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ABSTRACT

The signal recognition particle (SRP) is a conserved ribonucleoprotein particle that targets membrane and secreted proteins to
translocation channels in membranes. In eukaryotes, the Alu domain, which comprises the 5′ and 3′ extremities of the SRP RNA
bound to the SRP9/14 heterodimer, is thought to interact with the ribosome to pause translation elongation during membrane
docking. We present the 3.2 Å resolution crystal structure of a chimeric Alu domain, comprising Alu RNA from the archaeon
Pyrococcus horikoshii bound to the human Alu binding proteins SRP9/14. The structure reveals how intricate tertiary
interactions stabilize the RNA 5′ domain structure and how an extra, archaeal-specific, terminal stem helps constrain the Alu
RNA into the active closed conformation. In this conformation, highly conserved noncanonical base pairs allow unusually tight
side-by-side packing of 5′ and 3′ RNA stems within the SRP9/14 RNA binding surface. The biological relevance of this structure
is confirmed by showing that a reconstituted full-length chimeric archaeal-human SRP is competent to elicit elongation arrest in
vitro. The structure will be useful in refining our understanding of how the SRP Alu domain interacts with the ribosome.
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INTRODUCTION

In eukaryotic cells, secretory and membrane proteins are tar-
geted to the endoplasmic reticulum (ER) by the universally
conserved ribonucleoprotein particle SRP and its mem-
brane-associated receptor (SRP receptor [SR] or docking pro-
tein) (for review, see Saraogi and Shan 2011; Nyathi et al.
2013). A nascent polypeptide chain emerging from a translat-
ing ribosome with an N-terminal hydrophobic signal se-
quence, the hallmark of ER-targeted proteins, is recognized
by the SRP54 component of SRP and targeted to the ER via
the interaction of SRP and SR. This process is controlled by
GTP-binding and hydrolysis by SRP54 and SR leading to
the transfer of the nascent chain to the translocation channel.
The protein then integrates into or transfers across the mem-
brane in a cotranslational manner. During targeting, the
mammalian SRP delays nascent chain elongation, which en-

sures the efficient delivery of the nascent chain to the ER in
human cells (Lakkaraju et al. 2008).
Eukaryotic SRPs possess a composite structure, comprising

the universally conserved S-domain and the Alu domain that
is found in eukaryotes, archaea, and some bacteria (Walter
and Blobel 1980). Human SRP exemplifies a typical eukaryot-
ic particle and consists of six proteins (Walter and Blobel
1980), which bind to the functionally essential 7SL RNA (hu-
man SRP RNA) of 300 nt. The signal recognition and target-
ing functions are assigned to the S-domain; whereas, the Alu
domain harbors the elongation arrest function (Siegel and
Walter 1988). The Alu domain includes the 5′ and 3′ extrem-
ities of 7SLRNA, forming theAluRNA, bound to the SRP9/14
heterodimer (Fig. 1A). Our previous structural studies re-
vealed that human SRP9 and SRP14 are structurally homolo-
gous (Birse et al. 1997) and together form a six-stranded β-
sheet with a concave surface which is the major binding site
for Alu RNA (Weichenrieder et al. 2000).
In most Alu domains, the 5′ and 3′ portions are linked by a

single-stranded hinge region (Fig. 1A,B), but are otherwise
mobile with respect to each other (Weichenrieder et al.
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2001). Inpreviouswork,weonly succeeded incrystallizing this
structure by restricting its flexibility, which was done by pro-
ducing an artificial, circularly permuted Alu RNAwith a rigid
linkage (Weichenrieder et al. 2000, 2001). The resulting Alu
domain structure was a domain-swapped dimer with each
RNA in the extended, “open” conformation and each SRP9/
14 heterodimer bound to two sites, consistent with those
mapped by hydroxyl radical cleavage experiments (Strub
et al. 1991), but on different adjacent RNA molecules (Fig.
1C;Weichenrieder et al. 2000). The likelymonomeric physio-
logical structure was inferred from the crystallographicmodel
by proposing that theAluRNAmust fold backon to itself such
that one SRP9/14 heterodimer interacts with a single RNA
molecule, in a “closed” conformation (Fig. 1D;Weichenrieder
et al. 2000, 2001).Thismodelwas laterconfirmedbymodeling
into the low-resolution cryo-electron microscopy map of
the entire mammalian SRP–ribosome complex (Halic et al.

2004). However, a high-resolution struc-
ture of the physiological, closed form of
the Alu domain is still lacking.
The elongation arrest activity of theAlu

domain primarily involves SRP9/14. Cell-
free translation and translocation assays
and invivo studies inhumancells revealed
a stretch of basic amino acid residues in
SRP9 and at the C-terminus of SRP14 to
be essential for elongation arrest activity
(Thomas et al. 1997; Lakkaraju et al. 2008;
Mary et al. 2010). To better understand
how the SRP Alu domain interacts with
the ribosome and to elucidate themecha-
nism of elongation arrest, a more precise
model of the closed conformation Alu
domain structure is required. As the hu-
man Alu domain complex was resistant
to crystallization,we switched toworkwith
the Alu domain of the archaeon Pyrococ-
cus horikoshii. Archaeal SRPRNAspossess
both Alu and S-domains, but protein ho-
mologues of only SRP19 and SRP54 have
been identified, and very little is known
about protein translocation in archaeal
species (Fig. 1E; Zwieb and Bhuiyan
2010). Archaeal SRP RNAs have extra se-
quences at their 5′ and 3′ ends, which are
predicted to formanadditionalhelix (H1)
in the Alu domain (Fig. 1E; Larsen and
Zwieb 1991). This would create a three-
way junction comprising H1, H2, and H5
(Fig. 1F), which we hypothesized might
stabilize the closed conformation of the
archaeal Alu domain. A similar structure
is also predicted to exist in certain eubac-
teria which possess an Alu domain, such
as Bacillus subtilis (Poritz et al. 1988).

Here, we describe the crystal structure of a chimeric Alu
domain comprising the P. horikoshii Alu RNA (PhAlu) in
complex with human SRP9/14. In this structure, the overall
fold of the archaeal Alu domain RNA and in particular the
conserved tertiary contacts between the 5′ and 3′ domains
are revealed in detail. Furthermore, we demonstrate that a re-
constituted full-length chimeric SRP is active in elongation
arrest assays suggesting that the new structure will be a robust
model for the human Alu domain.

RESULTS

Structure determination of the P. horikoshii Alu domain
with human SRP9/14

For structure determination, two PhAlu domain RNAs,
PhAlu110 (110 nt) and PhAlu134 (134 nt) which include

FIGURE 1. The human and archaeal SRP and Alu domains. (A) Schematic representation of the
human SRP showing locationof the six proteins (four bound to the S domain and twobound to the
Alu domain) and the eight helical segments of the 7SL RNA numbered according to the standard
nomenclature of SRP RNAs (Zwieb et al. 2005). SRP proteins are colored as follows: SRP9, red;
SRP14, green; SRP68, yellow; SRP72, orange; SRP19, cyan; SRP54/FFH, purple. (B) Sequence of
the human Alu RNA with RNA helices marked. Note the single-stranded hinge between the 5′
and 3′ domains. (C) Schematic diagram of the domain-swapped dimeric crystal structure of a rig-
idly linked human Alu RNA variant (SA86) bound to human SRP9/14 (PDB code 1e8s)
(Weichenrieder et al. 2000). Each SRP9/14 heterodimer binds two separate RNA molecules. (D)
Hypothetical model of the physiologically active, closed state of the human Alu domain. The sin-
gle-stranded hinge between the 5′ and 3′ domains allows a singleAluRNAmolecule to occupy both
binding sites on the SRP9/14 heterodimer (Weichenrieder et al. 2000). (E) Schematic representa-
tion of the Pyrococcus horikoshii SRP showing only two proteins bound to the S domain and the ad-
ditional Helix 1 formed by complementary extensions to the 5′ and 3′ termini. Nomenclature and
coloring as in A. The positions of the tetraloops added to close the PhAlu110 and PhAlu134 RNAs
are indicated. (F) Sequence of the P. horikoshii AluRNAwith RNAhelicesmarked.Note the three-
way junction formed from helices 1, 2, and 5 which rigidifies this region.
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different lengths of helix 5 closed by an artificial tetraloop
were designed (Fig. 1F). These were synthesised by in vitro
transcription and shown to form stable 1:1 complexes with
human SRP9/14 (h9/14) by gel filtration (Supplemental Fig.
1). Crystallization trials of both RNAs alone and in complex
with h9/14 were performed. However, diffracting crystals
were only obtained of the RNP in each case. The structure of
PhAlu134-h9/14 was solved by the MAD method using
seleno-methionine labeled protein and refined to 3.20 Å reso-
lution, with one complex per asymmetric unit. The structure
of PhAlu110-h9/14 structure was subsequently solved by mo-
lecular replacement at 3.35 Å resolution and contains two
complexes in the asymmetric unit. Most of the RNA and pro-
tein is well defined in the electron density (Supplemental Fig.
2) apart from the extra, distal section of helix 5 in PhAlu134,
theC-terminal extremities of h9 (beyondMet83) andh14 (be-
yond Lys96) and the internal loop of h14 (43–49 have poor
electron density). All three independent examples of the
core of the PhAlu-h9/14 RNP are very similar (Supplemental
Fig. 3) and so only the higher resolution PhAlu134-h9/14
structure is described indetail.Crystallographicdetails aregiv-
en in Supplemental Tables 1 and 2.

Structural features of the P. horikoshii Alu
RNA 5′ domain

The PhAlu domain RNAs are of approximate dimensions
112 × 38 × 30 Å (PhAlu134) and 87 × 38 × 30 Å (PhAlu110).
The overall RNA fold resembles a shepherd’s crook, with the
3′ domain (helix H5) representing the staff and the 5′ domain
its hook (Fig. 2A,B). As in the human Alu RNA, the PhAlu 5′

domain (stems 2, 3, and 4) forms a three-way τ-junction in
which stems 2 and 4 are coaxially stacked and connected by
a U-turn to stem 3 (Weichenrieder et al. 2000). The corre-
sponding hairpin loops L3 and L4 interact through extensive
base-pairing (Fig. 2A). Both τ-junction and helix 5 are accom-
modated within the concave β-sheet surface of h9/14 as pre-
dicted in the model for the active conformation of the
human Alu domain.
The PhAlu RNA structure is crowned by a three-way junc-

tion formedbyhelicesH1,H2, andH5 (hereafter referred to as
J1/2/5),whichhas the formof an inverted tuning fork (Fig. 2A,
C).Helix 1 comprises five base pairs fromthe 5′ and3′ extrem-
ities of the PhAlu RNA and forms the fork handle. The junc-
tion orientates the two arms of the tuning fork, helix H2,
and helix H5 into a quasiparallel orientation as required for
binding to SRP9/14. A buckled base triple, formed by A68 in-
teracting with the minor groove of the G13·C65 base pair,
plays a central role in the three-way junction. The inflexible
J1/2/5 junction constrains the RNA to be in the active confor-
mation, rigidifies the junction and likely prevents rotation of
helix 5 relative to the 5′ domain, a movement that was postu-
lated to occur during assembly of the human Alu RNA in
which the 5′ and 3′ ends are not base-paired (Weichenrieder
et al. 2000, 2001).

Loops L3 and L4, which in PhAlu are, respectively, 7 and
11 nt long, are stabilised by interloop base pairs and addition-
al buttressing interactions. Five G:CWatson–Crick base pairs
between nucleotides 25–29 (CGGCG) and 52–48 (GCCGC)
create a robust double helix that runs perpendicular to stems
3 and 4 (Fig. 2A,B). The G29·C48 end of this helix is extended
by an additional noncanonical base pair between U30 and
A46, C47 being flipped out. Sharp kinks in the RNA back-
bone at C48 and A53 of one strand and C25 of the other,
bring neighboring nucleotides back behind the interacting
loops such that stabilizing base triples and additional hydro-
gen bonds are formed. The flanking bases 22-GUU of loop 3
stack onto each other but are not base-paired. G22 makes a
single hydrogen bond with U30 and U24 makes a U-turn in-
teraction (hydrogen bond via N3) with the phosphate of G27,
buttressing this region of the structure. Several unpaired nu-
cleotides in L4 are involved in base triples (Fig. 2D). A45
stacks on the noncanonical G57:A44 that forms the last
base pair of stem 4 andmakes a buckled triplet with the inter-
loop Watson–Crick G29–C48 base pair. A55 binds to the
minor groove of the loop–loop base pair G26·C51 and repre-
sents an archetypal A-minor motif (Nissen et al. 2001). A53,
which stacks on A55, forms hydrogen bonds with the base
pair C25·G52 via its Hoogsteen edge in a similar manner
as seen in the A platform (Cate et al. 1996) and in the A–A
sidestep (Conn et al. 1999) motifs. The intervening base
U54 is flipped out, like U38 in the human Alu RNA domain
structure and is completely exposed to solvent. The multiple
canonical and noncanonical interactions between L3 and L4
create a particularly intricate and stable structure. Compared
with the human Alu 5′ domain structure, where there are
only three interloop base pairs and no base triplets, the extra
structural buttressing of the PhAlu 5′ domain probably re-
flects the need for higher thermal stability in thermophilic
organisms.

Stem 5 structure and tertiary interactions between
the 5′ and 3′ domains

The PhAlu134 RNA comprises 30 base pairs (roughly half) of
helixH5 and is capped by an artificial tetraloop.H5 is∼90Å in
length and slightly bent (Fig. 2A,B). Superposition of the
PhAlu110 and PhAlu134 RNAs shows that despite the high
degree of similarity of the two RNAs, the direction of helix
5 diverges slightly after the t3 tertiary interaction (Supplemen-
tal Fig. 3). Thismay be due to crystal packing but likely reflects
flexibility in the structure at this point, which is approximately
where bending of SRP RNA (hinge 2) was observed in a cryo-
EM structure of mammalian SRP bound to the ribosome
(Halic et al. 2004). The majority of helix H5 base pairs are
Watson–Crick, but there are also three regions with nonca-
nonical base pairs (boxed in Fig. 2A). Of these, the most sig-
nificant are G78·A298 and C79·C297, which are at a position
analogous to the first asymmetric internal loop found in helix
H5 of human SRP RNA (Fig. 1B). The PhAlu RNA structure

Alu RNA structure
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confirms that this is the major site of contact between the 5′

and 3′ domains, as previously deduced from the low-resolu-
tion human Alu domain structure (Weichenrieder et al.
2000). Now the significantly improved resolution permits
the precise nature of the interdomain contacts to be deter-
mined. Stem 3 of PhAlu RNA contains a conserved
G17·U35 wobble base pair that is strictly conserved in most
Alu RNAs (e.g., the human counterpart is G4·U23) (Fig.
1B). This base pair mediates the interaction of the 5′ domain
with the noncanonical G78·A298 and C79·C297 base pairs re-
sulting in a local distortion of the helix 5 structure (Fig. 2E).

The nitrogen N2 of G17 is exposed at the surface of the minor
groove of helix 3 and forms a network of hydrogen bonds with
the 2′ and 3′ ribose oxygen atoms as well as N3 of the base of
A298 of helix 5 as another A-minor motif (Doherty et al.
2001). Both O2 and O2′ of U35 make additional hydrogen
bonds with O2′ of A298. The consequence of this motif is to
distort helix 5, flattening the curvature of the double helix
and allowing close contact of the two stems (Fig. 2E).
Interstem contacts are also made from residues G17–G19
and U34 of the 5′ domain, to atoms of C297 and C299 of
the 3′ domain. We presume that a very similar stem–stem

FIGURE 2. Structure of the PhAlu134 RNA. (A) Structure based secondary structure of the PhAlu134 RNA. SRP secondary and tertiary structural
elements are labeled as recommended (Zwieb et al. 2005) as follows: helix (H), loop (L), tertiary interaction (t). Color-coding used is as follows: H1
(green), H2 (light blue), H3 (orange), H4 (blue), H5 (cyan), extra 3′ nucleotides and tetraloop (gray). Base pairs are depicted asWatson–Crick (dash),
others (dot). Numbering is according to full-length P. horikoshii SRP RNA (http://rnp.uthscsa.edu/rnp/SRPDB/rna/srprnaphylolist_arch.html). (B)
Cartoon representation of the structure of the PhAlu134 SRP RNA with SRP9/14 proteins removed for clarity. Color-coding and labeling used are
as in A. At the surface of the tertiary interaction t1, a flat “face” is formed by base triples, and C47 and U54 are flipped out into the solvent. (C)
Details of the three-way junction between H1, H2, and H5 (J1/2/5). (Left) Schematic of the junction. Residues G9–G14 (from helix 1 to 2) are shown
in green, C64–C70 (helices 2–5) are shown in blue, and residues G306–C311 (helices 5–1) are in orange. (Right) The RNA backbone (ribbon) and
bases are color-coded as on the left. Interactions around A67 and A68 stabilize the junction, whereas these bases would form a flexible hinge in the
human counterpart structure. (D) Stabilization of the structure by base triples shown in stick representation. (Left) G13–C65–A68 base triple in the
J1/2/5 junction. (Center and right) Base triples reinforce the L3–L4 tertiary interaction (t1). Interloop base pairs C51·G26 and G52·C25 form A-minor
motif base triples with A55 and A53, respectively. (E) The t3 tertiary interaction between the 5′ and 3′ domains. (Left) Schematic of the t3 stem–stem
interaction drawn as in C. (Right) The H5 backbone is distorted by noncanonical base pairs to permit close packing of the two stems. (F) The uni-
versally conserved G17·U35 wobble base pair of helix 3 interacts with A298 of helix 5. A298 andG78 interact in turn via a sheared base pair at a position
that in many other species is an asymmetric internal loop of helix 5.
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contact can be made by the human
Alu RNA with the equivalent G4·U23
wobble base pair interacting with nonca-
nonical base pairs of the first asymmetric
loop (notably G57:A289), as suggested by
the low resolution human Alu domain
structure (Weichenrieder et al. 2000).
Therefore, we propose to extend the no-
menclature of SRP RNAs (Zwieb et al.
2005) to take into account this additional
conserved contact and suggest to refer to
this tertiary interaction as “t3” (Fig. 2A).

hSRP9/14 binding to PhAlu RNA

Despite the evolutionary distance be-
tween the two organisms, it is remarkable
that the hSRP9/14 proteins bind to the
PhAlu RNA in an essentially identical
manner to observed previously in the
human Alu domain structures (Fig. 3A;
Weichenrieder et al. 2000). Indeed,
superposition of thePhAluRNAstructure
with the derived model of the active,
closed form of the human Alu domain
RNA (Fig. 3B) shows that the conforma-
tion of the RNA core of the Alu domain
(both 5′ and 3′ domains) is well-predicted
byourpreviousmodel (Fig. 1D) and strik-
ingly well-conserved between very dis-
tantly related species. Fifty-three bases
can be structurally superposed in this
way, of which 26 are identical, with an
RMSD of the phosphate-ribose backbone
atomsof 1.77Å.The similarityof theRNA
structure explains why the detailed pro-
tein–RNA interactions are also high-
ly conserved. The β-sheet of hSRP9/14
contacts both the U-turn and the neigh-
boring helices H3 and H4, with basic
residues from hSRP14 providing the ma-
jority of these contacts, as previously
described (Weichenrieder et al. 2000).
Interestingly, the internal loop of hSRP14
(residues 34–54), which was disordered
in previous humanAlu domain structures (i.e., in the absence
of stem5), is partially visiblewhenbound toPhAluRNA. It ex-
tends in the direction of the J1/2/5 junction with contacts to
the U-turn nucleotide A38 and C65 of stem 2 (Fig. 3C).
Specifically, Arg36 interacts with the phosphate of A38, the
main chain of residues 37–39 stack on the base of A38 and
Lys38 interacts with the phosphate of C65. These observations
are consistent with previous work showing that the N-termi-
nal part of the loopwas themost critical for RNAbinding (Bui
et al. 1997).

Jointly, SRP9/14 bury ∼1280 Å2 of the surface area of the
RNA, of which about two-thirds is by SRP14.Whereas SRP14
contacts only the 5′ domain, the contiguous β-sheet of SRP9
interacts equally with the 5′ and 3′ domains, clasping them
together (Fig. 3C). While SRP9 strand β1 interacts with res-
idues of the U-turn in the 5′ domain, strands β2 and β3 con-
tact the minor groove of stem 5, as do residues Asp45 to
Cys48 of the β2–β3 loop (Fig. 3D). A network of hydrogen
bonds is central to this interaction, including an interaction
of the carbonyl group of Leu46 with the 2′ hydroxyl group

FIGURE 3. SRP9/14 binding to PhAlu SRP RNA. (A) Overall structure of the chimeric Alu
domain RNP. The backbone of PhAlu134 RNA is drawn as a ribbon and colored purple and
cyan for the 5′ and 3′ domains, respectively. The hSRP9 and hSRP14 are drawn as, respectively,
red and green cartoons. SRP14 contacts exclusively the 5′ and 3′ domain whereas SRP9 contacts
both RNA domains. The long internal loop, which extends toward the J1/2/5 junction, is shown
dotted where poorly visible. The basic C-terminal extension of SRP14 extends toward the S-
domain. (B) Comparison of PhAlu134 RNA with the human Alu RNA structure model. A struc-
tural superposition of the human Alu domain model, derived from the structure of a circularly
permutated RNA (Weichenrieder et al. 2000) (yellow backbone with bases as sticks) onto
PhAlu134 RNA (red) highlights the highly conserved tertiary fold of theAluRNA core from diver-
gent organisms. Superposing just the 5′ domain (nucleotides 15–65 in PhAlu and 2–47 in human
Alu RNA) allows matching of 31 nt (19 identities) with an RMSD of 1.47 Å. For the 5′ and 3′
domain taken together, 53 bases can be matched (26 identities) with an RMSD of 1.77 Å. (C)
Diagram showing how both the 5′ domain and 3′ stem of PhAlu134 RNA are accommodated
side by side within the concave β-sheet surface of SRP9/14. (D) Protein–RNA interactions medi-
ated by SRP9 at the t3 tertiary interaction. SRP9 (red with yellow side chains) interacts with nu-
cleotides from both the PhAlu 5′ (purple) and 3′ (cyan) domains thus reinforcing the t3 tertiary
RNA interaction.
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of G77. The side-chain of Lys52 is also engaged in hydrogen
bonds to the phosphate G80 of helix 5. Interestingly, these
SRP9–RNA contacts colocalize with the t3 tertiary RNA in-
teraction, adding further stabilization.

Functional replacement of the human Alu domain
by the P. horikoshii Alu domain

We next investigated whether the PhAlu domain could func-
tion in a similar manner to 7SLAlu domain. For this purpose,
we constructed the PAHS RNA comprising the PhAlu 5′

domain (including a short stretch of nucleotides from the 3′

end) fused to the S-domain of human 7SL RNA (Supplemen-
tal Fig. 4A). We first examined whether such a chimeric SRP
RNA was functionally active. Denaturing and native PAGE
was used to compare the integrity and heterogeneity of human
full-length synthetic 7SL (7SLC) (Mary et al. 2010) and PAHS
RNAs, respectively (Fig. 4A). In addition to some heterogene-
ity observed for both RNAs in native PAGE, PAHS RNA mi-
grated more slowly than 7SLC RNA in a distinct major band
consistent with its larger size. 7SLC and PAHS RNAs were re-
constituted into SRP using recombinant and native SRP pro-
teins (Huck et al. 2004).

Reconstitution reactions (RCs) were directly added to
wheat-germ lysate programmed for translation with prepro-

lactin and cyclinmRNAs.The elongation arrest and transloca-
tion activities were assayed by determining the relative
inhibition of preprolactin synthesis as compared with cyclin
synthesis and by quantifying the processing of preprolactin
to prolactin in the presence ofmicrosomes. This heterologous
system has been extensively used for the characterization of
elongation arrest activity (Walter and Blobel 1981; Halic
et al. 2004; Mary et al. 2010). The use of wheat-germ lysate is
necessary because of the presence of endogenous SRP in the
equivalent mammalian translation system. In this system,
the elongation arrest activity of reconstituted particles is de-
pendent on the presence of hSRP9/14 (Siegel and Walter
1985). More particularly, a conserved basic pentapeptide lo-
cated in the C-terminal portion of SRP14 was shown to be re-
quired for SRP elongation arrest activity (Fig. 4B; Lakkaraju
et al. 2008). PAHS RCs (gray) exhibited similar levels of activ-
ity as compared with 7SLC RCs (black) (Fig. 4C,D; Supple-
mental Table 3). Particularly, we observed that similarly to
7SLC RCs, the presence of h9/14 was required for PAHS-
RCs to perform elongation arrest activity.
To further confirm that the mechanism of elongation ar-

rest is the same, we tested both RNAs with previously charac-
terized mutated SRP9/14s (Fig. 4D; Lakkaraju et al. 2008;
Mary et al. 2010). The h14–A12 protein lacks the residues
comprised between the lysine 95 and the alanine tail includ-
ing the basic pentapeptide.
H14-100 is truncated after the basic pentapeptide. Again,

PAHS-RCs behaved similarly to 7SLC-RCs showing that
same amino acids were critical for elongation activity (Fig.
4C). The defects in elongation arrest were confirmed in trans-
location experiments. Particles reconstituted with both RNAs
behaved similarly and the translocation efficiencies were re-
duced in the absence of elongation arrest activity (Fig. 4D).

DISCUSSION

Using an archaeal Alu RNA, in which the presence of the J1/
2/5 junction prevents the 180° rotation of the 5′ relative to the
3′ domain, we have succeeded in determining the structure of
the closed, active conformation of the complex. This state was
predicted from the crystallographic work on the human Alu
domain (Weichenrieder et al. 2000) and confirmed by mod-
eling into the low-resolution cryo-electron microscopy map
of the entire mammalian SRP–ribosome complex (Halic
et al. 2004). Thus nature may have evolved two ways to stabi-
lize the active closed conformation of the Alu domain RNA.
Higher eukaryotes utilize the SRP9/14 heterodimer to clamp
together the 5′ and 3′ domains, while archaea (and probably
eubacteria with an Alu domain), use an extra helix (H1)
which forms a rigid three-way junction, combined with an
intricate network of tertiary base-pairing to stabilize the re-
quired RNA conformation, possibly also in the absence of
protein.
Since the more rigid P. horikoshii Alu RNA is able to func-

tionally replace the equivalent human domain in elongation

FIGURE 4. Functional analysis of reconstituted SRPs comprising the
chimeric human/archaeal SRP RNA PAHS. (A) Ethidium bromide-
stained gels of 7SLC and PAHS RNAs displayed by native (upper panel)
and denaturing (lower panel) PAGE. (B) C-terminal sequences of hu-
man SRP14 (h14) proteins used in the functional assays are shown; res-
idue numbers are indicated above. The alanine-rich tail is indicated as
ART, for brevity. The sequence known to be essential for elongation ar-
rest activity is shown in white letters on a black background. In h14A12
the basic pentapeptide K96–K100 is removed whereas it is present in
h14-100. (C) and (D) Reconstitution reactions were added to transla-
tion reactions at a final concentration of 100 nM. The translation prod-
ucts were displayed by SDS-PAGE and quantified by phosphor-imager
(Supplemental Fig. 4B,C). Elongation arrest activity (C) was determined
as the relative inhibition in preprolactin synthesis as compared with cy-
clin synthesis. The translocation assays contained salt-washed canine
microsomes at 0.02 eq/µL. The translocation efficiency (D) is deter-
mined as the percentage of total preprolactin processed into prolactin
(Mary et al. 2010). Standard errors of the mean are shown as SEM
(n≥ 2). SRP was reconstituted with either 7SLC (black bars) or PAHS
RNA (gray bars) together with recombinant (SRP19, SRP54) and canine
(SRP68/72) proteins as well as the SRP9/14 proteins indicated. WT:
SRP9/14; −9/14: without SRP9/14.
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arrest, it is likely that the conformational interchange between
open and closed states described for the human Alu domain
(Weichenrieder et al. 2001), is not required for this function,
butmay have another role in eukaryotic systems, where SRP9/
14 interacts not only with SRP but also with Alu RNA derived
from highly repetitive Alu repeats in the genome (Bovia et al.
1995; Hsu et al. 1995). So far, SRP9 or SRP14 homologs have
not been identified in archaea (http://rnp.uthscsa.edu/rnp/
SRPDB/SRPDB.html). This could imply either that they are
unrecognizable due to sequence divergence or that there are
noAlu binding proteins in archaea and theAluRNA functions
as naked Alu RNA. In the absence of a crystal structure of the
naked PhAlu RNA it is not known whether it could fold into
the same structure without protein. A third possibility is that
paralogousAluRNAbinding protein(s)might exist since oth-
erwise it is not easy to understand why the evolutionarily dis-
tant archaeal RNA is still able to bind hSRP9/14 in essentially
the same manner as human Alu RNA. The only other expla-
nation for this observation is that the RNA structure needs
to be conserved in order to be able to interact with highly con-
served features of the ribosome.
As observed in the current and previous structures, the

SRP14C-terminal tail that is required for elongation arrest ac-
tivity extends toward the S-domain when bound to SRP RNA
(Fig. 3A). Cross-linking studies in ongoing translation dem-
onstrated that SRP14, and thus the Alu domain, is already
in close proximity of the large ribosomal subunit in the ab-
sence of a signal sequence in the nascent chain. Upon signal
sequence recognition, changes occur at the SRP–ribosome in-
terface and SRP14 is now cross-linked to proteins of the large
and the small subunit (Huck et al. 2004). Cryo-electron mi-
croscopic (cryo-EM) studies of SRP bound to elongation-ar-
rested ribosomes (Halic et al. 2004, 2006) shows that the Alu
domain binds in a cleft between the two subunits, which is the
site of interaction of the eukaryotic elongation factor II (eEF2)
(Gomez-Lorenzo et al. 2000; Halic et al. 2004) and SRP9/14
contacts three helices of the 18S rRNA (Halic et al. 2004).
Specifically, residues 57–75 including the functionally essen-
tial residues 60, 61, and 64 of SRP9 (Mary et al. 2010) are in
close proximity to helices h5 and h15 of the small subunit.
However, these EM structures have a rather low resolution
(∼12 Å) and fail to explain satisfactorily the observed cross-
links with ribosomal proteins of the large subunit and how
the essential basic amino acid residues in SRP14 mediate
elongation arrest. The new high-resolution structure of the
active Alu domain conformation will be valuable in con-
junction with a future, improved resolution EM structure of
the SRP–ribosome complex in answering these outstanding
questions.

DATA DEPOSITION

Structure factors and coordinates for the complexes of PhAlu134
and PhAlu110 with hSRP9/14 are available in the PDB with codes
4UYK and 4UYJ, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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