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Signal Recognition Particle
Receptor Exposes the Ribosomal
Translocon Binding Site
Mario Halic,1* Marco Gartmann,1* Oliver Schlenker,2 Thorsten Mielke,3 Martin R. Pool,4

Irmgard Sinning,2 Roland Beckmann1,3*†

Signal sequences of secretory and membrane proteins are recognized by the signal recognition
particle (SRP) as they emerge from the ribosome. This results in their targeting to the membrane by
docking with the SRP receptor, which facilitates transfer of the ribosome to the translocon. Here, we
present the 8 angstrom cryo–electron microscopy structure of a ‘‘docking complex’’ consisting of a
SRP-bound 80S ribosome and the SRP receptor. Interaction of the SRP receptor with both SRP and
the ribosome rearranged the S domain of SRP such that a ribosomal binding site for the translocon,
the L23e/L35 site, became exposed, whereas Alu domain–mediated elongation arrest persisted.

M
ost secretory or membrane proteins car-

ry N-terminal signal sequences that bind

to the SRP, a conserved ribonucleo-

protein complex (1). After binding SRP, the re-

sulting complex is targeted in a guanine nucleotide

triphosphate (GTP)–dependent manner to the plas-

ma membrane in bacteria or the endoplasmic re-

ticulum in eukaryotes via the SRP receptor (SR).

This GTP-dependent docking reaction coordinates

the presence of a signal sequence on the ribosome

with the presence of a vacant translocon (2). The

transfer of the ribosome nascent chain complex

(RNC) from SRP to the translocon occurs before

GTP hydrolysis (3, 4). A direct interaction be-

tween SR and the translocon has been demon-

strated in prokaryotic cells (5), and an interaction

between SR and the ribosome is suggested in

eukaryotic (6) and prokaryotic cells (7).

In eukaryotes, SR is a heterodimeric complex

formed by two GTPase subunits, SRa (FtsY in

Escherichia coli) and the integral membrane

protein SRb. SRa consists of an N-terminal X

domain, which interacts with SRb (X1), and,

connected by a positively charged linker region

(X2), a conserved GTP-binding NG domain (8),

which is homologous to the NG domain of

SRP54 (Ffh in E. coli).

The SRP-SR interaction involves primarily

the NG domains of SRP54 and SRa. A prereq-

uisite for stable complex formation is GTP bind-

ing by both NG domains interacting in a twinlike

conformation (9, 10). Both NG domains act as

mutual GTPase-activating proteins (GAPs) (11),

and GTP hydrolysis leads to dissociation (3).

Crystal structures of the SRaX1-SRb com-

plex (8, 12) show GTP present in the active site,

suggesting catalytic inactivity of SRb in com-

plex with SRa. The interaction between SRaX
and SRb is GTP dependent, and GTP hydrolysis

would result in dissociation (8).

It is not known how SR interacts with SRP

in the context of the SRP-RNC targeting com-

plex. The targeting complex itself is unable to

interact directly with the translocon (13) due to

overlapping binding sites of SRP (14) and trans-

locon at the ribosomal tunnel exit (15). The

presence of SR, however, allows translocon

binding (13) and leads to structural rearrange-

ments of SRP, which suggests a distinct mode

of ribosome binding (16). The question thus re-

mains: How does SR prime the SRP-RNC tar-

geting complex to allow the transfer of the

signal sequence and RNC to the translocon?

The SR-SRP-RNCcomplexwas reconstituted

in vitro (14, 17). Stalled RNCs were used for the

reconstitution with excess amounts of purified

mammalian SRP and recombinant SR Elacking
the transmembrane domain of SRb (18)^. Su-
crose density gradient centrifugation confirmed
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Fig. 1. Reconstitution and cryo-EM structure of the 80S ribosome-SRP-SR docking complex. (A)
Binding assay using purified RNCs (RNC) with an excess of purified SRP and SR in the presence of
GMP-PNP. Supernatant (S) and pellet (P) fractions were analyzed by SDS–polyacrylamide gel
electrophoresis and Coomassie blue staining. SRP and SR bind stably to RNCs, and both subunits of
SR, SRa and SRb, are detectable in the bound fraction. (B) Cryo-EM reconstruction of the 80S RNC-
SRP-SR complex. The 40S small ribosomal subunit is shown in yellow, 60S large subunit is in blue,
P-site tRNA is in green, and SRP is in red. Additional density at the S domain of SRP is shown in
bright green. Landmark features are indicated. (C) Same as (B), rotated by 45- around the central
vertical axis. (D) Same as (B), rotated by 90- backward around a central horizontal axis.
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specific and high-affinity binding of SRP and

both subunits of SR to RNCs with a near one-

to-one-to-one stoichiometry (Fig. 1). No sub-

stantial SRP-SR interaction was observed in the

absence of either GTP or GMP-PNP (b, g-
imidoguanosine 5¶-triphosphate), as expected.

The cryo–electronmicroscopy (cryo-EM)map

shows the 80S ribosome at 7.4 ) resolution (fig.

S1), with additional density stretching from the

peptide exit site to the intersubunit space (Fig. 1).

A difference in the domain appearance between

Alu and S domains of SRP (14) probably reflects

the higher flexibility of the S domain in the newly

formed complex after SR interaction. Consequent-

ly, the a-helical secondary structure of proteins is
well resolved in the ribosome and the SRP Alu

domain but not in density corresponding to the

SR and S domain of SRP.

The Alu domain is rigidly bound to the ribo-

some in the exact same position in both the SRP-

RNC complex (14) and the SR-SRP-RNC

complex. Thus, the elongation retardation in-

duced by the Alu domain (19) appears to persist

during the docking phase and may be released

only after successful transfer of the RNC to the

translocon.

A clear difference between this reconstruction

and the structure of the SRP-RNC complex (14)

is the additional density visible on the S domain

of SRP near the previously described connection

C4. In difference calculations, a strong signal

appeared in this region and can, thus, be assigned

to additional density provided by SR (Fig. 2A).

It contacts both the S domain of SRP and the 60S

ribosomal subunit, confirming a Bdual[ binding

mode of SR to both SRP and the ribosome (6).

This density corresponds very well to the

structure of the mammalian SRaX1-SRb hetero-

dimer (12), for which two alternative orientations

related by a 180- rotation are possible. The best-
fitting model (correlation coefficient of 0.82 ver-

sus 0.78) positions the SRaX1-SRb heterodimer

such that the SRb subunit interacts with 7S RNA

of SRP and also with two ribosomal compo-

nents, protein L31 and helix 99 of 25S

ribosomal RNA (rRNA) (Fig. 2, B and C). This

is in agreement with cross-linking data showing

a ribosomal protein of 21 kD (possibly repre-

senting L31) in the immediate vicinity of SRb
(18). The linker between the globular domain of

the SRb subunit and the transmembrane helix

comprises seven amino acids and is long enough

to span a maximum distance of about 25 ) be-

tween the observed position of SRb and the

membrane. In this position, the SRaX1 domain

interacts only with the 7S RNA of SRP and the

SRP68/72 protein heterodimer and is close to

but does not participate directly in the interaction

with the ribosome, as suggested (6). Involvement

of the SRP68/72 heterodimer may explain the

observation that alkylation of SRP68/72 yields

Fig. 2. Difference map and docking of the SRaX1-SRb heterodimer. (A) Bottom view of the EM map
of the RNC-SRP-SR complex together with the difference map (green, SR) indicating additional density
as compared with the RNC-SRP map. The contour of the SRP S domain/SR density is shown as a red
line. (B) Molecular models docked into the EM densities (side view). White mesh, extra density in the
RNC-SRP-SR complex; green and orange, mammalian SRaX1-SRb heterodimer; white ribbons, 25S
rRNA and proteins L23e/L35; bright blue, helix 99 of 25S rRNA; pink, ribosomal protein L31; red
ribbons, RNA of SRP S domain and SRP19 protein; dark blue, SRP54M domain. R63 indicates the N-
terminal Arg63 of the reconstituted SRb construct, in the wild-type protein, connecting with the
transmembrane domain. Asterisk indicates the tunnel exit. (C) Same as (B) but oriented as in (A).

Fig. 3. Rearrangement of
SRP S domain and expo-
sure of translocon binding
site. (A) The 60S subunit is
shown together with mo-
lecular models for the SRP
S-domain RNA and SRP19
in the absence (white) or
presence of SR (red). The
arrow indicates the rota-
tion toward the ribosome.
The SRP54 M domain is
shown in dark blue, and
the inset indicates the ori-
entation. (B) Comparison
of the RNC-SRP (top) and
the RNC-SRP-SR (bottom)
reconstructions, with color
code as in Fig. 1. The position of the SRP54 NG domain (top) and of the
expected position of the SRP/SR NG twin (bottom, red and green contour) is
indicated. The arrow indicates the possible movements of the delocalized NG
twin and the dashed green line the linker (SRaX2) between the SR NG
domain and SRaX1. (C) The map of the ribosome is shown together with the
SRP S domain (transparent red area with red contour) in the absence (top)

and presence of SR (bottom). L23e and L35 are shown in orange. C1 to C4
(red) point to the connections between SRP and the ribosome. The translocon
and its ribosomal connections are indicated by a white contour; Ct4 points to
the main connection described previously (15). The ribosomal tunnel exit is
indicated by an asterisk in (A) and (C). The L23e/L35 adaptor site is exposed
in the presence of SR.
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a particle that no longer interacts functionally

with SR (20). Additional density indicates that

the positively charged SRaX2 linker domain

stretches from the position of the SRaX1-SRb
heterodimer parallel along the SRP RNA toward

the M domain.

To address the possibility that the targeting

complex serves as a GAP for SRb (21), result-

ing in dissociation of SRb from SRa, we used a
mutant SRb containing a GTPase-inactivating

point mutation H119A (replacement of His119

with Ala) (22). However, the absence of major

differences between the mutant cryo-EM struc-

ture (at 9 )) (fig. S2) and the wild type sug-

gests that no substantial GTP hydrolysis by

SRb and no SR dissociation take place under

the conditions in our study. This indicates that

the SRP-RNC complex is not sufficient to act

as a GAP for SRb (6).

Another difference between the SR-SRP-

RNC structure and the SRP-RNC complex (14)

is the overall behavior and position of the SRP

S domain. It is not as rigidly bound to the ribo-

some as it is without SR, and it rearranges with

respect to the 60S ribosomal subunit by a rota-

tion of È10- toward the ribosome (Fig. 3A).

The axis of the rotation runs from SRP connec-

tion C4 to connections C2/C3 parallel to helix 8

of SRP RNA. As a result, the S domain moves

away from the peptide exit site and, at the same

time, closer to the ribosome (Fig. 3A). No rear-

rangements beyond connection C4 toward the

Alu domain of SRP could be identified, which

implies that within the observed limits the con-

formations of Alu and S domain can be un-

coupled due to the flexibility of hinge 1 (14).

The third and most prominent difference

between the docking and the targeting complex

is the apparent delocalization of both NG do-

mains and loss of connection C1 (Fig. 3B). As

one possibility, we expected to recognize a twin-

like arrangement, as observed in the complex

formed by the isolated NG domains of bacte-

rial SRP and SR (9, 10). However, although

the SR binding is GTP dependent and SRa and

SRP54 can be detected as full-length proteins

in the reconstitution assay (Fig. 1A), density

for the two NG domains is completely absent.

Thus, the suggested interaction of the two NG

domains is likely to lead to delocalization of the

flexible SRP54 NG domain (23), possibly due

to rearrangement of the ribosome-interacting N

domain of SRP54 as observed in isolated NG

heterodimer structures (9, 10). As a result, SRP

breaks its connection with the ribosome (C1),

and a site composed of the ribosomal proteins

L23e and L35 (L23p and L29p in E. coli) is

exposed (Fig. 3, B and C). This is in agreement

with the cross-link pattern between SRP54 and

L23e/L35, which changes in response to SR

interaction (16). Moreover, several lines of

biochemical evidence also point to a confor-

mational change of SRP54 upon SR interac-

tion, and distinct conformations of the SRP-SR

complex have been suggested (24–26). However,

the results are not directly comparable.

The SRP binding site (C1) cleared by the NG

delocalization is the universal ribosomal adaptor

site used by many factors that interact with the

emerging nascent chain (14–16, 27, 28). In par-

ticular, the two ribosomal proteins L23e and

L35 provide a major binding site (Ct4) for the

translocon in eukaryotes (15) and also in pro-

karyotes (29). Although additional translocon

binding sites (15, 29) are still covered, exposure

of this site thus allows initial spatial access of

the translocon (Fig. 3C). When interacting with

this site, the translocon would not only be

close to the ribosomal tunnel exit, but it would

also be in the immediate vicinity of the signal

sequence–binding M domain of SRP54, a po-

sition suitable for direct transfer of the signal

sequence from SRP.

Taken together, our results explain how SR

interacts with both the ribosome and SRP, ren-

dering the targeted RNC competent to interact

with the translocon and primed for transfer of the

signal sequence (Fig. 4): The Alu domain of SRP

stays firmly bound to the ribosome to maintain

elongation arrest, whereas the entire S domain is

destabilized. Most important, after interaction of

the NG domains, a major translocon binding site

is exposed by a conformational change that re-

sults in the SRP54 NG domain being discon-

nected from the universal adaptor site. It remains

to be shown how the presence of a translocon

coordinates subsequent signal sequence transfer

and triggers GTP hydrolysis by the SRP system

(4) and subsequent SRP-SR dissociation.
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Fig. 4. Dynamic behavior of SRP upon SR interaction. SR interaction with RNC and SRP induces
rearrangement of the S domain but leaves the Alu domain unchanged: The NG domain of SRP54 is
delocalized after NG-twin formation (cyan arrow), resulting in exposure of the L23e/L35 universal
ribosomal adaptor site and access of the translocon to its ribosomal binding site Ct4 (red arrow).
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