide signal in the luminal domain of
Sec20p (Sweet and Pelham, 1992), which drives the
Erd2p-dependent retrieval of the protein (Lewis et al.,
1990). Second was the cytoplasmic double-lysine sig-
nal (Jackson et al., 1993; Gaynor et al., 1994). This signal
directly binds to COP I coatomer for its retrieval (Cos-
son and Letourneur, 1994; Letourneur et al., 1994).
Third was the cytoplasmic double-arginine signal
(Schutze et al., 1994). Finally there was the TMDs of
Sec12p and Sed4p (Sato et al., 1995; Sato et al., 1996),
which drive Rerlp-dependent retrieval of the proteins.

While our work was in progress, the existence of an-
terograde transport signals emerged. These included the
double-phenylalanine signal of the p24 family proteins
(Fiedler et al., 1996), the similar double-phenylalanine
signal at the carboxyl-terminus of ERGIC-53 (Kappeler et
al., 1997), and the diacidic signal of the vesicular stoma-
titis virus glycoprotein and lysosomal acid phosphatase
(Nishimura and Balch, 1997). Meanwhile, it was shown
that Sec71p and Sec63p are also localized in the ER by an
Rerlp-dependent pathway (Sato et al., 1997). It was also
shown that Ufelp is localized in the ER in a TMD-
dependent but Rerlp-independent manner (Rayner and
Pelham, 1997).

With these examples in mind, we focused our atten-
tion on the TMD and the cytoplasmic domain of the
Emp24p with a hope of finding transport signal(s) that
support the recycling of Emp24p between the ER and
the Golgi. Here we report the identification of the
elements (transport signals) that affect the transport
rate of reporter proteins and presumably regulate the
transport of Emp24p.

MATERIALS AND METHODS
Antibodies

Anti-invertase, al,6-mannose and «l,3-mannose antibodies were
described previously (Nishikawa and Nakano, 1993; Yamazaki ef al.,
1997).
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Yeast Strain and Media

Yeast strain, SEY6210 (MAT« leu2-3, 112 ura3-52 his3A200 trp1-A901
lys2-801 suc2-A9 GAL™) was kindly provided by Dr. Scott Emr
(University of California, San Diego, CA). Cells were grown in YPD
or SD (Kaiser et al., 1994) supplemented with 0.5% casamino acid
(Difco Laboratories, Detroit, MI), 0.01% adenine sulfate, and 0.05%
tryptophan (SDC-Ura ™) for Ura™ screening. Supplemented minimal
medium (Kaiser et al., 1994), from which methionine and uracil were
depleted (SMM-Ura -Met ), was used for [**S]methionine labeling.

Plasmid Construction

The construction of the invertase-Wbplp chimera was described
previously (Yamazaki et al., 1997). The DNA fragment encoding the
carboxyl-terminal 84 amino acids of Emp24p was obtained from the
yeast genome by PCR using an appropriate pair of oligonucleotide
primers. The DNA fragments encoding chimeric proteins with
Emp24p and their mutants were constructed by PCR using appro-
priately synthesized pairs of oligonucleotides with EcoRI sites at
both ends and cloned into the EcoRI site of yeast multicopy expres-
sion vector pFo (Yamazaki et al., 1997). The sequences of all the
constructs made by PCR were confirmed. Plasmids were introduced
to SEY6210, and the transformants were selected by Ura® expres-
sion.

Pulse—Chase Experiments

Cells were cultured in 2 ml of SDC-Ura™ medium overnight at 30°C,
diluted with 4 ml fresh medium, and further cultured for 2 h. Cells
were then collected by centrifugation (300 X g for 2 min), washed
once with 2.5 ml of SMM-Ura -Met, and incubated with 5 ml of
SMM-Ura -Met ™ for 1 h. Cells were then pulse labeled by adding 25
pl (9.25 MBq) of [**S]methionine and chased by adding 75 ul of
chase solution (0.4% methionine and 0.3% cysteine in distilled wa-
ter) at 30°C with continuous shaking. Aliquots (1 ml) were taken at
appropriate time intervals and immediately mixed with 150 ul
alkali-lysis solution (7.2% NaOH and 7.4% B-mercaptoethanol). To-
tal proteins were precipitated with 80 ul of 100% trichloroacetic
acid, washed once with acetone, and extracted with 400 ul of 1%
SDS in TEN (50 mM Tris-HCI, pH 8.0, 5 mM EDTA, 150 mM NaCl)
with brief sonication to dislodge the pellet and 5 min incubation at
95°C. Samples were diluted with 1 ml of 2% Triton X-100 in TEN
containing 50 ug/ml a2-macroglobulin, 0.1% trasyrol, and 1 mM
PMSF and centrifuged at 10,000 X g for 5 min to remove insoluble
material. Anti-invertase antibodies (~2 ul) and a 10-ul bed volume
of protein A-Sepharose beads (Pharmacia Biotech, Uppsala, Swe-
den) were added and incubated for 2 h at room temperature. Beads
were washed once each with immunoprecipitation (IP) buffer (0.2%
SDS, 1% Triton X-100 in TEN), urea buffer (2 M urea in IP buffer),
high-salt buffer (500 mM NaCl in IP buffer), and TEN sequentially.
Proteins were eluted in 1% SDS in TEN (100 ul) with 95°C, 5-min
incubation, split into aliquots, and immunoprecipitated again with
specific antibodies (anti-invertase, anti-a1,6, or anti-a1,3 mannose
antibodies) by the same procedure described above. Proteins were
again eluted in 20 ul of denaturing buffer (0.5% SDS, 1% B-mercap-
toethanol) with 95°C, 5-min incubation, added with 2 ul of 0.5 M
sodium citrate (pH 5.5) and 0.5 ul of endoglycosidase H (Endo Hf;
New England Biolabs, Beverley, MA), and incubated at 37°C for 1 h.
Samples were analyzed by SDS-PAGE and autoradiographed with
the Biolmage BAS2000 analyzer (Fuji Photo Film, Tokyo, Japan).

Calculation of Transport Rate Constants

For the transport to the vacuole, samples were analyzed after 0 and
30 min of chase, and the 72-kDa band (full length form, S) and the
62-kDa band (processed form, P) were densitometrically quantified
from autoradiograms. For the transport from the ER to the cis-Golgi,
samples were analyzed after 0 and 5 min of chase, and the full-
length form precipitated by anti-invertase antibody (total proteins,
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S + P) and that by anti-a1,6 antibody (P) were densitometrically
quantified from autoradiograms.

The degree of transport (T) was calculated by the following
equation:

P
T[%]:S-TP (1)

Rate constants (k,) were calculated by the following equation de-
rived from Eq. 4 in RESULTS:

In(1—Ty)—In(1-T)

kfmin™] = t[min]

@

T, and T, are T at 0 and t min.

RESULTS

Quantitative Analysis of Protein Transport to the
Vacuole

In this work, we used an invertase-Wbp1p chimera as
a reporter molecule to measure the transport rate from
the ER to the Golgi and that through the Golgi to the
vacuole. This chimeric protein is proved to be useful
for monitoring the transit of a cargo protein through
distinct Golgi compartments (Gaynor et al., 1994;
Yamazaki et al., 1997).

The ER to cis-Golgi transport is monitored by «1,6-
mannosylation of core oligosaccharides, which is me-
diated by Ochlp (Nakayama et al., 1992). Passage
through the medial- and the trans-Golgi is monitored
by further elongation of a1,6-mannose residues (Gay-
nor et al., 1994) and Mnnlp-mediated 1,3 mannosy-
lation (Graham and Emr, 1991), respectively. Finally,
arrival at the vacuole is monitored by proteolytic pro-
cessing of the reporter protein, which is mediated by
Pep4p-dependent protease (Gaynor et al., 1994).

A reporter protein that has a double-lysine, ER re-
trieval signal arrives at the cis-Golgi compartment at a
rate similar to that of a reporter protein in which the
retrieval signal was disrupted. But it is efficiently re-
trieved back to the ER before arriving at the medial-
Golgi compartment and arrives at the vacuole very
slowly (Gaynor et al., 1994).

To see whether Emp24p has a similar retrieval sig-
nal, we constructed reporter molecules based on the
invertase-Wbplp chimera by replacing parts of the
carboxyl-terminal region with corresponding parts of
Emp24p (Figure 1) and analyzed the overall transport
rate to the vacuole.

Yeast cells expressing a reporter protein were pulse
labeled with [?°S]methionine for 10 min and then
chased for 60 min. Cell extracts were prepared at
several time points and immunoprecipitated with an-
ti-invertase antibodies. To observe the proteolytic pro-
cessing of the core protein moiety, N-linked oligosac-
caride side chains were removed by treatment with
endoglycosidase H (Endo H). As shown before, the
full-length ER-Golgi form (~72 kDa) first appeared
and was then gradually processed to yield the vacu-

3495



N. Nakamura et al.

Luminal TM Cytoplasmic
A v Wbpip
www [ 7770
wws [ "z

1 Emp24p
WEE I_/M

WES [ﬂ/_m

WWE @:mm
wwa [ V74T
ww. [ vz

ww [ 777770
wwaNn [T 777

T I /A 7/ /7.

wwss [/ 27777

B
Transmembrane Cytoplasmic

WWW ISNSWVYISATICGVIVAWIFFVVSFVTTSSVG KKLETFEKTN
WWS ISNSWVYISATICGVIVAWIFFVVSFVTTSSVG KKLETFssTN
WEE WWSIFQLGVVIANSLFQIYYL RRFFEVTSLV
WES WWSIFQLGVVIANSLFQIYYL KKLETFssTN
WWE ISNSWVYISAICGVIVAWIFFVVSFVTTSSVG RRFFEVTSLV
WWA ISNSWVYISATICGVIVAWIFFVVSFVTTSSVG RRaaEVTSLV
WW- ISNSWVYISAICGVIVAWIFFVVSFVTTSSVG

WWN ISNSWVYISAICGVIVAWIFFVVSFVTTSSVG RRFFEVTSCn
WWAN ISNSWVYISAICGVIVAWIFFVVSFVTTSSVG RRaaEVTStn
WWL ISNSWVYISAICGVIVAWIFFVVSFVTTSSVG KKLETFsslv
WWSS ISNSWVYISAICGVIVAWIFFVVSFVTTSSVG KKLETFssss

Figure 1. Schematic representation of the chimeras. (A) All of the
constructs were generated based on the invertase-Wbplp chimera.
Open boxes, hatched boxes, and shaded boxes indicate invertase,
Wbplp, and Emp24p sequences, respectively. Characters in circles
indicate the key residues and their mutations: K, KK; S, SS; N, TN;
F, FF; A, AA; and L, LV. (B) Amino acid sequences of the trans-
membrane and the cytoplasmic domains of the constructs. Muta-
tions in key residues are indicated by small letters.

olar form (~62 kDa) with a different rate for each
reporter (Figure 2A).

A reporter, which has the original transmembrane
and cytoplasmic domains of Wbplp (WWW), was
efficiently retrieved back to the ER before arriving at
the vacuole and accumulated as the full-length ER-
Golgi form (Figure 2A). In contrast, when the ER
retrieval signal was disrupted by replacing double-
lysine residues with serine residues (WWS), the re-
porter protein was not retrieved but transported to the
vacuole and converted to and accumulated as a vac-
uolar form (Figure 2A).

Amounts of the two forms of the reporter protein
(72 and 62 kDa) in each sample were densitometrically
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quantified. The degree of transport to the vacuole (T)
was expressed as the ratio of the processed form (62
kDa; P) to the total proteins (72 + 62 kDa; S + P) to
minimize the effect of variation in the recovery of the
proteins by immunoprecipitation. Based on the reduc-
tion of molecular weight by vacuolar processing, 1~3
of 13 methionine and cysteine residues are predicted
to be removed. Therefore the reduction of the radio-
activity by the processing is 77~92%, and this was
negligible for the following analyses. The plots of the
degree of transport against chase time gave simple
saturation curves for all reporters except WWW (Fig-
ure 2B). A nonspecific protein band appeared at the
62-kDa position, and this gave ~20% background.

Because the logarithmic plots of the degree of re-
maining substrates for transport (1 — T) gave linear
profiles (Figure 2C), the following equations of a first-
order reaction were applicable:

~T=(1-Tyre ™" 3)
In(1-T)=In(1—T,) — kyt (4)

This allowed us to calculate a transport rate constant
(k,) for each reporter (Figure 2D). The logarithmic
plots usually gave a linear profile up to 30 min of
chase. Therefore, for practical reasons, we only mea-
sured the degree of the transport (T) at chase 0 and 30
min to calculate the rate constants (k,) for the rest of
experiments.

When the transmembrane and cytoplasmic domains
were replaced with those of Emp24p (WEE), the re-
porter was transported at a similar but slightly re-
duced transport rate in comparison with the control,
WWS (Figure 2D). However, when the TMD and the
cytoplasmic domain were replaced separately, they
showed clear and opposing effects. The cytoplasmic
domain (WWE) increased the transport rate by 100%,
whereas the TMD (WES) decreased it by 50%. These
results suggested that Emp24p does not use a strong
ER retrieval signal like the double-lysine signal. The
TMD may function as an ER retrieval signal, although
the efficiency was rather low (discussed later).

Interestingly, the cytoplasmic domain of Emp24p
accelerated the overall transport to the vacuole. There
was a possibility that the cytoplasmic domain of
Wbplp, in which the double-lysine signal was mu-
tated to serine (WWS), still had a signal to slow down
the transport. So the effect of the Emp24p cytoplasmic
domain could merely be the result of the removal of
this signal. However, this did not appear to be the
case, because the reporter, in which the entire cyto-
plasmic domain was removed (WW-—), was trans-
ported with a rate similar to that of WWS (Figure 2D).
Therefore, the cytoplasmic domain of Emp24p was
thought to contain an anterograde transport signal,
although the possibility that the cytoplasmic domain
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Figure 2. Transport to the vacu-
ole is accelerated by the presence of
the cytoplasmic domain of
Emp24p. (A) Autoradiograms of
the pulse-chase experiments. Re-
porter proteins (indicated on the
right; see Figure 1) were expressed
in yeast cells, pulse labeled for 10
min with [**S]methionine, added
with excess methionine, and
chased up to 60 min. Cells were
lysed at indicated time points dur-
ing the chase, and the labeled
reporter proteins were immuno-
precipitated by anti-invertase anti-
serum. Samples were Endo H
treated and analyzed by autora-
diography after SDS-PAGE (see
MATERIALS AND METHODS for
details). Labeled full-length forms
(arrows) and processed forms (ar-
rowheads) of the reporter proteins
were indicated. (B) Quantitation of
the transport to the vacuole. For
each sample, the amount of a full-
length form and a processed form
were densitometrically quantified
from an autoradiogram. The de-
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of Emp24p somehow reduced the retrograde transport
of the chimeric protein could not be excluded.

Quantitative Analysis of ER to cis-Golgi Transport

We next analyzed the rate of ER to cis-Golgi trans-
port by monitoring ol,6-mannose modification.
Shorter pulse (2 min) and chase (5 min) experiments
were performed. Cell extracts were prepared, and
the reporter protein was immunoprecipitated first
with anti-invertase antibodies. Then, bound pro-
teins were eluted, split into two equal aliquots, and
reimmunoprecipitated with either anti-invertase or
anti-al,6-mannose antibodies. Bound proteins were
eluted, Endo H treated, and analyzed as above (Fig-
ure 3A).

A quantitative analysis, similar to the case of the
transport to the vacuole, was introduced. The amount
of the 72-kDa protein precipitated by anti-al,6 anti-
body (P) and anti-invertase antibody (S + P) was
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densitometrically quantified. The degree of ER to cis-
Golgi transport (T) was expressed as the ratio of the
former to the latter. The logarithmic plots of the de-
gree of remaining substrates for transport (1 — T)
against chase time gave linear profiles up to 5 min of
chase (our unpublished results), indicating that the
equations of a first-order reaction (Egs. 3 and 4) were
also applicable to this transport step. This again al-
lowed us to calculate the transport rate constants (k,),
which are presented in Figure 3B.

In accordance with the report by Gaynor et al. (1994),
the rate constants of ER to cis-Golgi transport were
almost the same for WWW and WWS (Figure 3B), thus
confirming their conclusion that the reporter proteins
were exported from the ER and arrived at the cis-Golgi
at similar rates irrespective of the presence or absence
of the double-lysine, ER retrieval signal. Moreover, the
reporter with the signal was retrieved after arriving at
the cis-Golgi.
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Figure 3. ER to cis-Golgi transport is accelerated by the cytoplas-
mic domain of Emp24p. (A) Autoradiograms of the pulse-chase
experiments. The cells expressing the indicated reporters were pulse
labeled with [**S]methionine for 2 min and then chased for 5 min.
Extracts were prepared at 0 and 5 min after the chase and immu-
noprecipitated with anti-invertase antibodies. The bound proteins
were eluted, separated into two equal aliquots, and immunoprecipi-
tated again with anti-invertase antibodies (Inv) or with anti-al,6-
mannose antibodies (a1,6). Proteins were eluted, treated with Endo
H, and analyzed by SDS-PAGE followed by autoradiography. Ar-
rows on the left indicate the full-length form. (B) Rate constants of
transport from the ER to the cis-Golgi. The rate constants (k,) were
calculated as described in MATERIALS AND METHODS. Bars,
mean values; error bars, SD. The numbers of experiments are shown
on top of the bars.

Strikingly, the cytoplasmic domain of Emp24p in-
creased the rate of ER to cis-Golgi transport by ~120%
(Figure 3B, compare WWE with WWS). Again, this is
not the effect of the removal of the Wbp1p cytoplasmic
domain, because the complete removal of the cyto-
plasmic domain (WW-) did not alter the transport rate
significantly.

Retrieval of the protein before arriving at the cis-
Golgi and receiving al,6-mannose modification is un-
likely, because such effective retrieval of the protein by
the double-lysine signal would have affected the rate
of al,6-mannose modification (compare WWW with
WWS). Therefore the accelerated ER to cis-Golgi trans-
port must be caused by the accelerated anterograde
transport from the ER to the cis-Golgi.

In contrast, the TMD of Emp24p (WES) significantly
decreased the rate of ER to cis-Golgi transport (35% on
average). Again, because the accelerated retrieval of
the protein is unlikely, the TMD must reduce the rate
of anterograde transport from the ER to the cis-Golgi.
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Figure 4. Carboxyl-terminal two residues function as an antero-
grade transport signal. Mutants were made as indicated in Figure 1.
Pulse-chase experiments were done, and transport rate constants
were calculated as described for Figures 2 and 3. (A) Rate constants
of transport to the vacuole. (B) Rate constants of ER to cis-Golgi
transport. Bars, mean values; error bars, SD. The numbers of exper-
iments are shown on top of the bars.

The existence of the TMD of Emp24p strongly coun-
teracted the cytoplasmic domain and no acceleration
was seen with WEE (21% decrease). Therefore the
effect of the TMD is dominant in the ER to cis-Golgi
transport.

Identification of the Anterograde Transport Signal
in the Cytoplasmic Domain

Mutational analyses were performed to identify the
anterograde transport signal in the cytoplasmic do-
main of Emp24p (see Figure 1).

First, double-phenylalanine residues, which were
reported to bind COP I-coatomer and have been im-
plicated in anterograde transport (Fiedler ef al., 1996),
were changed to alanine residues (Figure 4, A and B,
compare WWE with WWA). Unexpectedly, the muta-
tion increased the transport rate (1.7-fold in overall
vacuolar transport, 1.8-fold in ER to cis-Golgi trans-
port). This clearly showed that the double-phenylala-
nine residues were not the anterograde transport sig-
nal. Instead, they were counteracting the anterograde
transport signal (discussed later).

Second, the carboxyl-terminal two hydrophobic res-
idues (leucine and valine, LV) were changed to the
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Table 1. Sequence comparison of the cytoplasmic domain of the
yeast Emp24p family proteins

Protein Sequence?® Accession no.
Emp24p RRFFEVT&V X67317
yp24b QFLFTGRQKNY 122015
yp24c KNFFVKQKV U00059
yp24d GKFFVKQK. 122015
yp24e QFFFTSRQKNY X87331
yp24f EFIFRESRKHNV T36996
Erv25p KNYFKTKH 749810
yp24h RSFFVKQKL 748432

@ Conserved carboxyl terminal hydrophobic residues are indicated
as bold letters.

corresponding carboxyl-terminal hydrophilic residues
from Wbplp (threonine and asparagine, TN). The po-
tential importance of these residues was noticed be-
cause their hydrophobicity of these residues is the
only evident difference from the control, WWS (see
Figure 1B). Also, the hydrophobic character of the two
carboxyl-terminal residues is somewhat conserved
among the p24 family members (Table 1). As expected,
the conversion of the two carboxyl-terminal residues
(LV) to hydrophilic residues (TN) abolished the accel-
eration of the transport (Figure 4, A and B, compare
WWE and WWN; WWA and WWAN). This clearly
showed that the two carboxyl-terminal residues (LV)
were necessary to accelerate the anterograde transport.

Finally, the two carboxyl-terminal residues of
Emp24p (LV) were transplanted onto a control re-
porter (WWS; see Figure 1) to confirm their function
(Figure 4, A and B, WWL). As expected, this mutation
increased the transport rate to a similar level with
WWA, indicating that these two residues are enough
to accelerate the anterograde transport. Mutation of
the two carboxyl-terminal residues to serines (WWSS)
showed no effect, confirming that the removal of TN
was not responsible for the acceleration. Therefore we
conclude that the two carboxyl-terminal residues (LV)
are indeed the anterograde transport signal.

All of the mutations showed similar effects on both
overall transport to the vacuole and ER to cis-Golgi
transport (discussed later).

Characterization of the Anterograde Transport
Signal

Further mutational analyses were performed to deter-
mine the sequence specificity of the two carboxyl-
terminal residues (LV) for the acceleration of antero-
grade transport. To quantify the effects of the
mutations, relative acceleration of transport was cal-
culated by setting the transport rate constant of WWL
(LV) as 100% and that of WWSS (SS) as 0% (Figure 5,
values on top of the bars).
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Figure 5. Importance of the leucine and valine residues for the
anterograde transport signal. The terminal two residues of the con-
trol reporter (WWS) were mutated as indicated at the bottom by the
single-letter amino acid code. LV, WWL; SS, WWSS. Pulse—chase
experiments were done, and transport rate constants were calcu-
lated as described for Figures 2 and 3. (A) Rate constants of trans-
port to the vacuole. (B) Rate constants of ER to cis-Golgi transport.
Bars, mean values of three experiments; error bars, SD. The values
on top of the bars indicate the relative acceleration of the transport
(%).

Mutation of either of the terminal LV residues to
serine diminished the acceleration of transport (Figure
5, A and B, compare LS and SV with LV). The muta-
tion of valine (LS) had a more severe effect; it showed
only a marginal increase in the transport rates (8%
acceleration in overall transport to the vacuole and
10% in ER to cis-Golgi transport). On the other hand,
the mutation of leucine (SV) had less severe effects
(40% acceleration in overall transport to the vacuole
and 33% in ER to cis-Golgi transport).

Reversing the order of the leucine and the valine
(VL) also diminished the accelerating effect (20% ac-
celeration in overall transport to the vacuole and 12%
in ER to cis-Golgi transport), confirming the impor-
tance of the terminal valine to enhance anterograde
transport.

The result of the VL mutation implied that the hy-
drophobic nature was not enough to form an antero-
grade transport signal. In accordance with this notion,
alanines, leucines, isoleucines, and phenylalanines
(AA, LL, II, and FF, respectively) did not increase the
transport rate as highly as LV (12, 27, 24, and 12%
acceleration, respectively, in overall transport to the
vacuole and 9, 12, 19, and 0%, respectively, in ER to
cis-Golgi transport). Only two valines supported the
efficient increase in the transport rate (VV; 52% accel-
eration in overall transport to the vacuole and 37% in
ER to the cis-Golgi transport).
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These results strongly suggested that both the
leucine and valine residues were required for the ef-
ficient acceleration of the anterograde transport and
the terminal valine was more critically required.

Importance of the Glutamine Residues in the TMD

Fiedler and Rothman (1997) noticed that the primary
amino acid sequence of the TMD was significantly
conserved among the p24 family proteins. They
showed that mutations of the conserved charged or
polar residues (glutamic acid and glutamine) in the
transmembrane domain of CHOp24 influenced the
transport rate (Fiedler and Rothman, 1997). Therefore,
we next tried to find the significance of these residues
in Emp24p transport. It was noted that the first posi-
tion (glutamic acid) was not well conserved in p24
family members, and Emp24p has a glutamine residue
at that position.

We mutated two glutamine residues in the TMD of
the WES constructs and analyzed the transport rates
(Figure 6). The existence of either of the glutamine
residues supported the reduction of both the overall
transport rate to the vacuole and the ER to cis-Golgi
transport rate (Fig. 6, A and B; compare QQ, AQ, and
QA with WWS). However, mutation of both glu-
tamine residues to alanine increased the transport rate
close to the control level (compare AA with WWS).
These results indicated that either of the two glu-
tamine residues was required for reducing the trans-
port rate.

Single mutation of the second glutamine (compare
QA with QQ) clearly reduced the overall transport
rate to the vacuole (Figure 6A), although it did not
affect the rate of ER to cis-Golgi transport (Figure 6B).
This result suggested that the mutation of the second
glutamine reduced the transport rate in a step after
arriving at the cis-Golgi. In contrast, single mutation of
the first glutamine (compare AQ with QQ) did not
show any significant effects on both the overall trans-
port to the vacuole (Figure 6A) and the ER to cis-Golgi
transport (Figure 6B).

Taken together, these results strongly suggested that
the glutamine residues do indeed play important roles
in reducing the transport rate.

DISCUSSION

As an initial step to understand the mode of Emp24p
transport between the ER and the Golgi, we sought to
identify transport signal(s) on Emp24p. By construct-
ing chimeric reporter proteins and measuring their
transport rates, we could identify several elements
that potentially regulate the transport of Emp24p.

A Nowvel Anterograde Transport Signal

The carboxyl-terminal two amino acid residues,
leucine and valine (LV), form a novel anterograde
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Figure 6. Importance of the glutamine residues in the TMD. (A)
Glutamine residues in the TMD of WES construct (QQ) were mu-
tated to alanines. The positions of the mutated residues are indi-
cated (A) underneath the original Emp24p transmembrane se-
quence. The names of the constructs are indicated on the left. (B)
Rate constants of transport to the vacuole. (C) Rate constants of ER
to cis-Golgi transport. Pulse-chase experiments were done, and
transport rate constants were calculated as described for Figures 2
and 3. Bars, mean values; error bars, SD. The numbers of experi-
ments are shown on top of the bars.

transport signal. This was confirmed by three experi-
ments. First, the transport was accelerated when the
cytoplasmic domain of the control reporter (WWS)
was replaced by that of Emp24p (Figure 2 and 3,
WWE). Second, the acceleration was abolished when
the terminal residues were mutated to the correspond-
ing residues of the control reporter, threonine and
asparagine (TN) (Figure 4, A and B, WWN). Finally,
the accelerating effect was successfully transplanted to
the control reporter (WWS) just by placing the two
terminal residues (LV) (Figure 4, A and B, WWL).
Both leucine and valine were necessary for the full
acceleration of the anterograde transport, and the ter-
minal valine appeared to be the more important. The
acceleration of the transport was suggested to be se-
quence specific because other hydrophobic amino acid
residues could not support the full acceleration of the
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anterograde transport. It is interesting to note that the
terminal valine was conserved in five of eight mem-
bers of the yeast p24 family proteins (Table 1).

The ER to the cis-Golgi transport was remarkably
accelerated by the presence of this anterograde trans-
port signal (Figures 3, 4B, and 5B). This must have
resulted from the accelerated anterograde transport.
An alternative explanation would be the reduced re-
trieval of the protein before arriving at the cis-Golgi.
However, no evidence for the existence of such a
retrieval system has so far been reported. Our results
also support the absence of such a retrieval system.
The ER to cis-Golgi transport was not at all affected
even in the presence of the effective double-lysine
ER-retrieval signal (Figure 3, compare WWW with
WWS).

Concerning the function of Emp24p in cargo selec-
tion at the ER, the acceleration of the anterograde
transport is likely to be caused by accelerated export
from the ER, i.e., active incorporation of the protein
into budding vesicles. However, the possibility that
the transport of budded vesicles to the cis-Golgi is
accelerated, for example, by enhanced vesicle transfer
or fusion to target membrane, cannot be ignored.

Kappeler et al. (1997) reported that the carboxyl-
terminal double-phenylalanine residues promote COP
II-binding and enhance the ER exit of ERGIC53. How-
ever, the carboxyl terminal double-phenylalanine res-
idues did not enhance the ER exit of the reporter
protein in our experimental system (Figure 5B). On the
other hand, Nishimura and Balch (1997) reported that
a diacidic signal (DXE; aspartic acid and glutamic acid
residues separated by one amino acid residue) accel-
erates the anterograde transport and may serve as a
COP II packaging signal. The reporters we used in this
study do not have a diacidic signal, and thus the
anterograde sorting signal we found here seems to be
independent of the diacidic signal. Therefore, we con-
clude that the carboxyl-terminal LV residues are a
novel anterograde transport signal.

Interestingly, the levels of the increase in the trans-
port rates by various mutations were quite similar in
overall transport to the vacuole and ER to cis-Golgi
transport (Figures 3-5). The rates of overall transport
to vacuole were one order slower than that of ER to
cis-Golgi transport, and the kinetic profile of the over-
all transport to vacuole fitted well with a first-order
reaction. This result implies the existence of a rate-
limiting transport step that was independently but
similarly controlled by the anterograde transport sig-
nal somewhere between the cis-Golgi and the vacuole.
However, the possibility that the transport rate from
the ER to the cis-Golgi somehow determines the over-
all transport rate to the vacuole without affecting the
rate of later transport steps cannot be excluded. Be-
cause the overall transport to the vacuole is a complex
process that is composed of multiple and bidirectional
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intercompartmental transport steps, a simple kinetic
modeling may not be entirely applicable.

The Function of the Double-Phenylalanine Residues

Fiedler et al. (1996) reported that the double-phe-
nylalanine residues are recognized by COP I compo-
nents and function as an anterograde transport signal.
Recently, Dominguez et al. (1998) reported that the
double-phenylalanine residues can interact with
Sec23p, a COP Il component, and this may promote
the exit of the protein from the ER. In either case, we
would expect that the replacement of the double-phe-
nylalanine residues with alanine residues would de-
crease the rate of ER to cis-Golgi transport. However,
the replacement increased the transport rate in the
presence of the terminal anterograde transport signal
(Figure 4, compare WWE and WWA). The double-
phenylalanine residues did not show any effects when
the terminal anterograde transport signal was dis-
rupted (compare WWN and WWAN). These results
suggest that the double-phenylalanine residues mod-
ulate the function of the terminal anterograde trans-
port signal but do not simply function as a transport
signal themselves.

The recent report by Fiedler and Rothman (1997) on
the effect of the double-phenylalanine residues is puz-
zling. When the double-phenylalanine residues were
replaced by alanine in the presence of the wild-type
TMD of CHOp?24, the transport was slowed down. On
the other hand, the transport was accelerated by the
same replacement in the absence of the conserved
glutamic acid and glutamine residues in the TMD. The
latter result is consistent with ours, although the
former result is not.

The discrepancy between our results and others
may reflect the difference between yeast and mamma-
lian transport systems.

The Function of the TMD of Emp24p

The TMD of the Emp24p significantly reduced the rate
of ER to cis-Golgi transport (~35%) by itself and re-
stricted the action of the cytoplasmic anterograde
transport signal (Figure 3). This must be caused by the
reduced anterograde transport, because the acceler-
ated retrieval of reporter proteins before arriving at
the cis-Golgi was unlikely. It is also unlikely that the
TMD directly reduces the transfer or fusion of the
budded vesicles to the cis-Golgi. Therefore the TMD
must function as a weak static ER retention signal and
mask the function of the cytoplasmic anterograde
transport signal before or during the budding.

The TMD of Emp24p reduced the overall transport
rate to the vacuole (50%) more effectively than the rate
of ER to cis-Golgi transport (Figure 2). Therefore the
TMD may reduce the transport rate also in later trans-
port steps. The mutation of the second conserved glu-

3501



N. Nakamura et al.

tamine consistently reduced the overall transport rate
to the vacuole, with no significant change in the ER to
cis-Golgi transport rate (Figure 6, compare QQ with
QA). This indicates a decrease in the transport rate
after arriving at the cis-Golgi. This may be caused
either by increased retrograde transport or by de-
creased anterograde transport of the protein in the
cis-Golgi or following compartment(s).

Fiedler and Rothman (1997) reported that the con-
served glutamic acid appeared to be a key determi-
nant for the retention of the protein in the ER. The
glutamine residue in the TMD and the double-pheny-
lalanine residues in the cytoplasmic domain counter-
act the glutamic acid residue to enable the export of
the protein from the ER. They also found that the
transport of the reporter molecule was slowed down
when the TMD alone was placed. Our results were
basically consistent with this. The first glutamine res-
idue effectively reduced the overall transport rate to
the vacuole (Figure 6A, compare QA with AA), and
the second glutamine residue counteracted this (com-
pare QA with QQ).

Nickel et al. (1997) reported that p23 is recycled back
to the ER by the double-lysine- and double-phenylal-
anine-dependent mechanism, and the TMD does not
have such a significant effect on the transport. How-
ever, p23 has serine at the position where Emp24p has
glutamine and CHOp24 has glutamic acid. Therefore
it is consistent with the idea that the glutamine or
glutamic acid at this position plays an important role
for the function of the TMD.

The Regulation of the Transport of Emp24p

The existence of the anterograde transport signal on
the cytoplasmic domain of Emp24p put forward the
possibility that Emp24p actively cycles between the
ER and the Golgi. However, this did not answer the
question of how Emp24p is localized in the ER. It is
obvious that Emp24p should be retrieved back to the
ER if it is actively exported from the ER.

Because there was no retrieval signal in the cytoplas-
mic domain of Emp24p, the TMD or the luminal do-
main could serve for the retrieval. Although the TMD
did not appear to be efficient enough to keep the
protein in the ER, the luminal domain can help the
function of the TMD. As discussed above, the TMD
has a potential to reduce the transport after arriving at
the cis-Golgi, and this can be caused by the retrieval of
the protein. Therefore it is possible that the TMD takes
part in the retrieval.

It was reported that Emp24p interacts with Erv25p,
and Erv25p has double-lysine residues similar to the
ER retrieval signal (Belden and Barlowe, 1996). There-
fore, there is a good chance that the interaction with
Erv25p through the luminal domain and/or the TMD
promotes the retrieval of Emp24p to the ER. Alterna-
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tively, the TMD may interact with Rerlp for retrieval.
From this point of view, the effects of the mutations of
the conserved glutamine residues in the TMD could
be explained by altered interaction of the TMD of
Emp24p with the TMD of another transmembrane
protein, namely Erv25p or Rerlp.

Why does Emp24p have several counteracting ele-
ments that accelerate (the anterograde transport sig-
nal, LV) or slow down (the double-phenylalanine res-
idues and the TMD) the transport? Does the
cytoplasmic anterograde transport signal really func-
tion in the authentic Emp24p molecule? Because the
anterograde transport effect was so clearly seen in
reporter constructs, we believe that it somehow func-
tions in a regulating manner. These elements may be
devices for regulating transport of the protein. For
example, the elements may be presented differently in
the ER and the Golgi by interactions with other mol-
ecules such as cargo. In other words, the binding of
cargo to Emp24p (directly or indirectly) may acceler-
ate the export of the protein from the ER, and their
dissociation in the Golgi may facilitate the retrieval of
the protein.
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