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Fig. 2. Injection of an antibody against G, 
FOLLICLE-ENCLOSED OOCYTES causes oocyte maturation. (A) Immunoblots 

showing Gs and GC protein in mouse oocytes 
and brain probed with the same antibodies 

(7pb used for microinjection. Total protein per 
.^^^^^^4(?~)b lane = 4, 2.5, 5, and 5 jIg for lanes 1 to 4, 

1)a 8 Gs antibody respectively. (B) Follicle-enclosed oocytes 
were injected with an antibody against Gs or 
with a control antibody against Gi; the graph 
shows antibody concentrations in the cyto- 
plasm (the 0 ,pM point describes uninjected 
oocytes from follicles processed in parallel). 

l(8) Gi antibody Three hours later, the oocytes were removed 
u from their follicles and scored for the pres- 

150) (9) ence or absence of a nucleus (% GVBD). (C) 
, .,. ., . .., . . Formation of a polar body by an oocyte 

0 1 2 3 4 5 6 7 injected with the Gs antibody (1.3 IVM). The 
oocyte was removed from the follicle 3 hours 

Antibody Concentration (pM) after injection, at which time it had under- 
gone GVBD; it was photographed 20 hours 
later. (D) Control oocyte injected with the Gi 

ISOLATED OOCYTES IN HX antibody (6.7 piM) and removed from the 
follicle 3 hours later, at which time the GV 

--Gs"nt"bo(1)c was intact. (E) Isolated oocytes were injected 
I(17) Gs antibody with antibodies against G, or Gi, incubated in 

the presence of 4 mM hypoxanthine (Hx), and 
scored for GVBD 3 hours later. For (B) and (E), 
numbers in parentheses indicate the number 
of oocytes injected with each antibody con- 
centration, and superscript letters indicate 
the statistical significance of the results com- 
pared with Gi antibody-injected controls (a, 

(/22) P < 0.03; b, P < 0.01; c, P < 0.001; Fisher's 
Gi antibody exact test) (4). 
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of signaling molecules from the follicle that 
maintain meiotic arrest in the oocyte as 
well as the mechanism by which luteinizing 
hormone causes the resumption of meiosis. 
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targeting of ribosome-nascent chain complexes to the endoplasmic reticulum. 
Using protein cross-linking, we detected distinct modes in the binding of SRP 
to the ribosome. During signal peptide recognition, SRP54 is positioned at the 
exit site close to ribosomal proteins L23a and L35. When SRP54 contacts SR, 
SRP54 is rearranged such that it is no longer close to L23a. This repositioning 
may allow the translocon to dock with the ribosome, leading to insertion of the 
signal peptide into the translocation channel. 
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Secretory proteins are synthesized with an 
NH2-terminal hydrophobic signal peptide, 
which is recognized by the SRP as it emerges 

from the ribosome (1, 2). SRP targets the ribo- 
some, together with the associated nascent 
chain, to the endoplasmic reticulum (ER) via 
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interaction with its receptor (SR), a het- 
erodimeric ER membrane protein (1, 3). SR 
coordinates the release of SRP from the ribo- 
some-nascent chain complex (RNC) and the 
insertion of the nascent chain into the translo- 
cation channel formed by the Sec61 complex 
(4-6). During targeting, SRP induces a tran- 
sient retardation of translation (elongation ar- 
rest), which prolongs the time window during 
which the RNC is competent for translocation 
(7, 8). SRP is composed of a 7S RNA and six 
proteins with masses of 9, 14, 19, 54, 68, and 72 
kD (1, 2). The 54-kD subunit (SRP54) recog- 
nizes the signal peptide (9, 10) and interacts 
with SR, whereas the SRP9 and -14 proteins are 
required for elongation arrest (7, 8). Targeting 
is regulated by three guanosine triphosphatases 
(GTPases), namely, SRP54 and the two sub- 
units of the SRP receptor (SRa and SRP) (11- 
13). A ribosomal component stimulates GTP 
binding to SRP54, activating it for interaction 
with SR (14). To identify which ribosomal 
proteins SRP54 interacts with and to under- 
stand how the interaction of SRP54 with the 
ribosome changes during the targeting reaction, 
we used cross-linking to probe the molecular 
environment of SRP54 at defined stages of 
targeting. 

RNCs were formed by translating a messen- 
ger RNA (mRNA) that lacks a stop codon so 
that the nascent chain is not released from the 
ribosome. The RNCs were generated from an 
mRNA encoding the first 86 residues of the 
secretory protein preprolactin (RNCpPL86) (15). 
As a control, we also used an mRNA encoding 
a mutant pPL86 (RNCppL86mut) that is unable 
to bind SRP54 with high affinity and hence 
cannot promote translocation (16,1 7). After the 
addition of purified canine SRP or purified 
SRP54, cross-linking was induced with disuc- 
cinimidyl suberate (DSS). Treatment of SRP 
alone with DSS did not lead to the formation of 
any SRP54 cross-link products (18). In the 
presence of wheat germ RNCpPL86 and SRP, 
DSS treatment resulted in the formation of three 
major cross-link species sized 61, 66, and 71 
kD, corresponding to cross-link adducts of 7, 
12, and 17 kD, respectively (Fig. 1A, lane 1). 
When RNCppL86 produced in rabbit reticulo- 

cytes was used, a similar cross-link pattern was 
observed (lane 2), indicating a similar type of 
interaction independent of the source of ribo- 
somes. The 7-kD cross-link partner corresponds 
to the nascent chain, as this cross-link product 
could be immunoprecipitated with antisera to 
prolactin (PL) (Fig. 2A). In the lanes where no 
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delberg (ZMBH), D-69120 Heidelberg, Germany. 
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SRP was added, cross-reactivity to residual 
wheat germ and rabbit SRP54 was observed 
(lanes 4 to 5); however, no cross-link products 
were visible. Cross-linking performed with 
RNCppL86mut produced a cross-linking profile 
identical to that with RNCppL86 (lane 3). Cross- 
links between SRP54 and 12- and 17-kD pro- 
teins were also observed with SRP54 bound to 
ribosomes lacking a nascent chain (Fig. 1B), 
though the cross-link patter was less well de- 
fined. When cross-linking was performed using 
radiolabeled SRP54 bound to RNCpPL86, cross- 

linking to proteins of 7, 12, and 17 kD was 
observed (Fig. 1C). In contrast, cross-linking 
with RNCpPL86mut gave a markedly different 
cross-link pattern. No cross-link product was 
formed between SRP54 and either the nascent 
chain or the 12-kD protein. The major cross- 
link product was formed with a 14-kD protein, 
which was not observed with the wild-type 
signal peptide. The cross-link product formed 
with the 17-kD adduct was still present, though 
reduced. 

To determine whether the 12- and 17-kD 

A SRP ++ + - - ++ 
WG RNC-pPL86 +- - + - + - 
RRL RNC-pPL6 - + - - + - + 
RRL RNC-pPL86 mut 

- +- - -- 
DSS ++ ++ + - 

Mw x111 
Mw x10 3 M^'^: 1: 

77- 

48- 

proteins are core components of the ribosome 
and to identify the ribosomal subunit from 
which the proteins are derived, cross-linked 
RNCpPL86-SRP complexes were treated with 

puromycin and a high concentration of salt to 
dissociate the ribosomes into 40S and 60S sub- 
units. The subunits were then separated on a 
sucrose gradient and the fractions were ana- 
lyzed by immunoblotting (Fig. 1C). The 12- 
and 17-kD cross-link adducts comigrated with 
the 60S subunit, indicating that they are core 
ribosomal proteins. The majority of the non- 
cross-linked SRP54 and nascent chain cross- 
link product localized to the top of the gradient 
as free SRP and in the 40S fractions. The 
presence of these two species in the 40S-con- 
taining fraction suggests an interaction of SRP 
with this subunit, probably mediated through 
components other than SRP54. 

To identify the 12- and 17-kD cross-link 
partners, we raised antibodies to candidate pro- 
teins of the large subunit with corresponding 
sizes; these included L23a, L35, L30, and L37a 
(fig. S1, A and B). To test whether the antibod- 

C RNC-pPL86 
RNCpPLf6-mut 
SRP54 
DSS 

Mw x103 

- + 
+++ + 

--4--I- 

*SRP54x17 
ISRP54x12 
4SRP54xpPL86 
-SRP54 

B + + SRP 
+ - RNC-pPL86.mut 

+ Ribosomes 
+ + DSS 

SRP54x17 - 
SRP54x12 - 

SRP54xpPL86 
SRP54 -- 

D 

Mw x10-3 
111- 

77- 

48, 

20 

L86 

top bottom 

1 2 

Fig. 1. Cross-linking of SRP54 to ribosomal components. (A) Purified canine SRP and RNC-pPL86 or 
RNC-pPL86_mUt, produced from wheat germ (WG) or rabbit reticulocytes (RRL), were treated, either 
alone or in combination, with the cross-linking reagent DSS (40 FLM), as indicated. Cross-link products 
were visualized by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with 
antibodies to SRP54. The cross-link adducts, together with their sizes, are indicated. (B) SRP was 
cross-linked (as described above) to either RNC-pPL.86_mt or to nonprogrammed ribosomes, both 
derived from wheat germ. (C) Purified, radiolabeled SRP54 bound to wheat germ RNC-pPL86 or 
RNC-pPL86-mUt was cross-linked with DSS and the reactions were analyzed by SDS-PAGE and phos- 
phorimaging. The major cross-link product formed in the presence of RNC-pPL86_mt is indicated (*). (D) 
SRP was cross-linked to reticulocyte RNC-pPL86 with DSS. The ribosomes were then split into 40S and 
60S subunits by treatment with puromycin and high salt, and the subunits separated by sucrose density 
gradient centrifugation. SRP54 cross-link products were detected by SDS-PAGE and immunoblotting. 
The positions of the large (LS) and small (SS) ribosomal subunits were deduced from the characteristic 
A254nm profile of the ribosomal RNAs (rRNAs). 
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ies recognized the 12- or 17-kD proteins cross- 
linked to SRP54, radiolabeled SRP54 was 
cross-linked to RNCppL86, and then immunopre- 
cipitation was carried out under denaturing con- 
ditions (Fig. 2A). Antibodies to SRP54 precip- 
itated SRP54 and all the major cross-link prod- 
ucts (lane 2). The 7-kD cross-link product was 
precipitated with PL antiserum (lane 3). The 
L23a antibodies precipitated the 17-kD 
crosslink, but not in the presence of the peptide 
antigen (lane 4). No SRP54 cross-link products 
were precipitated with the corresponding preim- 
mune serum (lane 5). This indicates that the 
17-kD adduct is L23a. The L23a antibodies also 
precipitated a 34-kD adduct, which could repre- 
sent the cross-linking of L23a to another ribo- 
somal protein. This was tested by treating ribo- 
somes with DSS and then analyzing the proteins 
by Western blotting with L23a antibodies (Fig. 
2B). L23a can indeed be cross-linked to another 
ribosomal protein to yield a 34-kD cross-link 
species. The homolog of L23a, L23, can be 
cross-linked to L29 in E. coli ribosomes (19), 
and these two proteins are closely positioned in 
the Haloarcula marismortuii 50S crystal struc- 
ture (20). Therefore, we tested if the L23a cross- 
link partner was L35, the eukaryotic homolog of 
L29. Western blotting with L35 antibodies also 
revealed a 34-kD cross-link product that pre- 
cisely comigrated with the L23a cross-link prod- 
uct. Thus, as in the 70S ribosome, L23a and L35 
are closely positioned in the 60S subunit. 

On the basis of the size and location of 
L35, the ability of L35 antibodies to precip- 
itate the 12-kD cross-link adduct was tested 
(Fig. 2C). L35 antibodies specifically precip- 
itated the 12-kD cross-link adduct (lane 3), 
but not in the presence of the peptide antigen 
(lane 4) nor with preimmune serum (lane 5). 
Antibodies against L30 and L37a did not 
precipitate any of the cross-link products 
(lanes 7 and 8), confirming that the 60S 
subunits were denatured before immuno- 
precipitation. 

At the ER membrane, the RNC-SRP com- 
plex binds to SR via the interaction of SRP54 
with SRot. GTP binding to both SRP54 and 
SRa leads to the formation of a stable 
"docked complex," which is necessary (21) 
but not sufficient (6) to promote release of 
the signal peptide from SRP. Release of the 
signal-peptide requires rearrangements in SR 
induced by the translocon (6, 22). 

In the absence of SR, SRP54 could be 
cross-linked to the same set of RNC pro- 
teins in the presence of either guanosine 
diphosphate (GDP) or the nonhydrolyzable 
GTP analog 5'-guanylylimidodiphosphate 
(GppNHp) (Fig. 3A, lanes 2 and 3). In the 
presence of SR and GDP, no major changes in 
the cross-link profile were observed (lane 4). 
When SR was present with GppNHp, cross- 
linking to the nascent chain and L35 persisted 
and was slightly enhanced (lane 5). In con- 

trast, cross-linking to L23a was no longer 
detectable. Furthermore, additional cross-link 
products of- 180 kD that contain SRac were 
observed (Fig. 3B, lanes 4 and 5). When we 
performed cross-linking with GppNHp and a 
mutant SRP receptor that lacks the GTPase 
domain of SRoa (22), no reduction in cross- 
linking to L23a was observed, nor were any 
additional SRP54 cross-link products formed 
(lane 6). Therefore, an intact SRot GTPase 
domain is required for both these events. 

We also tested a minimal SRP, composed 
of radiolabeled SRP54 and the bacterial 4.5S 
RNA, which is functional in translocation 
(16). Cross-linking with RNCpPL86-SRP54/ 
4.5S RNA complexes yielded similar results 
to those obtained with the complete SRP 
(Fig. 3B, fig. S2). Treatment with DSS in the 
presence of SR and GppNHp but not GDP 
also led to the formation of the SRa( cross- 
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Fig. 2. Identification of SRP54 ribosomal cross-link partners. (A) Radiolabeled SRP54 was bound to 
RNC-pPL86 and then treated with DSS. Immunoprecipitation was then performed under denaturing 
conditions with antibodies to SRP54, PL, L23a immune, and L23a preimmune (Pre-lmm). Where 
indicated, the L23a peptide antigen was also present during the immunoprecipitation. (B) Purified 
wheat germ ribosomes (3 pmol) were treated with DSS at the indicated concentrations and then 
were analyzed by SDS-PAGE and immunoblotting with antibodies to L23a and L35. (C) Cross- 
linking and denaturing immunoprecipitation was performed as in (A) but with antibodies to L23a, 
L35, L35-Pre-lmm, PL, L30, and L37a. Where indicated, L35 peptide antigen was present. 

Fig. 3. Cross-linking of SRP54 to ribosomal 
proteins in the presence of SR. (A) Purified 
RNC-pPL86-SRP complexes, prepared cotransla- 
tionally in reticulocyte lysate, were incubated 
either alone, with recombinant SR (0.25 FM) 
(22), or with recombinant SR, which lacks the 
SRot GTPase domain (SR,(NG, 0.25 1FM), in the 
presence of GDP (0.2 mM) or GppNHp (0.2 
mM). Cross-linking was then induced with DSS. 
Reactions were analyzed by SDS-PAGE and im- 
munoblotting. (B) RNC-pPL86 complexes pre- 
pared in reticulocyte lysate were incubated 
with radiolabeled SRP54/4.5S RNA together 
with GDP (0.2 mM) or GppNHp (0.2 mM) and 
SR (0.25 JLM), as indicated. Cross-linking was 
induced with DSS. Where indicated, the reac- 
tions were immunoprecipitated with SRox anti- 
bodies under denaturing conditions. Reactions 
were analyzed by SDS-PAGE and phosphorim- 
aging. The 180-kD cross-link products are im- 
munoprecipitated with SRcx antibodies. These 
cross-link complexes appear to migrate anom- 
alously, as the theoretical size of an SRP54 x 
SRox species is 125 kD. 
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link products (Fig. 3B). However, the reduc- 
tion in cross-linking to L23a was not as pro- 
nounced as that observed with the intact SRP. 
This may be either because the minimal SRP 
interacts less efficiently with SR than the 
whole SRP or because other components of 
SRP facilitate the displacement of SRP54 by 
SR. 

We have characterized the changing inter- 
action of SRP54 with ribosomal proteins 
L23a and L35 during binding of SRP to the 

signal peptide and after contact of SRP with 
SR. The x-ray crystal structure of the archaeal 
50S subunit (20, 23) shows that the homologs 
of L23a and L35, L23 and L29, respectively, 
are surface-exposed and located close togeth- 
er on the ribosome near the site where the 
nascent chain emerges from the exit channel. 
A model derived from a cryo-electron mi- 

croscopy (cryo-EM) reconstruction of the 

yeast 80S ribosome indicates that the ho- 

mologs of L23a and L35 are also positioned 
at the exit site (24) (Fig. 4, A and B). This 
location of SRP54 is consistent with the fact 
that SRP54 can contact the signal peptide 
shortly after it emerges from the ribosome 

(25). Whole SRP can also bind to ribosomes 
in the absence of a nascent chain containing a 

signal peptide. In this case, SRP54 is also 
close to L23a and L35 at the exit site, con- 
sistent with SRP's function in scanning the 
ribosome for the presence of signal peptides 
(26). In contrast, cross-linking experiments 
using SRP54 alone revealed that, in the ab- 

REPORTS 

sence of the rest of the particle, SRP54 is only 
positioned close to L23a and L35 in the 

presence of a functional signal peptide. In the 

presence of a nonfunctional signal peptide, 
SRP54 is only close to L23a. A similar dis- 
tinction was also found for GTP binding to 
SRP54 (14): When present in SRP, GTP 

binding was independent of a functional sig- 
nal peptide. In contrast, binding of GTP to 
SRP54 alone depended on the presence of a 
functional signal peptide. Because GTP bind- 

ing correlates with proximity of SRP54 to 

L35, it is tempting to speculate that it is the 
contact to this protein that triggers GTP bind- 

ing and priming of SRP. A similar priming 
step in the activation of bacterial SRP (FJh) 
has also been reported (27). 

Contact of SRP with SR triggers further 
GTP binding to SRP54 and SRoL (21), result- 

ing in a tight interaction between the two 
molecules. Concomitantly, SRP54 is reposi- 
tioned on the ribosome such that it is no 

longer in proximity to L23a (Fig. 4B). In the 
absence of the translocon, interaction with 
L35 persists and release of the signal-peptide 
does not occur, consistent with previous 
observations (6, 22). 

Reconstructions of ribosome-translocon 

complexes with the use of cryo-EM indicate 
that the ring-shaped Sec6lp complex also binds 
to the ribosome at the exit site (28-30). Further- 

more, the yeast homologs of L23a and L35 
form a major contact with the Sec6lp complex 
(30). This suggests that Sec61p and SRP54 

A 

Fig. 4. Model of SRP-ribosome in- 
teraction. (A) Location of L25 and B 
L35, yeast homologs of L23a and 
L35, in the 60S subunit of the eu- 
karyotic ribosome. Backbone rep-p e 
resentation of rRNA (brown) and 
rProteins (gray) of the Saccharo- R 
myces cerevisiae 60S subunit SRP54 
based on a theoretical model fit- SRO 
ted to a cryo-EM reconstruction 
(24). The position of L25 (blue), 
L35 (green), and the exit site are 
indicated. Left, viewed from the bottom of the subunit looking down the polypeptide channel. 

(Right) Crown view of the solvent-exposed face. (B) When SRP is bound to the ribosome, SRP54 is 
located at the exit site close to ribosomal proteins L23a and L35, where it can bind the signal 
peptide. Upon contact of SR, SRP54 is rearranged such that it is still bound to the signal peptide 
and L35 but is distal to L23a. 

bind to the ribosome in a mutually exclusive 

manner, which would explain the observation 
that SRP blocks direct binding of RNCs to 

Sec61p (31). This block in binding of the RNC- 
SRP complex to Sec6lp can be relieved by SR 
and GTP. These conditions cause a reposition- 
ing of SRP54 relative to L23a and L35, sug- 
gesting a mechanism by which SR induces 

changes in SRP binding to the ribosome and 

permits access of Sec6lp to the ribosome, such 
that the signal peptide can be efficiently trans- 
ferred from SRP to the translocation complex. 
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