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included(n = 63) the first two P valuesare 0.002 (x2= 
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third P = 0.587 (x2 = 0.295). The logisticprocedure of 
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Role of Erv29p in Collecting ofspecies29 k~ (9),(henceis E ~ 2 9 p )selectivelyis conservedpackagedacrossinto 

Soluble Secretory Proteins into COPII vesicles (a), and contains multiple 
membrane-spanning domains with a terminal-
dilysine sorting signal (10).

ER-Derived Transport Vesicles Haploid ew29A strains are viable and dis-
play no observable growth defects (8, 10). To 

William J. Belden and Charles Barlowe* test whether ERV29 deletion influenced pro-
tein transport between the ER and Golgi, we 

Proteins are transported from the endoplasmic reticulum (ER) in vesicles formed performed a reconstituted cell-free assay that 
by coat protein complex I I  (COPII). Soluble secretory proteins are thought t o  measures transport of [35S]gpaf to the Golgi 
leave the ER in these vesicles by "bulk flow" or through recognition by hypo- complex (11). Surprisingly, no transport of 
thetical shuttling receptors. We found that Erv29p, a conserved transmembrane gpclf was detected in membranes lacking 
protein, was directly required for packaging glycosylated pro-a-factor (gpaf) Erv29p, although translocation of [35S]pre-
into COPll vesicles in Saccharomyces cerevisiae. Further, an Erv29p-gpaf com- pclf into ER membranes was unaffected. Spe-
plex was isolated from ER-derived transport vesicles. In vivo, export of gpaf cifically, the defect in gpaf transport oc-
from the ER was saturable and depended on the expression level of Erv29p. curred at the COPII-dependent budding step. 
These results indicate that membrane receptors can link soluble cargo proteins Budding of gpclf in wild-type membranes 
t o  the COPll coat. was efficient (33% of total), whereas only 

minor amounts (4% of total) were budded 
In eukaryotic cells, secretory proteins are been characterized in an effort to identify from ew29A membranes (Fig. 1A). To dis-
packaged into COPII-coated vesicles at the proteins involved in sorting during vesicle tinguish whether this result was due to a 
ER for transport through the early secretory formation (8). One such ER-vesicle protein general decrease in COPII budding or a fail-
pathway. The mechanisms by which secreto-
ry proteins are segregated away from ER Fig. 1. Erv29p is re- A 
resident proteins during vesicle formation are quired for g p f  packag- - C-
still a matter of debate (1). Certain portions of ing into COP11 vesicles. 30 

Mintegral membrane cargo appear to bind di- Reconstituted COPll .-2 
rectly to subunits of the COP11 coat (2, 3), % 2n 

33 20 

allowing for their concentration into ER-de- from FY834 (wild type, P 
3 10rived vesicles (4, 5). It is less clear how ~ r )and ~ ~ ~ 9 6 63 $ 10 

en
soluble secretory cargos are exported from (erv29A) are shown 
the ER, and evidence supporting bulk flow (27).(A) [35S]g~afbud- W'I' erv29A 1V7' ERVZY-HA 
(5) and receptor-mediated export mecha- ding 
nisms (2. 6 )  exists. One difficulty with the ~ ~ ~ ~ e ~
receptor model has been the failure to iden- out purifiedCOPll pro- WT erv29A 

D -- WT ERV29-HA 
tify integral membrane proteins that could teins (7). The percent T - +  T - +  T - + (+) T - + (+) 
fulfill this function. budding represents the Sectilp - - Sec6lp - -

In S. cerevisiae, COPII-coated vesicle for- amount of [35~]gpaf 
mation has been reconstituted in cell-free re- "leased in freely dif- Boslp Sec22p -

fus~blevesicles dividedactions using ER membranes and purified by the total amount of
COP11 components: Sarlp, Sec23p complex, [3sslgpaf in Erv25p Erv25p --

and Secl3p complex (7). COP11 vesicles reactions. (B) Total 
have been isolated and several of the abun- membranes and bud- ErV29p ~ ~ 2 9 - t r ~  
dant integral membrane constituents have ded vesicles, generated 

as in (A),were collected by centrifugation,resolved on polyacrylamide gels, and immunoblotted for the 
indicated proteins (22). Lanes labeled T represent one-tenth of the total; minus lanes show vesicles 

Department BiOchemistb',Dartmouth formed in the absence of COPll components;plus lanes show vesicles produced in the presence of COP11 
School, Hanover, NH 03755, USA. proteins. (C and D) As in (A) and (B), respectively, except that membranes from FY834 (WT) and 
*To whom correspondence should be addressed. E- CBYI 160 (ERV29-HA)were used. HA mAb (0.07 mglml) was added to COPll budding reactions and is 
mail: barlowe@dartmouth.edu indicated by a bracketed plus sign (+) in (D). 

1528 16 NOVEMBER 2001 VOL 294 SCIENCE www.sciencemag.org 



R E P O R T S  

ure to package gpaf into COPII vesicles, we 
monitored budding of other integral mem- 
brane proteins contained on COPII vesicles. 
Boslp, an ERIGolgi SNARE (soluble N-eth- 
ylmaleimide-sensitive factor attachment pro- 
tein receptor), and Erv25p, a member of the 
p24 family, were budded with equal efficien- 
cy from both wild-type and erv29A mem- 
branes in the presence of COPII proteins (Fig. 
1B). Sec6lp, an ER resident protein, served 

as a negative control and indicated selectivity 
in the budding reaction. Thus, in the absence 
of Erv29p, COP11 vesicles formed normally, 
but gpaf was not packaged into these 
vesicles. 

To determine whether Erv29p was direct- 
ly involved in gpaf export, we analyzed 
COPII vesicle formation and gpaf packaging 
in wild-type membranes after inhibition of 
Erv29p function in vitro. We used a hemag- 

Fig. 2. Cells lacking Erv29p accumu- A 
late ER forms of gpaf and CPY, but WT erv29A sec12-4 
not Gaslp or invertase. Cell extracts Chase b i n )  0 10 20 0 10 20 0 10 20 - - 
were prepared from FY834 ( W ) ,  
CBY966 (erv29A), and RSY263 gpaf 
(sec72-4) after a 10-min pulse with 
35S-labeled amino acids and chased 
for the indicated times (8). (A) gpaf, B 
(B) CPY, and (C) Gaslp were immu- 

WT erv29A sec12-4 
ndprecipitated from common ex- Chase(min) 0 10 20 o 10 20 o 10 20 
tract and resolved on 10% poly- 

CPY - - L  

acrylamide gels. (D) lnvertase pulse- 
chase analyses were performed with 
derepressed cells. proteins were vi- 
sualized and transport rates quanti- C WT erv29A sec12-4 -- - 
fied using a Phosphorlmager (20). chase (min 10 0 10 20 

Fig. 3. Expression level 
of Erv29p influences 
the transport kinetics 
of gpaf. (A) Cells were 
ulsed for 5 min with 

g5S-labeled amino ac- 
ids, then chased for the 
indicated times. Pro- 
teins were immuno- 
precipitated from ex- 
tracts prepared from 
FY834 (WT), CBY966 
(erv29A), and CBY1161 
( W ,  MFa7-2p), a 
strain that overproduc- 
es gpaf. (B) As in (A), 
with CBY1162 (MFa7- 
2p. E R E 9  X 2), a 
strain that overproduc- 
es gpaf and contains 
two chromosomal cop- 

Gaslp 

D WT erv29A sec12-4 
Chase @in) -0 10. 20 _n-jn, 20 0 10 20 

1 Hyper 
Invertase 

, ,, ] Core 

CPY 

Gaslp 

ies of ERV29, included. gpaf - 
Proteins were visual- 
ized and transport rates 
quantified using a J ~2 
Phosphorlmager (20). CPY A - . - 72 

Gaslp 

glutinin (HA)-tagged version of Erv29p that 
places three sequential HA epitopes into the 
NH,-terminal domain of Erv29p (10). Mem- 
branes with Erv29-HA as the sole source of 
Erv29p displayed sensitivity to monoclonal 
antibody to HA (HA mAb) when gpaf bud- 
ding was measured (Fig. lC), whereas strains 
expressing endogenous Erv29p were insensi- 
tive. Furthermore, the packaging of Erv29- 
HA into COPII vesicles was inhibited when 
HA mAb was added (Fig. ID). Presumably, 
antibody binding to this HA epitope sterically 
hinders access of coat subunits to Erv29p. 
The budding efficiencies of other vesicle pro- 
teins were not decreased when Erv29-HA 
function was neutralized; this result indicates 
that Erv29p function is specifically and di- 
rectly required for packaging of gpaf into 
COPII vesicles. 

If Erv29p acts in packaging of gpaf into 
COPII-coated vesicles, ew29A cells should 
exhibit a reduced rate of gpaf transport in 
pulse-chase analyses. In wild-type strains, 
paf acquires N-linked core oligosaccharide in 
the ER, generating the 29-kD gpaf form. 
Transport through the Golgi complex produc- 
es a heterogeneously glycosylated species 
that is cleaved to generate secreted phero- 
mone (12). The ER form of gpaf was export- 
ed rapidly in the wild type; however, gpaf 
accumulated in ew29A cells, and after a 20- 
min chase only 45% had been transported 
from the ER (Fig. 2A). The sec12-4 temper- 
ature-sensitive mutant blocked all export 
from the ER and demonstrated the character- 
istic accumulation of secretory proteins in the 
ER. 

Additional secretory proteins were moni- 
tored in this pulse-chase experiment. Trans- 
port of carboxypeptidase Y (CPY) from the 
ER was also delayed in erv29A cells (Fig. 
2B). The ER form of CPY ( p l )  migrates as a 
67-kD species that is modified in the Golgi 
complex to generate the 69-kD p2 form and is 
then cleaved to the 61-kD mature form upon 
delivery to the vacuole (13). In erv29A cells, 
40% of the CPY remained as the pl form 
after a 20-min chase, whereas most of the 
CPY was fully matured after a 10-min chase 
in wild-type cells. This is consistent with a 
reported delay in transport of CPY and pro- 
teinase A in ew29A strains (10). This trans- 
port defect was specific for a subset of secre- 
tory proteins because the GPI-anchored pro- 
tein Gaslp (Fig. 2C), the soluble secreted 
protein invertase (Fig. 2D), and vacuolar tar- 
geted alkaline phosphatase (10) appeared to 
mature at wild-type rates in ew29A strains. 

In subcellular fractionation experiments, 
we observed that Erv29p was equally distrib- 
uted between ER and Golgi membranes (14). 
If Erv29p cycles as a cargo receptor for gpaf, 
ER export should be saturable and the expres- 
sion level of Erv29p should influence the 
export capacity for these secretory proteins. 

www.sciencemag.org SCIENCE VOL 294 16 NOVEMBER 2001 1529 



To test this idea, we overexpressed gpaF 
(encoded by the MFal  gene) and monitored 
the kinetics of ER export in pulse-chase ex- 
periments (Fig. 3A). Overexpression of 
MFal  resulted in a delay by a factor of 4 or 
more in the transport kinetics of gpaf from 
the ER. We also detected a modest decrease 
(factor of 1.3) in the transport rate of pl  CPY 
under this condition. In contrast, the transport 
rates of Gaslp and alkaline phosphatase were 
unaffected by M F a l  overexpression. Erv29p 
was limiting under these conditions, because 
cells with an additional copy of ERV29 ex- 
pressed twice the level of Erv29p (14) and 
accelerated the transport kinetics of overpro- 
duced gpaf by a factor of 2 (Fig. 3B). These 
results indicate that transport of gpaf from 
the ER was saturable, and that increased ex- 
pression of Erv29p partially alleviated this 
accumulation. A restoration of CPY transport 
rate was also observed in this strain (Fig. 3B). 

The above results suggested that Erv29p 
binds gpaf in the ER and forms a receptor- 
cargo complex for capture into COPII-coated 
vesicles. To look for such a complex, we 
immunoprecipitated Erv29p after treating ER 
membranes containing [35S]gpaf with the 
thiol-cleavable crosslinker dithiobis(succin- 

imidyl propionate) (DSP). Using antiserum to 
Erv29p, we coimmunoprecipitated [35S]gpaf 
with Erv29p in a crosslinker- and Erv29p- 
dependent manner (Fig. 4A). As an indepen- 
dent method, we also immunoprecipitated 
[35S]gpaf in complex with Erv29-HA using 
HA mAb in a reaction that depended on 
crosslinker (Fig. 4A) and on the presence of 
HA-tagged Erv29p (14). In wild-type micro- 
somes, the recovery of [35S]gpaf in com- 
plex with Erv29p was -0.5% of total; how- 
ever, only 2% of the total Erv29p could 
be immunoprecipitated under these condi- 
tions. Recovery of [35S]gpaf linked to 
Erv29-HA was improved (-1% of total) 
using HA mAb compared with the Erv29p 
polyclonal antibody, although addition of 
crosslinker reduced the efficiency of 
Erv29-HA immunoprecipitation (Fig. 4A). 
Isolation of the cross-linked Erv29p-gpaf 
complex appeared specific because no 
Kar2p (mammalian BiP homolog) was de- 
tected in these immunoprecipitations. 

To further characterize the composition of 
the Erv29-gpaf complex, we performed 
cross-linking experiments with a noncleav- 
able agent, disuccinimidyl glutarate (DSG). 
COPII vesicles containing [35S]gpaf were 

Fig. 4. Isolation and character- A 
ization of E N ~ ~ D - Q D ~ ~  com~lex- 

WT erv29A E R V ~ ~ - H A  
es. (A) ~icrosoheT(0.2 mgj iso- 
lated from FY834 ( WT), CBY966 

Total IP Total IP Total IP ------ 
(erv29A), and CBY1160 (ERV29- DSP - + - + - + - + - + - + 

8-01 w- "? 
HA) that contained translocated 
[35S]gpaf were treated with (+) Kar2p - ' 
and w~thout (-) DSP (0.5 mM), .-- 
solubilized in 0.5% SDS. and im- . f 
munoprecipitated with antiser- 
um to E ~ 2 9 p  (lanes 3, 4, 7, and 
8) or HA mAb (lanes 11 and 12) 
as described (23). Immunopre- 
cipitates were reduced and re- 
solved on polyacrylamide gels. 
Total lanes represent 1% of ini- 
tial extracts. [35S]gpaf was de- 
tected by Phosphorlmager anal- 
ysis and other proteins detected 
by immunoblot. (0) Microsomes 
(0.35 mg) from FY834 ( W T )  or 
CBY1160 (Erv29-HA) that con- 
tained translocated [35S]gpaf 
were used to generate vesicles 
by the addition of purified COPll 
proteins. Budded vesicles were 

gpaf - - 
T Vesicles - - T Vesicles 

IP - - - - + - - - (-) + 
DSG - - + f +  - -  + + + 

COPII - + + + +  - + + + +  Mr 
u @Da) 

kollected by centrifugation -116 
(lanes 3 and 9) or treated with - 97 
DSC (0.05 mM) and incubated - 66 
with 0.1 M Na,CO,, pH 11.0 
(lanes 4 to 6 and 10 to 12) to 
extract soluble proteins before 
collecting membranes. For im- - 45 

munoprecipitations, extracted 
vesicles were solubilized in 0.5% 
SDS, diluted, and incubated with C-Q)H - - 30 

protein A-Sepharose beads and 
preimmune serum (lane 5), anti- 1 2 3  4 5 6 7 8 9 1 0 1 1 1 2  
serum to E ~ 2 9 p  (lane 6), beads 
alone (lane 1 I ) ,  or HA mAb (lane 12). Total lanes (T) represent 5% of starting microsomal extracts. 
Arrowheads indicate the primary cross-linked products in immunoprecipitates. 

generated from wild-type and Erv29-HA mi- 
crosomes and treated with DSG, and Erv29- 
[35S]gpaf complexes were isolated by immu- 
noprecipitation with antiserum to Erv29p or 
with HA mAb (Fig. 4B). Immunoprecipitated 
proteins were resolved on polyacrylamide 
gels and distinct E~29-[~ 'S]gpaf  complexes 
were observed by autoradiography. In wild- 
type vesicles, primary cross-linked products 
of about 56 and 85 kD were detected. In 
Erv29-HA vesicles, analogous products of 61 
and 90 kD were observed, with a -5-kD 
increase in mass due to the presence of the 
3 XHA tag. The appearance of a 56-kD radio- 
labeled species in wild-type vesicles (which 
is the approximate mass of an Erv29p- 
[35S]gpaf complex) and a corresponding -5- 
kD shift observed in the Erv29-HA vesicles 
indicated that Erv29p and [35S]gpaf were in 
direct contact. This finding is in accord with 
reports proposing that a 27-kD integral mem- 
brane protein binds [35S]gpaf specifically in 
COPII vesicles (2, 15). The molecular iden- 
tity of this vesicle protein appears to be 
Erv29p. The additional higher molecular 
weight species in these immunoprecipitates 
(85 kD in the wild type and 90 kD in Erv29- 
HA) suggests that a gpaf dimer bound to 
Erv29p or that Erv29p functioned as a dimer. 
The major cross-linked product of -58 kD 
detected in samples before immunoprecipita- 
tion probably represents a gpaf dimer, as 
previously observed (2). 

We propose that Erv29p binds to fully 
folded gpaf and probably to other soluble 
secretory cargo in the ER, after which 
Erv29p-cargo complexes are packaged into 
COPII vesicles for transport to the Golgi 
complex. Upon delivery to the Golgi, 
Erv29p-cargo complexes dissociate and emp- 
ty receptors are recruited into ER-directed 
COP1 vesicles through a dilysine motif 
present on Erv29p. Similar mechanisms have 
been proposed for the Emp24 complex (6) 
and ERGIC53 (16), integral membrane pro- 
teins that also cycle between ER and Golgi 
compartments. As in these examples, Erv29p 
has homologs in all higher eukaryotes with 
sequenced genomes, suggesting a conserved 
function. In light of recent findings linking 
ERGIC53 to secretion of blood-clotting fac- 
tors and to some forms of hemophilia ( I  7), it 
may be informative to investigate mammali- 
an Erv29p. Furthermore, ERV29 and other 
conserved genes involved in transport be- 
tween the ER and Golgi are up-regulated by 
the unfolded protein response (18) and are 
required for efficient degradation of soluble 
misfolded substrates (10). This induction 
may serve to clear the ER of soluble mis- 
folded proteins when ER-associated degrada- 
tion becomes saturated (10, IS), although it 
remains to be determined whether Erv29p 
acts directly in ER quality control. 

Forward transport from the ER is coordi- 
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nated with a retrograde pathway that recycles 
vesicle proteins and retrieves escaped ER 
residents (19). Indeed, selective exclusion of 
secretory cargo from retrograde vesicles may 
explain the concentration of certain soluble 
cargo after export from the ER (5). Our re- 
sults indicating Erv29p action as a cargo 
receptor do not exclude other sorting mech- 
anisms; rather, it now seems probable that 
multiple mechanisms of retention, retrieval, 
and selective export operate in concert to 
achieve organization of the early secretory 
pathway. 
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Lack of Acrosome Formation in 
Hrb-Deficient Mice 
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The sperm acrosome is essential for sperm-egg fusion and is often defective in  
men wi th  nonobstructive infertility. Here we report that male mice wi th  a null 
mutation i n  Hrb are infertile and display round-headed spermatozoa that lack 
an acrosome. In  wild-type spermatids, Hrb is associated wi th  the cytosolic 
surface o f  proacrosomic transport vesicles that fuse t o  create a single large 
acrosomic vesicle at  step 3 of spermiogenesis. Although proacrosomic vesicles 
form in  spermatids that lack Hrb, the vesicles are unable t o  fuse, blocking 
acrosome development at  step 2. We conclude that Hrb is required for docking 
and/or fusion o f  proacrosomic vesicles during acrosome biogenesis. 

The acrosome is a unique membranous or-
ganelle that is formed during spermiogenesis 
through an integrated process of transport vesi- 
cle production, trafficking, and fusion (1,2). In 
the first period of acrosome biogenesis, the 
Golgi phase, numerous small proacrosomic ves- 
icles accumulate in the medulla, a cytoplasmic 
compartment located between the juxta-nuclear 
Golgi apparatus and the nuclear surface. There, 
they coalesce into a single spherical acrosomic 
vesicle that attaches to the nucleus. D m g  the 
subsequent Cap phase, the acrosomic vesicle 
expands by means of sustained vesicular mem- 
brane transport and fusion. At the onset of 
sperm elongation, the acrosomic vesicle stops 
growing in size and starts undergoing a series of 
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highly complex morphological changes that 
shape the sperm cell. Little is known about the 
molecular mechanisms that regulate the target- 
ing and fusion of transport vesicles during acro- 
somic vesicle formation, although the under- 
standing of this process is highly relevant be- 
cause disturbances of acrosomal development 
and function perturb the fertilizing capacity of 
spermatozoa (3, 4). 

Here we identify the Asn-Pro-Phe (NPF) 
motif-containing protein Hrb (also called Rab or 
hRip) (5-7) as a component that is essential for 
acrosome formation. We addressed the physio- 
logical role of Hrb through targeted inactivation 
of the Hrb gene in the mouse (8, 9). Hrb-I- 
mice were indistinguishable from Hrbfl- and 
Hrb+/+ mice, had a normal life-span, and 
showed no apparent histological abnormalities 
in brain, colon, heart, kidney, liver, lung, spleen, 
or thymus. Western blot analysis confirmed that 
the mutant Hrb allele was null (8, 9). Despite 
normal sexual behavior and copulation. HrbP1- 
males derived from two independently targeted 
embryonic stem cell (ES) clones were infertile. 

LEUZ-2~) to generate CBY1161. CBY1162 contains 
pRS306-ERV29 integrated into the URA3 locus of 
CBY1161. 

22. Antiserum to  Ew29p was raised against a CST-Ew29p 
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from ERVZ9 was inserted into pCEX-5x-3, and fusion 
protein was purified as described by the manufactur- 
er (Amersham Pharmacia). Antiserum was produced 
in rabbits by Covance Inc. (Denver, PA). 
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By contrast, fib-/- females displayed normal 
fertility. The average testicular weight in 10- 
week-bld Hrb-I- i c e  [0.079 g 2 0.1 (n = 12 
testes)] was not significantly different from that 
in wild-type mice [0.082 g ? 0.09 (n = 12 
testes)]. However, Hrb-I- mice contained on 
average -15-fold less spermatozoa in the cauda 
epididymis than wild-type males (8). The sper- 
matozoa from mutant males showed severely 
reduced motility and several structural abnor- 
malities. The spermatozoa displayed a globic 
head (Fig. 1A) with a round nucleus and a tail 
midpiece lacking the mitochondria1 sheath (Fig. 
1B) (8). This sheath is composed of mitochon- 
dria that generate adenosine triphosphate (ATP) 
for movement of the flagellum and is formed in 
the final steps of normal spermatid elongation 
(2). In vitro fertilization experiments revealed 
that Hrb-I- spermatozoa were unable to estab- 
lish sperm-egg attachment and fertilization (Fig. 
1C) (8). 

P-galactosidase staining of the testis of 
Hrb+/- mice indicted that the Hrb gene was 
abundantly transcribed during spermiogenesis 
(9). Histological analysis of testis sections 
showed that seminiferous-tubule diameters in 
Hrb+If and Hrb-l- mice were comparable (9). 
The number and distribution of mitotic (sper- 
matogonia) and meiotic (spermatocytes) germ 
cells in these tubules also appeared to be similar 
(Fig. 2, A and B) (8). The appearance of inter- 
stitial cells was also normal. However, the pro- 
cess of transformation of round spermatids into 
testicular spermatozoa (spermiogenesis) was 
clearly dsrupted in Hrb-I- mutants. Typically, 
mutant tubules were devoid of elongated sper- 
matids and contained exclusively round-headed 
spermatids (Fig. 2B) (9). Although acrosomes 
were easily detectable in wild-type round sper- 
matids by light microscopy and by transmission 
electron microscopy (TEM) (Fig. 2, A and C) 
(a), no acrosome structures were visible in mu- 
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