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ABSTRACT

The eukaryotic signal recognition particle (SRP) tightly links protein synthesis to translocation
into the endoplasmic reticulum (ER) by delaying elongation of the nascent chain during co-
trandational targeting. The results presented here provide evidence that a specific RNA structure in the
Alu domain of SRP plays an important role in the elongation arrest activity of SRP. Three base pairs
between two distant loops, L2 and L 1.2, form an extended stack together with an additional base from
each loop. Mutations in L2 that disrupt base pairing diminished the elongation arrest activities of
reconstituted SRPs. Complementary mutationsin L1.2 fully restored elongation arrest activities
despite the differences in the primary sequences of the loops. Mutationsin L1.2 had less dramatic
effects on the function of SRP. Hence, the well-defined, rigid structure of loop L2 appearsto play a
fundamental role in the formation and the stability of the tertiary structure. The loss in elongation
arrest activity is not explained by the absence of h9/14 in the particles or by another assembly defect.
Instead, it isan intrinsic property of SRPs containing RNAs with mutations that impair formation of
the tertiary structure. A structure-based alignment reveal's a significant conservation of the structura
elements that may allow formation of the tertiary structure, aresult that underlines the importance of
the tertiary structure in SRP function.

C:\inetpub\wwwroot\pdfconvert\beforeconversion\Publication.doc



INTRODUCTION

The signal recognition particle (SRP) plays an essential role in targeting proteins to the
endoplasmic reticulum (ER, review see (1)), which isthefirst step in routing proteins into the
secretory pathway. SRP samples trandating ribosomes for nascent chains bearing signal sequences, a
common hallmark of ER-targeted proteins. Signal sequence recognition resultsin an arrest or adelay
in polypeptide elongation. An interaction of SRP with its receptor (SR) in the ER membrane targets
the SRP-ribosome-nascent chain complex to the translocon, a specific structure in the membrane that
promotes trand ocation into the ER (for review see (2,3)). At the trandocon, translation resumes at its
normal speed and the nascent chain is transferred across or into the ER membrane while the released
SRP enters a new targeting cycle. Three GTPases control the targeting process: The signal sequence
binding protein SRP54 and the two subunits of SR, SRa and SRb (for review see (4)). In this mode,
SRP serves as an adaptor between protein synthesis and the translocation process into the ER.

SRP can bind to all ribosomes and its affinity increases in the presence of an exposed signal
sequence (5,6). Notably, SRP can distinguish between actively trandating and inactive ribosomes and
therefore appears to recognise conformational changes in the ribosome (7). Thisnotion is also
supported by the observation that SRP interacts with the ribosome at a specific stage in the elongation
cycle, just before peptidyl-tRNA undergoes transl ocation from the A site to the P site (8).
Furthermore, SRP interacts with the ribosome to delay elongation of the nascent chain upon signal
seguence recognition, which is referred to as the elongation arrest activity (9,10). It is thought to
prevent premature folding of the nascent chain, which may interfere with efficient translocation. In
yeast, abrogating elongation arrest activity impairs the tight coupling of trandation and trand ocation,
although a significant translocation defect could not be observed for severa proteins (11).

The signal recognition and targeting functions of mammalian SRP are contained within the S
domain, which comprises the central part of SRP RNA and the proteins SRP19, SPR54 and SRP68/72
(6,12). The signal sequence binding protein SRP54 could be cross-linked to two ribosomal proteinsin
the vicinity of the nascent chain exit site (13). Similarly, cross-links between bacterial SRP and
ribosomes are also consistent with its location close the nascent chain exit site (14,15). The Alu
domain, which comprisesthe 3 and 5’ ends of SRP RNA and the SRP9/14 heterodimer, is required
for the elongation arrest activity of SRP as deduced from the observation that the S domain alone
lacked this activity (16). However, the S domain alone also lacks signal sequence-independent
ribosome binding activity (17). A small C-terminal truncation of SRP14 specifically abrogated the
elongation arrest of the particle without interfering with signal sequence recognition or ribosome-
binding (18) indicating that direct interactions between the Alu domain and the ribosome may indeed
mediate the arrest or delay in nascent chain elongation.

In recent years, significant progress has been made in determining the structure of SRP (for
review see (19)). The Alu portion of SRP RNA includesa5’ domain comprising two hairpin structures
linked by a conserved single-stranded region and a short stem aswell asa 3 domain including a
portion of the central stem connecting the Alu and the S domains (Fig. 1). The crystal structure of the
Alu RNA 5 domain bound to SRP9/14 revealed that it is compactly folded into two helical stacks,
which are connected by the single-stranded region forming a U-turn (20). In agreement with previous
footprinting studies (21), the U-turn and adjacent nucleotides represent the primary binding site of the
SRP9/14 heterodimer. Opposite the protein-binding site, the two loops of the 5 domain form three
base pairs (20). Formation of thistertiary structure is most likely induced and/or stabilised upon
protein binding (22). The potential to form base pairs between the two distant loopsis conserved in
SRP RNAs of Metazoa and of Archaea aswell as of the bacterial species Bacillus and Clostridium
(23,24).

Further biochemical and structural data support a model in which the complete Alu domain may
exist in two conformations (25). In the open conformation, the central stem would not participate in
complex formation with SRP9/14 whereas in the closed conformation, the central stem would fold
back by up to 180° to align beside the 5’ domain allowing contacts to the SRP9 moiety of the protein.
The model for the closed conformation is consistent with the observed footprints on the central stem
(21) and with the requirement that the 3' and the 5’ domains have to be flexibly linked for fully
efficient binding of SRP9/14 (26).
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The RNA moieties of ribonucleoprotein complexes are known to play essential rolesin many
diverse cellular processes. By analogy, SRP RNA may play an active role in the specific targeting
process rather than just serving as a scaffold for the proteins. In particular, the conservation of the
RNA moiety in the E. coli SRP, which contains just one protein subunit, argues strongly against a
scaffold role of SRP RNA. So far, a specific role of the RNA has been characterized in the interaction
between SRP and its receptor. It accelerates complex formation between the two, which leadsto an
increase in the observed GTP hydrolysis rate (27-29). Additional observations also support a
functional role of the RNA. In the E. coli particle, the RNA stabilises the structure of the signal
sequence recognition protein (Ffh, (30)). Conformational changesin the RNA upon binding of SRP to
polysomes (22), suggest arole for SRP RNA in the interaction with the ribosome and conformational
changesin one of the loops of the 5 Alu domain were associated with a loss of elongation arrest
function of the particle (18). Particularly interesting is the finding that trypanosome SRP comprises
two RNA species. SRP RNA, which has atruncated 5 domain structure, and atRNA-like RNA
(SRNA-85) linked to the 5" domain of SRP RNA (31,32). It is hard to explain the acquisition of
SRNA-85 without evoking a significant role of the RNA.

The tertiary RNA structure formed between the two loops in the Alu domain of SRP RNA is not
bound by the protein and is therefore presumably free to interact with other cellular components such
as the ribosome. This structure was therefore an interesting putative candidate for a functional role of
SRP RNA in elongation arrest activity. To examine this hypothesis, we produced synthetic SRP RNASs
with individual mutations in both loops that would disrupt base pairing, and with simultaneous
mutations in both loops that would restore base pairing with a different primary sequence. The
mutated RNAs were reconstituted into SRP and assayed for their elongation and trans ocation
activities. We report here that the tertiary structure formed between the two distant loopsis required
for elongation arrest activity. Mutations disrupting the tertiary structure reduced the elongation arrest
activity of reconstituted SRP. The loss of elongation arrest activity was the direct result of changing
the RNA structure and was not due to the absence of h9/14 or another assembly defect. The functional
importance of the structure is emphasised by its significant conservation.
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MATERIALSAND METHODS

Mutated SRP RNA and Alu RNA genes

Mutations at specific sitesin the SRP RNA gene were introduced by polymerase chain reaction
(PCR) using the Quickchange™ method (Stratagene). The primer oligonucleotides contained the
desired mutations flanked by 15 nucleotides (Interactiva, Germany). Astemplate for the polymerase
chain reaction, we used either the plasmids p7Sswt (21) or pSA86H (26). Clones with complementary
mutations in two different regions were obtained in two steps. All clones were verified by automatic
sequencing. Nomenclature for the mutated SRP RNAS: The first number indicates the mutated
nucleotides followed by the name of the loop. For example 2L 2 represents the mutation of two
nucleotidesin L2.

RNA synthesis

Plasmids were linearized with Xba | (Gibco BRL) before synthesis of the RNA with T7 RNA
polymerase in 100 m reactions (40 mM Tris-HCI pH 8.1, 20 mM MgCl,, 1 mM spermidine, 5 mM
dithiothreitol (DTT), 4 mM of each rNTPs, 1 mg/ml BSA, 100 ng/m DNA template and 22 U/ml T7
RNA polymerase. The plasmid for expression of T7 RNA polymerase was the kind gift of (33).
Nucleotides were obtained from Sigma and stored as 50 mM solutions at -80°C. After transcription,
the DNA was digested with RQ1 RNAse-free DNAse (Promega), the samples extracted with phenol
and purified on a1 ml Sephadex G50 (fine, Pharmacia) column. The RNAs were precipitated and
dissolved in sterile water. The qualities and the quantities of the RNAs were verified on denaturing
polyacrylamide gels and by measuring the optical density at 260 nm. For the synthesis of radiolabelled
RNA, we used a [¥P] UTP (24.10° Bgymmol, Amersham Biosciences).

SRP proteins

The proteins h9, h14 and hf 19 were expressed in E. coli from the plasmid pEh9, pEh14 and
pEf 19 (18,34) using the T7 RNA polymerase expression system (35). Cells were lysed in aFrench
Press™ and the extracts of h9 and h14 were combined for purification. The h9/14 heterodimer was
purified by Hi-Trap Heparin (Amersham Biosciences), by hydroxylapatite (BioRad) and by Superdex-
200 (Amersham Biosciences) chromatography. The protein hf 19 was purified by Hi-Trap Heparin,
CM and Superdex-200 (Amersham Biosciences) chromatography. Canine SRP54 was expressed in the
baculovirus system (6). SF21 cells were used to amplify the virus encoding for SRP54, whereas the
protein was produced in Tn5 cells. Following lysis of the cellsin a homogenizer, the protein was
purified on a CM and on Hi-Trap Heparin column (Amersham, Pharmacia, Biotech). The purified
proteins were quantified by spectrophotometry at 280 nm. Molar extinction coefficient eng14: 15 130
Mt em™, ey 100 12 570 M cm ™t and ess: 22 220 M em™. Canine SRP68/72 was purified from canine
SRP as described in (12).

Elongation arrest and translocation assays

SRP was reconstituted with SRP RNA, canine SRP68/72 and recombinant SRP9/14, SRP19 and
SRP54 proteins. Reconstitutions were donein 8 M at 0.5 mM and 1 M final concentrations of all the
proteins and in vitro transcribed SRP RNA, respectively, in 20 mM HEPES-KOH, pH 7.5, 500 mM
potassium acetate (KOAC), pH 7.5, 5 mM magnesium acetate (MgOAc), 0.01% (v/v) Nikkol, 1 mM
DTT. Samples were incubated for 10 minutes on ice and for 10 minutes at 37°C. Reconstituted SRP
was then added at the desired concentrations to 10 m wheat germ translation reactions, programmed
with synthetic preprolactin and sea urchin cyclin D transcripts as described in (36). Translation
reactions were stopped after 30 minutes at 26°C, proteins precipitated with 10% (w/v) trichloroacetic
acid and analysed by 12% SDS-PAGE. Preprolactin, prolactin and cyclin D were quantified by the use
of a phosphorescence imaging system (BioRad). To monitor translocation, the 10 m wheat germ
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tranglation reactions were complemented with SRP-depleted canine microsomes (0.15 eq./m) prepared
as described in (37). Elongation arrest and trandl ocation efficiencies were evaluated as follows:
EA=[1- Ps/Cs
Po/Co
preprolactin and cyclin quantified in the sample and Po and Co the amounts of preprolactin and cyclin
present in the negative control (SRP buffer or SRP reconstituted without h9/14).
T=100" [P/(pP + P)] where T is percent translocation, P is the amount of prolactin and pP the
amount of preprolactin quantified in each sample. T is about 20% without the addition of purified
canine SRP or reconstituted particles. All SRPs were tested in at least two independent experiments.
For purification by ion exchange chromatography, SRP was reconstituted in 50 m reactions at final
concentrations of 2 mM of each protein and 12 mM of synthetic SRP RNA in 50 mM HEPES-KOH,
pH 7.5, 500 mM KOAc, pH 7.5, 5.5 mM MgOAc, 0.01% (v/v) Nikkol, 1 mM DTT, 0.5 mM EDTA,
pH 7.5, 10% (v/v) glycerol. Fully reconstituted particles were purified away from incomplete particles
through a 50 m DE5S3 column essentialy as described in (38). Samples were eluted twice with 50 m
50 mM HEPES-KOH, pH 7.5, 600 mM KOAc, pH 7.5, 6.5 mM MgOAc, 0.01% (v/v) Nikkol, 1 mM
DTT, 0.5 mM EDTA, pH 7.5, 10% (v/v) glycerol and twice with 50 m of the same buffer containing
1000 mM KOAc and 10 mM MgOAc. Aliquots of all fractions were precipitated with 10% (w/v)
trichloroacetic acid and analysed by 5-20% SDS-PAGE followed by silver staining. Complete
particles eluted at 600 MM KOAc, whereas incompletely reconstituted particles eluted at 1000 mM
KOAc. The concentrations of the purified particles were first evaluated by silver staining. However,
for greater accuracy we quantified the SRP samples by Western blot analysis using affinity-purified
antibodies against SRP14 and SRP54.

]” 100 where EA is percent elongation arrest activity, Ps and Cs are the amounts of

RNA binding assays

The protein h14 was synthesised in 10 m wheat germ trandation reactionsin the presence of 1 pmole
of recombinant h9 (34). The heterodimer h9/14 was bound to 2 pmole of biotinylated SRP RNAsin 50
mM HEPES-KOH, pH 7.5, 350 mM KOAc, pH 7.5, 3.5 mM MgOAc and 0.01% (v/v) Nikkol. The
bound protein was purified away from unbound protein by the use of magnetic Streptavidin beads
(Dynal) as described in (39). Bound proteins were analysed by 15% SDS-PAGE, visualised by
autoradiography and quantified with the phosphoimager (BioRad).

Electromobility shift assays

To set up the conditions for the competition experiments, 200 nM cold SA86 RNA (containing 20 000
cpm of labelled SA86 RNA as atracer) was titrated against h9/14 at concentrations ranging from 25-
600 nM. Conditions allowing optimal complex formation in the absence of an excess of protein were
achieved at 190 nM h9/14. Individual reconstitution assays were done in 20 mM Hepes pH 7.5,

300 mM KOAc, 10 mM MgOAc, 5mM DTT, 0.015% (v/v) Nikkol. For reconstitution, 5m of RNA
pPSA86 (containing 20 000 cpm of labelled RNA) were recombined with 5l of competitor RNA and
10 m of h9/14. The binding reactions were alowed to proceed for 10 minutes on ice, then for

10 minutes at 37°C. Labelled and unlabelled RNAs were annealed in assay buffer without DTT and
Nikkol immediately before use. The final concentrations of competitor RNAs ranged from 50 to

800 nM. Negative control samples consisted of SA86 RNA aone and in the presence of equivalent
amounts of bovine serum albumin. Native 8% polyacrylamide gels (acrylamide/bisacrylamide 40:1)
containing 10 mM MgOAc and 50 mM Tris acetate pH 7.5 were prerun at 0.22 W/cm? for two hours
in the cold room. Reconstitution samplesin buffers without dye were mixed with 4 m 80% (v/v)
glycerol prior to loading and were run for 120 minutes at 0.22 W/cm?in the cold room. Gels were then
fixed with 20% (v/v) methanol, 10% (v/v) acetic acid for 30 minutes and dried before autoradiography
or exposure to phosphoimager screen. Relative dissociation constants were calculated as described
Kdwt ~ [Rwt] , [RcompP]

Kdcomp [RwtP]  [Recomp]
RNA, [P] free protein and [RP] the complex. Taking into consideration that

(34) using the following equation: (2) where [R] represents free
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[RcompP] =(vo- v) " [Rowt]; [RwtP] =V~ [Rowt]; [ Rcomp] =[Rocomp] - (vo- v) [ Rowt]
and [Rwt] =[ Rowt] - v* [ Rowt], equation 1 can be transformed into

[ Rocomp] 1= Kdcomp.
(vo- v) " [Rowt] Kdwt
bound to the protein in the absence and in the presence of different competitor concentrations,
respectively. [Rowt] and [Rocomp] are the concentrations of wild type and competitor RNA,
respectively, used in the experiments. The slope represents the ratio between the dissociation constants
of the competitor and SA86 RNA.

1
(=- D (2) where no and v represent fractions of the wt RNA
%

Computer programs and data bases

For the sequence comparison of SRP RNAs we used the SRP database by (23)
(http://www.psyche.uthct.edu/dbs/SRPDB/SRPDB.html). The image of the Alu RNP structure were
generated as povscript file with the Swiss PDB viewer and rendered by Pov-Ray™.
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RESULTS

SRP RNA mutagenesis and SRP9/14 binding

The 5 domain of Alu RNA isfolded into a compact structure consisting of two helical stacks
connected by a U-turn, which determines the relative orientation of the stacks (Fig. 1A and B, H1.1,
H1.2 and H2; (20)). The single-stranded U-turn motif is highly conserved in primary sequence and
represents the major protein-binding site. However, the protein makes additiona contacts to the
central stem (3' domain), which is thought to flip back by ailmost 180° to aign alongside the
compactly folded 5° domain (Fig. 1B). The RNA-protein complex is further stabilised by tertiary RNA
contacts between helix H2 and the central stem and atertiary structure consisting of three G-C base
pairs, which are formed between the two distant loops L1.2 and L2 (Fig. 1, G13-C37, G14-C34 and
C15-G33). Whereasloop L2 isvery rigid asit is constrained by a U-turn at position U12 and by a
sheared G11-G16 base pair (Fig. 1), loop L1.2 israther flexible lacking internal stabilizing structures.
Another striking feature of the tertiary structure is the stack formed by the three base pairs and which
is extended on both sides with purines from either loop L2 or loop L1.2 (Fig. 1, G16 and A36).

To assess therole of the tertiary base pairs in elongation arrest activity of SRP, we specifically
mutated two and three positions in each loop individually or in both loops simultaneously (Fig. 2A).
Guanidine was replaced by cytidine and vice versa. Hence, the complementary mutations restored
either two or three G-C base pairs. First, we studied whether the mutated SRP RNAs were still able to
bind SRP9/14, since its presence is a prerequisite for elongation arrest activity of SRP (16). Binding of
SRP9/14 was examined using biotinylated SRP RNAs and in vitro synthesised human SRP14 (h14)
complemented with recombinant human SRP9 (h9). As previously observed (39), wild type SRP RNA
bound 30% of the protein h9/14 used in the assay (Fig. 2B and C, compare Input and WT). Although
some differences could be seen, dl of the mutated SRP RNAs were able to bind h9/14 as compared to
the negative control (lane 3). Mutationsin loop L1.2 and two compensatory mutations in both loops
had no effect on the binding efficiency, whereas three compensatory mutations in both loops increased
the binding efficiency. Both SRP RNAs with mutations in loop L2 showed a two-fold decrease in the
binding efficiency. Hence, changesin the primary sequences of the loops did not abolish protein
binding, but moderately changed the binding efficiencies of h9/14. To examine whether the observed
effects were the fortuitous results of the specific changes we made, we tested six other mutated RNASs
in which G14,C15 and G33,C34 were changed into uridines and adenines (Fig. 2D). We observed
similar results as with the previous mutations. RNAs with complementary mutations and the RNA
with the mutation A33A34 in loop L1.2 bound h9/14 like wild type. The two RNAs with mutationsin
loop L2 were reduced to 41 and 44%, respectively. Notably, the double mutation in loop L1.2,
U33U34, also had a dlightly reduced binding efficiency (77%).

It has previously been observed that G13 and G14 can be modified in naked SRP RNA but not
in SRP (22) suggesting that tertiary base pairing occurs upon protein binding. Hence, the three base
pairs are likely to contribute to stabilising the RNA-protein complex and their disruption might
therefore be expected to have a moderate impact on the efficiency of complex formation. Most
importantly, the effects of the mutations in one loop were always rescued by complementary
mutations in the other loop consistent with the interpretation that they were due to the disruption of
base pairing and not due to the changes in the primary sequences per se. However, it remained
puzzling that only mutationsin L2 and not in L1.2 had noticeable effects on binding. It suggested that
aslong as the primary structure was conserved in L2, base pairing had only an auxiliary function for
protein binding. However, when loop L2 is mutated, base pairing becomes essential to compensate the
negative effects.

In order to determine whether the observed decrease in the efficiencies reflected a significant
change in the dissociation constants of the complexes, we used a quantitative approach to study the
effects of the mutations. We have previously compared dissociation constants of Alu RNA variantsin
competition experiments with an electrophoretic mobility shift assay (EMSA, (25)). Complete SRP
RNA could not be used in these experiments, because free RNA and the RNA-protein complex were
not separated sufficiently. We therefore made the 2L.2, 2L.1.2 and 2 Comp mutationsin SA86 RNA,
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which comprises all elements required for h9/14 binding (26). The relative dissociation constants were
then determined with competition experiments (Materials and Methods) In addition, we also made a
variation of the triple mutations made in complete SRP RNA. Instead of changing al three nucleotides
in one loop, we mutated the three guanidines (G13G14G33) simultaneously into cytidines and the
three cytidines (C15C34C37) into guanidines. Notably, the complementary mutation 3 Comp was
identical in Alu SA86 RNA and complete SRP RNA. In these experiments, we used the same
experimental conditions as described in (25) (see also Material and Methods). The results (Fig. 3 A
and B) demonstrated that the dissociation constants of the various mutated SA86 RNAs differed very
little from the dissociation constant of wild type Alu SA86 RNA. Consistent with the previous results,
the biggest difference was seen with the 2L2A RNA with an apparent dissociation constant three-fold
lower than wild type SA86 RNA. If this difference reflected a decreased kinetic stability of the
complex, it might account for the lower binding efficiency in the RNA binding experiments. Although
SA86 RNA comprises all elements required for high efficient binding of h9/14, we cannot entirely
exclude the possibility that mutations in the complete SRP RNA have a stronger effect on h9/14-
binding than the same mutationsin Alu SA86 RNA.

In summary, we concluded from these results that certain nucleotide changes in the loops
designed to interfere with base pairing moderately influenced the binding efficiency of h9/14. The
effects were suppressed, if base pairing was restored. Importantly, taking into consideration that the
Alu RNA-h9/14 complex is very stable (dissociation constantin the subnanomolar range (34,40), it
was unlikely that the small changes observed would interfere with reconstituting SRP for functional

assays.

Functional analysis of SRPs comprising mutated RNAsS

SRP was reconstituted (41) from canine and recombinant SRP proteins together with synthetic
SRP RNAs. The RNAs were produced in large-scale transcriptions and purified away from DNA and
nucl eotides under non-denaturing conditions. Human SRP19 (h19) and canine SRP54 were expressed
in E. coli and insect cells, respectively. SRP68/72 was purified from canine SRP. The conditions for
reconstituting SRP were optimised by testing different protein and RNA concentrations (results not
shown). A slight excess of RNA over protein gave the highest yield in active particles (see below).
Translocation and elongation arrest activities of the reconstituted particles were assayed in a wheat
germ trandation system. To examine their elongation arrest activities, we monitored the relative
inhibition of preprolactin synthesis (a secreted protein) as compared to cyclin D synthesis (a
cytoplasmic protein). To examine the signal recognition and targeting activities of the particles, we
assayed their capacities to promote trand ocation into salt-washed canine microsomes as revealed by
processing of preprolactin to prolactin (Material and Methods). Particles with intact signal recognition
and targeting functions, but lacking elongation arrest activity, have their trans ocation capacities
reduced by about 50% (12,18).

The positive controls, canine SRP and SRP reconstituted with canine RNA efficiently and
specifically inhibited preprolactin synthesis as compared to cyclin synthesis at afinal concentration of
100 nM (Fig. 4A, upper panel, lanes 2 and 3, 94% and 91% inhibition, respectively). The signa
recognition and targeting activities of the same particles resulted in the processing of 85 and 81% of
preprolactin to prolactin (lower panel, lanes 2 and 3). At the same concentration, the elongation arrest
and processing activities of particles reconstituted with synthetic wild type RNA (WT RNA) were 78
and 43%, respectively (lane 4 upper and lower panel, respectively). No activities were detected at
particle concentrations below 25 nM (results not shown). Hence, synthetic SRP RNA was less active
in reconstituting functional particles. Re-annealing the RNA under different conditions aswell as
increasing the amount of RNA in the reconstitution reactions (see below) failed to improve the
reconstitution efficiency.

In the following, we compared the elongation arrest and translocation activities of particles
reconstituted with mutated SRP RNAs to the activities of particles reconstituted with synthetic WT
RNA. Disrupting base pairing through mutationsin loop L2, 2L2 and 3L2 RNAS, resulted in a
significant loss of elongation arrest activity (Fig. 4A and B) whereas a moderate | oss was observed
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with three mutationsin loop L1.2 (3L1.2 RNA). Two mutationsin loop L1.2 had no significant effect
on the elongation arrest activity of the particle. Most importantly, mutations in the complementary
loop always rescued the negative effects of the first mutations confirming that the RNA tertiary
structure and not the changesin the primary sequence caused the loss in elongation arrest activity.
Interestingly, not all mutations appeared to affect elongation arrest activity to the same extent
suggesting that they interfered to variable degrees with the formation of the tertiary structure.
Mutationsin loop L2 appeared to be more detrimental to elongation arrest activity than mutationsin
loop L1.2.

All SRPs containing mutated synthetic RNAs promoted translocation into salt-washed
membranes and were therefore active in signa recognition and targeting (Fig. 4A and C). Hence,
disrupting base pairing interfered predominantly with the elongation arrest function of SRP. In
addition, the processing efficiencies were in agreement with the observed elongation arrest activities.
All SRPs with defective elongation arrest functions had reduced transl ocation efficiencies as compared
to WT SRP (Fig. 4, lanes 2.2, 3L2 and 3L1.2).

Defective elongation arrest activity isthe intrinsic property of fully assembled mutated SRPs and not the result of an assembly defect.

We made severa experiments to confirm that the observed decrease in elongation arrest activity
was indeed an intrinsic property of SRPs comprising certain mutated SRP RNAs and was not due to
incompl ete assembly.

First, we examined whether increasing the amount of RNA in the reconstitution reaction
improved elongation arrest activity. The reconstitution conditions have been elaborated with WT RNA
and it was feasible that the mutated RNAs had a different activity in reconstituting active particles.
SRP was recongtituted in the presence of a constant amount of all proteins and increasing
concentrations of SRP RNAs. Binding of SRP proteins has previously been observed to be cooperative
(41). An excess of RNA within certain concentration limits was therefore not expected to interfere
with the assembly of fully reconstituted particles. In these experiments, we compared WT RNA to 3L2
RNA (Fig. 5A and B). Elongation arrest and translocation assays were performed as before. For WT
RNA, reconstitutions worked best with an excess of 1.5-fold of RNA over protein (white bars). For
3L2 RNA maximal elongation arrest activity was observed at a four-fold excess of 3L2 RNA.
Notably, the elongation arrest activity remained within the error bars around 35-45% inhibition as
compared to WT SRP between atwo-fold to eight-fold excess of RNA. All particles were still active
in signa recognition and targeting as indicated by their processing activities. In addition, the observed
processing efficiencies confirmed the results of the elongation arrest assays. The processing
efficiencies were decreased for particles that had a partially defective elongation arrest function.

Second, we titrated h9/14 into reconstitution reactions with 3L2 and WT RNAS. The excess of
protein was thought to ensure that h9/14 was driven into the RNA-bound state even after dilution into
the trandlation reactions. In these experiments, the amounts of SRP RNA and of all proteins except
h9/14 were kept constant in the reconstitution reactions whereas the amounts of h9/14 were increased
to the extent indicated (Fig. 5C and D). As before, the 3L2 SRP had reduced elongation arrest and
translocation activities as compared to WT SRP. Notably, both activities remained unchanged upon
addition of up to an eight-fold excess of h9/14 indicating that the defect in the elongation arrest
function was most likely not caused by the absence of h9/14 in the particle.

Third, we decided to purify the particles after reconstitution. This approach requires large
amounts of native canine proteins. To complement the previous experiments, we therefore limited our
analysis to the mutated particles 2L 2, 2 Comp and, as a positive control, WT particles. The
reconstitution reactions were purified by anion exchange chromatography to remove non-bound
proteins and partially reconstituted particles (Materials and Methods). Fully assembled SRPis
expected to elute at 600 mM potassium acetate (38,42). As predicted from the RNA-binding
experiments 2L2 RNA bound all SRP proteins including h9/14 as visualised by silver staining (Fig.
6B, lane 2). WT and 2 Comp particles gave similar results (Fig. 6A, result not shown). Notably,
SRP54 was the protein which bound with the lowest efficiency in all reconstitution reactions. The
concentrations of the particles were determined by immunaoblotting with anti-SRP14 and anti-SRP54
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antibodies and by comparing to dilution series of recombinant h14 and canine SRP54 proteins (results
not shown). Theyield in purified SRP was about 30% of the protein input.

The purified particles were added at different concentrations into translation and translocation
assays. At concentrations below 20 nM of purified SRP, none of the reconstituted particles exhibited a
significant elongation arrest activity (Fig. 6C). As compared to the negative control, which contained
buffer instead of SRP, we observed an apparently non specific inhibition of about 20% for al samples.
We have previously observed the same level of non specific inhibition with a particle lacking the
SRP9/14 protein (18). In addition, there were significant fluctuations in the ratio of preprolactin to
cyclin in the absence of a specific effect on preprolactin synthesis as indicated by the large error bars.
The error bars decreased noticeably as soon as elongation arrest activity could be detected. We can as
yet not explain this observation. Corroborating our previous results, elongation arrest activity
increased in a concentration-dependent manner upon addition of WT and 2 Comp SRPs. Particles with
2 Comp RNA were even more active than WT SRP, although the shift in the two curves might be
enhanced by a dight error in the concentrations of the particles. In contrast, 2L 2 particles had again a
reduced elongation arrest activity. The apparently increased elongation arrest activity of 2L 2 particles
at a concentration of 40 nM was most likely the fortuitous result of the significant errors rates in the
absence of elongation arrest activity. In contrast, preprolactin processing could be monitored more
accurately for all samples and at low SRP concentrations. The results of the tranglocation assays
supported the previous interpretation. The processing activity of 2L.2 SRP increased more slowly than
the ones of WT and 2 Comp SRPs as would be expected for an elongation arrest-defective particle
(Fig. 6D). Notably, at concentrations around 40 nM both 2 Comp and WT SRPs reached maximal
translocation activities. As previously observed, the translocation efficiency of 2L2 SRP was only half
maximal at the same concentration. Interestingly, the trand ocation efficiency continued to increase at
80 nM 2L 2 SRP and might ultimately reach the same level as WT SRP at sufficiently high
concentrations of 2L2 SRP. Hence, the decrease in the trang ocation efficiency of an elongation arrest-
defective SRP could be compensated with higher particle concentrations.
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DISCUSSION

In these studies, we unravelled afunction for a specific RNA structure in the Alu domain of
SRP. Itisdirectly required for elongation arrest activity and includes three tertiary base pairs between
loop L2 and loop L 1.2 that form an extended stack with one base from each loop. Mutations disrupting
base pairing diminished elongation arrest activities of reconstituted SRPs, whereas complementary
mutations in both loops fully restored elongation arrest activities to wild type levels despite the
differencesin the primary sequences of the loops. Mutations also had a moderate effect on protein
binding. However, the loss in elongation arrest activity is not explained by the absence of h9/14 in the
particles or by another assembly defect. It is an intrinsic property of SRPs comprising RNAs with
mutations that impair formation of the tertiary structure.

The experimenta strategy employed in these studies has previously been successfully exploited
to prove functional roles of base pairing structuresin many processes such as premRNA splicing (43)
and trandation (44,45). In our experiments, we made the puzzling observation that individual
mutations in loop L2 had stronger effects on elongation arrest activity of SRP and, to a much lesser
extent, al'so on h9/14 binding, than mutationsin loop L1.2. Or both mutations are expected to abolish
base pairing between the loops. However, the negative effects of mutationsin loop L2 were always
completely rescued by complementary mutationsin loop L1.2. Hence, if loop L2 remains unchanged,
loop L 1.2 mutations appear to have minor effects on Alu domain functions (see Fig. 4, lanes 2L1.2 and
3L 1.2) whereas after mutation of loop L2, base pairing with loop L1.2 becomes essential for full
elongation arrest activity (lanes 2L2 and 3L 2). In structural terms, these results are consistent with the
hypothesis that in addition to Watson-Crick base pairing per sean additional L 2-specific factor may
influence the formation and the stability of the tertiary structure.

As mentioned before, loop L2 has a highly ordered structure in the h9/14- Alu RNA complex as
it is constrained by a U-turn at position U12 and by a sheared G11-G16 base pair. A similar structural
motif is also found in the ribosomal RNA-protein complex of L11 (46,47). When base paired with
loop L 1.2, the three base pairs form a stack which is extended on both sides by a purine base from L2
and L1.2 (Fig. 1). The highly ordered structure of loop L2 may facilitate base pairing as well asthe
formation of the stack as four of the bases that participate belong toit. It is therefore feasible that in
2L.1.2 and 3L 1.2 SRPs, where loop L2 is unchanged, the constrained conformation of loop L2
facilitates formation of non-canonical base pairs with loop L1.2 by keeping its four bases in a stacked
conformation. In contrast, mutations in loop L2 may change its conformation or simply disfavour
stacking because purines have been replaced by pyrimidines. Loop L1.2 lacksinternal stabilizing
structures and its flexibility is consistent with non-canonical base pairing with loop L2. The finding
that G13 was found to base pair with either C37 or U35 in the two Alu RNP structuresillustrates its
potential for alternative base pairing, although the G13-U35 base pair most likely represents an
artefact caused by crystal contacts (20). Notably, the observation that 3L 1.2 SRP has a dlight defect in
elongation arrest (Fig. 4) suggests that with an unchanged loop L2 structure, at least one Watson-Crick
base pair is required for full activity of the tertiary structure. Another factor which might fortuitously
influence the capacity to form alternative base pairsisthat 2L 1.2 and 3L1.2 RNAs have a mgjority of
purine bases and 2L 2 and 3L2 RNAs amagjority of pyrimidine basesin their loops. The pyrimidines
might be too distant to form hydrogen bonds whereas the purines may form non Watson-Crick base
pairs.

The Alu domain of SRP RNAs of Metazoa, Plantae and Archaea as well as of the eubacterial
species Bacillus and Clostridium (not shown) most likely all have the same overall fold as human Alu
RNA, since the two helical stacks as well as the highly conserved U-turn motif linking the two stacks
are preserved (Fig. 1 and 7). We have revised the previously published alignments (24) taking into
consideration the conservation of essential structural nucleotides in the two hairpin structures of
human Alu RNA (Fig. 7, (20)). As mentioned before, they include the base paired nucleotides (Fig. 7,
red), the U-turn residue (star) and the sheared G-G base pair in loop L2 (green). The new alignment
confirmed that all SRP RNAs of Metazoa, Plantae and Archaea can form tertiary base pairs between
the two loops. In addition, the alignment reveals certain specific features for each group.

Metazoan SRP RNAs contain all the specific structural features of human Alu RNA, athough
some minor differences are observed. They include differencesin the loop sizes of D. melanogaster
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SRP RNA and an unusual U-U base pair preceding the sheared G-G pair in X. laevis SRP RNA. In
plant SRP RNAs, loop L2 is highly conserved except that the U-turn residue is sometimes replaced by
cytidine. This replacement may not have an important effect on the structure, since a C residue may
introduce a U-turn-like bent as revealed by the pseudoknot structure of beet western yellow virus RNA
(48). In certain cases, a hon Watson-Crick base pair precedes the sheared G-G base pair. The most
important difference is that the loop L1.2 is always smaller and helix 1.2 shorter by one base pair.
However, sequence conservation and complementary nucleotide changes support formation of two
base pairs between the loops. Furthermore, the two base pairs are adjacent to the G of the sheared base
pair in loop L2 and the two base pairs and the adjacent G may therefore form a continuous stack asin
human Alu RNA.

In SRP RNASs of Archaea, the U-turn residue is still conserved whereas the sheared G-G base
pair is absent. Instead, thereis often a G-U or A-U base pair lengthening helix H2. The base
complementarities between the loops are clearly expanded to four nucleotides. The biggest changes
arein helix 1.2 and loop L1.2. Only thefirst four base pairs are confirmed by sequence
complementarities. They are followed by a highly conserved apparently single-stranded G residue. Its
presence in all archaeal RNAs may highlight an important structural or functional role. The remaining
nucleotides may either form avery largeloop L1.2 (up to fifteen nucleotides) or extend helix H1.2 by
non-canonical base pairing. Asindicated in Fig. 7, an extension of H1.2 might be favoured, since large
loops are thermodynamically unstable (49). The conserved G residue may allow bending of the longer
helix thereby enabling loop L1.2 to base pair with L2 despite the presumably longer helix.

In summary, the conservation of the key structural features such as the constrained structure of
loop L2 and the potential to form base pairs which may form an extended stack with bases from the
loops L2 and L 1.2 emphasi ses the importance of this tertiary structure for SRP functions. Notably, the
tertiary structure is not conserved in SRP RNAs of Protozoa and Fungi (50-53), which have truncated
Alu-like domains lacking one or both hairpin structures. In trypanosomes, the absence of the specific
tertiary structure in the Alu domain might have been compensated for by the acquisition of an
additional tRNA-like RNA in the SRP particle (31,32).

What is the function of the conserved tertiary structure in elongation arrest activity? The minor
effects of the mutations on the dissociation constants of the complex are in agreement with binding of
SRP9/14 to Alu RNA on the opposite side of the tertiary structure. In addition, the formation of the
RNA binding surface of SRP9/14 (20) requires a largely intact protein complex and only very small
changes in the C-terminal regions of SRP14 and SRP9 are tolerated without interfering with RNA
binding (54). It istherefore unlikely that the structure of the SRP9/14 protein in the complex was
changed significantly by the mutationsin the RNA. As mentioned before, tertiary structure is most
likely induced by protein binding (22) and it therefore contributes to the stability of the complex. The
small changesin the dissociation constants and in the RNA binding efficiency are therefore plausibly
explained by a dight diminished stability of the complex. It isalso unlikely that the mutationsin the
two loops interfered with the formation of the closed complex. Alu RNA variants with mutations that
interfere with the formation of the closed conformation have their dissociation constants reduced by
50-100-fold (25). In addition, the particles containing the mutated RNAS have intact signal recognition
and targeting functions, arguing against a significant influence of the mutations on the overall
structure of SRP. Although it cannot be excluded entirely, it is therefore rather unlikely that
conformational changes in SRP9/14 or in the overall structure of SRP account for the observed effects
of the mutations on elongation arrest activity.

A more attractive hypothesis is that the structure might be recognised by a ribosomal
component. Indeed, the Alu domain is expected to make direct contacts with the ribosome to effect
elongation arrest as deduced from the analysis of a truncated SRP14 protein. Interestingly, truncation
of SRP14 has a more dramatic effect on elongation arrest activity of the particle than the disruption of
the tertiary structure. Removal of only five amino acid residues (residues 96-100 in h14) at the C-
terminus of SRP14 completely abrogates elongation arrest activity ((18,39), L.H. and K.S,,
unpublished results). Mutations in the two-loop structure do not completely abolish elongation arrest
activity consistent with an auxiliary role of the tertiary structure, which may optimise the essential
function of the C-terminal region in SRP14. Thisinterpretation is supported by the result that
increasing the concentration of the mutated particle 2L 2 could compensate its defect in trang ocation
efficiency. In addition, it may explain why certain organisms like S. cerevisiae, which contain SRP14
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but apparently lack the tertiary structure, have an elongation arrest function (11). The interacting
partner for the tertiary structure may be ribosomal RNA or protein. Ribosoma RNA may recognise
the geometry of the base pairs asit has recently been observed in codon-anticodon recognition during
tranglation (55) whereas a ribosomal protein may recognise the critical structure by shape. The results
presented here clearly established an important role for the conserved tertiary structure in elongation
arrest activity of SRP; future experiments will have to clarify its exact role in the mechanism of the
elongation arrest function.
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Figure legend

Figure 1: Structure of the SRP Alu domain. (A) Secondary structure of the synthetic SRP RNA
Alu domain. Stems and loops are named according to the topological nomenclature. Bases in the loops,
which form tertiary base pairs are highlighted in red. Protein and RNA footprints are shown in bold.
Stretches of ten nucleotides are marked in blue. (B) Structure model of the SRP Alu domain as derived
from two crystal structures. SRP9 and SRP14 are displayed as red and green ribbons respectively.
Nucleotides from loops L2 and L 1.2 that are involved in tertiary interactions between the loops are
shown as wireframe. The protein makes contacts to the U-turn as well as to the central stem.
(C) Detailed view of the tertiary base pairing between loops L2 and L1.2. Bases G13, G14 and C15
form hydrogen bonds with C37, C34 and G33, respectively (dotted green lines). One base from each
loop, G16 and A36, are positioned to extend the stack formed by the three base pairs.

Figure 2: Binding of human SRP9/14 to mutated SRP RNAs. (A) Description and names of the
mutated SRP RNASs. L2 and L 1.2 mutations disrupt base pairing whereas Comp mutations restore base
pairing with a different sequence. (B) In vitro synthesized [®S]-labelled h14 combined with
recombinant h9 were bound to biotinylated mutated SRP RNAs as indicated on top of each lane. The
RNA-bound proteins were submitted to SDS-PAGE followed by autoradiography. The input
represents 1/3 of the total [®S]-labelled h14 protein used in the experiments. Neg: as a negative
control we used rat 4.5S RNA. Lower panel h9/14 binding was quantified by phosphorescence
imaging. (C) Protein binding efficiencies of mutated SRP RNAs in which guanidines and cytidines
were replaced by adenines and uridines. The binding efficiencies of the mutated RNAs were
normalised to wild type RNA (WT), which was set to 100%.

Figure 3: Apparent dissociation constants of mutated SA86 Alu RNAs. (A) The h9/14-SA86
complex and free SA86 were separated on 8% native RNA gel. Increasing amounts of 3 Comp Alu
RNA was added as a competitor. WT aone: SA86 Alu RNA. WT+BSA: h9/14 was replaced with the
same amount of bovine serum albumin. WT+h9/14: Complex formation in the absence of competitor
RNA. (B) Complex formation was quantified by phosphorescence imaging and the apparent ratio of
the dissociation constants calculated as described in Material and Methods. WT: SA86 Alu RNA. 2L.2,
2L.1.2, 2 Comp and 3 Comp: The same mutations as described in Fig. 2A in the SA86 Alu RNA. K
and Kgyt: Dissociation constants of the mutated and of SA86 Alu RNAS, respectively.

Figure4: Elongation arrest and translocation activities of particles reconstituted with mutated
SRP RNAs. (A) An example of elongation arrest and translocation assays. SRPs were reconstituted
with canine and recombinant proteins and with canine, synthetic and mutated synthetic SRP RNAS.
Reconstituted SRPs were added at a final concentration of 100 nM to 10 m wheat germ tranglation
reactions programmed with sea urchin cyclin and bovine preprolactin mMRNAs. SRP-depleted
microsomes were added to assay trandlocation activities. After 30 min the reaction was stopped and
the samples analysed by SDS-PAGE. Upper panel: Elongation arrest assays; lower panel:
Trandocation assays. Neg. : Negative control, reconstitution in the absence of h9/14; lanes 3-7:
Particles reconstituted with SRP RNAs: cSRP: Canine SRP RNA; WT : Synthetic SRP RNA.
(B) Quantification of the elongation arrest activities of mutated SRPs. The relative inhibition in the
accumulation of preprolactin as compared to cyclin was calculated for each sample. The ratio of
preprolactin to cyclin in the negative control was taken as 0% inhibition. (C) Quantification of the
tranglocation activities of SRP. Vaues represent the ratio between prolactin and the total amount of
preprolactin synthesised (preprolactin and prolactin). WT: Particles reconstituted with WT SRP RNA.
Values represent the average of two or more independent experiments.

Figure5: Effects of increasing RNA and h9/14 concentrations on the activities of 3L2 SRP. (A)

Elongation arrest assays of particles reconstituted with increasing amounts of 3L2 and, as a positive
control, with WT SRP RNAs. 0.5x, 1X, 1.5x%, 2x, 4x, 8x indicates the ratio between RNA and proteins.
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White bars: WT RNA; grey bars: 3L2 RNA. (B) Translocation assays with 3L2 SRP. S: standard
reconstitution with WT SRP RNA standardised to 100 %. (C) Elongation arrest assays of 3L2 particles
reconstituted with increasing amounts of h9/14. WT: Reconstitution with WT SRP RNA; 1x: Standard
reconstitution of 3L2 particles; 2x, 4x, 8x: Excess of h9/14 as compared to 1x. (D) Translocation
assays with the same particles asin C. Vaues represent the average of two or more independent
experiments.

Figure 6: Elongation arrest and translocation activities of purified SRPs. (A) Purification of WT
SRP by DE53 chromatography. Column fractions analysed by 5-20% SDS-PAGE and silver nitrate
staining. FT: flow through, W: wash, lanes 1 and 2: elutions at 600 mM KOAc, lanes 3 and 4: elutions
at 1M KOAc. Fully recongtituted SRPisin lane 1. (B) Comparison of the different reconstituted
particles after purification. Lane 1: WT; lane 2: 2L 2; Lane 3: 2 Comp. The concentrations of the
different SRPs were subsequently determined by Western blotting. (C and D) Elongation arrest and
translocation activities are plotted against the concentration of purified SRP used in the assay. WT:
black line, 2L2: dotted line, 2 Comp: dashed line. Vaues represent the average of at least four
independent experiments. At low elongation arrest activities, the error bars were reproducibly more
elevated.

Figure 7: Evolutionary conservation of the tertiary structure. (A) Loop L1.2 and loop L2 sequence
alignments of a representative sample of metazoan, plant and archaeal species. Loop sequences are
labelled with ablack bar and the adjacent helix sequences are outlined in bold italic, dotted line:
borders of loop sequences not unambiguoudly identified. (B) Secondary structure models of the 5" Alu
domain. Green: sheared G-G base pair, red: base paired nucleotidesin the loops, blue: conserved
nucleotide in Archaea.
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A

Loop L2 Loop L1.2
METAZOA H. sapiens G GUGGGCG C C AGCUACUTCG
C. species G G UGG C G C C AG CUATCUTCOG
M. musculus ¢ GU 6 ¢ € ¢ C C AG CUACUTCG
X laevis UGUGGTC CGTU C AG CUACUUG
D.melanogaster G ¢ U U G G C A G C C GCUUCUGQG
C. elegans ¢C G UG G C G G A G C UUCUU
| — I
PLANTAE Zmays C U G U A G C G A G € GAGCG
Taestivum ¢ 4 G U U G C G 4 G C GAG UG
A.thaliana 4 4 G U A A C A A U C AUG UG
H.japonicus v 4 ¢ C A C G UG C A A G UG
H.lupulus v 4 ¢ C A C G UG C AAG UG
L.esculentum 7 4 ¢ U A C G U G C AAG UG
B.hispida C 4 ¢ C A G U G U G C G A A CG
I - - - - - o
ARCHAEA  H. halobium GUUUGGTC CUC G UGAGACAGUTCAU
M. jannaschii G U UGGGUCGU G A A A UcCcCGCCcCccu
P. horikoschii G UUCGGTCGU G A A A C CGCCG A
S. sulfataricus UC UCGCCAGQG 4 C A UG G C G C
T. celer GUUCGGTCGU G A A A C CGUGCGA
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